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ABSTRACT

The lack of calibration to a wide range of well

conditions has limited the application of the University

of Arizonas neutron instruments. The calibration is neces-

sary before quantitative results may be obtained.

A survey of the literature on the neutron method is

presented from petroleum industry, soil science, and ground-

water hydrology sources. A controlled system, consisting of

nine well casings in a homogeneous unconsolidated medium, was

constructed, for the study. Two neutron-neutron instruments

equipped with Am-Be sources of lOO-mc (inillicurie) and 3-c
(curie) strength, were operated in the system. Data was

collected under saturated and water-table conditions to

determine the quantitative reaction and the qualitative

discrimination of the instruments to the range of variables

encountered in well design.

The diameter and composition of well casing and the

position of the neutron probe in the casing were found to be

important factors in neutron logging. The largest diameter

of casing in which the 100-mo instrument can be applied was

found to be 4 inches. The 3-c instruw.ent was effective in

casings as large as 16 inches in diameter. The calibration

relationship between moisture content and chart deflection

for the 3-c instrunient was defined for one value of moisture

content.

ix



INTRODUCTION

The neutron moderation method is a technique by

which the moisture content of an earth material can be

measured. The principle of this method has been noted

by Van Bav'el (1963, p. 171).

A source of fast neutrons produces a cloud of
slow neutrons in a hydrogen-rich medium that
is free of effective neutron absorbers. The
cloud...density, as detected with a slow neu-
tron counter, is an almost linear indicator
of moisture content.

The application of this principle to the determination of

moisture content in the earth material surrounding a well,

is called, neutron well logging. A neutron well log is a

trace of the moisture content detected by a neutron logger

along the vertical axis of a well.

Neutron well logging is a technique that has been

used in the fields of petroleum exploration and exploita-

tion and soil science since the 191+0's. The method is now

becoming an important tool in ground-water investigations.

The neutron method is being applied to ground-water hydrol-

ogy to aid in determining storage coefficient values, and

to help in the location of more porous saturated zones for

development.

The primary problem that limits the quantitative

application of the neutron method in ground-water studies,

is the lack of instrument calibration to a wide range of

1
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well conditions. The casings used in water wells may vary

in diameter, wall thickness, and composition, and may be

empty or filled with water. Q,uantitative neutron log re-

suits can be obtained only if the instruments are calibrated

to the specific easing conditions found in the well.

The University of Arizona has a number of neutron

loggers which are actively engaged in ground-water or soil

moisture investigations. All of these loggers are limited

in quantitative application because of a lack of calibration

to a range of well easing conditions. Two of the instru-

ments are equipped with plastic calibration sleeves which

simulate moisture content values when used in 1.75-inch I.D

(inside diameter) steel casings. The remainder of the instru-

ments are not quantitatively calibrated to any size of easing.

Two principal problems result from the general

lack of instrunient calibration. (1) The instruments that

are calibrated for 1.75-inch I.D. casings are used almost

exclusively in wells of that size. Other wells that could

be sources of data are often not logged. (2) Most of the

neutron logging performed by the instruments is purely

qualitative in nature. The instruiuents are thus not being

used, to their fullest potential.

In summary, the objective of this study is to deter-

mine the influence which various water well conditions have

on neutron well logging. The purpose is to define the limits

of application of each of the instruments, and to provide a
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base for further quantitative utilization of the instruments

in groundS-water studies.



STATENT OF PROBLEtVI

The quantitative application of neutron logging

to soil moisture and ground-water studies depends on the

determination of the relationship of neutron moderation

to changes in certain conditions. These conditions nay

be divided into the following four groups:

A, Natural
Composition, density, and bed thickness
of the subsurface strata
Hydrogen density of the strata and the
fluid contained in the strata

B. Instrument.
Source-detector spacing
Source strength
Probe design

C. Operation
Time constant
Logging speed
Sensitivity

4, Position of the probe in the casing

Well Design
1. Diameter and thickness of the casing
2, Composition of the casing

Quantitative neutron logging is possible only if the

instrument (B), the operation (C), and the well design (D)

conditions are held constant or accounted for, and the

natural conditions (A) remain as the only variables. Since

this study is concerned primarily with the influence of

the water wel]. design conditions CD), the other factors

(A,B, and C) are held constant.

4



THEQRY OF THE NTEUTRON METHOD

Neutron Generation

A neutron is defined as a neutral particle having

approximately the same mass as a proton, It decays into a

proton and an electron with a half-life (period required

for the disintegration of half of the atoms in the substance)

of 12.B minutes. Neutrons are classified according to their

velocity or kinetic energy. Fast neutrons have kinetic

energies from 0.5 to 10 Mev (million electron volts). Slow

neutrons have energies below 1000 ev (electron volts). The

neutrons in the remaining energy range are called inter-

mediate neutrons (Van Bavel 1963, p. 171).

Although neutrons are the most numerous of the

fundamental particles and account for more than half of the

earth's mass, they are rarely found uncombined. Thus, to use

them in a scientific procedure, a source of neutrons must be

provided, The most common method of producing neutrons for

subsurface investigations is called the alpha-neutron method.

This is the bombardment of certain light elements with

alpha particles to yield neutrons (Russell 1952). In most

cases, the light element is beryllium and the alpha-emitting

material is radium, polonium, plutonium, or americium.

All of the alpha-emitting materials are radioactive elements

5



and release gamma radiation as well as alpha radiation.
The neutron-emitting reaction for the radium-beryllium
(Ra-Be) source is presented below (Lynch 1962, p. 235).
The reaction for the americium-beryllium (Am-Be) source
is also shown.

226 222
88Ra > 86Rn + 2He4 -i- gia radiation

or

21+1 237 4
95Ani 93Np +

2
gamma radiation

and.

He4± Be9 -

2 4. 6 0

The advantages and disadvantages of each of the

alpha-emitting elements listed above have been discussed
by Lynch (1962) and Stick (1961). The practical use of a
radium source of high strength (half-life of 1620 years)
is limited by the bulk of shielding necessary to protect
the operator from the intense flux of gamma radiation.
Polonium, an element formed by the disintegration of

radium, does not have the high gamma emission rate of
radium, but has a very short half-life (138 days). This

results in an ever changing source strength which makes

quantitative interpretation of neutron data very difficult.
Plutonium, an element formed by the transmutation of nep-

tunium, has a low gamma emission rate and a long half-life
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(50 years), but has a low raiioactivity level. A plutonium

source must be much larger than a radium source to have am

equal emission rate. Only a limited amount of plutonium

is released, by the United States government for use as

neutron sources. Americium is the newest of the radio-

active materials to be used as a source of alpha particles.

It is a transuraniwn element produced by atomic fission,

and. has a low gamma emission rate, a long half-life (490

years), and a fairly high radioactivity level. The use of

americium as a source material allows larger sources to be

used with a minimum of danger.

Reactions Between Neutrons and the Soil Elements

The neutron, produced by the combination of one

of the alpha-emitting materials and beryllium, is emitted

with an average energy of about 5 Mev. This energy level

allows it to enter into many reactions. The quantitative

aspects of the reactions between neutrons and the soil ele-

ments have been discussed by many investigators including

Tittle, Paul, and Goodman (1951), Russell (1952), Stick
(1961), Lynch (1962), Van Bavel (1963), and Van Bavel,

Nixon, and Hauser (1963).

Three reactions or processes cause the neutrons to

loose energy; elastic collisions, inelastic collisions, and

absorption. The processes that are important to this

discussion are elastic collisions and absorption.
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The fast neutrons are scattered or deflected from their

paths by elastic collisions with atomic nuclei, and loose

energy. After a number of collisions, the neutron energy

is reduced to the thermal level. At this level, the neu-

trons possess that energy which all atoms have because of

thermal agitation. This energy is temperature dependent,

but corresponds to about 0.025 ev. When the neutrons have

been slowed to the thermal level, they can be absorbed or

captured by the soil elements. The absorption of the neu-

trons by the atomic nuclei of the material results in the

release of excess energy in the form of gamma radiation.

The amount of gamma radiation released is inversely propor-

tional to the slow neutron density and can be detected.

The scattering of fast neutrons leads to the

creation of slow neutrons by a process called moderation.

The neutron transfers some of its energy to the nuclei of

the material through which it passes. This material is

called a moderator. The effectiveness of an element as a

moderator depends primarily on the atomic weight of the

element, and the neutron cross section. The neutron cross

section is defined as the chance or probability that an

interaction will occur between a neutron and the nucleus

in question (Van Bavel 1963, p. 172). This probability is

presented in num.erical form by Lynch (1962, p. 236).



Nr
=

X

Neutron cross section probability in units of
Barns (10-24 cm2)

Nr Number of reactions occurring per unit of
volume per second

j Number of neutrons per square centimeter per
second.

NtNu1r1ber of nuclei per unit volume of the target
material

The neutron cross sections for the important soil elements

are presented. in Table 1 (Van Bavel 1963, Lynch 1962). The

data indicate that fast neutrons Interact with about equal

probability with all the common soil elements. When lower

energies are reached, a considerable difference in cross

sections exists between the elements. Hydrogen has the

largest scattering cross section of the important soil

elements.

The second important factor in the effectiveness of

an element as a moderator is the atomic weight. A neutron

looses most of Its energy in collisions with nuclei having

nearly Its own weight. Since a neutron weighs almost the

same as a hydrogen atom, a maximum amount of energy is lost

by a collision with a hydrogen nuclei. This is shown In

Table 1, whIch gives the number of collisions necessary for

each of the soil elements to theoretically reduce the energy

of a neutron from 2 Mev to 0,025 ev.

