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ABSTRACT 

The purpose of the study was to determine the soil moisture content by measuring the 

naturally occurring gamma radiation in the soil. A calibration procedure was developed 

both in laboratory and in the field. In the laboratory, two different sample sizes were 

used: three-inch diameter , and 18-inch diameter columns, both 15 cm long. Small size 

soil samples (three-inch diameter) cannot be used to predict the calibration curve in the 

field, whereas the larger soil samples (18-inch diameter) calibration may be used to 

predict the field calibration curve. The prediction limits for the calibration curve done 

in the field are of ± 5 %, which is an unacceptable level of precision. It was also 

observed that the distance between the detector and the soil should always be kept 

constant, and that the top 15 cm of the soil contribute to approximately 95% of the 

radiation measured at the soil surface. 
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CHAPTER 1 

INTRODUCTION 

Introduction 

Water content is one of the most important parameters in the soil. It controls 

fundamental physical properties such as compactability, shrinkage and expansion, and 

workability. In agriculture, the knowledge of soil moisture content is important in order 

to study water movement in the soil, erosion, drainage, tillage, water availability to 

plants, irrigation scheduling, and crop production. 

The standard method to determine water content is the gravimetric method. It expresses 

the ratio of the weight of water in a sample and the sample's dry weight; i.e., the weight 

of the soil solids. This method requires that only the water be evaporated from the 

sample, thus temperature and time are not part of the standard. Other in situ methods 

have been developed. These include the electrical resistance probe, measurement of 

neutron scattering, tensiometer, and gamma ray absorption. Each of these methods have 

situations where they are considered the best suited, but these methods are often time 

consuming, destructive, difficult to manage, potentially hazardous to the health, and 

when radiation sources are involved, special training and permits to operate the 

instruments are needed. 
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The above methods are also point measurements with the exception of the measurement 

of the neutron scattering, and do not consider the spatial variability of the soil. They 

also involve to some degree, disturbing the soil structure which affects the volumetric as 

well as the soil suction potential values determined for a soil. 

Detection of naturally occurring radiation which is affected by the water content of the 

soil has a great potential. Detection of the radiation emitted from the soil surface 

integrates the moisture content vertically, so this method can be used to scan a field for 

spatial variability, rapidly. Since radiation of a naturally occurring radioisotope is being 

measured, there is not need of a special permit to use this method, and its low activity 

makes it non-hazardous to health. 

Objectives 

Unlike other studies that have been done on this subject, this study has been conducted 

in the laboratory and the field application evaluated. The overall objective of this study 

was to determine how the geometry of the system affects the detection of naturally 

occurring radiation from a soil mass, and what is the effective depth of soil from which 

such radiation can be detected. 

An additional objective is to develop a soil moisture calibration curve in the laboratory, 

and compare this calibration curve with that of a field calibration technique. 
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CHAPTER 2 

LITERATURE REVIEW 

Background on Radioactivity Theory 

Radioactivity is a phenomenon in which energy is released by certain isotopes in the form 

of invisible radiation, as they attain stability. It is a natural process, which human senses 

are incapable of perceiving. It occurs naturally in some elements. 

Isotopes can exist naturally or may be artificially created. A nuclide, is a form of nucleus 

that has a definite atomic number (number of protons) and a mass number (sum of 

neutrons and protons). When a nuclide has the same atomic number as another but a 

different mass number, it is called an isotope. All elements have isotopes, which does 

not mean, however, that all isotopes are radioactive. An unstable isotope is known as 

a radioactive isotope. The unstable isotope attains stability by emission of some 

radiation, e.g. a, j8, or y radiation. 

A slow disintegration of the atoms occurs when the internal electromagnetic forces are 

not powerful enough to hold the nuclei together. This is a random process with a 

characteristic half-life. The half-life is the time it takes for half of the radioactive atoms 

to decay. There is a slow disintegration of the atoms to move to stable patterns; as the 
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nucleus disintegrates there is a spontaneous release of energy. This discharge of ionizing 

radiation, is mainly in the form of emissions of a, 0, and 7 rays (Easley, 1969). 

Alpha "rays" are particles identical to the nucleus of a helium (He) atom, composed of 

two protons and two neutrons. Beta "rays" are high speed negative electrons or positive 

electrons and are emitted from a nucleus. Gamma rays are similar to light waves except 

that they are shorter in wavelength. Gamma radiation is emitted by excited nuclei in 

their transition to lower-lying nuclear levels. De-excitation occurs with the emission of 

a gamma-ray photon whose energy is equal to the difference in energy between the initial 

and final nuclear states. 

Radiation energy is measured in electron volts (eV), which is the kinetic energy gained 

by an electron by its acceleration through a potential difference of one volt. The SI unit 

of energy is the Joule (J), (1 J = 6.241xl018eV). The energy of a gamma photon is 

related to the radiation frequency by 

E = h v (2.1) 

where: 

h = Planck's constant = 6.626 x 1034 J s or 4.136xl0'15 eV s 

v = frequency in s"1 
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Radioactivity is given by the fundamental law of radioactive decay described in equation 

where: 

N = number of counts 

T = time 

K = decay constant of the isotope (units of inverse time) 

Activity is a quantitative expression of the intensity, and represents the rate of decay. 

The standard unit of activity is the Becquerel (Bq), which is equal to one disintegration 

per second. To express the decay rate, it is usual to use a term called the half-life of 

a radioelement. As already mentioned before, this is the time required for half of the 

radioactive element to decay. The probability that an unstable nucleus survives for time 

t is given by 

2.2 

(2.2) 

p = e Kt (2.3) 

For a population of a species, the number nuclei N surviving for time t with N0 as the 

initial number is 
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N = N0 e~Kt (2.4) 

The number of unstable nuclei in a population decreases exponentially with time at a rate 

controlled by the decay constant. The half-life T1/2 is related to the decay constant by 

equation 2.5. 

T1/2 = 12-2 = 0-6931 (2.5) 
1/2 K K 

The decay of an element with time may be seen in Figure. 2.1. 

Interaction processes of radiation with matter 

The interaction of a gamma-ray with matter may lead to a complete absorption or 

scattering in a single event. These interactions can be a) photoelectric effect; b) 

Compton scattering; c) pair production. 

At low energies the photoelectric effect predominates. A photon gives up all its energy 

to an electron. The electron uses part of the energy to overcome its binding to the atom 

and it takes the rest as kinetic energy as seen in Figure 2.2A. The photon may be 

scattered by atomic or individual electrons in another direction with or without loss of 

energy. 
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At photon energies which exceed the binding energies of the electrons the photons are 

scattered as if the electrons were free and at rest. This is called the Compton effect 

(Figure 2.2.B), and it is the dominant mode of interaction around 1.0 MeV (106 eV). 

If the energy of the incident photon exceeds 1.022 MeV, pair production becomes 

possible. In the coulomb field of a charged particle an electron pair is created with total 

Activity vs. Time 

Time 
Figure 2.1 - Decay of an element with time 
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kinetic energy equal to the photon energy minus the rest mass energy of the two particles 

(2mc2 = 1.022 MeV) as seen in Figure 2.2.C. 

Gamma radiation 

Gamma radiation is part of the electromagnetic spectra and is everywhere over the 

surface of the earth. Its source is cosmic radiation and the natural radioactive elements 

present in the upper layers of the earth and in the air layer near the ground. 

