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INTRODUCTION

For a variety of reasons related to the integrity and nature
of the seabottom, it is desirable to know the moisture-
density relationships of marine sediments. This information
would be helpful in determining engineering parameters for

construction and for assistance in general marine research.

A basic technique for in-situ determination of moisture-
density relations is to examine the attenuation in the
fluxes of two penetrating radiations of types A and BE. The
most common procedure is to use a neutron sourcc and a gamma

(y) ray source and measure the relative attenuation of these

radiations in sediments. Since neutron attenuation is very
sensitive to water content owing to the presence of hydrogen
137

and because the y-ray attenuation for sources such as Cs
(.66McV) is more sensitive to the higher atomic number

constituents, the y-rays and neutrons can be used to deter-

mine density and moisture. By combining the y-ray and
neutron techniques one may measure the effective dencsities,
ps and pw, provided the mass attenuation coefficients for
the water and the sediment material are known.

where: ps Ms/V

= ; Ms/V and Mw/V are the
soil and water
pw = Mw/V masses in Volume V.

These techniques, especially the neutron-gamma technique,
can lead to very excellent determinations of water content
when the mass attenuation characteristics of the dry mat-
erial are known and large neutron fluxes arc available.
However, for the application under discussdon, the radiation
sources must be portable and the measurement material may
either be unknown or else only poorly characterized by a

visual inspection. Under these conditions, fluxes are




reduced and prior calibration in the laboratory could render
less meaningful in-situ data due to the unknown character of
the measurement medium. The goal of the present study is to
ascertain to what extent such difficulties may be eliminated
or circumvented and to ascertain what kinds of errors are to

be expected in an actual measurement system.
Project Rationale

To achieve this goal, it is necessary to define and address
those areas of nuclear measurement which may effect system
performance and design. Once these measurement parameters
are defined and their individual and collective effect
established, an evaluation of their effect on system design
and measurement accuracy must be made to ascertain if a

practical device can be developed.

A search of relevant literature has shown, as expected, that
the principal limitation of standard (neutron-gamma N-y)
methods for measuring soil moisture content Pog? especially
in field applications, lies in the problem of obtaining a
sufficient number of neutron counts Nc in the time allottec
for a measurement. Because the standard deviation in the
water content nw varies as 1/Vq§:; the number of neutron
counts Nc must be very large to keep a, small.

If the neutron count rate is increased to an acceptable
level by using a source such as Californium, there remains
the problem of calibration errors due to thermal ncutron
absorption. The neutron attenudtion coefficients u(nw) and
u(ns) (w = water, s = soil) determine in part the calibra-

tion constants for the instrument. If species such as Boron

NI s ) 2 STV P AT et

or Chlorine are present, as they often are in marine sedi-
ments, thermal ncutrons will be absorbed because of the

high absorption cross section for these elements.
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The acceptable in-situ £i system should not require ex-
tensive test samples of sciiment being retrieved for lab-
oratory measurements. Hence, if other elements such as B,
Cl, etc. are present in sufficient quantities, any prior
laboratory calibration of the system would lead to error

when actual in-situ measurements are being made.

The possibility of "in-situ recalibration" of an neutron-

gamma type device was explored. This would involve a third

P

process such as neutron activation analysis where y rays
emitted from thermal neutrons absorbed on species such as B,
Cl, etc. are detected. From this data it is possible, in

principle, to correct the laboratory calibration constants

so that they more nearly match those in-situ.

To accomplish this goal one would not only require a work-
n-situ neutron activation analysis system, but be able
to perform real-time calculations. This would involve the
computation of a new in-situ value for neutron attenuation
coefficients u(ns) (relative to the laboratory calibration
sample) using known thermal neutron cross-section data.
While we dc not feel that the problem of real-time compu-
tation of new calibration constants in this manner poses any
serious difficulty, the addition of such a sophisticated

complex apparatus does pose serious practical problems.

Our literature search has uncovered another approach that
overcomes many of the problems associated with the nuetron-
gamma techniques for measuring sediment water content.(l'z)
It has been found that y-y techniques for measuring both
soil and water bulk densities have been successfully applied

both in the laboratory and under some field conditions. The

method employs two y-rays with different energies (typically
137

241

CS (.662MeV) and Am (0.6MeV).

i
]
P
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There are a number of significant advantages of the y-y
technique in comparison with the neutron-gamma technique.
First, unless one has an extremely active neutron source
with fluxes comparable to those available at a nuclear
reactor, the neutron-gamma techniques usually suffer from

mi

poor counting statistics. The y-y techniques by comparison
can have comparatively superior counting statistics. For
example, one can have sources that produce 1 to 2 X 1.0()
counts in air in times as short as one minute over paths of
10cm. This means that the y-y techniques should be superior
in this regard for in-situ field applications. Furthermore,
it may be possible to place the two y sources at essentially
the same physical location. This reduces system calibration
errors and at the same time has practical significance for
any device that would be packaged in a small space for field
applications. The combining of the two y-sources intc a
single source with its common shielding would also reduce
the likelihood of source loss. Usually in neutron-gamma
devices the neutron source is at a different location from
the y source and the shielding is different for N and y.
Finally y-y techniques unlike neutron-gamma techniques
cannot suffer from calibration problems related to the

absorption of thermal neutrons.

It should be stressed that there exist suitable high-flux
neutron sources such as Californium. For this reason, one
cannot disregard the neutron-gamma techniques for in-situ
applications. However, even with the improved counting
statistics provided by high-flux neutron sources, the prob-
lem of thermal neutron absorptions and subsequent y-emission
in certain elements found in marine sediments would have to
be overcome or shown to be of no significance. Consequently,
our approach has been to eliminate these problems by ex-

amining the alternative y-y technique.

:
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Gardne? has performed error analysis on the neutron-
amma and y-y technigues as applied to svil moisture content
i o

measurements. He has shown to what extent the water content
Pw and soil densities p_ depend on count rate errors, N or
gamma attenuation coefficients, column height measurements

and other relevant variables. These results strongly favor

discarding neutron-gamma techniques (for this application)

in favor of y-y techniques.

As a preliminary example of what can be done with the y-y

Sl gl (1
technique, (Gardner, et.al.) ) shows that for a count rate

G X
a L . 3 . e ] .
N = 10", midrange density = 1.2gm/cm™, water content
e :

Y Pg o
- 3 : o ;

= ,15gm/cm” (approximately 12% by weight) and a column

height of 10cm, "the limiting precision in measuremcnts of

water content or mineral bulk density due only to random

N

; . : = 3 ; s
emission, is about o = .007gm/cm”~. If soil column thickness
is known to about the nearest .0lcm and mass attenuation

coefficients are known to four places the combined variance
v : = ~& : 3 -
(o4} is about .05 X 10 which leads to a total standard
3

deviation of about o or ¢ = .0073 gm/cm or,
W S :

pw = .15 gm/cm3 %0873 qm/cm3

and

ps Xe2 c_;m/cm3 + .0073 gm/cm3

This is an excellent result and characteristic of the
limiting quality to be expected of a device b:sed on y-y
measurements*, Further, this example is for low moisture
content and as the moisture content increases the count rate
statistics for determining pw will improve, thus improving

the moisture measurement.