In summary, hydrogen is the most effective moderator

of fast neutrons of the common soil elements for the following

reasons: (1) neutrons loose more energy in collisions with

9



Table 1

Neutron Cross Sections of Imortant Soil Elements
in Barns per Atom ( iOk cm2 per atom)

* Van Bavel 1963, p, 172
** Lynch 1962, p. 236

10

Elements Scattering
Fast

Neutrons
2.5 Mev*

Scattering
Slow

Neutrons
0.025 ev*

Capture Number of Collisions
Slow to Reduce Energy of

Neutrons Neutrons from 2 Mev
0.025 ev* to 0.025 ev**

H 2.5 81 5 .33 18

B 7.5 755 105

C 1,6 5.5 3.2 115

N 1.0 11.4 1.9 130

0 1.5 4.2 0.0 150

Na 2.6 3.4 .50 215

Mg 2.0 3.7 63 227

Al 2.5 1.5 .23 251

Si 3.2 2.4 .13 261

Cl 2.7 16 31 6 329

K 3.8 2.2 1.97 362

Ca 4.9 3.2 .43 371

Fe 3.0 11.8 2.53 514
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hydrogen atoms than with any other element due to a similar-

ity in atomic weights, and (2) a greater cross section or

probability exists that a neutron will collide with a

hydrogen atom, than with any other element. The amount of

moderation of neutrons in an earth material thus depends

to a large extent on the amount of hydrogen in and asso-

ciated with the material. The hydrogen in an earth

material can be in the form of combined or uneombined water,

unbound hydrogen (H ), or hydrocarbon. Most of the hydrogen

occurs in the form of water or hydrocarbon. The hydro-

carbons are usually not present in the subsurface at the

shallow depths investigated in ground-water and soil moisture

studies. Thus, for a first approximation, the degree of

moderation of neutrons in a soil material is proportional to

the moisture content of that material.

Neutron Logging Techniques

The path of a neutron can be divided into two

parts: a high energy portion, and a low energy portion. The

importance of hydrogen in the high energy portion has been

mentioned. Since the fast neutrons are not detectable as

such, the density of the slow neutron cloud is measured.

A measurement of the density of the slow neutrons serves as

a means for measuring the density of the fast neutrons, and

thus the hydrogen content of the material (Stick 1961).
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The two major methods of neutron well logging are

based on direct and indirect techniques of measuring the

density of slow neutrons (Van Bavel 1963). The neutron-

neutron method of well logging is based on the direct

measurement of slow neutrons. Two neutron energy levels

can be measured the thermal level (0.025 ev to 0.4 ev),

and the epithermal level (0.4 ev to 100 ev). These levels

are the basis for the neutron-thermal neutron and neutron-

epitherinal neutron methods of well logging (Yakubson and

Guberman 1960, P. 59). The neutron-thermal neutron curve

responds to all the formation and well parameters which

affect the slow neutron density. The curve thus includes

the chemical effects introduced by both fast and slow neu-

tron absorption. By responding only to slightly higher energy

neutrons, the neutron-epithermal neutron method is free from

the chemical effects resulting from thermal neutrons (Stick

1961, p. 6).
The neutron-gamma method of well logging is based

on the indirect measurement of slow neutrons. The gamma

radiation, associated with the capture of neutrons by the

material in the vicinity of the detector, is measured in

this method. The neutron detection by the neutron-gamma

method has been noted by Stick (1961, p. 6) to involve

three separate nuclear processes: neutron absorption, gamma

ray transmission, and gamma ray detection. As a result, the

neutron-gamma method is sensitive not only to the fast and
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slow neutron absorption, but also to the capture cross

section and the intensity of the gamma radiation emitted

due to the capture of thermal neutrons, The method is

thus sensitive to chemical changes within the material.

The chemical sensitivity of the neutron-gamma and neutron-

thermal neutron methods is often used in the detection of

particular elements such as chlorine, A neutron-epitbernial

neutron log may be obtained in conjunction with a neutron-

gamma log in a particular well. Since one log is chemically

sensitive and the other is not, any areas of chemical change

may be found by comparing the two logs (Stick, Swift, and

Hartline 1962, pp. 12-17).

Two main classes of detectors are used to count the

slow neutron or gamma radiations: those depending on the

ionization of a gas, and those depending on the fluorescence

of a crystal to aotivate a photoniultiplier tube. The first

class may be divided into three groups: the ionization cham-

ber, the Geier-Muller counter, and the proportional counter

(Lynch 1962, pp. 238-243). All of these devices operate on

the principle of the ionization of a gas in the counter by

the inciient gamma or neutron radiation. The movement of

charged particles created by the ionization permits current

to flow in the external circuits of the devices, This current

may be magnified and transmitted to a recorder. The propor-

tional counter filled with boron trifluoride gas is the most

common and effective of the three counters, The BF3 counter



is used, to detect neutrons, while the other counters are

used to detect either gamma or neutron radiation.

The second main class of detectors are those

depending on the fluorescence of a crystal to activate a

photomultiplier tube. These detectors are called scintil-

lation counters. This method is based on the ability of a

phosphor to convert into light emission some fraction of

the energy lost during the passage of a charged particle

or ionizing photon through the scintillation crystal

(Diamond 1963, p. 2). The following description of the

operation of a scintillation counter is presented by Lynch

(1962, p. 242).

A neutron entering the europium-activated
lithium iodide crystal interacts with elec-
trons in the crystal and produces a flash of
light. This light in turn strikes the sensi-
tive surface of the photo-cathode and causes
it to emit one (or more) primary electrons.
This electron is drawn to the first anode,
which it strikes with sufficient energy to
cause the emission of five or more secondary
electrons. These are then accelerated to the
second anode, which is at a higher voltage,
and, the process is repeated. At each anode,
an amplification of the current occurs, so
that for a tube with ten plates, an amplifi-
cation of about a million fold is obtained

The intensity of the flash of light and
the amplitude of the output from the photo-
multiplier are proportional.

A sodium iodide crystal is used to count ganirna radiation,

while a lithium iodide crystal is used to count a combina-

tion of thermal and epithernial neutrons. A.11thium iodide

crystal equipped with a cadmium shield, is used to count

epithermal neutrons only.

14



DEVELOPMENT OF THE NEUTRON METHOD

The neutron method of well logging evolved in the

petroleum industry through a need for additional sources

of information about the subsurface. The method provided

the first means for the investigation of formation proper-

ties through steel casing. The petroleum industry presently

considers neutron logging to be a very important source of

data for both exploration and developiient.

The neutron logging method was initially applied to

soil science work about ten years after its development in

the petroleum industry. new and important tool for the

nondistructive measurement of soil moisture excited much

activity and research. The neutron method is presently con-

sidered to be one of the more important methods for the

determination of soil moisture.

A new field of application, ground-water hydrology,

has now entered the realm of neutron logging. This field

crosses the boundaries of the petroleum industry and soil

science to gain knowledge from both groups. This thesis is

concerned with the application of the neutron method to

ground-water hydrology. The following review of literature

thus touches on both the petroleum industry aM soil science

investigations, with the addition of applications in ground-

water hydrology.

15



Chrono1oca1 Growth

The technique of neutron logging was first intro-

duced in the literature of the petroleum industry by

Pontecorvo (1941). This work was based on application,

with a minimum of theory included. A Ha-Be source with a

gamma ray detector, shielded from natural-gamma radiation

of low intensity, was lowered down a number of wells; forma-

tional differences were noted in the results.

During the 1940's, investigators expanded and per-

fected the equipment and techniques used by Pontecorvo.

Bush and Mardock (1951, p. 195), and Fearon (1949, p. 32),

described the combined use of the neutron-gamma and natural

gamma methods. Fearon also presented one of the first theo-

retical developments of the neutron method.

Bush and Mardock (1950, p. 20) described the three

components of natural-gamma radiation. These components are

the gamma radiation induced by the action of the neutrons

on the formation, the scattered radiation from, the source,

and. the natural radiation.

A major advance in the neutron method was introduced

in the petroleum industry literature in 1950. This advance

was the neutron-neutron method of logging (Deegan 1950).

The quantitative results of this method were theoretically

explained by Tittle et al. (1951) of the petroleum industry,

and Gardner and Kirkhana (1952) of soil science. These

studies indicated that a definite relationship existed

16



between the hyctrogen content of a media and the counting

rate of slow neutrons. The principal relationship of the

neutron-neutron method of well logging was thus established.

Application Problems

An extensive volume of literature has been presented

on the neutron logging method since its development. Most of

this literature has been concerned with problems of applica-

tion, The primary factors for concern have been (1) the

effect of borehole conditions on neutron logging, (2) the

evaluation of formation porosity, (3) calibration ii various

materials, (4) the size of the soil moisture sample influenced

by the neutron method, and (5) the accuracy of the soil moist-

ure determination by the neutron method.

Borehole Conditions

The effect of borehole conditions (hole diameter,

casing diameter and thickness, salinity and weight of drill-

ing muct) on neutron logging was approached by investigators

in the petroleum industry on a quantitative basis. A number

of controlled experiments were conducted using various neu-

tron instruments and different media. The magnitude of the

effect of different borehole conditions on neutron logging

was first noted by Tittle et al.(1951) from results obtained

with a small homemade instrument. Dewan (1956) investigated

this problem by constructing a controlled porosity system

using marble and limestone materials. 'ive porosity

17
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conditions, ranging from 4 percent to 40 percent, were

simulated in the system. Aluminum casings of 6, 8, and

10-inch diameter were installed, and the system was logged

with a neutron-gamma instrument, Correction charts were

constructed for the effects of the following factors on

the neutron results: hole diameter, casing, cement, salinity

and weight of drilling mud, and position of the logging tool

with respect to the wall of the bole. Several factors limit

the usefulness of these conversion charts. The author did

not mention the size of the neutron source that was used in

the study. The source strength is an important factor In

the results of any neutron Investigation, The conversion or

correction charts are applicable only to materials of similar

chemical composition, Much of the Importance of this study

lies in showing that the borehole conditions are crucial in

the Interpretation of neutron logs, and that the effects of

these conditions are constant and reproducible.

The results of the above studies and several others

including that by Russell (1952), and those described in

Schluniberger Well Logging (1958), and Perforating Guns Atlas

(1957), may be summarized as follows: (1) the effect of bore-

hole conditions on neutron logging is a major factor that

must be investigated before quantitative results can be

obtaIned, (2) a universal solution to this problem has not

been found. Each type and size of instrument must be cali-

brated separately before quantitative data can be obtained,



A calibration facility has been constructed in

Houston, Texas, for the standard calibration of neutron

loggers (Belnap 1959). This facility provides for the

standardization of neutron calibration by, "standardizing

the units of measure for nuclear logs, procedures for

statistically checking logging instruments, procedures

for recording instrument zeros and statistical checks, log

headings, and log scales used by the various companies."

While this procedure provides a means of calibrating the

various neutron instruments under controlled conditions,

it does not provide a means of calibrating the instruments

for the various well conditions found in the field.

Evaluation of Formation Porosity

The evaluation of formation porosity is based

primarily on understanding the relationship between hydrogen

density and slow neutron count, Russell (1952, p. 315)

noted that two basic forms of calibration curves relating

these factors may be constructed, depending on the distance

between the source and detector. The basis for his discus-

sion was the manner in which the concentration of thermal

neutrons varies with distance from the source (see FIgure 1).