The total intensity of the gamma radiation, NE, at some height above the earth's surface 

as measured by an instrument is expressed by equation 2.6. 

= Ne + (Nc + Na + %) (2.6) 

where: 

Ne = intensity of the gamma radiation from the earth 

Nc = intensity of the gamma field from cosmic radiation 

Na = intensity of the atmospheric radiation 

Nj = intensity of the characteristic radiation of the instrument 

The three last components are called residual background (Nres). Knowing the residual 

background and measuring the total intensity of the gamma radiation above the earth's 
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Compton Scattering (B), Pair production (C) (Draganic, 1990). 
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surface, the intensity of the gamma radiation of the earth can be determined by equation 

2.7. 

Ne = - Nres (2.7) 

Residual background may be measured in the field by placing the detector above a body 

of water, since radiation due to the earth would be attenuated by the water (Gutwein, 

1988). 

The gamma radiation flux near the ground originates primarily from the natural 

potassium-40 (40K), uranium-238 (^U) and thorium-232 (232Th) radioisotopes in the soil 

(Zotimov, 1968) as it may be seen in Figure 2.3. Potassium can be measured directly 

from the 1.46 MeV gamma-ray photons emitted by K-40, a naturally occurring 

radioisotope. Uranium is measured indirectly utilizing the gamma rays of bismuth-214, 

an isotope in the uranium decay series. Thorium is determined indirectly from the 

gamma rays emitted by thallium-208 in the thorium decay series. 

The most common emitter of gamma radiation in soil is the K-40. The intensity of the 

radiation depends on the weight concentration of the isotopes in the soil (Zotimov, 1968). 

The concentration of these elements has already been studied and varies for the different 

rock types, as shown in Table 2.1. 
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Table 2.1 - Radioelement composition of some common rocks (after Gutwein, 1985) 

Rock type Potassium(%) Uranium(ppm) Thorium(ppm) 

Avg Range Avg Range Avg Range 

Basaltic 0.7 0.2-1.6 1.0 0.2-4.0 4.0 0.5-10.0 

Granitic 2.5 1.6-4.8 3.0 1.0-7.0 12.0 1.0-25.0 

Shales 2.2 1.3-3.5 3.7 1.5-5.5 12.0 8.0-18.0 

Sandstones 1.0 0.6-3.2 0.5 0.2-0.6 1.7 0.7-2.0 

Carbonates 0.25 0.0-1.6 2.2 0.1-9.0 1.7 0.1-7.0 

Seawater 0.035 -0.003 <0.0002 

Continental water -0.001 -0.0002 

Plants -0.05 -0.001 
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The earth's crust not only emits radiation naturally, but also absorbs gamma radiation. 

The linear attenuation coefficient is the probability per unit path length that the gamma-

ray photon is removed from the beam by either absorption or by being scattered away 

from the detector direction. This probability a is a sum of probabilities seen in equation 

2.8. 

a = v (photoelectric) + a (Compton) + it (pair) (2.8) 

where T is the probability that the gamma-ray photon is removed by a photoelectric 

event, a by a Compton scattering event, and TT by a pair production event. 

Compton scattering occurs predominantly in the energy range of 0.5 to 2.6 MeV, in the 

air as it may be seen in Figure 2.4. Pair production contributes less than two percent 

of the total absorption (Grasty, 1975a). 

This is the case for almost all rocks and soil, since they contain a high percentage of the 

light elements, e.g., oxygen and silicon. Water, consisting of hydrogen and oxygen, also 

absorbs gamma rays predominantly by Compton scattering, and having a higher density 

it is an ideal substitute for air in scattering experiments (Grasty, 1975a). 
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The linear absorption coefficient varies with the density of the absorber and mass 

attenuation coefficient, as described in equation 2.9, is usually used 

mass attenuation coefficient = — (2.9) 
P 

p being the density of the medium (Knoll, 1989). 
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Figure 2.4 - Gamma interactions as a function of photon energy and atomic number. 
Knoll, 1989. 
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The mass absorption coefficient of water is almost the same as the air, and a 10 m air 

layer is equivalent to approximately 13 mm of water. The absorption coefficient does 

not remain constant, it decreases as the thickness of the absorbing layer increases. In 

practice, the absorption coefficient should be determined experimentally (Zotimov, 1965). 

The absorption coefficient is often related to the mass of absorbing material, however, 

it has been demonstrated to be related to the electrons present rather than simply the 

mass. Thus, Loijens, 1974; Grasty, 1975a, 1982; Carrol, 1983, have shown that water 

is more effective in absorbing gamma rays than the same mass of air molecules, since 

there are 1.11 times the electrons in water than in an equivalent mass of air or soil. 

The total intensity of the earth's radiation as measured at the soil surface can be ascribed 

to the top 50 cm soil layer, for a mass coefficient of absorption of 0.03 cm2/g. Based 

upon experimental data, 91 % of the radiation measured at the soil surface comes from 

the first 10 cm of the soil (Zotimov, 1968, 1971). For an even concentration of emitters 

with depth, the contribution of these layers can be described by the data in Table 2.2. 

Experimental data on the actual distribution of radioactive emitters, is presented in Table 

2.3. 
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The upper 10 cm layer of the soil is the most important range, as it is the most dynamic 

in terms of the water storage. 

Table 2.2 - Depth contribution to radiation (Zotimov, 1968) 

Soil depth, cm 0-10 10-20 20-30 30-40 40-50 <50 

Contribution 
to Ne, % 72 17 6 3 1 1 

The distribution of radioisotopes in the soil varies widely. Variation of radioactive 

elements in the upper layers, though, may be disregarded (Zotimov, 1965). The uranium 

and potassium concentration are generally constant with depth (Grasty, 1975a). 

Table 2.3 - Depth contribution to radiation (experimental data), (Zotimov, 1968) 

Soil depth, cm 0-10 0-20 0-30 

Contribution 
to Ne, % 91 96 99 

Natural gamma radiation of the earth has been used to determine the water equivalent of 

snow. In 1962, Kogan et al. suggested that the water storage in the upper layer and at 
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the soil surface may be determined by surveying the natural gamma background of the 

earth. It has been concluded that the water content of the soil affected the gamma 

radiation when determining the water equivalent of snow (Zotimov, 1971). 

Zotimov conducted an experiment in 1965, to determine the water equivalent of snow by 

means of soil radioactivity. In this study, he verified that soil moisture, liquid 

precipitation and soil tillage affected the accuracy of the measurements by modifying the 

radon content in the surface layers of the soil. Soil radiation was reduced 13% 

immediately after tillage and was reduced 5-10% a few days after tillage. He speculated 

that this might have been due to the radon content in the soil pores. Ground water close 

to the surface and fluctuations in its level may also affect the reading of the soil 

background. 

A factor that causes a reduction in the readings is the distance of the detector above the 

soil surface (geometry related). By reducing this distance, the accuracy and sensitivity 

of the measurements may be increased. 

