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Abstract: The radioactivity contributions of several daughter products of the
 235,238 

U and 
232

Th 

isotope decay chains within geological matrices can be assumed to be in equilibrium due to their age if they 

have remained undisturbed for an extended period of time.  Similarly, one can assume that the isotopic 

mass proportions are equal to natural isotopic abundance.  Current methods used to ascertain activity in 

these decay chains involve alpha particle spectrometry or ICP-MS, both of which can be laborious and time 

consuming.  In this research, thermal and epithermal neutron activation analysis of small samples of 

various geological materials is used in order to ascertain activities.  Through the use of NAA, cumbersome 

sample preparation and the need for large sample size and extended counting time are obviated.  In addition 

to the decay chains of uranium and thorium, 
40

K, another large contributor to naturally occurring 

radioactivity, is determined using epithermal neutron activation analysis to determine total potassium 

content, and then calculating its isotopic contribution based on its natural isotopic abundance.
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Chapter 1: Introduction 

 The bulk of naturally occurring radioactive material comes from two predominant 

sources:  cosmogenically created radionuclides and primordial radionuclides.  

Cosmogenic radionuclides are created through interactions between the sun’s rays and 

atoms in the upper atmosphere in an ongoing process, whereas primordial radionuclides 

have been around since the formation of the earth, decaying at measurable rates [1]. 

 Principally, most naturally occurring radionuclides that are not cosmically formed 

are part of larger decay schemes of two elements: thorium which has one naturally 

occurring primordial isotope, 
232

Th, and two uranium isotopes, 
235

U and 
238

U.  While 

other isotopes of thorium are found in nature, they are present only transiently as part of 

the decay chains of other primordial radionuclides.  While other radionuclides exist 

outside of these decay chains, few exist in such quantities to significantly contribute to 

the occurrence of natural radioactivity.  
40

K, the radioactive isotope of potassium, is an 

exception to this rule, as potassium’s ubiquity in nature makes it a considerable 

contributor to naturally occurring radioactivity.  Unlike thorium and uranium, however, it 

decays to stable daughter isotopes, and is not part of a larger decay chain.  Together with 

the decay chains of uranium(s) and thorium, 
40

K makes up the bulk of terrestrial radiation 

[2]. 

 While myriad techniques exist to quantitatively analyze these natural 

radionuclides, these nuclides possess properties which lend themselves to be effectively 

measured via neutron activation analysis.  Alternatively, measurements of these 
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radionuclides could require cumbersome analytical techniques, such as inductively 

coupled plasma mass spectrometry, alpha spectrometry, and/or passive counting [3-4].  

Excepting neutron activation analysis, these methods require labor intensive sample 

preparation, chemical separation, large sample sizes, or extended counting times.  While 

neutron activation analysis is limited by the low concentration of certain decay chain 

daughters, it can easily be implemented to quantify the parent nuclides in each decay 

chain [5].  Further because the half-lives of decay daughters are often short in relation 

their parent nuclide, activities for the entire chain could be extrapolated by assuming 

secular equilibrium of many nuclides within the sample. 

 By using neutron activation analysis, advanced sample preparation is avoided, as 

are lengthy detector counting times.  Neutron activation is sensitive to concentrations of 

as low as parts per billion, and activated samples can require as little as ten minutes of 

counting time.  This allows for the quick analysis of numerous samples in a short period 

of time, without sacrificing accuracy. 
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Chapter 2: Theory 

Decay Chains 

235
U Actinium Series 

 Beginning with 
235

U, the Actinium Series undergoes a number of decays before 

terminating with a stable isotope.  A detailed decay schematic can be seen in Figure 1: 

Actinium Decay Series below: 

 

Figure 1: Actinium Decay Series 
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•4.8 minutes 

207Pb 

STABLE 
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227

Ac may also undergo an alpha decay to become 
223

Fr, which then beta decays 

into 
223

Ra, thereby tying back into the decay series.  This occurs approximately one 

percent of the time. 

238
U, Radium Series 

Elementally, the Radium Series, which begins with the primordial radionuclide 

238
U, and as in the Actinium Series decays to a stable isotope of lead.  A detailed 

schematic of the Radium series can be seen in Figure 2: Radium Decay Series below: 

 

Figure 2: Radium Decay Series 
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232
Th, Thorium Series 

 Naturally occurring in only one primordial isotope, the Thorium Series decays as 

follows in Figure 3: Thorium Decay Series below: 

 

Figure 3: Thorium Decay Series 

  

40
K accounts for 0.01171 % of all potassium, however it is still a major 

contributor to the activity of naturally occurring radioactivity.  
40

K decays either through 

β
-
 decay to 

40
Ca with a 89.28% branching ratio or through electron capture to 

40
Ar with a 
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10.72% ratio.   This process is delineated in Figure 4: 
40

K Decay Scheme with Branching 

Ratios [6] below: 

 