*Providad the mass attenuation coeffficients are known. This subject
will be discussed at length later.,

-

(1)
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In the following report we will examine in some detail

various aspects of the y-y technique. Tt will cmerge from
this that the y~y technique is an acceptable method of

determining sediment moisture content. As a consequence O

this finding it will be recommended that further develom
pProce d on the y-y technigue rathe than attempt to sol
p:'Cv'v‘w ns associated with certain neutr Dl «
™ ' 4
Perxl

this téext, reference is made to moisture centent

density ps and pso mass density. To clarify th
meaning c -hese terms, the following definitions are pro-

’

vided:

ps = Ms/V Ms, Mw soil and water

pw = Mw/V Mass in total Volume V.

In the above ps is the common dry density, pso is the common

fic gravity of the sediment particles. However, pw

speci

moisture content differs from the standard usage which is

W = -~ X 100% W% moisture content, Mw weight

of water in a given soil mass,

Ms weight of solids in the soil
mass

M

S .. S ) his wi als e
g X 100, This will also be

Another measure is W =

used in this report.

Throughout this text we will refer to moisture content as

mass of water in a volume unless otherwise indicoted.

—~

[ $9]




Fur thea if moisture density relationships are defined as:
' 4

ps = Ms/V

pwW = Mw/V

then, the volume V is given by the sum of the sediment
volume Vs and the volume (Vw) of the water filling the

spaces between the particles
V = Vs + Vw (4)

The individual particles are assumed to have a mass density
(specific gravity) pso = Ms/Vs and water has a density pwo =

3
Mw/Vw = 1 gm/cm™.

l and if the sediment is saturated (no void space with air)

‘ It follows from these definitions that ps and pw are ex-—
pressible as
A Ms
s Ms Mw
pSO pwWO
1

e S
gy Hha
PSSO PWO

Dividing both the numerator and the denominator of the ex-
pression for ps by V and simplifying terms, one can express

the particle density pso as

2 pS
P8O = TT=pw/pwo) (6)




———— v e 1

?_
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We will use this fact later to test the accuracy of our ¢ps,
pw determinations by computing pso and comparing it with a
known input pso. For measurements in saturated sediments

this becomes a useful tool for checking calibration of the

system or by providing rough calibration in the absence of a

sample.

To provide technigues and equipment for measuring in-situ
moisture content in marine sediments using nuclear tech-
niques requires complete definition and analysis of the
measurement environment, the ultimate capabilities of the
nuclear technique, equipment design and field implementa-
tion. The following sections will examine the nuclear
meacsurement problem and establish the individual and overall
effects of cach element affecting the mecasurement problem.
From this analysis the dominating detrimenhtal effects will
be further analyzed and either eliminated or reduced to a
minimum. Once this has been accomplished a preliminary

rstem configuration will be presented which will take

sy I ! ion
advantage of the foregoing analyses. No attempt will be

made in this program to define system packaging or field

implementation.

T Lo 39



TECHNICAL DISCUSSION

In the following discussion those parameters which have an
effect in determining sediment density and water content are
presented. Each parameter is identified and its relative
importance to the total measurement problem is defined. A
measurement scheme and system will be postulated and the

theoretical performance will be established.

Configurations
Figure la and 1lb illustrate two basic geometric arrangements
for measuring the y-ray flux scattered and transmitted

through a medium.

Because y-rays are preferentially scattered in the forward
direction, the count received in a through-transmission
arrangement as illustrated in Figure lb will be greater than

1

for scattering *through an angle as illustrated in Figure la.

Any practical system based on the design of Figure la would
clearly suffer from reduced y-count rates and the associated
statistical errors. Conversely a system based on the design
of Figure 1lb would provide the optimum y-ray counting.
Provided the distance X is so chosen that an "undisturbed"
sample of the medium is being considered, the design of
Figure lb is clearly the most desirable one. Before dis-
cussing how this might be experimentally realized, certain
quantitative features of the two types of designs will be

considered.

Double Va]ngd y-Counts

If a configuration of the type shown in Figure la is chosen

137

y=rays from a source such as Cs (.66MeV) will show maximum
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counts for certain source-detector spacings and certain mass
densities. The curve of Figure 2 illustrates the type of

data expected.

In general as the energy (E'Ii) of the y increases for a given
spacing the curves and their maximum values shift to the
right (greater density) and up (greater count rates).

Converscly for a low energy y-source at fixed source de-

tector spacing, the maximum shifts to the left (lower den-
sity) and down (lower count ratej. Further, the maxim
y-count drops and shift to lower densities as the s ra-

Thus, for a given y-source energy and a given range of
densities a spacing 4 is automatically specified if maximum

count rates are desired in a "backscatter" arrangement,

In a double y backscatter technique two y-rays one of low
energy and the other a higher energy would be used. Since
both y's will see the same mass density they will ncces-
sarily have to be set at different source-detector spacings
to achieve maximum counts at the same density. If the high
energy source is spaced at one unit to give a maximum count
at some density ps, the low energy source will have to be

spaced at d.

A large d will be required for the high energy source and a
smaller one for the low energy source to have maximum count
3)

rates at the same density.- Following, K. Lin, ct.ul.(“ we

note that the relation between p and d is given by:

p xd = N/u with N = 1,28

-]l

(7)

A ———
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d; < d, < d; p x d = constant at maximum counts

~
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y=Counts
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g e

1

density ¢

FIGURE 2. COUNT RATE VS. DENSITY AS A FUNCTION
OF SPACING

y=Counts

density p

FIGURE 3. CJUNT RATE VS. DENSITY AS A FUNCTION
OF ENERGY
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where p is the mass attenuation coefficient characteristic
of the particular y-ray energy. Thus, for two y~rays of

energy El and E2

- u2
/ o ——
dl/d2 o1 (8)
7
and for Csl“7, ul = 076 and for hmzdl, p2 = .29 where ul,

u2 are the mass attenuation coefficients of the average

igneous rocks (this is also similar to red clay sediment).

Then
5 X

al/da2 = ,29/.076 = 56 4 (9)

if a density of pm = 2.3 qm/cm3 is to be investigated, then
(1.28) i G

ol T 4 1 IR 5 LS. T 10
then

dl/d2 = 4 :

a2 ¢ dlf 4 % }.3/4 = 1.8cnm (i1)

These are rather small distances especially d2 and would
pose serious practical limitations on the double y technique 3
if one insists on a "back scattering" arrangement similar to

the Figure la arrangement.