Russell noted that,

in this figure (Figure 1), the abscissa represents
the distance from the source, while the ordinate is
the concentration of thermal neutrons multiplied by
the square of the distance from the source. It is
desirable to multiply by the square of the distance
from the source in order to eliminate the effect of
distance. Curve A shows the concentration of slow
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Neutrons for hydrogen-poor rocks, while curve B
shows the way the thermal neutrons vary with dis-
tance from the source where the rocks are rela-
tively rich in hydrogen. If the detector of neu-
trons is placed at distance E from the source of
neutrons, the concentration of slow neutrons
increases with the hydrogen content, because
hydrogen causes the neutrons to be slowed closer
to the source. At distance D there is no change
in slow neutron concentration as the hydrogen
content is changed. At position C the concentra-
tion of slow neutrons increases as the hydrogen
content decreases.

The source-detector distance E results In a calibration

curve with a positive slope. This type of relationship

Is used. almost exclusively In the determinations of moist-

ure content conducted by Investigators in the soil sciences.

Van Bavel et al. (1961, p. 332) noted that experimental

calibration curves are nearly linear In shape with positive

slopes. In a later paper, Van Bavel (1963, p. 178) stated

that a satisfactory equation had not been found to describe

the calibration relationship.

The source-detector distance C results in a calibra-

tion curve with a negative slope. This type of relationship

is used. almost exclusively in the petroleum industry for

moisture content and porosity determinations. The calibra-

tion relationship approaches a straight line if one of the

variables are plotted on a logarithmic scale. Two forms of

the equation were presented by Brown and Bowers (1958,

p. B30-B32):
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and.

Log cID - In N 4 K .

Log Nd - K

Porosity
Neutron log deflection

m Slope of "best fit" line
K = Constant

The latter equation was theoretically confirmed by Stick,

Swift, and Hartline (1962, p. ). Their equation was pre-

sented in the following forii:

Lu (I'T - Nt) = - (ub - Uf) s - u S Ln (ic/s)

Na = Counting rate of the neutron detector
Nt That part of the response caused by neutrons

reaching the detector through the tool body
S Source-detector spacing
uh, Uf Factors expressing the fast neutron transmission

characteristics of the hydrogen, and of the
formation rock

K A constant including the effects of the tool
design, the source strength, the borehole
diameter and the borehole constants

The slope of the straight line that is obtained by plotting

(Na - Nt) versus (j4 on semilog paper for a particular

material, depends only on the source-detector spacing (5),

and is independent of the borehole size. Porosity curves

for boreholes of different sizes thus plot as a series of

parallel lines.

The 100-inc (millicurie) neutron instrument used in

this study utilizes a calibration curve with a positive

s1ope A high neutron count thus indicates a high moisture

content. The 3-c (curie) instrument also used in this study

utilizes a calibration curve with a negative slope. A high
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neutron count with this instrument indicates a low moisture

content.

Calibration in Various Materials

The first approximation of the interaction of fast

neutrons with soil elements was that all of the moderation

effects were attributed to the presence of hydrogen in

water molecules. As the neutron method was perfected, this

assumption was found to be good only in certain cases. Three

factors, other than moisture content, may affect the basic

neutron interaction. These factors are: (1) elements with

large scattering cross sections, (2) elements with large

capture cross sections, and (3) non-water hydrogen (Van

Bavel 1963, p. 172). The elements, chlorine and iron, may

have a secondary effect in the slowing-down process. Both

elements have large scattering cross sections, and can

exist in high concentrations in soils. The maximum error

in neutron response due to changes in the scattering cross

sections of the material was estimated by Fisher (1962, p. 94)

to be 10 percent. This estimate was derived from experi-

mental data. The elements boron, magnesium, and chlorine

have high capture cross sections and can have an appreciable

effect on the slow neutron density. A high concentration

of these elements results in a lower density of slow neutrons.

The third factor that may affect the basic interaction of

fast neutrons with soil, other than soil moisture, is non-

water hydrogen. $everal oven-dried soils have been found
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to contain enough non-water hydrogen to correspond to 12

and. 15 percent moisture content (Van Bavel 1963, p. 173).
Thus, for quantitative results, individual relations must

be obtained. for each soil that is examined.

Size of the Soil Moisture Sample Influenced. by the
Neutron Method.

Quantitative studies of the size of soil moisture

sample influenced. by the neutron method have been conducted

to determine the correct size for calibration containers.

Tests were conducted by Van Bavel, Nielsen, and Davidson

(1961) with square containers filled with a clay loam soil.

The results of the study indicated that, for calibration,

a homogeneous soil mass of at least 4. feet in diameter is

required.. A study by Nixon (1959) indicated that the

radius of influence (distance to where 95 percent of the fast

neutrons are thermalized) of a neutron instrument with a

strength of 10 mc, ranges between 5 and 12 inches, depend-

ing on the moisture content.

An empirical relationship giving the radius of

influence of a neutron instrument in a media, with respect

to the radius of influence of the instrument in pure water,

was presented by Van Bavel, Underwood, and Swanson (1956, p. 38).
The relationship is as follows:

R = X /l0O/e

R = Radius of influence of the instrument in the media
X = Radius of influence of the instrument in pure water
e Moisture content of the media in percent by volume
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This equation is based on the assumption that the number of

neutrons moderated in the sphere of influence in the media

is equal to the number of neutrons moderated in pure water.

The sphere of influence in the material must thus contain

aa much water as is contained in the sphere of influence in

pure water. The equation also assumes that the formation

has no effect on the neutron thermalization. The latter

assumption limits the use of the equation to non-quantita-

tive determinations.

Accuracy of the Soil Moisture Determination by the
Neutron Method

The accuracy and reproducibility of soil moisture

determinations are important factors in the application of

the neutron method. If neutron measurements are made in a

perfectly homogeneous material, chemically identical to the

material to which the instrument was calibrated, three

sources of error exist (1) the random variation of count

rate of slow neutrons caused by the random emissions from

the source, (2) the deviation of the calibration relation-

ship as found experimentally from the true relationship of

count rate and moisture content, and (3) the failure of the

counting equipment(Van Bavel 1962, p. 405). Van Bavel et al.

(1963) have discussed these sources of error. The counting

rate depends on the strength of the source, the efficiency

of the probe design, and the moisture content, or



e se

n Count rate in counts per second
e = Proportionality factor called the efficiency
S Source strength in millicuries
G - Moisture content as percent by volume

The standard error of the moisture content depends on the

count rate, the total counting time, the efficiency, and

the source strength. This relation is expressed as follows:

cj =

e

= Standard error of moisture content
T Total counting time

Using these relationships, an equation for the standard

error can be found in terms of moisture content. This

equation, shown below, indicates that

e
IeS T

as the moisture content increases, a larger source is re-

quired to hold, the standard error of measurement to some

absolute level. The importance of the efficiency of the

probe and the total counting time are also shown.

The error in neutron measurement, due to the devia-

tion of the calibration relationship, is often assumed to

be a constant value of 1 or 2 percent moisture content.

The third error due to detector failure is usually very

small with modern equipment.

The sources of error listed above are recognized

in the neutron method, and the data may be corrected for

them. Commonly, errors incurred by measurements In
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non-homogeneous material which may or may not be chemically

similar to the calibration material, exceed the three errors

noted. The total accuracy or reproducibility of the neutron

method thus often depends to a large extent on the formation

material that is being measured.

Applications in Ground-Water Hydrology

The neutron technique has had limited use in ground-

water investigations in the past primarily due to the high

costs of the Instrumentation and tile radioactive sources.

The growing importance of ground-water work now allows the

use of the expensive, but productive, neutron instruments.

The application of the neutron method to ground-

water investigations was introduced in the literature by

tones and Skibitzke (1956). Their paper presented the

general theory of the neutron method and stressed its

future Importance to ground-water hydrology.

Meyer (1962) presented a practical application of

the neutron method to ground-water hydrology. The purpose

of this study was to determine the storage coefficient of

an unconfined. aquifer by the neutron method. The basic

plan of the project was to compare the estimate of specific

yield derived from a constant discharge pump test. The

specific yield estimate was obtained using the neutron

method by determining the difference between the moisture

content of a standard material, and the moisture content
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of the same material after it had been drained. The test

area consisted of an unconsolidated, water table aquifer

with 54. feet of saturated thickness. Pairs of wells were

located at various distances from, a pumping well. Each

pair of wells consisted of a sealed moisture-probe access

pipe, and an observation well equipped with a perforated

well point. Water level data and neutron moisture data

were collected during a 6-day constant discharge pump test.

The results of the pump test indicated a storage coefficient

of 0.19 to 0.21. The difference between the saturated and

drained neutron soil moisture values indicated a specific

yield value of 0.205. In an unconrined situation, the

specific yield is the same as the storage coefficient.

The agreement between the two results indicates that the

neutron method can be of use in determining the storage

coefficient of an unconfined aquifer.



DESCRIPTION OF NEUThON INSTRUMENTS

Three neutron loggers were used in this study. All

of the instruments are owned by the University of Arizona

and are being utilized in ground-water or soil moisture

work. Two of the loggers are identical in design and source

strength (100 mc). The third instrument has a 3-c source.

The 100-me neutron logger is a small portable unit

manufactured by Well Reconnaissance Company, and, is used

for soil moisture and ground-water studies (see Figure 2).

The entire unit exclusive of the source is enclosed in an

aluminit suitcase approximately 21 inches by 17 inches by

8 inches, weighing about 40 pounds. The instrument operates

on standard 110-volt A.C., The logger consists of three

main parts the down-hole unit, the surface unit, and the

calibration sleeves. The down-hole probe assembly is 1.500

inches in diameter and contains a high voltage source and

preamplifier, a source of fast neutrons, and a thermalized

neutron detector. The source is 100 inc of amerieluin-beryl-

hum located at the end of the probe. The neutron flux from

this source is approximately 2.31 x neutrons per second.

The neutron detector is a lithium iodide crystal sensitive

to thermal neutrons. The down-hole unit also contains a

cable head and 500 feet of 1/16-inch armored cable.

The surface unit consists of a temperature-stabilized
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FIgure 2

Photographs of the 100-mo Instrument



Figure 2
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transistorized counter and integrator, recorder, and motor

drive, A modified Ru5trakt recorder is used with pressure

sensitive paper, calibrated from 0 to 50 in units of moist-

ure content by volume. A continuous moisture log is obtained

with depth.