Figure 4: 
40

K Decay Scheme with Branching Ratios [6] 

The Use of Neutron Activation Analysis for Quantifying primordial radioisotopes 

 Similarities between the actinide decay chains are apparent upon inspection, and 

many decay daughters have either very brief half-lives or decay via mechanisms, such as 

alpha decay, which can be laborious and costly (the use of an alpha spectrometer requires 

electroplating of samples) to detect.  The lead parent nuclides, however, possess 

properties which make them easily quantifiable using non-destructive neutron activation 

analysis.  As an analytical tool, neutron activation analysis is simpler to implement than 

other methods of elemental assays, such as various forms of mass spectrometry or alpha 

spectroscopy, however it is equally as accurate, and can detect concentrations of isotopes 

as low as parts per billion.  Furthermore, neutron activation analysis does not depend on 
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the chemical state of an analyte, but rather only on its nuclear interaction properties [7].   

Through neutron capture reactions and subsequent decays, the presence of a nuclide can 

be detected and quantified without any prior chemical or other specialized preparation. 

 Because the relative half-lives of the lead parent nuclides are significantly longer 

than all subsequent daughters in the decay chain, and the ages of the samples, being 

geologic matrices, a calculated concentration value of the parent nuclide can be very 

informative.  If one were to assume that all daughter nuclides in the decay chain were to 

be in secular equilibrium with the parent, based on their relative half-lives, one could then 

further extrapolate a value for total activity due to the entire decay chain.  Making use of 

the concept of specific activity, such an estimate can easily be calculated once the initial 

parent nuclides’ concentrations are quantified.   

Comparator method 

 Activation of nuclides in neutron activation analysis are governed by the 

activation equation, which mathematically describes the process of irradiation and 

subsequent decay, accounting for activation cross sections, neutron flux, and the 

respective decay times during irradiation, decay, and counting [7]: 

    (
 

 
)  (   

    )(     )(       )     (1) 

A= activity of activated product 

σ= microscopic activation cross section (barns) 

Φ=activating flux (n cm
-2

 s
-1

) 
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m=amount of the element to be determined 

M=atomic weight of element to be determined 

NA= Avogadro’s Number 

λ=decay constant of activation product 

ti= duration of irradiation 

td= time allowed to decay 

tc= time sample is counted 

θ=percent isotopic abundance of activated isotope 

Pγ=probability of emissions of photon with energy E 

ε= detector efficiency for measured radiation energy and detector geometry 

The implementation of the comparator method, in which the activation product 

activity of an unknown sample is compared with that of a standard with a certified 

concentration value, helps to simplify this equation.  The use of a standard effectively 

eliminates the σ, NA, M, θ, and Pγ terms, as these remain consistent when the same 

nuclide is being examined.  Furthermore, by using the same detector, the ε efficiency 

term will also cancel out.  By using the comparator method, the ratio of the activities of 

the unknown and the standard will reduce to (assuming irradiation time is kept 

consistent) [7]: 

               (
    

    
) (

(     )
   

(     )
   

) (
(       )

   

(       )
   

)
       

       
 (2) 

With this equation, the concentration of a nuclide can be determined, while taking 

into account variances in decay and counting time, which are oftentimes necessary based 
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on availability of detectors, and the overall activity of the sample, which can contribute to 

detector deadtime and measurement uncertainty. 

Activity Calculations 

 In order to translate the concentrations values to values for radioactivity, the 

specific activity, in units of Becquerels/gram, of each isotope was used.  These are 

displayed in Table 1: Specific Activities for Radioisotopes Analyzed below: 

Table 1: Specific Activities for Radioisotopes Analyzed 

Isotope Specific Activity (Bq/g) 

238
U 12,445 

235
U 80,011 

232
Th 4,070 

40
K 262,700 

 

Using these values, the radioactive contribution of each isotope in milli-Becquerels per 

gram of geologic matrix analyzed can be computed.   
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Thorium 

 

Figure 5: Thorium Standard Spectra 

 As aforementioned, thorium is naturally occurring in only one isotope, 
232

Th.  

When thorium is irradiated, it undergoes a neutron capture reaction with a thermal 

microscopic cross section of 7.4 b to become 
233

Th.  The newly formed 
233

Th, with a half-

life of 22.3 minutes, quickly undergoes a β
-
 decay to become 

233
Pa, which further decays 

to 
233

U via another β
-
 emission, with a half-life of 26.9 days.  There is an easily visible 

312.17 keV energy gamma ray that accompanies this decay of 
233

Pa approximately 38.4 

percent of the time, and using this peak area counts over background, we can quantify the 

concentration of thorium in the samples [8].  This photopeak can be seen in Figure 5: 

Thorium Standard Spectra above. 
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 For the thorium series, all half-lives in the decay chain are inconsequential with 

respect to the age of the geologic samples, and ergo all daughters can be assumed to be in 

secular equilibrium with the parent 
232

Th.  Using the known specific activity of 
232

Th, the 

entire decay chain’s activity can be accurately extrapolated. 