For a lower density pm near 1.5 gm/cm3 these numbers become

= 11.2cm and 2.75¢m respectively. Spacings of 7-l2cm for
Bt

the Cs

but a spacing of roughly one inch for d2 is impractical.

AN i, DAL

source is acceptable for most practical designs

Thus, if a configuration of the type illustrated in Figure
la were chosen the dual y technique would not seem to be of

practical valuc owing to the difficulties encountered in

trying to achieve maximum counts for the low energy y-ray.
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A design of the type indicated in Figure 1lb is quite dif-

ferent. As shown in the following, acceptable count rates

24 4
can be expected over paths as long as 1l0cm for both Am?‘

137 Ll ’
y's and Cs y's. This fact suggests the design of a

through~transmission type of gauge.

Source Strength and Logging Speed

For any given fixed experimental arrangement and fixed

material composition the relative strength of the source

will determine the count rate to be expected. Thus, to
minimize count rate errors, a source of the maximum strength
possibly compatible with health physics requirements, prac-

tical design considerations, etc. should be used. Certain
~..24]
M

sources such as, 6 Al

are "self shielding" owing to their

large atomic number and low energy y. As a consequence of
this the source strength of sources such as Amzdl is limited
to about 300 millicuries for "point" sources. Limitations

. g
on the C51'7 source are less stringent, however one cannot
have sources whose strength exceeds health physics require-

ments. Even with these limitations these two sources
241 - 137

(Am and Cs ) of all the many possible y-emitters are :

considered to be the most practical for such applications(l)
] X S X377 ) .

A 300 millicurie Cs source 1is also a reasonable source

strength for the applications we are discussing here. With
source strengths of 300 millicuries and a column height of
10cm (characteristic of the final design) one can expect,
counts in air of roughly 106/minutc at a typical detec-
tor(l’z). This will be shown in the following report to
yield acceptable counting errors for a wide range of water

contents and sediment types.

The logging speed of any y-ray based sediment moisture den-

sity logging device will depend on the foregoing count

o] §=




rates. An exact quantitative estimat of the expected rates
will depend on several variables inclnding the type of
sediment, i.e., the mass attenuation coefficients of the

sediment and the amount of

water in the sediment. Typically
it will happen that counts of roughly 1 minute must be taken
at each location that a sampling is desired. Depending or

the "resolution" this limitation will determine the logging

speed. If a one foot "resolution" is acceptable a logging
speed of 1 ft/minut is possible It is probably 1 ‘
meaningful to take measurements while the probe is at rest
so that one would obtain more accurate measurements at a
given point. This procedure will not affect the average

logging speed since the average speed is still 1 ft/minute,
if samples are taken at 1 ft intervals and counts of 1

minute.

Logging speeds can be increased if greater count rate

le and perhaps this will be desirable

errors are acceptab

where a rapid reconnaissance is desired.

Calibration and Mass Attenuation Coefficients

A problem area that will represent a large part of the
present study is the problem of calibrating the device.
Essentially a device is "calibrated"* if the mass attenu-
ation coefficients of the sample are known. Given this
information an accurate measure of water content and soil

densities from y-ray counts can be obtained.

*We are assuming of course that the instrument is already calibrated so
that we can get the correct number of counts. The "calibration" above
is referring to the nore difficult problem of working in an unknown
medium,

-] G
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Unfortunately a device calibrated in the laboratory cannot

be considered to be properly calibrated when placed in an

unknown sediment material. This situation represents per-

haps the single greatest difficulty in applying the y-y
techniques to the problem of determining the sediment water

content.

In the next section a brief comparison of the expected

1 C

counting statistics errors and the errors due to calibration
are presented. Data for this comparison is taken from the

body of the report and the reader is referred there for

full understanding of the content of the tables referenced
in the next section.

Errors and Counting Errors

Cor arison of Calibrat ion

"oy -

on of data in Table VIII and Table V gives an

estims of the relative significance of counting errors and

calibration errors within the sediment group called Red
g

3 1

Clay. Red Clay is a common deep water sediment type. The
main results of the present discussion are essentially in-

dependent of sediment types. The largest differences for ps

and pw in Table V from the input ps and pw values were (W
Mw ;

Mw + Ms

> 40% assumed):

+.15 gm/cm3

H

Aps
Apw = =,229 gm/cm3

i

These differences occured for Red Clay C at W = 40% water
content (saturated) and represent the worst case situation
for this data for saturated uncompacted sediment. By com-
parison the data of Table VIII for Red Clay show that the

worst case standard deviations also occur when W = 40% water

«16=
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o8 = ,0056 qw/cm3 (13)
3

ow = ,0068 gm/cm

The standard deviations due to counting y's are clearly
almost 2 orders of magnitude less than the Aps, 4pw due to

"calibration errors" for the Red Clay sediment type

difference would be reduced somewhat if the input particle
densities were higher, but the errors due to calibration in
Red Clay will always be considerably greater than count rate
errors. In general, calibration errors will always be
greater than counting errors for the types of geometries,
sources and sediments being considered. For the purposes of
estimating system error, counting errors relative to cali-

bration errors can usually be ignored.

In the foregoing example the calibration errors can be used
to estimat the resultant errors in water content W or W as
defined earlier in the text. The definition of W' is

s0 that

w' = 2% x 100 (15)

PSS
thus, for the example the estimated W' will be

W'a = =31 X 100 = 120% s

compare this with the known W'

W' o= ;ggg X 100 = 66.6% (17)

«17-
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the difference in these estimates is

Thus, the estimate for W' is very high due to calibration
errors. At a water content W = 90% or W' = 260% this dif-

ference reduces to

W' = W'A = AW' =

AW' = 96% - 113%

Again the estimate for W' is high but much closer to the

known W' value.

These results indicate that unless calibration errors can be

significantly reduced, error in W' will be considerable

unless water contents are considerably more than the normal
saturated condition. This means that a technigue reguiring
{ ! )

greater accuracy will necessarily require that a sample o
some sort be taken. This procedure will be discussed in

more detail later.

Our estimate of this situation is basically sound since only
those calibration errors produced by differences within a
given sediment group were considered above. Those differ-
ences are certainly smaller on the average than the large
differences between an entirely unknowrn medium and a sedi-
ment type for which the instrument is known to be cali-

brated.

The type of sample required to solve this calibration prob-
lem will not be an in-situ sample but rather it can be a
"grab" sample from the sediment surface. This sample will
be examined later to determine the mass-attenution coeffi-

cients.