The calibration sleeves consist of three plastic

tubes which simulate respectively 10, 26, and 32 percent

moisture content by volume. The tubes or sleeves are

slipped over the source and detector portion of the probe

for calibration purposes.

The 3-c neutron logger is a truck-mounted unit manu-

factured by Neltronics Instrument Corporation, and is used

primarily for logging water wells (see Figure 3). The neutron

system is one unit of an instrument capable of producing

several types of logs. Other logs that may be obtained with

different nodules and probes include gamma, temperature,

collar location, electric, and conductivity logs. The

equipment is designed so that new systems may be added to

the general unit as the need arises.

The 3-c neutron logger consists of two main parts:

the down-hole unit, and the surface unit. The down-hole

unit includes the probe, cable head, and about 2800 feet of

1/8-inch diameter armored cable, The probe is 2.00 inches

in diameter and contains a high voltage preamplifier, a fast

neutron source and a thermal neutron detector4 The source

is 3 c of atuericiuni-berylliuni located at the end of the probe.



Figure 3

Photographs of the 3-c Instrunient
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The neutron flux from this source is 6.94 x io6 neutrons

per second. The source is composed of an intimate mixture
of 1.02 grains of ainericium-241 as an oxide, and 5.0 grains

of beryllium metal. The source container is 0.750 inches
in diameter and 1.93 inches in length. The detector is
an europium-enriched lithium iodide crystal. It can be
located at intervals of 10, 15, or 25-inches from the source,
depending on the length of spacer that is used.

The surface unit consists of a transistorized,
steady-state counter and integrator utilizing integrated
circuits, with an automatic, high speed two-channel recorder.
A continuous log of neutron chart deflection is obtained
with depth. The system. can be operated either on power

supplied by a generator operating from the truck engine
(110 to 125-volt), or standard 110-volt A.0.,.

Calibration sleeves or containers were not supplied
with this instrument, The standard used in this study as
an aid to obtaining duplicate results is described in a
later section.



DESCRJJTION OF TEE CONi'OLLED SYSTEM

The objective of this study was the determination

of the influence of water well design on neutron logging.

This objective could be accomplished only if the associated

factors of natural conditions, instrument conditions, and

operation conditions were known or held constant. The

instrunient and operation conditions were controlled during

the process of the study. The natural conditions were

simulated by a homogeneous system in which the moisture

content was controlled.

The controlled system consisted of nine sections of

well casing, of various dimensions and composition, placed

in a plastic-lined pit filled with a uniform sand and gravel

material. The system was used as a simulation of natural

conditions surrounding a water well, In order to isolate

the factor of water well design, the heterogeneity of mater-

ials surrounding an actual well was eliminated. The

conditions of caving and cavities in the formation and

gravel envelope construction were also eliminated from the

system. The controlled system was thus a simulation of

ideal natural conditions. The description of the controlled

system is presented in three parts: the selection of the pit

size, the selection of the pit material and the well casings,

and the pit construction.
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Selection of Pit Size

The selection of the dimensions of the controlled

system was based on three factors: the maximum radius of

influence of the neutron instruments, the number of casings

used, in the study, and the total cost. The radius of influ-

ence is defined as the distance from the source to where

95 percent of the fast neutrons have been moderated (Van

Bavel, et al. 1956, p. 33). A radius of material equal to

this limit of influence was required in the controlled

system around each of the casings. The spacing of the

casings was controlled by this value.

Several studies of the radius of influence occur-

ring in neutron loggers were mentioned in the section on

the development of the neutron method. Van Bavel et al.

(1961, p. B31) suggested that a radius of 2 feet was required

for the accurate calibration of a neutron Instrument. The

calibration pit constructed for neutron instruments in

Houston, Texas, has a radius of 3 feet and will accommodate

moisture contents down to 2 percent by volume (Belnap 1959).

Van Bavel et al. (1956, p. 38) derived an equation for the

radius of influence of a neutron logger using only the moist-

ure content of the media, and the radius of influence of

the instrument In pure water or

R x 3"iooie

R = Radius of influence of a neutron logger in a media
I Radius of influence of the neutron logger in pure water
e Moisture content of the media in percent by volume
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Although this equation ignores the affect of the formation

on neutron logging, it can be used to obtain an estimate

of the radius of influence4 The radius of influence in

water of the 3-c instrument used in this study has been

determined experimentally to be 22 inches CD. Wheeler, per-

sonal communication). Using 30 percent as the expected

moisture content of the system, the equation presented

above yielded a radius of influence of 32 inches. Using

the values of 2 feet, 3 feet, and 2.7 feet as guides, a

design radius of influence of 3 feet was chosen for this

study. This value was believed to exceed the maximum

radius or influence encountered. in the pit. The casings

in the controlled system were thus placed on 3-foot centers.

The size of the pit was controlled by the placement

of imaginary 6-foot diameter cylinders, representing the

casings and the 3-foot radius of material surrounding them.

The remaining two factors, the number of casings available,

and the overall cost of' the pit, controlled the determina-

tion of the final dimensions. A total of 8 well casings,

of various diameter and composition, were chosen for the

study. The casings were placed in two rows of four casings

each. The specified dimensions for the pit were 15 feet

long, 9 feet wide, and 7 feet deep.

Selection of the Pit Material and the Wel]. Oasins

The selection of the pit material was based on tvo

factors: the need for a low porosity, and the need for a
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material that could be packed in a manner which would

approach homogeneity, Since the neutron method looses

definition with very high porosities (Brown and Bowers

1958, p. B32), the influence of water well design on

neutron logging can be noted with more accuracy at low

porosities. One of the main criteria of the controlled

system was that it be as homogeneous as possible in com-

position and density. A well-graded material was sought to

lessen the chance of stratification during emplacement.

The selection of pit material was thus based to a large

extent on finding a well graded material of low porosity.

Six samples of washed sand and gravel material were

obtained from companies in the Tucson area. Standard

mechanical analyses were performed on the samples as well

as preliminary laboratory porosity analyses. Estimates of

porosities were also obtained for the samples by comparing

the sieve analyses data with general guides for porosities

in unconsolidated materials of similar size gradation.

The results of these studies are presented in Table 2,

A washed sand and gravel supplied by Columbia Sand. and

Gravel of Tucson (sample number 1) was chosen as the best

material available and was used as the porous media in the

controlled system.

The selection of well casings used in the study was

an attempt to duplicate field conditions, Casings generally

used in water wells have diameters ranging from / inches or
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less to as large as 24 inches. The casing diameters

included in this study were 4, 8, 12, and 16 inches.

A variation in the composition of well casings is also

found in general use. This variation was sampled by

using 4-inch diameter casings of steel, plastic (poly-

vinyl-chloride), and asbestos-cement. Three 8-inch

steel casings were placed in the system to sample the

variation in neutron results caused by differences in

the packing of the pit material. A 2-inch steel pipe

was installed to serve as a calibration tube for the

100-inc instrument. A 12-inch plastic pipe was located

at one end of the pit to facilitate the monitoring of

water levels. The bottom 2 feet of this pipe were per-

forated and screened. The dimensions of the well casings

are given in Table 3. The location of each of the casings

in the pit is shown in Figure 4. All of the casings used

in this study were loaned to the University by local well

drillers and pipe dealers from their supplies of used

materials.

Pit Construction

The construction of the controlled system was

accomplished in five steps, The first of these steps was

the excavation of the pit. The pit is located at the north-

west corner of the University of Arizona Water Resources

Research Center, Field Laboratory (See location map Figure 5).



Table 2

Results of Sieve Analysis and Preliminary Porosity Analysis
of the Test Pit Material

Sample Percent Retained
Number Sieve Sizes (TJ.s. Number)

* Notation used in this study to distinguish
between the types of casings.

Estimated
Porosity (%)

Table 3

Notation * and. Dimensions of Casings Used. in Study

39

10 18 35 60 120 230 Pan

1 35.9 30.9 20.8 9.7 2.0 0.5 0.2 30

2 5.9 21.3 2845 27,9 12.8 2.8 0.6 31

3 51.2 37.1 9.9 1.5 0.2 0.0 0,0 35

4 11.7 26.9 26.0 19.9 9.7 4.0 1.9 32

5 48.1 26.3 16.0 7.4 1.7 0.3 0,1 28

6 43.4 30.7 18.2 5.9 1.2 0.3 0.1 35

Well Notation Outside Inside Thickness
Casing Diameter Diameter (inches)

(inches) (inches)

2" Steel 2S 2,00 1,62 0.19

4" Plastic 4P 4,50 4.12 0.19

4" Asbestos- 4I4.0 4.75 4.00 0.38
Cement

4" Steel 4S 4,50 4.00 0.25

8" Steel 8FJ1 8.69 8.31 0.19

8" Steel 882 8,63 8.25 0.19

8" Steel 883 8.56 8.06 0.25

12" Steel 125 12.00 11.50 0.25

16" Steel l6s 16.50 16,00 0,25
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It was excavated to the specified dimensions by a backhoe.

The material excavated was flood plain alluvium.

A sheet of 10-mu polyethylene plastic, 40 feet by

50 feet, was used to line the pit (see Figure 6). The

plastic was carefully laid in the pit, checked for holes,

and patched whore necessary. Four sections of 1/2-inch

perforated garden hose were installed in the bottom of

the pit to introduce water into the system. A 6-Inch layer

of sand was then placed in the pit under saturated condi-

tions. The material was raked to prohibit stratification

and provide greater compaction. The well casings, with

bottoms sealed, were placed In the pit on 3-foot centers

and held in a vertical position by braces (see Figure 7).
The pit material was then emplaced in lifts of 6 inches.

The water level in the pit was held at all times 1 to 2

inches above the sand surface, The surface was raked after

each 6-Inch lift of material, with each lift being treated

in the same manner to provide uniformity (see Figure 8),

The controlled system was filled to a total depth of 6 feet,

6 inches (see Figure 9).