Uranium 

 

Figure 6: Uranium Standard Spectra 

 Unlike thorium, uranium naturally is present in several isotopes, namely 
235

U and 

238
U, with the latter making up the bulk of natural uranium at 99.27%.  

235
U, while a 

contributor to natural radioactivity, is naturally present in such miniscule concentrations 

that it is difficult to quantify using neutron activation.  
238

U, however, does lend itself to 

quantitative scrutiny via activation [8], and in the examined geologic matrices, one can 

assume natural isotopic abundance.  In addition to these two isotopes, small amounts of 
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234
U occur naturally, however this is solely an artifact of its presence in the 

238
U decay 

chain. For this analysis, 
238

U and 
235

U were assumed to exist in a constant proportion, 

based on their average naturally occurring isotopic abundances. 

Radium Series 

238
U, while having only a relatively small thermal radiative capture cross section 

of 2.72 barns, possesses a relatively large resonance integrated capture cross section of 

278.1 barns.  For this reason, along with the minimization of interfering activation 

products (as outlined in the experimental section), 
238

U is best analyzed through 

irradiation by neutrons of epithermal energies
6
.  The 

239
U (t1/2=23.45 minutes) product of 

neutron capture by 
238

U(n,γ)
239

U reaction of allows for uranium concentration to be 

measured through the 74 keV gamma ray emitted in conjunction with the β
-
 decay of 

239
U 

to 
239

Np, as visualized in Figure 6: Uranium Standard Spectra. 

By quantifying 
238

U, one can use characteristics of its immediate decay chain 

daughters to quantify activity due to 
234

Th (t1/2 = 24.1 days), 
234m

Pa (t1/2= 1.16 minutes), 

and 
234

Pa (t1/2= 6.7 hours), given their relatively short half-lives.  Confirmatory 

measurement of these isotopes may also be made directly through passive gamma ray 

spectrometry [3], however were not for this project.  
234

U, however, has a half-life of 

245,500 years, and its immediate daughter product, 
230

Th, has a half-life of 75,830 years.  

While these are present naturally only as transient members of the radium decay series, it 

is possible that, due to aberrations in sedimentation, concentrations of subsequent decay 

chain daughters could be in disequilibrium.  In particular, the alpha emission from 
238

U to 
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234
Th preceding the creation of 

234
U, creates a “recoil” effect, lessening the binding 

energy for the subsequent 
234

U, and increasing the chance for it to depart from the 

geologic matrix over long expanses of time[9-10]. For these reasons, any extrapolation of 

activity measurements beyond these nuclides is strictly an estimate, albeit an informed 

one.  In order to quantify activity due to all nuclides present in the, other nuclides, such as 

226
Ra, 

222
Rn, and 

210
Pb would need to be examined via some other form of analysis. 

Actinium series 

 
235

U, while not abundant enough to be analyzed directly via neutron activation 

analysis, can be determined by using its natural isotopic abundance in relation to 
238

U.  

Unlike 
234

U, 
235

U is not part of the 
238

U decay series, and its isotopic abundance is 

globally constant [11], save within the operations of the nuclear fuel cycle.  Such 

conditions, such as the intentional enrichment of the isotopic proportion of 
235

U, are not 

present in geologic matrices.  While some studies have shown small variations in isotopic 

concentrations of the uranium isotopes in geologic matrices [12-15], such discrepancies 

are not fully understood.  There is speculation that variances in the 
238

U/
235

U ratios can be 

attributed to higher initial Cm/U concentrations [16-18], or that chemical tendencies 

between the two isotopes, such lighter or odd numbered isotopes favoring certain 

chemical compounds versus their heavier counterparts [19].   These variations, however, 

fall within the errors of this analysis, and therefore are inconsequential to the final results.   

For this reason, we can assume the ratio between 
238

U/
235

U to be a constant value of 

137.88. 
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 This assumption allows for a separate calculation of the activity contribution of 

235
U based on the mass of the sample.  As 

235
U has a half-life an order of magnitude 

smaller than 
238

U (t1/2=7.037e8 years versus t1/2=4.46e9 years), it contributes substantially 

to naturally occurring radioactivity despite its relatively small isotopic contribution.  

While comprising only a small portion of all uranium, 0.720%, 
235

U’s activity 

contribution is about 2.29% of the total activity of one gram of natural uranium with 

standard isotopic abundances.  This is more than three times its isotopic proportion. 

 It can be assumed in geological specimens that the first daughter product, 
231

Th, 

of the Actinium decay chain is in secular equilibrium with 
235

U.  This is due to the 

relatively short half-life, t1/2=25.5 hours, of the 
231

Th present in the in the bulk material.  