=18~
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The grab sample analysis described above would consist of
drying, compaction of sample in known volume (and measure-
ment of count rate for 1 minute). After drying the sample,
the test for calibration would regquire about 5 minutes to
complete. Once this has been done the y-ray data taken
during the actual probe measurement can be analyzed to

determine the absolute ps and pw. It should be stressed

however, that a rough estima of the mass attenuation
coefficients at the time the y-ray measurements are taken
can provide relative water content information on the pro-
file under study. This could be very useful for engineering
reconnaissance purposes. Later when the grab sample has
been analyzed absolute ps and pw values can be supplied for
the sediment profile. Thus, part of the present study will
be devoted to finding techniques that allow one to obtain a
useful estimate of the calibration constants by knowing only

rudimentary information regarding the sediment.

Other Fffects

In any system of this type several other parameters exist
which will affect actual system design and implementation.
These include electronic design, mechanical design, im-
placement and retrieval sub-systems, other engineering
design considerations and count rate detectors. With the
exception of count rate detectors (scintillators) these

other considerations are beyond the scope of this study.

A review of detector design theory and efficiency and a
literature search of commercially available dotectors(d)
show that suitable detectors can be provided for this sys-
tem. None of these could be off-the-shelf detectors since
modification of the geometric configuration would be re-
quired. However, these modifications should be easy to

implemenc.

~19~




Although this configuration would involve a cylindrical

housing for electronic gear and shielding, a long barrel

. would provide measurements in a relatively undisturbed

state.

not permit the use of push type samplers.

A s S
[

factory logging speed using reasonable source sizes and

commercial detectors (with redesigned geometry) can be

obtained.

—
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Further, with proper design the device could be used

’ Considering th ve system paramet (given in greater
detail in the main text) and add: ing tho areas which
. will adversely effect the system, it concluded that
? through-transmission techni hould be used.
The confi ration of this b c devi.c ; similar to de e
11 use for obtain § & me?r oista densities
i Push tyj tub: T coul be modified to adapt O a
through~-transmission y-measuring syst A basic design of
i this type (see Figure 4) has few of the ¢ limitation
: disadvantages of the backscatter techniques and would have
very high count rates in comparison to such tech ik
will be shown that if a design of this type is used and
calibration errors are reduced to a minimum by a sample,
count rate errors will be the most significant error in
‘ determining moisture density values. Since counting errors
| will be found to be very small, excellent values for sedi-
¢ ment density and noisture content can be expact

and

good cutting edge located well below the measurement area

.

to depths of 30 feet or until penetration resistance would

It has also been shown that by using this geometry, satis-
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' Therefore, the major area of concern in this type of system
will be the calibration of the device to obtain high ac-

mentioned earlier, to obtain the

needed calibration a grab sample would be required to

determine the mascs attenuation coefficients of the sedi-
ments. It may also be possible to secure a sample by using
a "sand catcher" assembly on the bottom of the probe Thi

be taken at the depth of the last measurement

The following sections will be devoted to a complete anal-

ysis of the problem of calibration of the y-y system in a

through-transmi=zsion configuration.

3
4
g
§
g
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I l THE y~y TECHNIQUE
‘ I Attenuation Coefficients in Mixtures
' A preliminary study of the feasibility of employing y-y
techniques for the determination of sediment mass density
l and water content of sediment mixtures has been conducted.

To accomplish this a computer program was developed for
calculating mass attenuation coefficients for y-rays in
various mixtures. Given the experimentally determined mass
attenuation coefficients for a table of elements with vary-

r

ing atomic numbers % at two y-ray energies, i.e., uz(l) and
‘ pz(2) and given the chemical composition of any mixture of
compounds composed of these elements, one can compute the

[ 4 p's for the mixture at these two energies. That is, the

| values for a sediment mixture are given by

N
s = u sediment (E) = ) oy OEbYet = 0s (20)
c=1 .

where E is the gamma ray encrgy, C is the index of each

compound and wc is the weight fraction of the total mixture
this compound represents. The uc's for each compound are

1 determined by a similar formula using experimental data on
individual elements that make up each compound together with

the known atomic and molecular weights.

Given the mass attenuation values for the sediment us and

the water uw one can compute relative count rates

(I/1)) v, = e~ Iogug (1) + p o (1)IX _ Ny
(21)

(I/Io) Yo = e-[osus(Z) + nwuw(Z)]x - Ty

-23~
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where I is available counts from a given y source
o

and I 1is the measured counts for the attenuator
Yy rays

vhere p_ angd Py are given input sediment and water mass

o

densitics respectively, i.e. = Ms/ y . = Mw/. .. Here
5] Y s r Pg Is/yr Py /v
X is the given column height, Ms, Mw are respectively the

masses of sediment and water in a total volume V.

Taking the logorithm of both sides of these eqguations and
solving simultaneously, one can also compute ps, pw given
the u's and the relative counts. A computer program has
been developed to do both kinds of calculations. With this
capability it is possible to study the y-y technique from

several different points of view.

First the problem of calibration errors can be studied.
These are errors that could resylt because the instrument is
"calibrated" in material A and measurements (y-counts) are

Y

taken in a different unknown material B. I

f the y-counts

taken in B are analyzed and ps, pw are calculated, assuming
incorrect mass attenuation coefficients characteristic of
medium A, then obviously there will be errors in ps, gw due
to this incorrect assumption. Problems of this type can be
studied by first computing the relative y-ray counts that
would be produced in medium B (treating it as known) given
reasonible ps, pw values as inputs and a typical column
height, say 10cm. Using these counts as inputs, and the
mass attenuation coefficients from Mixture A the problem can
be turned around and ps, pw calculated. The calculated ps,
pw will be different from the original input values for
these parameters owing to the differences between Medium A

and Medium B. 1In this way the errors that would result by

assuming the p's for the unknown measurement medium can be
studied.

b=
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A count-rate error analysis has also been written into the
program so that it is possible to study count rate errors
for various mixtures with varying water contents. 1In this

way one can compare the previous errors due to calibration

and those due to counting statistics. A decision can then
J
be made as to the relative importance of these errors and

under what conditions one or the other of these sources of

error dominates.

28
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SEA-BOTTOM SEDIMENT TYPES AND

Sediment Types

defore proceeding with the results of the analysis

’
basic simplifying assumptions that were made should be
4 ( = ] ’ LS
clarified. Pirst, after consult ¢ wverdrup, et.al. : 1§ o
becomes clear that deep water or pelagic sea bottom sedi-
ments tend to fall into threé broad categories, namely;
red clays, globigerina oozes or silicious ocozes. Further-

more these three sediment types tend to have rather narrowly
defined chemical compositions which moreover are quite
different for the three sediment types. Rec
material having a chemical composition very similar to the
average ignecus rocks of terrestrial origin. Globigerina
oozes are almost pure CA COB and silicious ocozes ar
mixture of silica (Si02) plus water of hydra
analyses it has been assumed that the pelagic sediments that
will typically be encountered fall into one of these three
basic categories. Terrigenous or near shore sediments can
be more varicd but these are often directly derived from
terrestrial rocks and have compositions near those of red
clay. Owing to the variability however, no such limits will

be placed on the terrigenous deposits.