Figure 6

Photograph of the Plastic-lined Pit

Figure 7
Photograph of the Casings in the Controlled System

Before the Material was Emplaced
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Figure 8

Photograph of the Controlled System
Partially Completed

Figure 9

Photograph of the Controlled System
After Completion



Figure

Figure 9
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PiIIvIENTAL METHOD, PROCEDUmS, AI'D PROGRAM

Variable onstan and Unknowns

The various factors relevant to the objective of

this study may be grouped under the general titles of

variables, constants and unknowns. Two types of variables

were encountered in the study: controlled variables, and

uncontrolled variables. The controlled variables were

those factors of water well design that could be simulated

in the systetu the well casing diameter, composition, and

thickness. Two additional controlled variables in the

study were the location of the probe in the casing, and

the hydrogen density of the fluid in the casing. The

uncontrolled variables were those factors which might have

influenced the results of the study, but could not be con-

trolled. The variations in temperature which affect the

air, the pit and the Instrument control panel were the

uncontrolled variables in this study.

The objective of the study could only be accomplished

if the natural, Instrument, and operation conditions were

known or held constant. The controlled system, described

In the previous section, was constructed to allow the natural

conditions to be a constant factor. The instrument condi-

tions of source strength and source-detector spacing were

held constant throughout the study. The operation conditions

75
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which were controlled consisted of the power source, the

logging time constant, the speed of logging, and the

sensitivity setting of the electronic counter and recording

instruments.

The influence which water well design has on neutron

logging can be described in two ways: the reaction of the

instruments to different variables, and the discrimination

of the instruments with different variables. These factors

were the unknowns for the study. The instrument reaction

is defined as the moisture content or chart deflection

noted with a particular set of controlled variables. The

discrimination is noted from the delineation or chart reproO

d.uction of a water table environnient in the controlled

system. The combination of the reaction and discrimination

results were used to achieve the purpose of the study: to

define the limits of application of the instruments, and to

provide a base for further application of the instruments

to ground-water investigations.

Experimental Procedures

The basic procedure for the investigation was the

planned logging of the casings in the controlled system

with different combinations of variables. The two phases

of the experiment were designed to find the reaction and

discrimination of the instruments. The general procedure

for the experiment was divided into five steps: the tabula-

tion of constants, the recording of the uncontrolled
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variables, the selection of the controlled variables to be

studied, the operation of the instruments, and the analysis

of the material in the controlled system.

Tabulation of Constants

The constants in this study were the natural,

instrument, and operation conditions. The controlled

system was regulated differently for each of the two

phases of the experiment. The system was held at satur-

ated conditions throughout the reaction phase of the

project. The water level was observed in the perforated

access pipe and controlled by the use of the hose system

in the bottom of the pit. The controlled system was held

at water table conditions throughout the discrimination

phase of the project. The saturated level was lowered to

a specified depth below the surface by pumping from the

perforated access pipe.

The instrument conditions (time constant, sensitiv-

ity, and logging speed) were different for each of the

instruments used in the study. The sensitivity setting on

the 100-nc Instrument was used to adjust the unit to the

correct readings of indicated moisture content for the

calibration sleeves. This setting was kept constant or

nearly constant throughout the study. The time constant

controls the time period over which the neutron counts are

integrated to yield a reading. The setting of D for the
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100-inc instrument was reconirnended by the manufacturer and

was not changed. The logging speed was varied from phase

one to phase two of the project. The reaction of the

instrument to different variables in phase one was in-

vestigated by logging the system with time at the 3-foot

level, the midpoint of the casings. The 100-me logger

has a tine drive mechanism that moves the chart paper at

a logging speed equivalent to about 10-feet per minute.

The discrimination of the instrument in phase two was

investigated by logging the casings with depth, logging

down the hole.

The 3-c neutron logger yields results in terms of

deflection on the chart. The shape of the trace on the

chart is controlled by two settings: the sensitivity, and

the horizontal control. The former controls the pulse width

of the trace and the sensitivity, while the latter controls

the horizontal location of the trace on the chart. The

sensitivity can be set on any of five values 0.05, 0.1,

0.25, 0.5, and 1.0. The magnitude of the sensitivity

increases with the larger numbers. The sensitivity settings

of 0.05 and 1.0 were found to be too extreme for use in this

study. The 0.1 and 0.25 settings were most often used. The

time constant on the 3-c instrument was set on 1 second

throughout the experiment. This setting allowed the greatest

delineation of changes in moisture content at any logging

speed. The logging speed for the 3-c instrument varied from



phase one to phase two in a manner similar to the 100-me

instrument. The time drive phase of the data collection

was accomplished. on the 3-c logger by the manual operation

of the recorder.

Recording of the Uncontrolled Variables

The uncontrolled variables in this study were the

temperature of the pit, the temperature of the control

panel, and the air temperature. The temperature of the

pit was measured by suspending a thermometer in the center

of the casings. The control panel temperature was esti-

mated by recording the temperature at the front of the

control panel. The air temperature was recorded by a

hygrothermograph at a weather station, located approximately

400 feet to the southeast of the controlled system.

Selection of the Controlled Variables

The third step in the general procedure of the

experiment was the selection of the controlled variables

to be studied. The influence of casing diameter and thick-

ness was examined by logging all of the casings having

similar composition under identical conditions of casing

fluid and probe location. The influence of the probe

location and the hydrogen density of the casing fluid was

found by logging each casing with all other factors constant.

The total experimental program is noted later in this section.
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Operation of the Instruaients

The operation of the 100-mo neutron logger is

described in four steps: the warm-up period, the initial

calibration, the operation of the instrument in the con-

trolled. system, and the final calibration. A warm-up

period of 30 minutes was suggested by the manufacturer to

allow the electronic equipment to reach operating tempera-

tures. The Instrument was calibrated before each casing

was logged, using the two calibration sleeves. The

calibration allowed the formation moisture content to be

measured in a 1.75-inch I.D. steel casing of 3/16-Inch

wall thickness (noted as the 2-inch steel casing). The

general operation of the 100-inc neutron instrument in the

controlled system has been described. A base line at the

top of the 2-inch steel casing was chosen so that the log-

ging depth could be accurately determined. The position

of the probe in the casings was controlled by the placement

of the tripod pulley assembly. The final calibration was

conducted in the same manner as the initial calibration,

and was done to detect any drift that bad taken place during

the operation phase. The data were corrected for the amount

of drift noted.

The first step in the operation of the 3-c logger

was also a warm-up period. The instrument exhibited a pen

drift to the right for the first 30 to 45 minutes of
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operation. This drift was believed to be due to the

instrument warming up to operating temperatures. A 30

to 45 minute warm-up period was thus allowed during each

operation of the instrument. At the start of each opera-

tion, heat was applied by heat lamp to the front of the

control panel. The heat was used to combat drift in the

instrument due to the continual change of the control panel

temperature with changes in the air temperature. Air temper-

ature changes of 100 F. were noted in the instrument area

during several data collection periods. The temperature

at the front of the control panel was monitored as an

uncontrolled variable. The initial standardization of the

3-c logger was accomplished by using the paraffin-filled

barrel, supplied by the Monsanto Company for the storage of

the source, as the primary standard. The paraffin in the

barrel has a fixed hydrogen content, and thus gives a

constant chart deflection. A secondary standard was also

used in the experiment. A 50-gallon drum was equipped with

a centralized and capped pyrex glass tube, and packed with

the same material as that used in the controlled system.

This container was used for a short time as a standard,

but was found to be too fragile and slightly temperature

dependent. The standardization of the 3-c logger was con-

ducted in a similar fashion as the calibration o± the

100-me logger. The probe was inserted in the standard unit,

and the pen adjusted to a particular chart position. The



operation of the 3-c neutron logger in the controlled

system has been described. The bottom of the casing was

chosen as the base line for the experiment. The location

of the probe in the casings was again controlled by the

placement of the tripod assembly. The last step in the

operation procedure for the large instrument was the final

standardization. The data were corrected for any drift

noted.

Analysis of the Material in the Controlled System

The final step in the general procedure for the

experiment was the analysis of the material in the controlled

system, This analysis was conducted to determine (1) the

moisture content of the pit material under saturated condi-

tions, and (2) the moisture content of the pit material

above the water table after gravity drainage. The procedures

and equations for obtaining the bulk density, particle

density, moisture content, and porosity values are given

in Black et al. (1965, pp. 371-381). These are standard

procedures and may also be found in McClellan et al, (1960,

pp. 439-451), and other soil science texts.

The first step in the analysis procedure was the

determination of the bulk density of the material. The

bulk density is defined as the ratio of the mass of a sam.ple

to the bulk of the macroscopic volume of soil particles plus

pore spaces. Samples were obtained from various locations
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and depths in the pit. The bulk density was determined
from the samples by finding the dry weight and volume, as
followe:

Db=
Wa
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V

Db Bulk density in gnis/cm3
= Dry weight of sample in gins

V Volume of sample in cm3

The moisture content by volume of the material samples was
found by the following equation:

e W Db (100)
Wd

0 = Moisture content in percent by volume
W = Weight of water in the sample in gins

The second part of the analysis was the determination
of the particle density. The particle density was found by
the pycnometer method given below.

fvr TT

= (VT8 - Ma) - W)

Dp Density of particles in gins/cm3
- Density of water at temperature observed in gins/cm

Weight of pycnometer plus soil sample in gins
Wa = Weight of pyonometer filled with air in gins
W5= Weight of pycnometer filled with soil and water in gins

Weight of pycnometer filled with water at temperature
observed in gins

The mass of the particles was determined by weighing; the
volume by calculation from the mass and density of the

water displaced by the samples. The porosity of material

was determined from, the bulk density and particle density
of the material by the following equation.



p=l- Db

P = Porosity as a fraction

The moisture content by volume of the material in the

controlled system under saturated conditions was obtained

by multiplying the porosity values by the estimated degree

of saturation. Since the material was emplaced in the

controlled system. under water, a 100 percent saturation

level was assumed.

perimental Pro

The experimental program is presented in Table 4.

Twenty-two trials are included using both the 3-c and

lO0-mc instruments1
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Trial Neutron Pit
Unit Condition

1 3e

2 3c

3 3c

4 3c

5 3c

6 3c

7 3c

B 3c

9 3c

10 3c

11 3c

12 3c

13 3c

14 lOOmc

15 lOOnc

16 lOOmc

17 lOOme

18 lOOzmc.