However, the actinium series does have a long-lived intermediate decay product that 

prevents further analysis of the decay chain activity using a quantification of parent 

isotope concentration.  As 
231

Pa has a half-life of over 32,000 years, it cannot be assumed 

to be in secular equilibrium with 
235

U.  Furthermore, because it is present only as an 

artifact of this decay chain in such minute quantities, it is below the detection limits of 

neutron activation analysis.  In order to quantify 
231

Pa, more sophisticated mass-

spectrometry analysis is required. Studies have shown substantial geographic and 

temporal variance in the isotopic ratios of 
231

Pa in comparison to other more common 

isotopes of Pa [20].  Similarly to the measurements for 
238

U, the assumption of secular 

equilibrium beyond 
231

Pa provides only and informed estimate of the total decay chain 

activity. 
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Potassium 

 

Figure 7: Potassium Standard Spectra 

As with 
235

U, the isotopic contribution, 0.0117%, of 
40

K is too small to be 

observed directly through neutron activation analysis, even though it possesses a 

relatively large thermal neutron capture cross section of 30.0 barns.  Furthermore, 

absorption of a neutron by 
40

K creates 
41

K, a stable isotope.  For this reason, relationships 

between 
40

K and other potassium isotopes had to be employed in order to accurately 

measure its concentration, namely its concentration relative to 
41

K, which also undergoes 

radiative capture reactions with thermal and epithermal neutrons. 

It is possible to directly detect 
40

K via gamma spectrometry using its 1.46 MeV 

photopeak, accompanying its beta-decay [21].  This becomes problematic, however, 

when one takes into consideration the half-life of 
40

K, 1.277 x 10
9
 years, as well as its 
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low isotopic concentration.  In order to accomplish this, both a large sample size and 

extended detector counting time are required.  Moreover, the omnipresence of 
40

K 

background in the detector must be accounted for and subtracted, which further increases 

uncertainty and sources of error.  Neutron activation of potassium in the sample renders 

these conditions moot, and hence analysis becomes simpler and more efficient in terms of 

processing time. 

At 6.73%, 
41

K constitutes a larger portion of naturally occurring potassium, and 

has a radiative capture cross section resonance integral of 1.580 barns.  For reasons 

similar to those encountered when irradiating for uranium analysis, it is beneficial to 

activate with epithermal neutrons, in order to minimize activation of interfering nuclides 

and suppress the Compton continuum.  The 
41

K(n,γ)
42

K reaction gives off an easily 

visible 1,524 keV gamma as shown in Figure 7: Potassium Standard Spectra, and 

employing the natural isotopic ratios of potassium species, 
40

K can be determined, even 

with a small sample sizes and short counting times. 

 

 

 

 

 



 

17 
 

Chapter 3: Experimental 

Materials Selection: 

Five materials were selected based on reference values of their contents, 

indicating that they contained measurable quantities of uranium, thorium, and potassium.  

All five materials are geologic in nature, as the age of geologic materials ensures that 

isotopic ratios can be assumed to be of natural abundance, and the activity of the decay 

chain daughters will likely be in secular equilibrium with the parent nuclide.  Because of 

this, quantifying the concentrations of the initial parent nuclide will allow one can make 

an informed extrapolation about the overall activity of these materials, and express it in a 

per gram or per kilogram quantity.   

The five materials selected were as follows: 

1. NIST 4353a: Rocky Flats Soil #2 [22] 

2. CCRMP SO-1: Canadian Reference Soil [23] 

3. USGS AGV-2 : Guano Valley Andesite [24] 

4. USGS BCR-02: Columbia River Basalt [24] 

5. USGS SGR-1b : Green River Shale [25] 

Sample Preparation 

In an effort to keep sample sizes small, approximately two-hundred milligrams of 

each material were weighed out and encased in small polyethylene vials.   Fifteen 

samples of each substance were prepared in order to provide triplicate sets for each of the 
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nuclides to be analyzed.   In addition to the five substances, flux wires of 99.999% purity 

aluminum were prepared for flux monitoring between irradiations.  This was of particular 

importance when samples were irradiated for investigating potassium content, as due to 

time restrictions, several sets of samples were irradiated at different times.  The average 

flux wire mass was around 4 milligrams.  The sample vials were nested in larger two 

dram vials for use in various experimental facilities available for irradiation. 