§ Computed Mass Attenuation Coefficients
H
i In the following are listed the computed mass attenuation

coefficients of various mixtures. These u values are cal-

culated for two y-ray energies namely .06MeV and .66MeV.
241

e o R

These energies correspond to the y-rays emitted from Am
237 ;
and Cs respectively. These two y-ray sources represent

the most practical choice from among many possible sources

of y-rays. (see Gardner, et.al.(z)

[




sediments together with a variety of other materials are
listed The chemical composition of these materials is

indicated in Table II a and b.

It should be noted that these theoretical calculation:

(Table 1) are in excellent agreement with experimental
values wil the are known. The theoretical valu for
\'/‘Jtl"l’, CO1 4 artl 11 eXC ’}‘ nt
aareems with the « ~ these material

For this reason ont at the ¢«

attenuation coefficients for mixtures of arbitrary chemica
composition are very close to those values that would ac-

tua 11 Y

d experimentally.

of sediments together with the general 1S governing

y-ray attenuation make possible a wide variety of computer

o -u W T ARG R E § o I 2
experiments” that yield reasonably realistic results.

S—
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CALCULATED

Red (

Airxr

FOR VARI

Red Clay (R) (T:

Icnecous Rock

(Table IIb)

o

lay* (Tabl

(

™A AnO

=il AIAD

¢ Pl B ey
SEDIME

Red Clay (C) (Table

Table IIa)

(Table IIa)

Microcline (KA1Si208)

TABLE

ATTENI

H U

S S S —————

I

TION

.29784
.27378
.282311
.34618
.23048
.22809
.29196
27013
.34567
.26621

17513

COEFFICIE!

AT C

(.19634)

Al

D

SUB

/

STANCES

(.085038)

076536

.07693

L5832
076174
.076628
.075852

076736

*This Red Clay is the 51 sample average of Correns taken
g
fram Sverdrup, et.al.”

See Table 1Ia for compositions.
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CHEMICAL

A DRAERNT A TRALE)
ELEMENT]

H

Si
AL

Ca

TABLE ITb

COMPOSITIONS

i (Weight %

(OTHER MATERIALS)

o . M3 w1 19c
s in Mixture)
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COUNT RATES AND SEDIMENT TYPE
(VARYING WATER CONTENT)

Using the basic attenuation Equation 21, and the computed
i r i

mass attenuation coefficients (u'*s) for the three most
commonly encountered sea bottom sediments (red clay, globi-
erina ooze, silicious ooze), the relative count rates for

these three sediment types at any water content can be

determined. To do this an assumption about the particlec
densities of the three sediment materials must be made. As

indicated earlier for purposes of calculation, we assume
s - .
these to be the same and of the order of 1.5 gm/cm~. Other
) /
choices for this pso value will not affect our conclusions.

5 3 i &
(2.5 gm/cm™) could be used

(5

Thus, the density of quartz sanc
without changing our basic conclusion. Reasonable ps and

pw values can now be computed by solving Equation 21 for ps
and pw using as inputs pso together with the p values in the

relative count calculation, see Equation 22.

When the relative y counts, i.e., Ny; and Ny, for each of
the two energies under consideration are calculated, it is
discovered that this data is very diagnostic of the type of

material in which the measurement is being made.

In Figure 5 the relative y; counts are plotted against the
relative y, counts for the three sediment types: red clay,
globigerina ooze and silicious ooze for water contents W

ranginag from 0 through 100% by weight.

It should be noted first that when the sediments are 100%
water, the curves intersect as expected at the y;,y; rela-
tive counts characteristic of water. Hence when the sedi-
ments are highly saturated, the relative counts for yi1 and y»

cannot be used to determine the type of material (solids) in

-3
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which measurements are Leing made. Note however the im-
portant fact that as the sediment water-content diminishes
(this would be characteristic of deeper, less dispersed
sediment layers) the differences in relative counts for vy,
for the three materials diverge considerably.

When the water content W is 0% the ratio of the relative vy,
£o: y; counts; f.e., Ny,/ Ny, , are :5:1 for globigerina ocoze;

1 | 1 1

1:1 for red clay; and 3:1 for silicious o0oze

These qualitative results are very encouraging because t
imply that some idea of the type of sediment being encoun-
tered on the seabed can be obtained from this relative
count-rate data alone. To the extent that such relative
count-rate data can be made diagnostic of the sediment type,
one can reduce calibration errors that would certainly
result from assuming the wrong type for the sediment under

examination.

These gualitative diagnostic characteristics can be made
-

more specific and quantitative by actually comparing results

obtained with various mixtures.

A Calibration

Medium and Various Measurement Media

Table II1 illustrates the results that would be obtained if
the instrument were "calibrated" in crushed igneous rock
(Tables I and II) and measurements were actually made in red

clay, globigerina ooze or silicious ocoze.

There are several important features of the data. First as
indicated earlier in a qualitative sense, the relative

count-rates are diagnostic of the type of material in which
measurements are being made. Note in particular that if one

*calibrates" in igneous rock the measurements in globigerina

:g'
~-33-
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ooze become meaningless for some water contents since the
calculations of ps and pw lead to negative densities. This
occurs when the ooze is relatively devoid of water as it
would be in the deeper layers of penetrated sediment. Thus,
we can say for example; if we are actually measuring in
globigerina ooze (and this fact is uknown to us) that the
unknown material could not be like igneous rock. An ex-
amination of the table shows how closely the values for
igneous rock compare with those of red clay. Clearly nega-
tive calculated densities would in this case also rule out
the possibility that our unknown measurement medium was red
clay. The table does seem to indicate that the unknown
medium could be silicjons ooze since no negative densities

were calculated.

Note however that as the probe penetrated the deeper layers
of this ooze and the free water %W approaches 0% the cal-
culated pw would remain large in silicious ooze contrary to
the fact that it should be small in these deeper layers.

In a semi-gquantitative sense w2 can alsoc say that the
unknown medium under investigation is not silicious oo:ze.

In this way one would arrive at the conclusion that the
unknown measurement medium was actually close to globigerina

0o0zZe.