The relation between radiation intensity and soil water content is exponential with depth, 

with an average linear attenuation coefficient of 0.061 cm'1 (Zotimov, 1971; Grasty, 

1979). The count of the gamma radiation is directly proportional to the concentration 

by weight of radioactive emitters in the soil. The presence of water in soil changes the 
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concentration by weight of the emitters and, therefore, the radiation intensity. There is 

a high correlation between airborne and ground soil moisture measurements (Carrol, 

1981). The coefficient of correlation increases with the thickness of the water layer and 

is 0.94 for the 0-50 cm soil layer. 
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CHAPTER 3 

MATERIALS AND METHODS 

Gamma radiation Detectors 

A detector must be used to convert the gamma radiation into a measurable form. There 

are several types of detectors that convert high-energy gamma photons (e.g. 1.46 MeV 

from the K-40 isotope), into an electrical signal. Gas filled detectors have low collection 

efficiency at high photon energies. Semiconductors, would be the best choice, because 

of their high energy resolution, which is very important for gamma spectroscopy 

applications. Their limitations are that they need cryogenic cooling and are very 

expensive. Due to the limitations of both gas filled and semi-conductor detectors, a 

scintillation detector, which are often used for this type of study, was used. 

Gamma rays passing through matter, transfer part or all of their energy to electrons. 

These secondary electrons dissipate their energy in turn by ionization or excitation of the 

molecules. The detector, usually called a phosphor, consists of a luminescent material, 

that converts a fraction of the deposited energy into photons. 

An ideal scintillation material should possess the following properties: 

1. It should convert the kinetic energy of charged particles into detectable 

light with a high scintillation efficiency 
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2. This conversion should be linear - the light yield should be proportional to 

deposited energy over as wide a range as possible 

3. The medium should be transparent to the wavelength of its own emission 

for good light collection 

4. The decay time of the induced luminescence should be short so that fast 

signal pulses can be generated 

5. The material should be of good optical quality and subject to manufacture 

in sizes large enough to be of interest as a practical detector 

6. Its index of refraction should be near that of glass (" 1.5) to permit efficient 

coupling of the scintillation light to a photomultiplier tube 

No material meets all these criteria simultaneously, and the choice of a scintillator 

detector depends on its application and limited by all the factors described above. The 

most common scintillators use inorganic alkali halide crystals, e.g. sodium iodide which 

is the one chosen to be used in this study. A Nal crystal provides means to linearly 

convert high energy gamma photons to a large number of visible photons. 

Photomultiplier tubes 

The photomultiplier tube converts the weak light output of a scintillation pulse into a 

corresponding electrical signal. The photomultiplier tube, converts light signals of no 
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more than a few hundred photons into a usable current pulse without adding a large 

amount of random noise to the signal. It consists of two electronic systems mounted in 

the same unit: 

1. A photosensitive cathode which converts the photons into photoelectron 

2. A multiplier tube where the electrons are repeatedly multiplied by 

secondary emission from dynodes. 

The photocathode converts as many of the incident light photons as possible into low-

energy electrons. If the light consists of a pulse from a scintillating crystal, the 

photoelectron produced will also be a pulse of similar time duration. The charge of the 

photoelectron is too small to serve as a convenient electrical signal, hence, the electron 

multiplier in a photomultiplier tube provides an efficient collection geometry for the 

photoelectron and increases their number, which will be sufficient to serve as the charge 

signal for the original scintillation event. Photomultipliers perform this charge 

amplification in a very linear manner, producing an output pulse that remains proportional 

to the number of original photoelectrons. The photomultiplier tube may be coupled to a 

multichannel analyzer, in order to separate the energies of radiation. The basic elements 

of a photomultiplier tube may be seen in Figure 3.1. 
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1-12: Dynodes 14: Focusing electrodes 
13: Anode 15: Photocathode 

Figure 3.1 - Basic elements of a photomultiplier tube. Knoll, 1989 
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Multichannel Analyzer 

A multichannel analyzer converts the pulse amplitude to an equivalent digital number. 

The pulse amplitude is related to the energy of the radiation which in term is specific to 

the radiation source. This is useful in identifying the decomposing isotope. 

Once this conversion is accomplished, the pulse height spectra is stored. The output of 

the analog to digital converter (ADC) is stored in a computer type memory, which has 

as many addressable locations as the maximum number of channels into which the 

recorded spectrum can be subdivided. 

The output of the multichannel analyzer will be a graph-type turnout, being channel 

number (directly related to energy level), vs. total counts over a period of time. This 

experiment will be conducted in such a way that the only energy that will be of 

importance is the 1.46 MeV y-ray form the K-40. 

The Multichannel Analyzer involves only the ADC and the memory. The memory stores 

the number of pulses corresponding to their pulse height and their energy. It is a vertical 

stack of addressable locations, ranging from the first address (channel #1), through the 

maximum location number (channel #1024). 
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Once a pulse has been processed by the ADC, the analyzer control circuits seek out the 

memory location corresponding to the digitized amplitude stored in the address register, 

and the content of that location is incremented by one count. 

A typical output of a MCA in our experiment for the Nal(Tl) detector and for the Co-60, 

and Cs-137 used as the calibration sources for calibration can be seen in Figure 3.2. 

Soil Preparation 

Two different soil types were used in this experiment, Gila loam and Brazito sandy loam. 

The Brazito sandy loam was collected at a depth of 0-10 centimeters from the east side 

of the University of Arizona's Campbell Avenue Farm. The Gila loam was collected a 

depth of 0-10 centimeters from the east side of the same farm directly in front of the 

irrigation laboratory. The soils were air dried and sieved through a 2.0 mm sieve, so that 

all particles greater than 2.0 mm were removed. They were afterwards oven dried at 

105-110 °C for more than 24 hours. According to Killen, 1988, a typical value of bulk 

density for each soil was 1.49 g/cm3, and 1.40 g/cm3 for Brazito Sandy loam and Gila 

loam respectively. 

Soil samples 

Plexiglass tubes of 7.6 cm internal diameter and 5, 10, 15, and 30 cm length were used 

in this experiment. A 5 cm thick wall of lead surrounded both the soil samples and the 
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detector, so that the background radiation was minimized. 

Calibration using C0-60 and Cs-137 

Cs-137 

] " 
i 
1 
' 

j 

1 1 1 

Co-60 

( A A K-40, channcl#701 
v \ 

—1 , 1 Q l — r ~-r-t- 1 

0 200 400 600 800 1000 1200 
Channel Number 

Figure 3.2 - Calibration output of a Multichannel Analyzer 

Apparatus 

The apparatus was setup such that readings would be taken with both a Multichannel 

Analyzer and a Single Channel Analyzer. 
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a) Multichannel Analyzer (MCA) 

It was comprised of a portable computer (SAMSUNG 5200), and a 

TENNELEC/NUCLEUS PCA-P (Portable Multichannel Analyzer) card which is a 

complete sodium-iodide Nal(Tl), spectroscopy system, given the appropriate software. 

The PCA-P provides high voltage to the photo-multiplier tube. The controls for setting 

the high voltage and the amplifier coarse and fine gains were available through the PCA 

-P software. 

Setup 

High voltage - 900 V 

Coarse gain - 4 

Fine gain - 1.0 

Connections 

The high voltage connector from the PCA-P card was connected to the high voltage input 

in the photomultiplier tube. The output of the photomultiplier tube is connected to the 

single channel analyzer and from the single channel analyzer to the multichannel analyzer. 