 All samples were analyzed using neutron activation analysis.  Because neutron 

activation analysis relies solely on the nuclear properties of the analyzed material, the 

samples were prepared sans the implementation of any pre-chemistry or specialized 

preparation prior to irradiation, save drying (if H2O is present) and powdering of the 

sample.  As the comparator method was used to quantify elemental concentrations, 

standard materials with certified concentration values were prepared in addition to the 

geologic samples.  For thorium and uranium analysis, certified liquid standards from 

Inorganic Ventures were used: 

1. Uranium Liquid Standard: 10.000 ± .058 μg/mL, density: 1.005 g/mL [26] 

9.950 ± .0577 PPM 

2. Thorium Liquid Standard: 10.036 ± .021 μg/mL, density: 1.019 g/mL [26] 

9.848 ± .0206 PPM 

For potassium analysis, a NIST geologic standard, Montana Soil 1: 2710a [27], was used 

as a standard for which to compare potassium content.  The potassium content, certified 

by weight percent in this standard was 2.17 ± .13 %.  Multiple attempts were made to use 
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a similar liquid sample analogous to those for the analysis of both thorium and uranium, 

however the standard, once irradiated, exhibited inconsistent behavior between 

irradiation sets, and therefore a different standard was used.  The NIST Montana Soil 1 

was selected based on similarities to other geologic matrices being examined, as well as 

its comparable levels of potassium. 

 Irradiations 

All irradiations were done using The University of Texas’ Mark II TRIGA 

(Training, Research, Isotopics, General Atomics) 1.1 MW reactor, making use of several 

experimental facilities [28].  Irradiation, decay, and counting times were all particular to 

the nuclide being analyzed.  Irradiation techniques and times were based on 

characteristics such as cross sections and analyzed activation product’s half-life.  In 

general, decay times were chosen to allow for a diminished  interference from activation 

products, with minimal sacrifice of signal from the desired analyte.  Counting times were 

dictated by signal strength, detector deadtimes, and half-lives of activation products.  

Epithermal irradiations were achieved by use of a cadmium liner surrounding the sample 

as it was irradiated.  Cadmium, while highly absorbent in terms of thermal neutrons, is 

essentially invisible to those of epithermal energies.  Using this technique, we can exploit 

various nuclear properties of both the nuclides analyzed, as well as circumvent 

undesirable interference from short lived activation products with large thermal cross 

sections.  A table summarizing the experimental procedure followed for each set of 
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samples is seen below in Table 2: Irradiation Parameters, while detailed descriptions 

follow: 

Table 2: Irradiation Parameters 

Nuclide 

examined Technique Power 

Irradiation 

Time 

Decay 

Time 

Count 

Time 

Thorium Thermal 950 kW 2 hours 1 week 1 hour 

Uranium Epithermal 100 kW 1 minute 10 minutes 10 minutes 

Potassium Epithermal 500 kW 5 minutes 12 hours 1 hour 

 

Thorium 

Table 3: Thorium Sample Data 

Samples for Th Analysis 

Sample Number Substance Mass (g) 

M3074 NIST Rocky Flats Soil, 4353a 0.12275 

M3075   0.14670 

M3076   0.16120 

M3083 Canadian Reference Soil, SO-1 0.22739 

M3084   0.19791 

M3085   0.21521 

M3092 Columbia River Basalt, BCR-2 0.26047 

M3093   0.25354 

M3094   0.26032 

M4001 Guano Valley Andesite, AGV-2 0.20163 

M4002   0.17640 

M4003   0.19121 

M4010 Green River Shale, SGB-1b 0.15293 

M4011   0.15380 

M4012   0.14692 
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For investigating thorium, sample data in Table 3: Thorium Sample Data above, 

which has a thermal microscopic radiative capture cross section of 7.4 barns, samples 

were irradiated for two full hours in the reactor’s rotary specimen rack (RSR) at full 

power of 950 kW, in order to maximize sample exposure to neutron flux.  Because of the 

time length of the irradiation, the RSR’s symmetry, and rotational motion, aluminum 

wires as flux monitors were not used.  Because of the long irradiation time, the samples 

were left alone for one week to allow for short- and medium-lived activation products to 

decay away, as well as allow for safe handling.  Because the isotope counted, 
233

Pa, has a 

relatively long (approximately 27 day) half-life, there was not significant decrease in 

activity, and the thorium could accurately be quantified.  Thorium concentration was 

evaluated through the 312.74 keV photopeak of its 
233

Pa activation product, as shown in 

the Figure 8:  
233Pa

 Decay Scheme with Gamma Emissions [6] below. 

 

Figure 8:  
233

Pa Decay Scheme with Gamma Emissions [6] 
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Uranium 

Table 4: Uranium Sample Data 

Samples for U Analysis 

Sample Number Substance Mass (g) 

M3077 NIST Rocky Flats Soil, 4353a 0.13624 

M3078   0.14554 

M3079   0.15080 

M3086 
Canadian Reference Soil, 

SO-1 0.20644 

M3087   0.21970 

M3088   0.21016 

M3095 
Columbia River Basalt, 

BCR-2 0.24156 

M3096   0.26213 

M3097   0.25609 

M4004 
Guano Valley Andesite, 

AGV-2 0.18352 

M4005   0.21013 

M4006   0.22249 

M4013 Green River Shale, SGB-1b 0.14026 

M4014   0.13351 

M4015   0.14656 

 

 Uranium samples as listed above in Table 4: Uranium Sample Data were 

analyzed with the use of epithermal neutrons in the automatic pneumatic transfer system.  