In general one could assume various input values for the
mass attenuation coefficients us (uw known) and discove:
first which assumed ps values led to meaningful values for
ps and pw for any depth of penetration of the probe, i.e.,
for any water content W. By "meaningful" we mean that no
water density exceeds unity pw < pwo and no soil density is
greater than about 2.5gm or > pso. These trial and error u
values could then be compared with those characteristic of

one of the three sediment types and a decision as to which

*35-
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of the thz: tvpes of materials one is 11ing with could
o made. Of course if wledge regarding the sediment
ty] i \ lable this j cedure would ! unnecessary.
Once diment tyj has b 1 properly charac ized th
aponl :, ¢+ r R & can ?\‘, in crtoe an ¥ ‘.,". 3 £y B
and pw cC k ) ted from the obserwv count fOr 1' and
Yo+ If the ol n u's are not exactly th me as the o
1) tO i).w )| a Sy 1 ' } ‘J 1B :‘u V 1 ‘, ‘r'
course, be errol in ps and pw, but as has been indicated
prey 1sly, rrors ( ld be acceptable i1in a recon-
naissance surv where relative ormation 1is de red an
lute water content 1 o o P ¢ determined only at a later
after a grab sample has been anal
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CALIBRATION ERRORS
' . AND VARIOUS SAMPLING SCHEMES

A case can be made that the sediments likely to be encoun-

l tered will fall into one of the foregoing three groupings or
some other well defined category. For this reason, the
errors in calculated ps and pw values that would result
| would be due primarily to variations in the chemical comp-
osition within these groupings rather than between these

groupings. These rémarks need to be justified guantita-
tively in each case but they certainly seem to be justified

for pelagic scdiments.

As indicated earlier, our literature search indicates that

both globigerina cozes and silicious oozes are relatively
pure chemical substances. Globigerina ooze is essentially
100% Ca CO, and silicious ooze is SiO2 + water of hydration.
In our analyses we assume 7% water of hydration for sili-
cious ooze and define the "dry" sediment (no free water) to
be 93% $i0, and 7% H,0 by weight.

2 - e ?
If there were significant differences in the water of hy-
dration for silicious oozes from place to place, for ex-

ample, this could lead to errors. Similarly red clay has a

from place to place as indicated in Table IV. Note also

from Table IV that the chemical composition of red clays is

variable depending on the locale of the sample.

l

l

l

l

[ typical water of hydration close to 7% but this does vary

|

[ To get some rough idea of the variations that might be ex-
pected within the red clay sediment type, consider the data

[ in Table V. Table V lists the calculated ps and pw values
that would be obtained where red clay is used as the “"cali-

: [ bration" medium and red clay C, red clay R, (Table IV) are

the measurement media. The significance of these errors

—
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CHEMICAL

TABLE IV

COMPOSITIONS OF

-308~

T(

THREE RED CLAYS

2.65

0.00
2.95

0.45

0.00
0.00

7.30

> % .




TABLE V
RED CLAY COMPARISOCH

DATA

CALIBRATION MEDIUM AS RED CLAY*

-

*Cr

ME
MES
RIED CILAY RET Y C* DIFFER ICE
wn Jom . " & .
Ll (gm/cn PSS, pPW PS5, oW Fexd Red
ut Calculat Cal i Clay €

=53 .000
13k +145 1415 .284 1.06 .369 16,-.14 +.25,~.24
. 758 <505 667 585 Bl U754 091,~-.08 +.15,-,229

2 it

.838

.104 .932 .091 .943 084 .950 .01,-.01 +.02,-.02
-390
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when the analysis of counting statis-

will be made cleare:
tics errors has been completed.

The equations used to calculate ps and pw may be obtained by
taking the logorithm of Eguation 21 and solving them simul-

taneously for ps and pw. The results are

B a 1nNy; - blnNy,
P ™ C 1InNy; - dlnNy;
where the so-called "calibration" constants are:
W
08 R Aol BGS N Ty
e RIECIRE TY I T i
[1’ l 2 b l ! AJ A
W
) SR R 2
Inw] - US, = uS; . nw2]}~.
‘.152
c = e e e
\%4 . USs b RGNS " g ) 9
lu 5 5 s, | lJ
'S
d = S ——— __.j- ] s o
[uw2 4 usl - ;«Sz . W9 IR
The relative counts Ny,;, Ny, are calculated in the measure-
ment medium using the u's of the measurement medium and in-
puts ps, pw values medium, then the u's characteristic of
the calibration medium (which is different) are used to
recompute ps, pw using the previous Ny;, Ny, values. Errors
s 31 2

in ps, pw are termed "calibration" errors.

Other Criteria for Improving Calibration

As indicated previously, the y, count rate data is diag-

nostic of the type of wmaterial in which measurements are

-40-
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being made. This feature allows one Lo reduce "calibration®
errors by obtaining an improved estimate of the true mass

attenuation coefficients present at the measurement site.

The data can be analyzed yet in another way to determine
something about the type of material present at the site.
It has been shown that the particle density pso of any

ensities ps and pw

2

sediment is a function o the measured
Equation 6) where ps and pw are defined in Eguations 3 and

15 and are measured in gm/cm~. In these units, the partic
d

ensity of the sediment is

— - assuming 100% saturation

0
Q
I

This particle density may be computed from the computed
P i . b

values for ps and pw obtained from the y-counts.

If the ps pw values are in error say because of cali-
! [ X

"

bration errors" then an incorrect value for pso will result.
Because particle densities for most sediment types would
fall in the range 1.Sqm/cm3 to 2:5 gm/cm3 with most ma-
terials near 2.5Gm/cm3, any computed particle density that
was significantly different from 2.5gm/cm values would be
suspect and suggest that an incorrect choice for the mass
attenuation coefficients for the solid sediment component

had becen chosen.

To illustrate this consider the data in Table VI. Here mea-
surements are made in media that are different from the
calibration media so that calibration errors are bound to

result. As a consequence ps and pw are in error and there-

fore pso is in error.




TABLE VI
CALIBRATE IN IGNEOUS

MEASURE IN SILICIOU
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: For example, the data in Table VI show that if the device is
F calibrated in igneous rock and measurements are made in
silicious ooze, a calculated particle density of 3.23qm/cm3
results when in fact the actual density should have been close
to the input value 1.53 qm/cm3. By contrast if one measures
in a red clay and calibrates in a slightly different red

clay, the Table VII data shows that a much better particle

- y s :
density estimate, namel 1.6 gm/cm” results.
Y C

These results illustrate first the fact that an improper
choice for the mass attenuation coefficients p;s and pjys can
be detected by noting the value of Peo® If the calculated

3§ J

PR falls outside the expected range for this number the
-

chosen u;s and u,s are evidently incorrect. 1

This fact provides yet another means to improve the ps and
pw data by improving the data for S and HS,. In the fol-
lowing section it is pointed out what benefits would accrue
if one were to take a single rough sample of the sediment

and determine pso without knowledge of the water content V.

Value of a Rough Sample in Calibrating the Device

If the conditions of measurement are such that a sample of

the sediment can be retrieved at a given site the results &

TR WK &

|

\
can be improved. There are several different ways a sample

|

|

could be used. First, as indicated the particle mass den-

twp 2

sity P grs would aid in choosing the correct mass attenuation

coefficients or at least eliminating incorrect ones. It is

required to obtain a Pai characteristic of the entire site
for moderate depths below the surface.