The connections setup may be seen in Figure 3.3 
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b) Single Channel Analyzer (SCA) 

It was comprised of: 

a) Portable BIN/Power Supply, CANBERRA Model 1000. This device 

supplied power to the system. 

b) High Voltage Power Supply 2 KV, CANBERRA Model 3102 D. The 

high voltage to the photomultiplier tube was not supplied through this 

device. 

c) Amplifier/TSCA, CANBERRA Model 2015 A. The setup of this 

apparatus may be seen in Figure 3.3. 

c) Photomultiplier Tube 

CANBERRA Model 2007 P. Already connected to the detector. The 12 V is supplied 

by the Amplifier/TSCA, as mentioned before in the SCA item. 

d) Nal(Tl) detector CANBERRA Model 802-4 

The detector was attached to the photomultiplier tube, which was connected to the SCA, 

like it was seen in Figure 3.3 
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From P.M. tube 
to SCA 

Power Supply 
to P.M. tube 

Figure 3.3 - Connections of the photomultiplier tube ot the single channel analyzer to the 
multichannel analyzer 
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Experimental procedures: 

Calibration of the MCA and the SCA 

In order to determine the location of the K-40 (1.46 MeV) peak in the spectrum, a Co-60 

(1173.25 and 1332.48 KeV) and Cs-137 (661.63 KeV) calibrated gamma sources were 

used in order to determine the location of the Cs-137 peak and both C0-60 peaks in the 

MCA noted in Figure 3.2. 

Channel number and energy are known to have a linear relationship, therefore a 

regression curve was performed and the channel number of the potassium-40 peak hence 

determined to be 701 as seen in Figure 3.2 

Provided the peak and the range of the K-40 was determined on MCA, a pulse generator 

was connected to both the MCA and the SCA in order to determine the settings on the 

SCA. 

The peak obtained from the pulse generator was a sharp vertical line, and once this peak 

reached channel #661 on the MCA, the "lower level" knob was turned until counts were 

being registered. The signal generator was then moved to channel #740 in the MCA and 

the "window AE" knob now turned until it could read counts from channel #743 and 

could not read from channel #744. 

The SCA was then calibrated to read only the K-40 window. The window in the MCA 
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K-40 window - peak at 1.46 MeV 
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Figure 3.4 - Natural gamma radiation output of the MCA showing the K-40 peak 

for the K-40 energy was from channels 661-740, and the counts were integrated over this 

range in order to have the radiation count values for the K-40 window (see Figure 3.4) 

Evaluation of Background 

Background radiation was evaluated in this experiment as follows: 
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a) In the laboratory , surrounded by lead for the experiment in which the three-inch 

diameter columns were used. 

b) In the laboratory, without the lead, for the experiment in which the 18-inch diameter 

columns were used. The geometry (distance from the ground level), was maintained the 

same as when measuring the radiation from the columns of soil. 

Geometry of the system 

In order to determine the effect of the geometry of the system, oven-dried soil was placed 

inside the 30-cm plexiglass tube and radiation readings were taken at different distances 

from the detector (0 cm, 5 cm, 10 cm, 15 cm), as shown in Figure 3.5. 

This experiment was performed for both Gila Loam and Brazito Sandy Loam. 

Influence of depth of the soil 

In this case, soil columns with lengths of 5, 10, 15, 30, 35, 40, and 45 cm were filled 

with oven-dried soil and radiation readings were taken as shown in Figure 3.6. This 

experiment was performed for both the Gila Loam and the Brazito Sandy Loam. 
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Figure 3.5 - Setup for evaluation of the Geometry of the system 
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Figure 3.6 - Setup to determine the influence of the depth of the soil 
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Moisture content calibration curve 

Gila Loam 

1. The bulk density of the soil sample was maintained at a constant value of 0.9 

g/cm3, by adding 612 g to the 15 cm long tube. Readings were taken for both oven-dried 

and wet soil, the wet samples had a known amount of water added to them and were 

allowed to equilibrate for two days. Field capacity is defined as the water content of the 

surface profile after two days of redistribution following infiltration (Jury, 1991), 

therefore, two days were chosen as the time necessary ;for soil moisture to reach an 

equilibrium. 

2. The bulk density of the soil sample was maintained at a constant value 

of 1.4 g/cm3, by adding 952 g of soil to the 15 cm long tube. Readings were taken for 

both oven-dried and wet soil, which had a known amount of water added to it and left to 

equilibrate for two days. 

3. The same column of wet soil was placed between the detector and an 

oven dried column of 30 cm of soil in order to observe the attenuation that was suffered 

by the oven-dried column due to this wet column. 

Brazito Sandy Loam 

1. The bulk density of the soil sample was maintained at a constant value of 1.5 

g/cm3, by adding 1019 g of soil to the 15 cm long tube. The procedure used was the 

same as for the Gila Loam. 



44 

2. The same column of wet soil has placed between the detector as for the Gila 

Loam. 

Time to reach equilibrium for soil moisture content 

After studying the data, it was speculated that two days may not have been enough time 

for the soil water to reach equilibrium. Some scatter of the data could be due to that. 

Another experiment was performed in order to determine the time necessary for the water 

added to the soil to reach equilibrium in the samples. A known amount of water (134 g) 

was added to the oven dried Gila Loam, and readings were taken in the following 

schedule: 0 hr, 26:45 hr, 51:50 hr, 103:50 hr, 122:15 hr, 15020 hr, 172:05 hr, 199:00 

hr, 218:55 hr, 246:00 hr, 270:00 hr, and 290:05 hr after water had been added to the 

soil. 

Bulk density determined in situ 

Holes of 45.72 cm (18-inch) in diameter were excavated in the ground. The soil that was 

excavated was weighed and samples taken to determine the soil moisture of the excavated 

soil by the gravimetric method. Thus, the weight of the solids were calculated. A plastic 

sheet was placed inside the hole. Water was measured and poured in the hole to 

determine its volume. Since bulk density is the ratio between the mass of dried soil and 

its volume, the bulk density was then calculated. 
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Soil moisture calibration curve analysis based upon a bigger sample size 

A Gila loam oven dried soil sample of 45.72 cm (18 in) in diameter and 15 cm in height 

was compacted to a bulk density of 1.3 g/cm3 (an average of the field bulk density), using 

a hydraulic ram in the following manner: oven dried soil was placed inside the column 

at increments of 5 kg up to a total of 32,014 g. Radiation readings were taken and then 

water was added at known volumes and left to equilibrate for five days. Radiation 

readings were again taken. 

In situ soil moisture calibration curve 

As a first step, radiation of the bare soil was measured. A series of holes were dug in 

the soil, the soil carefully removed and weighed; a sample was taken from each hole and 

the moisture content determined by the standard gravimetric method. The soil was then 

left outside on a plastic sheet to air dry. The soil was then placed back into the hole, 

surrounded and covered by the plastic sheet. Radiation readings of the dry soil were 

taken (see Figure 3.7), and the moisture content again determined by the gravimetric 

method. 