The benefits of using epithermal neutrons versus thermal, especially for brief irradiation 

and decay time, are numerous.  
238

U has a large microscopic epithermal neutron capture 

cross section, with a resonance integral of 278.1 barns.  Furthermore, irradiation with 

epithermal neutrons decreases the activation of species with large thermal absorption 

cross sections prevalent in geologic matrices.  For short-lived neutron activation analysis, 

the ubiquitous presence of sodium and chlorine will interfere with the detection of low-
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level nuclides.  Thermal reactions such as 
23

Na(n,γ)
24

Na and 
37

Cl(n,γ)
38

Cl  are 

particularly egregious.  Apart from contributing to a larger background signal, these 

activation products result in increased detector dead times and an enlarged Compton 

Continuum.  These nuclides have considerably smaller epithermal cross sections, so 

irradiation by neutrons of epithermal energies reduces their interfering effects. 

Samples were irradiated for one minute at 100 kW and allowed to decay for ten 

minutes, the maximum programmable decay time for the automatic system, to allow for 

the decay of the shortest-lived activation products.  This allowed for adequate analysis of 

the 74 keV photopeak of the 
238

U(n,γ)
239

U activation product, which has a 23.45 minute 

half-life, while minimizing detector dead times.  While many gamma rays might 

accompany this decay, the 74 keV possesses the largest relative intensity, as can be seen  

in Figure 9: 
239U

 Decay Scheme with Gamma Emissions [6] below.  By quantifying the 

238
U present, standard isotopic ratios were assumed to arrive at quantities for both 

235
U 

and estimate those of 
234

U.  While there has been some research suggesting that 

fractionation of the 
238

U/
235

U based on preferential chemical bonds between the heavier 

and lighter isotopes, such variations, as documented, as small and within the errors of this 

analysis [16].No flux monitors were used during this set of irradiations, however a three 

percent variance in the flux was assumed.  
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Figure 9: 239U Decay Scheme with Gamma Emissions [6] 
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Potassium 

Table 5: Potassium Sample Data 

Samples and Al Wires for K Analysis 

Sample Number Substance Mass (g) Al Wire Wire Mass (g) 

M3080 NIST Rocky Flats Soil, 4353a 0.13922 M4019 0.00316 

M3081   0.15488 M4020 0.00387 

M3082   0.20852 M4036 0.00465 

M3089 Canadian Reference Soil, SO-1 0.18321 M4022 0.00282 

M3090   0.20000 M4037 0.00371 

M3091   0.26203 M4038 0.00388 

M3098 Columbia River Basalt, BCR-2 0.24989 M4025 0.00295 

M3099   0.26095 M4039 0.00367 

M4000   0.26095 M4027 0.00323 

M4007 Guano Valley Andesite, AGV-2 0.20376 M4028 0.00326 

M4008   0.19592 M4040 0.00492 

M4009   0.21404 M4030 0.00360 

M4016 Green River Shale, SGB-1b 0.13118 M4031 0.00334 

M4017   0.14764 M4041 0.00439 

M4018   0.15172 M4033 0.00511 

 

Potassium is prevalent in nature, existing in three isotopic forms: 
39

K (93.258%), 

40
K(.00117%),  and 

41
K (6.73%).  Individual data for samples analyzed for potassium is 

given in Table 5: Potassium Sample Data above.  While potassium is not particularly 

scarce in geologic matrices, only 
40

K is naturally radioactive, however given its small 

contribution to total potassium concentration, it is difficult to analyze directly via neutron 

activation.  For this reason, the radiative capture reaction of 
41

K(n,γ)
42

K was utilized for 

potassium analysis, which emits a 1,524 keV a shown in Figure 10: 
42K

 Decay Scheme 

and Gamma Emissions [6] below.   
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Figure 10: 42K Decay Scheme and Gamma Emissions [6] 

41
K possesses a resonance integral microscopic capture cross section of 1.58 

barns.  For similar reasons to those for uranium analysis, particularly large thermal 

absorption by nuclides in the geologic matrix that result in interference and/or increased 

dead time, samples were irradiated with neutrons at epithermal energies.  Because of the 

lower cross section, the samples were irradiated for five minutes at a power of 500 kW.  

The half-life of the activation product, 
42

K , is 12.3 hours, so samples were allowed to 

decay for approximately ten hours prior to counting. 