Given only the ® o0 for these samples the observed in=-situ

count rate data at different water contents W would place

l likely that at any given site only one sample would be
wd Jw
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limits in the mass attenuation coefficients for the sediment

solids p;s and p3s.

The procedure would be to choose values for u;s and u;s

ot

that were close to those suspected for the sample. For

example, the collected sample could be examined by a know-

ledgeable observer to determine whether it was similar to
one of the three basic geologic sediment types (red clay,
globigerina ooze, and silicious ocoze) or if the sediment is
of some other type, say a terrigenous material. One then

guesses the best value for py;s and u,s.

The count data Ny;. Ny; is used with these assumed mw

v

attenuation coefficients to compute a ps and pw pair, the
density Roe is also computed from Egquation 6 and compared
with the P obtained directly from the retrieved sample.
IE the T‘“Ss.:;‘t‘r'«"'(} and calculated particlc densities pso are
different, new values for p;s and p,s muast be discover

that yield the known pso.

It is ot difficult to measure pso to three places by con-
ventione?! means so that the ps and u>s values that are con-
sistent with the data on Ny;, Ny, can be considerably nar-
rowed down without actually measuring them. To illustrate
this a computer program was written which starts with Ny,
Ny, arnd the operator "quesses" an appropriate value for 1S

9* The program then holds us | constant and varies ps,
“
looking for a "best" fit to the known ; = ps/l-pw value.

50

By performing a series of such guesses one can often ap-

and us

proach closely the proper HSy ¢ S, values and certainly
eliminate incorrect y vlaues. A procedure of this type
might be used to aid in the determination of rough y values
that are to be used in a rapid reconnaissance of a site

where exact ps and pw values are not required.

- 5
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F‘ Exact Calculation of Mass Attenuat ion Coefficients Given

P8 and W

Equation 21 can be solved for the mass attenuation coeffi-
cients ;Sl and us?\in terms of the densities ps and pw, the

results arc

(1:\~.'] pwX + log Ny;)

HS. - ~
1 p.‘;:’.

(L‘.Jz.)“YX + JOQ I\Jl.")

LS. -
Z pSA

where Ny; and Ny, are the relative counts.

By making the very reasonable assumption that the particle
density pso ps/l-pw is unchanged with varying water con-

tent, and noting that both ps and pw are expressible in

terms of pso and W the water content weight percent as

ps = pso(l - W)/ [W(pso -~ 1) + 1]

pw = pso W/ [W(pso - 1) + 1]
Mw 6 Mw W'
SY € [~ T A MR vt Y = at——————
where " Mw + Ms' Ms'’ - (w l)

one can compute sy and us, in terms of water content W and

the known p -
S0

If both W and pso are known from a single in~situ sample
clearly e, and ps; could be uniquely determined. Unfor-

tunately W cannot be known without an in-situ sample and

il

(24)

(25)

B Paped ypte
!
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we are not prepared to suggest that this be a reguirement of
any viable technique. However, it should at least be noted
that if a sample were properly taken (retrieved) with its
water content identical to the in-situ value, this single
sample at a given measurement site, would suffice to deter-
mine both pso and W and these values would immediately allow

I

us to compute unique values fo ) and vE, providced 10
sample was taken at the place where Ny; and Ny, were mea-

Thus by taking a single intact sample at a given site one

could in principle accurately determine ps and pw for a wide

ly not be necessary

ct

range of water contents. It would probab
to take more than one sample at any given site. This ap-
proach is probably impractical and will not be pursued fur-

ther in this pape

A possibly more practical approach to this problem would be
to force the probe into the deeper layers of the sediment.
Counts taken here, may under certain conditions, be char-
acteristic of a nearly dry sediment. That is, the sediment
would not be dispersed so that the value ps would approach
the so-called "dry density" (sece one earlier discussion of
this term). 1If this assumption is a valid one, then both pw
and ps would approach a constant value in these. In this
case a single retrieved :sample taken from shallow layers of

the sediment would suffice as before to determine pso. If

one were also to calculate the W based on the observed i
porosity of the packed (mechanically consolidated) returned i

sample we could then obtain a good estimate of the likely
values for ps and pw characteristic of these deeper layers.
This data together with Equation 24 and the count data from

the deeper layer would allow us to calculate usy and us,.

-

w7




I It is important to stress that this calculation would in-
| volve recovering only a surface grab sample but would re-

uire some estimate of the dearee of compaction.
q 1

-] og Ny ]

1S e
k| psoX
and (26)
-log Ny;
1S, i
e “r
PSOA

It is also possible that in some deeper sediment layers th

water content is nill irn which case the u values could be

simply computed from Equation 26.

Note that the ratio of unl/;:nz = log Ny,;/log Ny, under these

circumstances.

In Table VIII we list known values for s, and 1S, compared
with values calculated from Equation 26 above for a variety
of materials. The count rate data for varying W was in-
serted into these equations even though W is not zero.
Clearly as the water content approaches zero the above
estimate improves. For the three materials; Red Clay,
Globigerina Ooze and Silicious Ooze; for W less than about

.1% the us values approach the correct values.

l' “52

Grab Sample and Calibration

The results of the last section suggest that if pso and W

¢
&

were known that "exact" values for N and S, could be
computed. The apparent difficulty here is that W must be

known at the place the measurement is made. A simple way
1

I -4 8~

re 3 —— Al . > - ~ - - :
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TABLE VII]

STANDARD DEVIATIONS OF ps AND pw IN gm/cm
PDUE TO COUNTING STATISTICS ERRORS

(INITIAL COUNTS IN AIR ASSURED TO BE 10 )

| .
Wi A WA RID CILAY | CLOBIGI A O ‘ SILI O
e e |
o W s ow oS aw oS W
10 0077 . 0084 L0071 0076 .0139 0143
40 .0056 .0068 .004° .0057 .0119 .012
70 0047 .0061 0035 .004¢° | .0108
90 .0043 . 00" ! .0031] L0047 .0103 011
I
|

S Tt
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ké : to avoid this difficulty and the way that will finally be
chosen is to collect a surface grab sample (or retrieve a

in-situ sample when the probe is retrieved and dry

0
e

this sample. Then W is known to be zero. Since pso can

also be measured one can calculate the u's exactly from

In this way calibration errors would be reduced to minimum
as summarized earlier in this report. The error in ps and

ow would then reduce to those due to counting which has been

shown to be very small.
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The foregoing study has demonstrated the basic feasibil

. l CONCLUSIONS

of using y-y techniques to measure sediment moisture c« nt
i and sediment density. The principal source of error h

been found to be calibration errors with counting and other

i

m related errors being relegated to secondary and

n
=

< i bache
¢

tertiary significance.