Water in a known amount was added to the soil, and it was again covered with a plastic 

sheet and left to equilibrate for 5 days, according to the equilibrium data already available 

from the experiment described above. The detector was then placed on top of the soil 

and radiation readings of the wet soil were taken. 
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Background and Striping ratio 

According to Loijens, 1974 and Carrol, 1984, a fraction of the high energy photons 

impinging on the detectors are incompletely absorbed due to the finite size of the 

detectors and appear as counts in a lower energy window. The gamma energy spectrum 

of the K, Th, and U may be seen in Figure 2.3. 

mniiiw m 
fiiiiiiiniii j Ihii 

Figure 3.7 - Data aquisition in the field 

The fraction of counts in a higher energy window that appears in a lower energy window 

is known as the Compton scattering coefficient or stripping ratio. The Compton 
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coefficients a (uranium counts/thorium count=0.35), 3 (potassium counts/thorium 

count=0.33), and y (potassium counts/uranium count=0.56) have been determined 

experimentally (Loijens, 1874). Background and stripping correction are carried out 

using the Eq. 3.1 

Thc = Th - Thb 

Uc = U - Ub- OlThc (3.1) 

Kc  = K- Kb- $Thc  - yUc  

where Th,., Uc, and IQ are the corrected thorium, uranium and potassium count rates, Th, 

U and K the uncorrected total counts, and Th,,, Ub, and Kb the background counts. All 

experiments had the radiation measured for 5400 seconds (1.5 hr), and were counted 

sequentially 3 times. 
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CHAPTER 4 

MATHEMATICAL MODEL 

General Model 

A mathematical model which illustrates the effects of geometry on radiation emission and 

detection was adapted from Grasty, (Grasty, 1975b). The model was developed for both 

i > Detector 
Air J1 

Surface 

Soil a 

dV 

Figure 4.1 - Coordinate system for mathematical model. (After Grasty, 1975b) 
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a semi-infinite strip and a finite size sample. 

Consider a detector at height h above the surface like in Fig. 4.1. dv is a small 

elemental volume of thickness dz, at a distance z below ground surface, (JL and A are the 

linear absorption coefficients of air and soil respectively at 1.46 MeV. 

dV = r2^-dz dd d$ (4.1) 
COS0 

where r is the distance of dv from the detector. 

If n (z) is the number of primary photons of energy 1.46 MeV emitted per unit time 

per unit volume by dV, the flux of unscattered gamma rays ^ at a height h is: 

* = [[ <16 # 
i e I 4icr2 cos8 

The number of unscattered photons detected per second, is given by 
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C p pA e n(7\ £ ~(a2+nA)sec0 ojnA 
N = [ [ f 6 n{Z)* -555. dz dd d$ 

Z 6 4 C0S® 

(4.3) 

where 

A is the area of the detector as seen by the elemental volume 

e is the efficiency of the detector 

a the linear attenuation coefficient of the soil 

H the linear attenuation coefficient of the air 

Semi-infinite source at ground level 

Considering an homogeneous soil (n constant), the detector placed at the soil surface 

(h=0), a spherical detector (area A and efficiency e of detector constants for any dv), 

and a semi-infinite plane, the number of unscattered photons detected per unit time 

becomes 

(«z)sec0 
n/2 2ji 

(4.4) 

Carrying out the above integral, gives 

(4.5) 
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Finite size sample source at ground level 

In this case, the sample size is finite. Consider a cylindrical sample (a tube), with a 

radius a, and a height b, as shown in Fig. 4.2. The model becomes 

N . f f "f 6 ** «fc a, d* (4"<> L e-o Io 4 * c086 

T i 
h II 
i k 

> Detector 
Air p. 

Surface 
£ 

d0 H Soa OC 

Z 

b 

7 
4<iz 

L 

dV 

4> 

t 

*— a —* 

Figure 4.2 - Coordinate system for mathematical model for the finite size sample. 
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Making the same considerations about A, e, h, and n(z) as in section 4.2, the 

equation can be rewritten as 

A e n „ -azfscc e) d(scc 9) C4-7) 

Finally, by making t= a z (sec 0) 

b a^z2+a2 

L U f f r  J  £ l d t  (4.8) 
2=0 t=az 

b 
N = f dzlE^az) - E1(a\Jz2+a2)] (4-9) 

2 2=0 

where Et (z) is the exponential integral of order one (Abramowitz and Stegun, 1965). 

There is not an analytical solution for this integral. The behavior of En (x) can be seen 

in Fig. 4.3. 



53 

y 

X 
c UJ 

n-5 

1.6 1.2 6 1.4 1.0 4 8 0 2 

Figure 4.3 - Exponential integral curves for En(x). From Abramowitz and Stegun, 1965. 
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Alpha Calculation 

According to Grasty, 1975b, the theoretical linear absorption coefficient of soil (asoil) is 

given by the following relation: 

cc ft •> water soil (4.10) 
P water ^water P soil soil 

where ne" is the number of electrons per gram, and p the density expressed in g/cm3. 

In the range of energies from 0.5 to 2.6 MeV over 98 percent of the absorption 

occurring in water is due to the Compton effect. The Compton scattering linear 

absorption coefficient of water for thorium and uranium is given by Grasty, 1975a. In 

order to calculate the awater at a specific energy, the total cross-section per electron e" 

is needed and is given by (Klein and Nishima in Grasty, 1975a). 

e° = 2 nr, f l + p  [2(1+P) 

p2 1+2P 
+—ln(l+2P)~ 1+3P 

2P (l+2p)2j 
(4.11) 

where r0 is the classical radius of the electron and /3 is given by equation. 4.12 

E P = 
0.511 

(4.12) 
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being E the energy of the photon in MeV (1.46 MeV in this case). 

Once awater is evaluated, asoil is given by equation 4.13 •water 

water (4.13) 

since pwater may be considered equal to 1 g/cm3, and the ratio of number of electron in 

one gram of water to the number of electrons in one gram of rock is 1.11 (Grasty, 

1975a,b, 1982, Carol, 1983-84, Loijens, 1974). 

The value of awaler used in the calculations was 0.06 cm'1. 

Soil Moisture Content Evaluation for the Semi-innnite source of radiation 

According to Knoll, 1989, the mass attenuation coefficient of a compound or mixture can 

be calculated from equation 4.14 

(4.14) 

where ( a / p )  is the mass attenuation coefficient and w; is the weight fraction of element 

i in the compound or mixture. 
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For a soil moisture content of 0 (weight basis), the weight fraction of water in the soil 

is the ratio of weight (or mass) of water and the total weight of soil, which is 

AT o 
w = ^ = JL (4.15) 

water 1+e 

and the weight fraction of dry soil in the compound (wet soil) is 

M 1 
= u Tm = TTb <4'16) 

dry soil water ® 

hence, 

a wet soil 
Pwet soil ® dry soil 

1+6 Pdry soil 

0 a. 
(4.17) 

water 

which reduces to equation 4.18 

et soil ^dry soil + ® a P dry soil 
water 

water 

(4.18) 

and leads to equation 4.19 
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1 + 1-ne) <4-1 9> 

From equation 4.5, (semi infinite strip), 

« =  a« 'Inim ( 4' 2 0> 2 1,11 0) 

and 

*<*»« • B ite (4.21) 
z a dry soil 

the final relation between radiation and soil moisture content becomes: 
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CHAPTER 5 

DATA ANALYSIS 

In order to analyze the data, the following factors have to be taken into consideration. 

Cosmic Radiation 

The amount of cosmic radiation depends on the latitude, the solar cycle, and atmospheric 

density. It will vary due to variations in the barometric pressure, and has a maximum 

long term variation of 20 percent over the solar cycle (Beck, 1978 in Gutwein, 1985). 

Cosmic radiation intensity changed 0.35 percent for a 1.0 mm Hg change in atmospheric 

pressure (Zotimov, 1968). 

Even though cosmic radiation contribution to the individual energy windows is 

significant, it may be determined. Relatively small fluctuations are not important in this 

application. 