19 lOOmc

20 lOOnic

21 lOOnic

22 lOOmo

Saturated

Saturated

Saturated

Saturated

Saturated

Saturated

Saturated

Saturated

Saturated

Water
Table
Water
Table
Water
Table
Water
Table

Saturated

Saturated

Saturated

Saturated

Saturated

Water
Table
Water
Table
Water
Table
Water
Table

Table l

Experimental Program

o a sing

Fluid Level

All Empty

All Empty

All Filled

All Filled

123 and 16s
Filled

123 and 163
Filled

831, 882, &
4A0 Filled
831, 832, &
4AC Filled
All Empty

All Empty

All mpty

All Filled

All Filled

All Empty

All Empty

All Filled

All Filled

163 and 123
Filled

All Empty

All Empty

All Filled

All Filled

Probe
Location

Centered

Side

Centered

Side

Centered

Side

Centered

Side

1-inch
Intervals
Centered

Side

Centered

Side

Centered

Side

Centered

Side

Side

Centered

Side

Centered

Side

Casings
Logged

All Except
23

All Except
23

All Except
2$

All Except
23
833

833

43

43

16s, 123
831

All Except
23

All Except
23

All Except
23

All Except
23

All Casings

All Casings

All Casings

All Casings

833 and 23

All Casings

All Casings

All Casings

All Casings
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RESULTS JUD DISCUSSION

The influence of water well design on neutron

logging is described both quantitatively and qualitatively

in the results of this study. The reaction of the instrunients

to different variables provides the quantitative data, while

the discrimination of the instruments with different variables

provides the qualitative data The total influence of water

vell design on neutron logging is described by the combina-

tion of these results.

100-mo Neutron Instrument

The indicated reading of moisture content obtained

by the 100-me instrument in casing 2S was used as the stand-

ard for comparison in this study. The actual moisture

content derived from the analysis of the pit material is

presented in a later section.

The general results of the reaction phase of the

study using the 100-me instrument are presented in Appendix 1.

These data were obtained by operating the instrument at the

3-foot level of the saturated controlled system. Four condi-

tions were investigated in each casing:

CE = Probe centered in casing, easing empty of water
SE Probe against side of casing, easing empty of water
CF = Probe centered in casing, casing filled with water
SF = Probe against side of casing, casing filled with water

The average values of indicated moisture content are presented
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for each casing in Table 5. The variation in indicated

£uoisture content with different diameter steel casings is

shown in Figure 10. Differences in indicated moisture

Table 5

Results or the Reaction Phase - 100-mo Neutron Logger
Indicated Moisture Content in Percent by Volume

content between empty and filled casings are also shown in

Figure 10. Lower than standard readings were recorded for

the empty casings; while higher than standard readings were

noted for the filled casings. These differences are due to

the dissimilarity in hydrogen content of air and water, the

two fluids which occupy the casings. The water surrounding

a probe in a filled casing causes the neutrons to be thermal-

ized very close to the source. Since the detector is located
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Well

23

Centered
1mpty
(CE)

26,0

Side
Enipty
(SE)

Centered
Filled
(CF)

29.0

Side
Filled
(SF)

-

4C 22,0 22.6 43,2 41,8

4p 24,0 243 42.9 41.7

43 l56 16.1 44,2 40,1

831 8,5 10.4 43.8 40.1

832 8.4 10.2 44.8 40.0

832 9.4 10.5 45.0 39.9

123 4.6 6.7 45,0 39.9

loS 2,7 5,1 44.2 39.5
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about 2 inches above the source, a high number of thermal

neutrons reach the detector. The high count rate results

in a high indicated reading of moisture content. The air

surrounding a probe in an empty casing allows the neutrons

to be thermalized away from the source and detector, result-

ing in a low count rate and a low moisture content reading.

The indicated readings of moisture content obtained

from the empty and filled casings range from the standard

value (obtained from casing 2S) to 0 and 100 percent respec-

tively, depending on the casing diameter. As might be

expected, more interference is presented by the fluid (air

or water) contained in the larger diameter casings. This

is illustrated in Figure 10, by the changes in the indicated

readings of moisture content with increasing casing diam-

eters. These results indicate that the 100-me neutron

instrument is more accurate in small diameter casings. The

percent reduction in the indicated readings of moisture

content from the standard are shown in Figure 11, for the

empty steel casings of various diameter. These reductions

vary from 40 percent for the 4-inch casing to 90 percent

for the 16-inch casing. The indicated readings of moisture

content for the 4-inch and larger casings, under filled

conditions, are tt0ff scale" on the 100-me instrument. The

readings, shown in Figure 10, for filled casings 4S, 8S, l2S,

and 16S are close to being the same, The interference pre-

sented by the filled casings should increase in a manner
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similar to that shown for the empty casings in Figure 11.

The composition or well casing has an important

effect on the indicated readings of moisture content

obtained by the 100-mo neutron instrument, The plotted

data for the 4-inch casings made f plastic, asbestos-cement,

and steel are shown in Figure 12. Differences between the

indicated readings of moisture content obtained from the

three casings are evident in the results. The indicated

readings of moisture content are reduced from the standard

by 8 percent in the plastic, 15 percent in the asbestos-

cement, and. 40 percent in the steel. Since the outside

diameter of the casings are similar (4.50, 4.75, and 4.50

inches), the formation has about an equa1 effeot on each

of the logs. The difference noted in Figure 12 must then

be attributed to the interference presented by each of the

casings. The plastic and asbestos-cement casings both con-

tain fairly high concentrations of bound hydrogen, while

the steel casing contains almost none. The plastic casing

also contains a high concentration of chlorine, an element

important in both the scattering and capturing of neutrons.

The hydrogen in the asbestos-cement casing and the hydrogen

and chlorine in the plastic casing cause the neutrons to be

ther.malized closer to the probe, which raises the thermal

neutron count and the indicated moisture content reading.

The effect of the bound hydrogen and chlorine is investi-

gated further in the discrimination portion of the results.
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The effect of the centered and side positions of

the probe in the casing is illustrated, in the results

presented in Figures 10, 11, and 12. The side position

gives a more accurate reading under both filled and empty

conditions. This probe position places the source and

detector nearest the formation. Since the neutron method

samples a sphere around the source, the side position of

the probe allows the hydrogen content of the formation to

have a greater effect on the total thermal neutron count.

The difference In indicated readings of moisture content

between the centered and side probe positions Increases

with larger casing diameters, due to the increase in dis-

tance between the two positions.

The general results of the discrimination phase of

the study with the 100-mo Instrument are presented In

Figure 13. Data are presented in the figure only for empty

casings. The results obtained when the casings were filled

were featureless, and are not presented. All of the logging

was conducted at a probe speed of 2.5 feet per minute. The

efficiency of this speed was examined by determining the

Indicated, moisture content at 6-inch intervals in casing 2S,

and comparing the results with the continuous log. The

results, shown in Figures l3a and 13b Indicate that the

logging speed is sufficiently slow to allow accurate measure-

.tnent of the moisture changes.

The neutron logs obtained In the discrimination phase

of the study indicate the presence of an increase in moisture
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content approximately 2 feet below the surface of the pit.

This change was used as a check on the discrimination of the

neutron instruiuent in the various casings. The moisture

change is shown with greatest detail on the log obtained

from easing 28 (Figure 13a). The logs obtained from casing

4.P show a gradual change in moisture content with depth,

with a change in slope at the 2.25-foot level (Figures 13c

and 13d). A sharp change is eliminated by the presence of

the bound hydrogen and chlorine in the casing. Thus, with

the casing in place, the changes in the formational moisture

content have only secondary effects on the neutron log. The

data collected with the probe in the side position show a

slightly stronger response to the change in moisture content.

The logs obtained from the asbestos-cement casing (MC) show

a good response to the water table environment in the con-

trolled system (Figures 13e and 13f). Some of the drift

evident in the results obtained from the plastic casing (4.P)

is noted in the data obtained with a centered probe in cas-

ing MC. This easing contains a variable hydrogen content,

depending on the amount of water that is absorbed by the

casing material. The change in moisture content is well

defined in the data obtained with a side probe position in

casing MC, with a change in slope at the 2.25-foot level.

The logs from the steel casings of i., 8, 12, and

16-inch diameter illustrate two main points. (1) The accur-

acy or delineation of the change in moisture content varies
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inversely with the casing diameter. The change is still

evident in the logs from the 4 and g-inch casings, but is

very faint in the logs from the 12 and 16-inch casings.

(2) The logs obtained with the probe in the side position

describe the change in moisture content in all cases better

than those obtained with the probe in the centered position.

3-c Neutron Instrument

The 3-c neutron instrument yields results in terms

of deflection on the chart. The results are presented in

this study in terms of the location of the trace on the

chart. The chart was arithmetically divided from 0.0 to

4.0 to express the results, with the radiation increasing

with the larger numbers (see Figure 14). The pen position

obtained when the probe was inserted in the standard (the

Monsanto source storage barrel) was used as the basis for

comparison.

The general results of the reaction phase of the

study with the 3-c instrument are presented in Appendix 2.

These data were obtained by logging the casings in the con-

trailed system at approximately 3 feet below the surface o±

the pit. The average and range of deflection values are

presented for each casing in Table 6. The values were

obtained with an instrument sensitivity setting of 0.1, and

are adjusted to a standard deflection of 0.40. Data are

presented for empty and filled casings only. The position

of the probe in the casing was not an important factor.
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Table 6

Reaction Results - 3-c Neutron Instrument
Chart Location Numbers

Well Condition Maximum Minim.um Average

Two primary points are evident in the results presented: (1)

a major difference in results is not discernible between the

various diameter and composition casings, and (2) a large

range of values exists for each of the casings. Before the

first point can be discussed, the primary cause for the

range of values must be examined.

Early in the data collection period, it was discov-

ered that results could not be reproduced with the 3-c

instrument. Two components of the instrument, the control

70

4P Empty 2.78 2.04. 2.33

Filled 2.4.14. 2.25 2.35

Empty 2.74 2,04 2.29

Filled 2.57 2,38 2.45

45 Empty 2.73 2,30 2.49

Filled 2.52 204 2.36

85 Empty 2.75 2.34 2,1+9

Filled 2.33 1.84 2,14

125 1mpty 2.81 2.40 2,55

Filled 2,35 1.87 2.16

16S Empty 2.35 2.02 2.19

Filled 2.11 1.79 1.93
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panel and the probe, were found to be temperature sensitive.