 Because of the necessary length of irradiation and decay times, the samples 

analyzed for potassium required the use of the manual pneumatic irradiation system, one 

at a time.  Unlike those analyze for uranium, each sample had to be set up and irradiated 

individually, and because samples were irradiated at different times, the use of ultra-pure 
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(99.999%) aluminum wires as flux monitors was necessary, in order to account for 

differences in the reactor power level and neutron flux from day to day. The activation of 

aluminum, while relatively short lived, did cause the samples to be too radioactively hot 

to handle for several minutes.  Because of the short lived activation, however, the wires 

had to be counted soon after irradiation.  Wires were allowed to decay for anywhere 

between thirty minutes to one hour before counting, to allow for safe handling and 

minimal dead time.  The flux variations were measured using the 843.76 keV photon that 

accompanies the beta decay of 
27

Mn, which is the activation product via the 

27
Al(n,p)

27
Mn reaction.  The spectra for a typical irradiated wire can be seen below in 

Figure 11: Spectra from an Al flux Wire, with the 843.76 keV peak highlighted: 

 

Figure 11: Spectra from an Al flux Wire 
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Counting procedure 

 Post irradiation, samples to be analyzed for thorium and potassium were counted 

using an ORTEC Model GMX25P4-70, a high purity germanium crystal detector, cooled 

with liquid nitrogen.  For ease of counting and to avoid having to manually set up each 

sample, the automated sample changer was used, with detector presets for the expected 

number of samples and desired detector live time.  For thorium, after a week of decay 

time (necessary due to the activation products from the long irradiation time), and each 

sample was counted for one hour of live time.  For potassium, samples were also counted 

for one hour live time each, following ten hours of decay.  Additionally, as aluminum 

wires were irradiated in conjunction with the potassium samples, after their initial decay, 

were carefully separated from their corresponding geologic sample and counted 

individually.  These were counted for five minutes live time each. 

 Samples analyzed for uranium were counted using the automated pneumatic 

system, which allows for samples to be shot into the reactor from the lab, decay for a 

prescribed period of time, and then counted, all within the same pneumatic tube.  These 

were counted on an ORTEC Model GMX25190-S HPGe crystal detector, which is 

attached to the pneumatic system.  The use of this fully automated system allows for fast 

irradiation of samples, avoids the need for handling hot samples, and assists in rapid 

transfer to detector, resulting in standardized counting times.  After these specified count 

times, the resultant gamma spectra were analyzed using the aforementioned energy peaks 
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for their respective elements with the comparator method for instrumental neutron 

activation analysis (as outlined in the Theory section). 
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Chapter 4: Results 

Thorium 

232
Th concentrations were found using neutron activation analysis.  The 

concentrations, as compared with the reference values for the materials irradiated, are 

shown in Table 6: Thorium Concentrations and Activities.  As can be seen, the values for 

thorium concentration are in agreement with all reference values, as all error bars 

between mean concentration between the three samples and the reference values overlap.  

From these data, the activity of the entire decay chain of thorium can be extrapolated to 

provide for an estimate of total activity based on the concentration of the primary parent 

nuclide.  The average detection limit for thorium concentrations was 0.2753 parts per 

million. 

Table 6: Thorium Concentrations and Activities 

Substance 

Th Concentration 

(PPM) 

Error 

+/- Mean 

Mean 

Unc (+/-) 

Reference values 

(PPM) 

Th Activitiy 

mBq/g 

Mean Act 

mBq/g 

Rocky Flats Soil #2  18.575 0.236 18.516 0.393 18.1 +/- 3.5 75.599 75.362 

  18.774 0.228       76.409   

  18.201 0.217       74.077   

Canadian Reference 

Soil SO-1  11.116 0.154 11.192 0.275 12.4 +/- 1.2 45.242 45.552 

  11.393 0.166       46.368   

  11.068 0.157       45.046   

Columbia River 

Basalt BCR-02  6.171 0.129 6.023 0.223 6.2 +/- .7 25.116 24.513 

  6.007 0.122       24.450   

  5.890 0.135       23.974   

Guano Valley 

Andesite  6.051 0.116 5.968 0.208 6.1+/- .6 24.628 24.290 

  5.712 0.122       23.247   

  6.142 0.122       24.996   

Green River Shale  4.446 0.083 4.602 0.168 4.8 +/- .21 18.095 18.731 

  4.639 0.101       18.880   

  4.722 0.105       19.217   



 

31 
 

 

Uranium 

 In the analysis of uranium concentration in the sample, the agreement of the 

measured concentration values and the reference values demonstrate the effectiveness of 

using epithermal neutron activation analysis to quickly and accurately determine uranium 

content in geologic matrices.  With an average detection limit of 0.3550 parts per million, 

these results are displayed in the Table 7: 
238U

 Concentrations and Activities below: 

Table 7: 
238

U Concentrations and Activities 

Substance 

238U 

Concentration 

(PPM) 

Error 

+/- Mean 

Mean 

Unc 

Reference 

values (PPM) 

238U Activity 

(mBq/g) 

Mean Activity 

(mBq/g) 