Distribution of Nuclides in the Soil 

In a natural soil formation, the concentration of nuclides varies with depth (Kogan, 1971 

in Gutwein, 1985). In a field where there has been plowing, and that has been mixed, 

the plowed layer may be considered uniform for the concentration of nuclides with depth. 

This uniformity was assumed in this study since the field was agricultural land and 
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therefore thoroughly mixed. The contribution of each layer of soil to the surface flux 

was determined in this experiment. 

Spectral Stripping 

As it was already mentioned in Chapter 3 (Materials and Methods), part of the gamma 

photons might escape rather than being fully absorbed, and they will appear at lower 

energies. In this study, the relative amounts of uranium and thorium were low, the 

uranium and thorium windows did not show in the output of the multichannel analyzer. 

The relative values rather than the absolute are important in this research, therefore the 

stripping effect becomes less important. 

Other Errors 

a) Counting Statistics: 

The emission and detection of random events in large numbers can be closely 

approximated by the Poisson distribution, in which the variance is equal to the mean. 

For a given count N, which is considered the best estimate of the mean, 

a = y/N (5.1) 

t 
where a is the standard deviation. 
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b) Gravimetric sampling error: Errors in the evaluation of soil moisture 

content by the gravimetric method, are due primarily to drying, weighing and sampling. 

Data Analysis 

The output of the multichannel analyzer were ASCII files, which were imported into 

Quattro Pro (QPro) spreadsheet files in order to process the data. 

In this experiment, the peak of the K-40 window, appears in channel #701 of the 

multichannel analyzer. The counts were summed over a window of 80 channels, i.e., 

from channel #661 to channel #740. This sum was then divided by 90 minutes in order 

to get the activity in counts per minute. For the three-inch diameter columns,the average 

background counts from the K-40 window were subtracted from the data. 

Background was evaluated for the site in which the 18-inch diameter columns were 

measured in order to determine its variation. Since in this study the interest was on 

relative values of radiation, the background was not subtracted in this experiment. 

The computer program Mathematica was used to fit the models described in Chapter 4 

to the data. The mean square error was determined for both models in order to 

determine if the semi-infinite model could be used for the statistical analysis. The 

difference between the two models was less than 4%. This difference may be seen in 
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Appendix D. Due to ease of dealing with the semi-infinite model over the finite size 

model, and the small difference between the two models, the former was used in order 

to perform the statistical analysis, which was done on the QPro program. The model 

used may be seen in Appendix B. 
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CHAPTER 6 

RESULTS AND DISCUSSION 

The data used in the analysis was placed in Appendix A. The statistical results of the 

fit are in Appendix C. 

Background Radiation 

In the experiment in which the three-inch diameter columns were used, as it may be 

observed from Table A.l, even though the system was surrounded by lead to minimize 

the background effects, some variation was observed. The counts per minute (cpm), 

range from 26.8 to 29.2 cpm with an average of 28.22, with a standard deviation of 

0.87. A standard deviation of 0.56 was expected just due to the Poisson distribution of 

events (Chapter 5). 

Table A.l, also shows the results from the sum over the K-40 window of background 

readings taken in the laboratory in which the experiments done with the 18-inch columns 

were conducted (the detector was not surrounded by lead). It may be seen that there is 

some variation, with an average of 421.9 counts per minute and a standard deviation of 

3.7. A standard deviation of 2.16 was expected due to the counting statistics alone. 

This variation in the background counts partially explains some of the variation in the 

data obtained from the other experiments. 



Influence of Depth 

The results obtained in this experiment were similar for both the Gila Loam and the 

Brazito Sandy Loam. As it may be observed in Figure 6.1, about 95% of the radiation 

comes from the top 15 cm of the soil. These results agree with the results obtained by 

an experiment carried out by Zotimov in 1968 (see Table 2.3), in which he states that 

96% of the radiation comes from the top 15 cm of the soil. 

Geometry 

The geometry of the system and how it would affect the data was also a concern in this 

study. The plot of the data for both the Gila Loam and the Brazito Sandy Loam may be 

seen in Figure 6.2. As it may be seen from the figure, radiation decreases as the 

detector is moved away from the soil. In this study the detector was always kept in 

contact with the soil sample in order to maximize the number of counts and easily 

maintain the geometry of the system. 

Gila loam at 0.9 g/cm3 of bulk density 

The first attempt at obtaining a calibration curve of soil moisture vs. radiation was not 

very successful. It may be seen from Fig. 6.3, that the variation is large and it is 

difficult to make an inference of soil moisture on gamma flux. Some of the variation 

might be explained by the background variation. Another factor is the fact that there 

might not be enough radiation emitted because of such a small amount of soil used in the 
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sample. At this time, it was still thought that two days were enough for the water to 

reach equilibrium, which later on was determined to be a wrong assumption, and might 

have led to some error. 

Gila Loam at 1.4 g/cm3 of bulk density and Brazito Sandy Loam at 1.5 g/cm3 of 

bulk density 

The choice of these bulk densities, as was mentioned before came from an experiment 

done at the same locations (Killen, 1988). As shown in Figure 6.4 and Figure 6.5, a 

higher tendency of reduction in radiation as moisture increases was observed. In 

Appendix D are the fit curves using the models described in Chapter 4. The coefficient 

of determination of the fit was 0.66 and 0.59 for the Gila Loam and the Brazito Sandy 

Loam respectively. The prediction limits of 6 (moisture content) for an average value 

have a variation on the order of 25%, for the Brazito Sandy Loam, and 20% for the Gila 

Loam. 

Gila Loam and Brazito Sandy Loam placing the wet soil between the detector and 

the dry soil. 

No trend was observed in the data from these experiments. The fluctuations are large 

and are shown in Figure 6.6 and 6.7. 
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Soil moisture content equilibrium time 

As it may be seen from Figure 6.8, the soil moisture content only reaches equilibrium 

after approximately five days. 

Bigger sample size (18-inch diameter columns) with a bulk density of 1.3 g/cm3 

(determined in situ). 

The amount of radiation increased in this experiment and a smaller variation in the 

results was observed. The model for the semi-infinite strip is much easier to use than 

the one for a finite size sample, and therefore, statistics were done for this model, and 

are shown in Figure 6.9. The coefficient of determination for this fit was 0.98, which 

may be considered as a good fit. The 95% prediction limits give a range of 5% in the 

determination of soil moisture content. 

Field measurements of radiation vs. soil moisture content 

As expected, the amount of radiation in this experiment is even higher than the one done 

in laboratory. More variation is observed than the one done in laboratory for the big 

sample size. This might be due to variations in soil bulk density from which an average 

value was taken to be 1.3 g/cm3. A fit using the semi-infinite strip model was used, as 

seen in Figure 6.10. The coefficient of determination in this case was 0.84. For the 

95% prediction limits, the range of variation in soil moisture content is 10%, considered 

unacceptable for a soil moisture determination method. 
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Influence of the depth of soil 
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CHAPTER 7 

CONCLUSIONS 

The following conclusions can be drawn from the research conducted in this study: 

1. Geometry is a very important factor in laboratory. The distance between the sample 

and the detector must be kept constant. 

2. The top 15 cm of the soil contributes to 95% of the radiation measured at the surface 

of the soil, which corrobates the literature. 