Heat was applied to the control panel to remedy that compo-

nent of the drift. The lamp produced enough heat to

stabilize the panel temperature by raising it above the

surrounding air temperature. The neutron module was

inspected to determine what component or components were

temperature sensitive. Acting on the manufacturers sugges-

tion, direct heat was applied to two transistors iii the

module. The results indicated that both transistors were

temperature sensitive. The neutron probe was the second

component of the 3-c instrument which was found to be temper-

ature sensitive. A pen drift was noted when the probe was

lowered into filled casings. The drift resulted from the

difference in temperature between the air (Ta) and the water

(T). Data were collected, for the conditions of Ta> Ta

Tw, and Ta< Tw. The drift resulting from each of these

temperature conditions is shown below:

Ta> Tw Pen drift to the left

Ta Tw No drift

Ta < Tq Pen drift to the right

The amount of drift was found to be proportional to the

difference in temperature.

The results presented in Table 6 are a product of

the reaction of the instrument to various well conditions,

and the temperatures Of the control panel and the probe.

The range of chart location numbers found for each casing
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is the result of variations in the control panel and probe

temperatures.

Although a major difference is not discernible

between the neutron reading obtained in the casings, several

trends are shown. The empty steel casings show an increase

in readings with larger diameters up to 12 inches. A de-

crease in readings is noted from 12 to 16 inches. This

pattern may be explained by the distribution of neutrons

in an air filled casing. As the casing diameter increases,

the air in the casing allows the neutrons to be thermaliz'ed

closer to the detector. This pattern continues with larger

diameter casings to a maximum value. After the maximum is

reached, larger diameter casings tend to lower the count

rate due to a loss of neutrons up and down the casing. The

filled steel casings show a decrease in readings with larger

diameters. This is the result of the increase in neutron

thermalization by the water in the casings.

The general results of the discrimination phase of

the study using the 3-c instrument are presented in Figure 15.

These data were obtained by logging the casings in the con-

trolled system under a water table environment. Logs are

presented for different probe positions only in the 12 and

16-inch casings. Differences in results were not noted in

the smaller diameter casings.

The logs obtained from, the 4-inch asbestos-cement

and plastic casings show a clearer delineation of the change
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in moisture content under empty conditions than under filled

conditions. The combined effect of the bound hydrogen and

chlorine in the casing walls and the water in the filled

casings, eliminates most of the change in formational moIst-

ure content from the logs,

The logs obtained from the steel casings of 4 to
16-inch diameter show the moisture change under filled

conditions, but not under empty conditions, The vertical

resolution of the 3-c instrument is great enough in empty

casings to include the top and bottom boundary conditions.

The logs obtained from the 12 and 16-inch casings simply

show an increase in returning radiation with depth. This

increase is due to the decreasing loss of neutrons out of

the top of the casing. The change in moisture content is

fairly well defined in the filled 4-inch steel casing, and

very well defined in the filled 8-inch casing. The filled

casings of large diameter tend to focus the neutron instrument

to changes in the moisture content of the formation. The

water within the casing limits the loss of neutrons along

the vertical axis and thus improves the logs.

The data obtained from the 12 and 16-inch casings

show that the position of the probe is an important factor

in logging casings of large.djameter. A good delineation

of the change in moisture content was obtained from the two

casings when the probe was held against the wall. The fornia-

tional response was eliminated when the probe was centered

in the casing.
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An interesting effect was noted when the probe

entered the water in the 12-inch casing (see Figures 151

and 15j). As the probe approached the water surface, more

radiation was detected due to the therm.alizatjon of neutrons

by the water. When the source was in the water and the

detector was out, a very sharp decrease in radiation was

noted. The neutrons were being thermalized. by the water,

but did. not reach the detector through the air-water inter-

face. When the detector also entered the water an increase

in radiation was noted and the deflection value became equal

to that of a filled casing.

Analysis of the Pit Material

A total of 15 samples were obtained from five loca-

tions in the controlled system. The samples were obtained

from depths of 3 to 36 inches in two locations. The water

level was held approximately 50 inches below the surface of

the pit during the sampling period. A plan view of the

controlled system is presented in Figure 16, showing the

sampling locations.

The general data for the analysis of the material in

the controlled system are presented in Appendix 3. The re-

suits of the determination of the particle densities are

given in Table 7. Three oven-dried samples obtained for the

determination of bulk densities, were used for the
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deterininat ion of particle densities. The results

Table 7

Results of the Particle Density Determination
of the Pit MaterIal

Sample Number Particle Density (gins/cm3)

4 2.584

9 2.616

14 2.601

Average 2.601

of the three samples agree within 0.7 percent, with an

average of 2601 gras/cm3.

The results of the eterminations of moisture content,

bulk density, and porosity are presented in Table 8. The

moisture content varied from 2.7 percent to 8.8 percent; the

bulk density front 1.47 to 1.60 gras/cm.3; and the porosity

from 38.5 percent to 43.5 percent. Since a 100 percent

saturation level was assumed, the porosity values listed in

Table S are also the values of saturated moisture content.

The variations with depth of the drained moisture

content and the saturated moisture content are presented in

Figure 17. The average s1opes were determined by the least

squares method. The moisture contents under saturated con-

ditions decrease 0.76 percent per foot of depth, indicating

a greater compaction at lower levels in the system. The

moisture contents under drained conditions increase 0.56

percent per foot depth, showing that gravity drainage was
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Table 8

Results of Moisture Content, Bulk Density,
and Porosity Determinations

Saraple
Number

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

Location Depth

(inches)

40 14.

110 3

8A 9

110 7

lL3 3

14B' 10

1413 16

1413 21

14B 28

1413 32

l4B 36

213 10

213 20

213 32

?B 34

Average

Moisture
Content
( % )

5.7

2,7

5.6

4.1

3.0

4,3

8.8

5,L.

5,6

4.9

3,9

3.7

5.3

6.1

5,8

5.0

Bulk Particle
Density Density
(gras/cm') (gms/cni')

1.56 2.60

1.50 2.60

1.53 2.60

1.51 2.60

1,56 2.60

1.52 2,60

1.60 2,60

1.51 2.60

1.59 2.60

1.55 2,60

1,60 2.60

1.47 2,60

1.51 2.60

1.60 2,60

1.52 2.60

1,5l 2.60

Porosity

( %

40.0

42.4

41.2

42.0

40.0

41.6

38.5

42.0

38.9

40,4.

38.5

43.5

42.0

3B.5

41.6

40.8
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still taking place. The values of moisture content used

for the calibration of the instruments were 40 percent and

5 percent for the saturated and drained cases respectively.

Law College Well

The 100-inc and 3-c neutron loggers were operated in

a small well to compare the results of the units under field

conditions. The well is located about 9 feet south of the

University of Arizona Law College building, is 4 inches in

diameter and is about 500 feet in depth. It was originally

constructed for private use end is now abandoned. A litho-

logic well driller's log is not available for the well.

The neutron logs, shown in Figure 18, were obtained

by logging down the well at rates of 5 feet per minute for

the 100-me instrument, and. 20 feet per minute for the 3-c

instrument. The major features on the logs do not correlate.

The large area of low radiation shown on the 3-c log between

25 and 75 feet is not shown on the 100-me log. Some of the

small features, such as the two decreases in radiation shown

from 25 to 35 feet, do correlate. The large features on the

100-inc log are believed to be due to the position of the

probe in the casing. The probe was set against the side of

the casing at the top of the well. At approximately 15 feet

below the ground surface, the indicated moisture content

started a slow decrease, accompanied by a decrease in feature.

The probe was believed to have moved away from the easing wall

at this location. At approximately 60 feet below the ground

$2
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Neutron Well Logs - Law College Well
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surface, the indicated moisture content started a slow

increase accompanied by an increase in the number of

features. This trend continued to about 115 feet. The

probe was believed to be back against the casing wall at

this location, The major features on the 3-c log between

25 and 75 feet indicate several levels of high hydrogen

content, These levels may be interpreted as perched zones,

or saturated clay lenses. The water table is clearly indi-

cated on both logs. A 40 percent moisture content line is

shown on the 3-c log. This line indicates the chart

position of the 40 percent moisture content of the controlled

system obtained from a similar diameter casing. Although

this approximation is not completely valid due to the differ-

ence in formational properties between the controlled system

and the materials surrounding the well, it serves as a

general porosity guide.

Calculation of Results b Theoretical Methods

The theory of the distribution of neutrons during

well logging has been developed primarily by Tittle (1961,

1962, and 1966) in the United States and a number of investi-

gators in Russia. The basis for the development of this

theory is the one-group diffusion concept in a cylindrical

geometry. The concept is applied to the distribution of

neutrons in a media with cylindrical interfaces.

Tittle (1961, pp. 27-39) developed an analytical



theory of epithermal neutron logging. The three sets of

conditions that were considered were a point source of fast

neutrons: (1) in an infinite homogeneous medium, (2) on the

axis of a cylinder of finite radius and infinite length, and

(3) on the axis of two concentric cylinders of finite radius

and infinite length, Solutions for the epithermal flux for

each of these conditions were presented. The solution for

the infinite homogeneous media was given by the following

eQuation.

e
4D5r

0 = Epithermal flux
Source strength in neutrons per second

r = Distance from the source
D5= Diffusion coefficient
L Slowing down length

The solution for the two concentric cylinders situation is

as follows:

0= -Fnz
J0 r e

f( Q,, a, b, D1, 1)9, L1, L2)
Bessel functin o!' th first kind, second order
f( , a, b, Dl, D2, L L2)

= f( Q., a, b, i, D2, L1, L2)
z Distance from the source to a point on the axis
a Radius of the inner cylinder (borehole)
b = Radius of the outer cylinder
Li = Slowing down length of the inner medium

Slowing down length of the outer medium
Di Diffusion coefficient of the inner medium
V2 = Diffusion coefficient of the outer medium

This eQuation may be used to solve the situation of a borehole

filled with water in a homogeneous media. The solution to

this equation is very complex.
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In a later paper, Tittle (1962, pp. 73-82) presented

the results of a systematic scheme of calculations designed

to solve the double concentric cylinders equation, utilizing

a digital computer. A simplified solution was presented to

find the epithernial flux in the inner cylinder. This equa-

tion was simuler in form to the solution of the point source

of neutrons in an infinite medium, with two empirical values

(D, L) included to make the flux in the two media case fit

the one medium form.

-z/L-= e

4TrD z

D f(Dl, D2, L2, a)
L r(L2, a)

A number of figures were presented to enable ( ) values to be

determined for water filled boreholes having 10, 12, and 16-cm

diameter.