; Because of the limited compositional content especially of
geologic (deep water) sediments, these calibration errors
} can be considerably minimized. Count rate data using gamma

" L2
rays for Am

source (.06MeV) turn out to be diagnostic of
; the type of sediment in which one is operating. Further-
more, gross errors due to calibration in Media A and mea-
surement Medium B, where A and B are very dissimilar, can

i \ readily be detected in the calculations since these errors

lead to physically impractical sediment or water densities.
Gross errors of calibration result in negative densities or
densities which exceed the bounds possible for the materials
commonly encountered on the seabed. For example, if the
calculated ps exceeds the average dry density of typical
sediments or if pw is greater than unity (lqm/cmB), calibra-

tion errors are likely causes.

This observation means that the mass attenuation coeffi-
cients for the calibration medium should be chosen so as to

result in a calculated particle density

i pso = ps/l-pw . (27)

T S —

close to typical values, say 2.50 gm/cm3. In fact the y-y
method can be made more accurate if a single sample is

! . . . . . .
; f retrieved and its particle density pso is measured. In this

case the data ps, pw obtained from the y-y analysis for




given assumed mass attenuation coefficients severely re-
strict the values these coefficients may assume. If a grab
sample is recovered and analyzed in a y-y measuring chamber
1 and u, _ for the sediment

ls 28

exactly. Once these u values are known (i.e., the device is

it is possible to compute

roperly calibrated) values for ps, pw for a wide range of
b+ 4 ’ -

water contents can be calculated.

e e e e

It is our recommendation that further study of this process
i be undertaken. That is, we propose to study in detail the
. development of a technique that would require a single grab
’ sample to be taken, dried and its mass attenuation coeffi-

cients measured.

The present assessment of the situation is that if we are
given the mass attenuation measurements for a grab sample,
the resultant errors in ps and pw will be those due pri-

} marily to counting. ;

The present study concerns itself with water contents W' =

1 pw/ps x 100 ranging from 15% to 500%. Using mass attenu-
5 ation coefficients characteristic of igneous rocks or red
. clay and assuming a particle density of 2.6 gm/cm3 we have
input values ps, pw namely at :
W' = 15% ps = 1.87, pw = .28 :
J and (28) w
§ W' = 500% ps = .185, pw = ,925 .
’ Using these and No = 106 counts/minute initially (air count)

one can calculate the expected counts for the y; and y,;, and

from these one can calculate standard deviations for ps and

pPW.

-f 3
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The results are:

and

at

Thus, the error

principal error

by

&
H
-

The maximum er

in AW' a plus

.0174 gm/ci :AS

0183, ow =
(29)
W' = 500% o8 = .00456, ow .00599

in W' due to count rates (assumed to be the

since calibration error is removed) is given

pw : e
o ) = PW 1 ;" e v
) 1

1

ror in W' is obtained by making the minus sign

then
W'aps 35 Apw
psS psS

Using os and ow for Aps and Apw one has for

W a 15%;
and
W' = 500%

'

;0183 0174
RoA - = 5 g o 108
W max 13 1.87 Y 1.87 i
.00456 .00599 I,
W -8 (ACUESEN 5 (ERIITy w1556
W' ax = % 185 (=185~ 2356

Thus, the measured values would be

W' = 15%
W' = 500%

4

1.1%
t+ 16%

Data from the y~-y probe taken as the probe is forced through

deeper layers of the sediment would be taken digitally in
real-time and stored via magnetic tape or computer disc and
processed initially assuming values ©Of the mass attenuation

coefficients which give a gord fit to the pso calculation.
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This data could then be used immediately in real-time to
compute ps and pw for use in reconnaissance i.c., comparing
one site with another or one depth with another. This would

give the investigator an immediate real-time estimate of ps,

pw and the changes taking place in these variables as a
function of location or depth. Later when the sample has
been e ined to determine the mo nearly correct mass
attenuation coefficients, the resultant ps, pw can be re-
calculat In this way one could have in diate access to
relative information regarding ps and pw and at a later time
(probably within an hour, if desired) absolut PE, pw

values could become available.

We feel in addition that it will be necessary
next phase of the study to determine the exact way data
would be collected, transmitted to the surface, processed

and stored or displayed.

The next phase of the program should also involve some
simulated experimental set-ups using assembled hardware in

known measurement media. By performing tests of this type

it will be possible to write the final specifications for a :

y=y system for marine use.
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LIST OF ABBREVIATIONS AND SYMBOLS

Americium Isotope 241

Cesium Isotope 137

Distance Spacing

nerqgy

Measured Counts for the Attenuated y Rays
Available Count from a Given y Source
Million Electron Volts

Weight of Solids in a Given Soil Mass
Weight of Water in a Given Soil Mass
Gamma Counts

Volume of Soil and Water (considering only tw
phase system)

3o S e e 7 MR LT
Sed.iment Volume

Volume of Water in the Pore Space

Mw

ﬁt—;"_;—'ﬁs' )~ 100‘&

Mcisture Content Given by ﬁi X 100¢%

Given Column Height

Atomic Number

Gamma

Mass Attenuation Coefficient for Gamma Radiation
Neutron Attenuation Coefficient for Water
Neutron Attenuation Coefficient for Soil

Density of Soil Given by ﬂ%

Mass Density of Soil
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Standard
Standard

Combined

Mw

Content Given by
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Deviation

Deviation
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LIST OF EQUATIONS

Equation # Equation Page
psS = hy ,,/'\.’ 1
Py N/ 1
2 W = ('n /‘ ;I) 100% 6
W= (Mw/Mw + Ms)) 100 6
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6 pso = ps/(l-pw/pwo) 7
7 pm x d = N/p with N = 1.28 11
dl/daz2 ua/u 13
15 W' = pw/ps x 100 17

o

20 us = iy sediment (E) = ) (v ) (E) (‘»'.‘C) 23

21 (/1) Y1 = e logng (Mi+p uw A1}IX _ oo 0 23

=ip . u (2)+tp p (2}]1X
logug (2)+p u (2)]X

o
Lo

2]. (I/IO) Y2 =g

; 22 pgy = @ InNy; - blnNy, 40
|

23
23
23
23
24 us, = ~(uw

= uwz/[(i:wl) (nsz) - ('.mj)(;.wz)).‘il 40
= vwl/[(uwl)(wsz) = (usy) (wwy))x] 40
“32/[(“w2)(“51) - (usz)(nwl))xl 40 ;
= psy/Lluw,) (es)) = (us,) (uwy))X] 40 #
lpr + log Ny,;)/ (psX) 46
-—(uwzpw.\‘ + 1og Nys)/ (psX) 46
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24 us

' 22 pw LT lnNY} e (11“:\‘)7 40
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