3. The time necessary for the soil to reach equilibrium after water is added to it, is at 

least 5 days. 

4. A calibration procedure was developed for both in laboratory and in the field. 

5. Small size soil samples (three-inch), cannot be used to predict the calibration curve 

of a soil in the field. 

6. Larger sample sizes (18-inch) can be used to predict the calibration curve in the field. 
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7. In the field, the prediction limits for a soil moisture at 15% (mass basis), are ± 5%, 

which is an unacceptable level of precision. 

8. For a larger sample size (18-inch), the prediction limits for a soil moisture at 15% 

(mass basis), are ± 2.5%. 

9. The slope of the curves of the columns and the holes may be considered the same and 

therefore a calibration in laboratory using large sample sizes may be attempted for 

prediction of field calibration. 

Future Work 

1. Some of the variation that was observed in the field could be reduced by conducting 

the experiment in an undisturbed soil. This could be accomplished by taking 

radiation readings from the bare undisturbed soil and determining soil moisture by 

some other method. 

2. It would be desirable to know the behavior of the system for different types of soils, 

ranging from a sandy soil to a clayey soil. 

3. Evaluate the behavior of the system in the presence of a crop, rather than only in 
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bare soil. 

4. Determine the possibility of evaluating the soil moisture content at different depths 

by digging access holes in the soil and placing the detector inside these holes. 



APPENDIX A 

DATA 

Table A. 1 - Background radiation data 

Background Counts determined in Laboratory 

Surrounded by lead Not surrounded by lead 

2590 2429 2460 2620 37909 38180 37870 37462 
2558 2583 2632 2535 37732 37802 37880 38384 
2615 2501 2416 37778 37955 38017 38737 
avg 2539.91 
std 74.3486 
cv 0.02927 

avg 37975.5 
std 317.2109 
cv 0.008353 



Table A.2 - Geometry of the system experiment data for Gila Loam 

Three-inch diameter columns 
Soil: Gila Loam 
Experiment: Geometry 

Distance Total Counts avg std cv 
cm over a 90 minute period 

0 5392 5177 5342 5304 91.86 0.017 
5 3401 3454 3390 3415 27.94 0.008 
10 2961 2963 2999 2974 17.46 0.006 
15 2809 2832 2782 2808 20.43 0.007 

Table A.3 - Geometry of the system experiment data for Brazito Sandy Loam 

Three-inch diameter columns 
Soil: Brazito Sandy Loam 
Experiment: Geometry 

Distance Total Counts avg std cv 
cm over a 90 minute period 

0 5268 5202 5176 5215.33 38.72 0.0074 
5 3506 3361 3395 3420.67 61.92 0.0181 
10 2959 3021 3054 3011.33 39.38 0.0131 
15 2825 2811 2790 2808.67 14.38 0.0051 



Table A.4 - Influence of the depth experiment data for Gila Loam 

Three-inch diameter columns 
Soil: Gila Loam 
Experiment: Influence of the depth 

Distance 
cm 

Total Counts 
over a 90 minute period 

avg std cv 

0 2632 2558 2615 2601.67 31.65 0.0122 
5 4585 4559 4466 4536.67 51.08 0.0113 
10 4923 5043 4905 4957.00 61.25 0.0124 
15 5199 5270 5257 5242.00 30.87 0.0059 
30 5605 5374 5604 5527.67 108.66 0.0197 
35 5279 5258 5404 5313.67 64.45 0.0121 
40 5299 5574 5309 5394.00 127.34 0.0236 
45 5321 5344 5340 5335.00 10.03 0.0019 

Table A. 5 - Influence of the depth experiment data for Brazito Sandy Loam 

Three-inch diameter columns 
Soil: Brazito Sandy Loam 
Experiment: Influence of the depth 

Distance 
cm 

Total Counts 
over a 90 minute period 

avg std cv 

0 2583 2574 2601 2586.00 11.22 0.0043 
5 4435 4466 4500 4467.00 26.55 0.0059 
10 4882 5117 4923 4974.00 102.49 0.0206 
15 5291 5312 5269 5290.67 17.56 0.0033 
30 5268 5202 5176 5215.33 38.72 0.0074 
35 5195 5236 5269 5233.33 30.27 0.0058 
40 5234 5404 5458 5365.33 95.45 0.0178 
45 5619 5420 5589 5542.67 87.60 0.0158 



Table A. 6 - Soil moisture calibration curve data for Gila Loam at 
p = 0.9 g/cmA3 

Three-inch diameter columns 
Soil: Gila Loam 
Bulk density = 0.9 g/cm'3 
Experiment: Soil moisture calibration curve 

Moisture 
content 

Total Counts 
over a 90 minute period 

avg std cv 

0.000 5829 5849 5985 5888 69.31 0.012 
0.015 5949 5936 6022 5969 37.85 0.006 
0.025 5942 5883 5803 5876 56.96 0.010 
0.037 5871 6007 5934 5937 55.57 0.009 
0.064 5949 5886 5919 5918 25.73 0.004 
0.105 6026 5918 5972 54.00 0.009 
0.200 5632 5598 5678 5636 32.78 0.006 
0.321 5722 5735 5969 5809 113.50 0.020 



Table A.7 - Soil moisture calibration curve data for Gila Loam at 
p = 1.4 g/cm*3 

Three-inch diameter columns 
Soil: Gila Loam 
Bulk density = 1.4 g/cnT3 
Experiment: Soil moisture calibration curve 

Moisture 
content 

Total Counts 
over a 90 minute period 

avg std cv 

0.000 6886 6792 6851 6843 38.79 0.006 
0.000 6786 6886 6727 6800 65.63 0.010 
0.000 6792 6878 6849 6840 35.72 0.005 
0.000 6736 6674 6764 6725 37.61 0.006 
0.136 6632 6665 6542 6613 51.98 0.008 
0.103 6762 6760 6770 6764 4.32 0.001 
0.057 6740 6671 6596 6669 58.80 0.009 
0.180 6555 6476 6499 6510 33.18 0.005 
0.102 6742 6593 6673 6669 60.88 0.009 
0.156 6626 6638 6568 6611 30.57 0.005 



Table A. 8 - Soil moisture calibration curve data for Brazito Sandy Loam at 
p = 1.5 g/cm"3 

Three-inch diameter columns 
Soil: Brazito Sandy Loam 
Bulk density = 1.5 g/cnT3 
Experiment: Soil moisture calibration curve 

Moisture 
content 

Total Counts 
over a 90 minute period 

avg std cv 

0.000 7042 7185 6912 7046 111.49 0.016 
0.000 6781 6800 6780 6787 9.20 0.001 
0.000 7033 6967 7141 7047 71.72 0.010 
0.154 6632 6811 6390 6611 172.51 0.026 
0.047 7029 6948 7107 7028 64.92 0.009 
0.089 6717 6790 6731 6746 31.63 0.005 
0.184 6433 6401 6448 6427 19.60 0.003 
0.114 6903 6898 6814 6872 40.83 0.006 
0.127 6579 6683 6716 6659 58.38 0.009 



Table A.9 - Soil moisture calibration curve data for 15 cm column Brazito 
Sandy Loam between oven-dried soil and detector 