Using the modified equation presented above, calcula-

tions were performed for the source strength (Q,) of the two

instruments used in this study, and the approximate properties

(L2, D2) of the media in the controlled system. An L2 value

of 9.0 cm was estimated for the controlled system from data

presented by Tittle (1966, p. 220) for a sand medium of

approximately the same porosity. The D2/DJ. ratio of 1.2 was

also estimated from the Tittle (1966) data. Values of D1

(68.8 cm) and L1 (7.0 cm) were assumed for water at the

detecting energy of 1.15 ev. The results of the theoretical

$6



calculations of epithermal neutron flux are presented in

Table 9 for (z) values of 10, 15, and 20 inches. Epithermal

fluxes were also ealculeted for a point source of neutrons

in water and in saturated sand, using the equation for an

infinite homogeneous medium.

Table 9

Results of the Theoretical Calculations of
pitherma1 Neutron Flux

87

The values of epithermaal neutron flux found for the

point source of neutrons in water and in saturated sand are

the lower and upper limits for the values calculated for the

boreholes. The data for the smaller diameter borehole

approach the results for the homogeneous sand case, while the

data for the larger borehole approach the results of the

point source in water. The epithermal neutron fluxes calcu-

lated for the (z) spacings of 10, 15, and 20 inches are those

that would be measured if the detector was spaced the

z
(inches)

Borehole Diameter Homogeneous Medium Instrument
(inches)

4.0 4.7 6,3 Water 3and

10 10.20 9,65 8.17 7.63 14.71 3-c

20 1.61 1.49 1,23 0,855 2.39 3-c

30 0.284 0.237 0.202 0.105 0.434 3-c

10 0,362 0.322 0,290 0,278 0.525 100-inc

20 0,0537 0.0497 0,0410 0.0305 0.0851 100-me

30 0.00945 0.00790 0.00673 0.00372 0,0154 100-inc



respective distances from the source. The data presented
in Table 9 show that the neutron flux is more nearly that
of the pure sand case with larger source-detector spacings,
even though the total neutron flux is less.

The differences between the epithermal fluxes found

with the 3-c instruraent and those found with the 100-me
instrument are shown in Table 9. The returning flux is
directly proportional to the strength of the source. A

major advantage of a large source is shown in the results
presented Larger source-detector spacings can be used.
with large sources without reducing the magnitude of the
epitheriaal neutron flux below a measurable level, The larger

spacings allow the results to be more dependent on the fornia-

tion and less on the borehole fluid.
The later paper by Tittle (1966) presents the

solution of the three concentric cylinders problem. This

solution has application in determining the required size
of neutron calibration units. Tables of results have not

yet been published on this situation. All ofthe work pre-

sented by Tittle is concerned with the epitherinal energy
level because it is the least complex. If the thermal
neutrons are detected, the additional diffusion of neutrons
after they have become thermal must be considered.

Neutron theory has been covered in great detail in
the Russian literature, Q.lauberinan and Talianskii (1957)

developed a theory for the neutron distribution from a
point source on the axis of a borehole passing through an



infinite medium0 In a later paper, (Kobilyanskii,

Talianskii, and Glauberman 1965) the neutron distribution

is expressed for an off-axis probe location. Czubeck

(1962) presented a very complicated solution to the

double cylinders situation, Numerical results vere not
given for any of the studies.
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StThIIMARY AND RECOIVIIVtENDATIONS

The diameter of casings used in water wells has an

important effect on neutron logging. pty (air-filled)

casings cause the indicated readings of moisture content

to be lower than the formational moisture contents. 1[ater-

filled casings cause the readings to be higher than the

actual moisture contents. The interference presented by

the casing fluids increases with larger casing diameters.

The effect of casings of different composition on

neutron logging depends on the chemical content of the pipe

material. Casings with high contents of hydrogen, chlorine,

rus.gnesiuni, or boron lower the neutron count and limit the

response of the instrument to changes in the moisture con-

tent of the formation.

The position of the probe in the casing is also an

important factor in neutron logging. The side probe position

gives a more accurate reading of moisture content than the

centered position, under both filled and empty conditions.

The side position allows the hydrogen content of the forma-

tion to have a greater effect on the total count of thermal

neutrons.

The limits of application of the two instruments

were estimated in the study. The lOO-mc instrument can be

operated in empty casings of various composition up to

'9.Q
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4 inches in diameter if the probe is held against the side

of the casing. The importance of the position of the probe

in the casing was illustrated in the results obtained from

the log of the Law College well. Useful results cannot be

obtained from larger diameter casing. The instrument can-

not be used in filled casings larger than 2 inches in

diameter because the water in the casings provides enough

hydrogen to eliminate any formational reaction, The 3-c

instrument can be operated in empty or filled casings as

large as 16 inches in diameter. Casings with diameters

larger than 16 inches were not used in. the study. The

instrument can probably be operated in casings up to 24

inches in diameter. A probe locator must be used in cas-

ings larger than 12 inches in diameter to hold the probe

against the wall.

The data obtained with the two instruments having

different source strengths illustrate the advantages of a

large source: (1) larger diameter casings may be logged to

yield useful results, (2) water-filled casings may also be

efficiently logged, and (3) the position of the probe in

the casings is important only in large diameter casings.

The difference in effectiveness between the two source

strengths was shown in the theoretical calculations of

epithernTlal neutron flux presented in Table 9, A larger

source allows the use of a greater source-detector spacing,

which provides more accurate results.
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A problem was encountered in the operation of each

of the instruments, The control panel and probe of the 3-c

instrument were both found to be sensitive to temperature

changes. The study indicated that the control panel sensi-

tivity can be moderated by providing a source of heat to

raise the panel temperature above the surrounding air

temperature. The probe sensitivity can be checked by lower-

ing it into the casing fluid (air or water), and allowing

sufficient time for the probe temperature to stabilize.

Duo to the sensitivity to changes in temperature, the re-

sults obtained by the 3-c instrument are presented as a

range of values f see Table 6). The results obtained from

the various casings are within the same range of chart

deflection values (2,3 to 2.7) at the 0.1 instrument sensi-

tivity setting, The results obtained from an actual well

may thus be compared to the moisture content of the

controlled system of 40 percent, at approximately 2.5 on

the chart.

The 100-me instrument was found to be incorrectly

calibrated, The analyses of the pit material yielded a

saturated moisture content of 40 percent; while the value

obtained by the 100-me instrument from casing 23 was 26 per-

cent. This 14 percent reduction is due to a change or

error in the factory adjustment of the instrument.

Additional liaforination supplied by L. G. Wilson (personal

communication) indicates that the instrument is 5 percent

low for an actual moisture content of 22 percent. Since
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the instrument error was discovered after the data collec-

tion period, the results are not corrected. The instrument

has since been returned to the factory for repair, The

data presented for the 100-me instrument are believed to be

valuable for relative comparisons.

The porosity value of 40 percent, found for the

material in the controlled system, is higher than the pre-

liminary estimate. However, this value is within the range

of porosities estimated for alluvial materials, and is

useful as a calibration value, The porosity compares with a

calibration value used in the Dewan (1956) experiment.

The results of this study provide only the initial

step in the application of the neutron instruments to vari-
ous well conditions. Additional study is required before

the 3-c instrument may be used to its fullest potential.

This study has yielded one point to define the relationship

of water content and chart deflection. At least two

additional data points are required before the relationship

can be satisfactorily defined. These data could be obtained

by constructing two small controlled systems, possibly

accommodating one casing each. By constructing small sys-

tems, sacked material with closely controlled gradation

could be used at fairly low costs. The suggested porosities

for the systems are 10 and 25 percent. The three data points

at moisture contents of 10, 25, and 40 percent could then

be used to describe the relationship. Other values of



moisture content could be interpolated from the results.
The relationship could be used to quantitatively interpret
neutron logs obtained with the 3-c instrument.
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APPENDIC IES

Appendix 1

Results of the Reaction Phase - 100-me Instrument

Indicated Moisture Content (Percent by Volume)

Casing Position of the Probe and the Casing Fluid Level

Centered. Side Centered. Side
Empty 1rnpty Filled Filled

28 29.5* 33.0*

32.0*

29.0

25.0 ---- 29.0

26,0 29.0

26.0 ---- 28.0

4AC 25,5* 27.0* 50.0*

25.5* 26.0* 50.0* 50.0*

21.8 22.1 4.1.6 41.2

23.0 23.- 44.0 41.5

22.2 22.9 44.0 42.0

21.1 22.5 43.2 40.8

4P 25.0* 26.0* 50.0* 50.0*

24.0 24.0 41.8 41.1

24.0 24.5 44.0 42.0

24.0 24.5 43.0 42.0

* Instrument not operating correctly
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Appendix 1 Continued

* Instrument not operating correctly

96

Casing Centered
Eznpty

Side
Enipty

Centered
Filled

Side
Filled

4S 16.0* 16.5* 50.0* 5QQ*

16.0* 16.0* 50.0* 50.0*

15.8 16.7 45.0 40.0

15.5 16.0 4.4.0 39.5

15.0 15.4 44.2 41.8

15.9 16.3 43.5 39.0

881 9,0* 11.5* 50.0* 50.0*

7.5 9.9 43.5 41.3

9.0 10.8 44.0 40.0

9.0 10.5 4.3.5 39.0

882 7.0 9.5 46.0 40.5

9.8 11.5 43.5 39.5

883 9.5 10.5 4.5.0 40.0

9.7 10.1 44.0 39.5

128 4.5 7.0 46.0 40.5

4.2 6.5 45.0 39.8

5.0 6.9 45.0 40.0

16s 3.0 4.0 44.0 40.0

1.8 4.0 45.0 39.9

3.5 6.2 43.5 39.0



Appendix 2

Results of the Reaction Phase - 3-c Instrument
Chart Location Numbers

Sensitivity Setting of 0.10, Standard Deflection of 0.40
Casing Casing Fluid Level Casing Casing Fluid Level

empty Filled Empty Filled
MC 2.06 2.57 85 2.34. 2.11

2.04 2.38 2.36 1.84

2.74 2.42 2.56 2.30

2.39 ---- 2.62 2.33

2.22 2.40

4P 2.78 2.25 2.38

2.42 2.43 2.75

2.04. 2.40 2.44

2.08 2.44 123 2.81 1.87

45 2.60 2.52 2.44 2.23

2.31 2.53 2.40 2.35

2.73 2.04 2.63 2.19

2.41 2.33 l6S 2.18 1.90

2.40 2.38 2.21 1.79

2.42 ---- 2.35 2.11

2.30 ---- 2.02 1.84

2.73

2.56

2.42

2.56
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