Three-inch diameter columns 
Soil: Gila Loam 
Bulk density = 1.4g/cmA3 

Moisture 
content 

Total Counts 
over a 90 minute period 

avg std cv 

0.000 6886 6792 6851 6843 38.79 0.006 
0.057 6676 6758 6676 6703 38.66 0.006 
0.103 6904 6921 7047 6957 63.78 0.009 
0.136 6808 6773 6699 6760 45.44 0.007 
0.156 6914 6811 6676 6800 97.46 0.014 
0.180 6670 6686 6723 6693 22.20 0.003 

Table A. 10 - Soil moisture calibration curve data for 15 cm column Gila 
Loam between oven-dried soil and detector 

Three-inch diameter columns 
Soil: Brazito Sandy Loam 
Bulk density = 1.5 g/cnT3 

Moisture 
content 

Total Counts 
over a 90 minute period 

avg std cv 

0.000 7086 6992 7051 7043 38.79 0.006 
0.154 6951 7066 6984 7000 48.35 0.007 
0.047 6952 6901 7102 6985 85.31 0.012 
0.089 6710 6845 6719 6758 61.63 0.009 
0.184 6957 6920 6816 6898 59.69 0.009 
0.114 6899 6861 6836 6865 25.90 0.004 
0.127 6843 6779 6958 6860 74.06 0.011 



Table A. 11 - Equilibrium time data 

Three-inch diameter columns 
Soil: Gila Loam 
Experiment: Equilibrium time 

Time 
hrs 

Total Counts 
over a 90 minute period 

avg std cv 

0:00 6063 5934 5983 5993 53.17 0.009 
26:45 6036 6027 5993 6019 18.52 0.003 
51:50 6036 6027 5993 6019 18.52 0.003 
103:50 6174 6139 6082 6132 37.92 0.006 
122:15 6681 6580 6735 6665 64.24 0.010 
150:20 6344 6162 6207 6238 77.40 0.012 
172:05 6194 6246 6053 6164 81.54 0.013 
199:00 6124 6235 6241 6200 53.80 0.009 
218:55 6173 6212 6010 6132 87.49 0.014 
246:00 6124 6705 6854 6561 314.94 0.048 
270:00 6165 6060 6132 6119 43.84 0.007 
290:05 6006 6167 6282 6152 113.20 0.018 



Table A. 12 - Soil moisture calibration curve data for Gila Loam (18-inch 
diameter columns) at p = 1.3 g/cmA3 

18-inch columns 
Soil: Gila Loam 
Bulk density = 1.3 g/cmA3 

Moisture 
content 

Total Counts 
over a 90 minute period 

avg std cv 

0 55304 55846 56251 55800 387.96 0.007 
0 54840 54729 54845 54805 53.54 0.001 
0 55197 55623 55039 55286 246.64 0.004 
0 55412 55361 55927 55567 255.64 0.005 
0 55047 55131 55170 55116 51.32 0.001 
0 55263 55460 55754 55492 201.75 0.004 

0.06 53450 53337 53531 53439 79.56 0.001 
0.105 51989 51878 51848 51905 60.65 0.001 
0.146 51151 51158 51359 51223 96.44 0.002 
0.19 48817 49062 48586 48822 194.35 0.004 
0.228 47941 47628 48304 47958 276.23 0.006 
0.244 48101 48171 48239 48170 56.34 0.001 



Table A. 13 - Soil moisture calibration curve data for Gila Loam (in the field) 
p = 1.3 g/cmA3 

Holes dug in the field 
Soil: Gila Loam 
Bulk density = 1.3 g/cnT3 

Moisture 
content 

Total Counts 
over a 90 minute period 

avg std cv 

0.018 73287 72500 72601 72796 349.63 0.005 
0.069 67495 67774 67539 67603 122.48 0.002 
0.045 68252 68904 68941 68699 316.44 0.005 
0.036 68812 69648 69206 69222 341.48 0.005 
0.013 70718 70191 70606 70505 226.69 0.003 
0.015 69260 69225 69015 69167 108.19 0.002 
0.051 67082 67219 67424 67242 140.54 0.002 
0.072 66279 66161 66242 66227 49.28 0.001 
0.163 65036 64386 65267 64896 372.98 0.006 
0.18 64344 64247 64059 64217 118.31 0.002 

0.217 63160 63320 63426 63302 109.34 0.002 
0.137 65016 64946 65263 65075 135.97 0.002 
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APPENDIX B 

STATISTICAL MODEL 

The statistical model used in this experiment was adapted from Ott, 1984 from the 

section: "The calibration problem: predicting x for a given value of y". 

The model assumed was of the form 

yi = p0 + + e± (1) 

where the c,'s are independent and normally distributed random variables with mean zero 

and variance a}\ 

Using n data points, the least squares estimates /30* and (3* may be obtained. The interest 

is in evaluating x based on an observed y-value. The model is described below. 

Predictor of x: 

, . . 2 L l K  
p; 

where x* is the estimated value of x for a given y-value. 
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100(l-a)% prediction limits (PL) for x: 

xUtxL=xavg+-
(1 -C2) 

( X *~X a v g )  ± -
-tt/2 

p; n 
12+1 (l-C2) Xavg) 2 
n 

where 

2 _ SSE 
s6 ~  15=2 

SSi? = 5̂  - fas*,, 

. Txy .JL^JEH 
q1 _ kg/2ge 

( P ^ ) 2  

^ - E*» - -2^ 

and ta/2 is based on (n-2) degrees of freedom. 

To apply this model to the data, some manipulation had to be done in order to linearize 

the data. 
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The model used to analyze the data was the semi-infinite model, described in chapter 4. 

3, N{cpm) = On + — ^ 
" Ko 1 + 1.11 0 

A change of variable was performed, and the model became 

y = N = p0 + Pi x 

X = 1 

l + l . l l  0  

All the statistic evaluations were done for the linear model and then the values of x were 

changed back to 0 (moisture content). 
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APPENDIX C 

STATISTICAL RESULTS 

The model used for this fit was 

A + 1+1.11 0 

= Po + Pi * 

by running a regression fit using the Quattro Pro spreadsheet program, the results 

were: 

inch diameter): 

/30 = 19.2919 

ft = 29.9282 

r2 = 0.59288 

n = 27 

df = 25 

se = 1.618498 

b) Gila ft, = 30.7939 

ft = 16.2111 

r2 = 0.6584 

n = 27 

df = 25 

se = 0.75886 

1. Columns (three-

a) Brazito 



Columns (18 - inch diameter): 

0O = 227.8493 

ft = 387.7378 

r2 = 0.979896 

n = 36 

df = 34 

sc = 4.780141 

Holes 

00 = 379.6079 

0, = 398.8321 

r2 = 0.922057 

n = 36 

df = 34 

s£ = 7.209175 
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MODEL FIT 
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Figure D.l - Semi-infinite and finite size model fit for Gila Loam (three-inch 
diameter columns), with a bulk density of 1.4 g/cm̂  

counts per minute 

Semi-infinite 

0 . 0 5  0 . 1 5  

Finite-size sample 

Moisture content 

Figure D.2 - Semi-infinite and finite size model fit for Brazito Sandy Loam 
(three-inch diameter columns), with a bulk density of 1.5 g/cm̂  
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Figure D.3 - Semi-infinite and infinite size model fit for Gila Loam 
(18-inch diameter columns), with a bulk density of 1.3 g/cm3 
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Figure D.4 - Semi-infinite model fit for Gila Loam (in the field), with a 
bulk density of 1.3 g/cm3 
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