Rocky Flats Soil #2  3.328 0.168 3.401 0.093 3.2 +/- .3 41.415 42.321 

  3.328 0.155       41.418   

  3.546 0.159       44.130   

Canadian Reference 

Soil SO-01  1.923 0.126 1.871 0.073 1.71 +/- 0.04 23.926 23.281 

  1.934 0.126       24.065   

  1.756 0.128       21.851   

Columbia River 

Basalt BCR-002  2.067 0.127 1.953 0.069 1.69 +/- 0.19 25.724 24.304 

  1.723 0.109       21.443   

  2.069 0.122       25.744   

Guano Valley 

Andesite  2.141 0.134 2.102 0.076 1.88 +/- 0.16 26.646 26.166 

  1.997 0.136       24.855   

  2.169 0.126       26.995   

Green River Shale  4.920 0.183 5.006 0.106 5.4 +/- 0.4 61.223 62.303 

  5.044 0.191       62.776   

  5.055 0.177       62.908   

 

 The values for activity can easily be translated to activity for 
238

U first two 

daughter products, 
234

Th and 
234

Pa, as their half –lives are relatively very shorts.  The 

activities of these two daughter products are equal to the activities present in Table 6.  
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For daughter products 
234

U and beyond, however, such an extrapolation of activity levels 

is purely an estimate. 

 Furthermore, the concentration of 
238

U can be used to calculate the activity 

contribution of the 
235

U, based on its naturally occurring isotopic abundance.  The values 

of 
235

U are displayed in Table 8: 
235U

 Concentrations and Activities, based on 
238U

 /
235U

 

Isotopic Ratios below: 

Table 8: 
235

U Concentrations and Activities, based on 
238

U /
235

U Isotopic Ratios 

Substance 

235U Concentration 

(PPM) 

Error 

+/- Mean 

Mean 

Unc 

235U Activity 

(mBq/g) 

Mean Activity 

(mBq/g) 

Rocky Flats Soil #2  0.0240 0.0012 0.0245 0.001 1.92 1.96 

  0.0240 0.0011     1.92   

  0.0255 0.0011     2.04   

Canadian Reference Soil 

SO-01  0.0138 0.0009 0.0135 0.0005 1.11 1.08 

  0.0139 0.0009     1.11   

  0.0126 0.0009     1.01   

Columbia River Basalt 

BCR-002  0.0149 0.0009 0.0245 0.0007 1.19 1.13 

  0.0124 0.0008     0.99   

  0.0149 0.0009     1.19   

Guano Valley Andesite  0.0154 0.0010 0.0151 0.0005 1.23 1.21 

  0.0144 0.0010     1.15   

  0.0156 0.0009     1.25   

Green River Shale  0.0354 0.0013 0.0360 0.0008 2.83 2.88 

  0.0363 0.0014     2.91   

  0.0364 0.0013     2.91   

 

These activity values can be assumed to equal the activity of the first daughter 

product of the 
235

U decay chain, 
231

Th, however 
231

Pa, with a half-life of 32,760 years, 

would need to be measured via alternate means in order to ensure that any projection of 

activity values beyond 
231

Th is more than a mere estimation. 
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Potassium 

The results for the determination of potassium content based on the observed 

reaction of 
41

K(n,γ)
42

K had an average detection limit of 0.0713 percent, and are found in 

Table 9: Potassium concentration and 
40 

K Radioactivity Contribution based on isotopic 

ratiosError! Reference source not found. below, with the activity contribution of 
40

K as 

calculated based on natural isotopic abundances: 

Table 9: Potassium concentration and 
40 

K Radioactivity Contribution based on isotopic ratios 

Substance 

K concentration 

(%) 

Error 

+/- 

Mean 

Concentration 

Mean 

Uncertainty 

Reference 

Values 

40K Mean Act 

mBq/g 

Rocky Flats Soil #2  1.679 0.107 1.841 0.066 1.70 ± 0.18 608.10 

  1.774 0.109         

  2.070 0.128         

Canadian Reference Soil 

SO-1  2.384 
0.149 

2.716 0.097 2.64  ±  0.06 731.47 

  3.011 0.186         

  2.753 0.169         

Columbia River Basalt 
BCR-02  1.363 0.088 1.515 0.055 1.49 ±  0.047 521.83 

  1.582 0.100         

  1.601 0.099         

Guano Valley Andesite  2.239 0.142 2.489 0.090 2.39  ± 0.09 673.79 

  2.684 0.167         

  2.543 0.157         

Green River Shale  1.295 0.088 1.439 0.055 1.38 ± 0 .08 442.80 

  1.564 0.103         

  1.459 0.092         

 

 Although 
40

K makes up a miniscule portion of naturally occurring potassium 

altogether, the relative abundance of potassium in nature augments its overall activity 

contribution.  As can be seen from the data calculated in the tables for both uranium 

isotopes and thorium, 
40

K is the greatest contributor to naturally occurring radioactivity 
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per gram for all samples, and its contribution per unit mass is greater than all three other 

isotopes combined 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

35 
 

Chapter 5: Conclusions 

 This work has demonstrated the effectiveness of using both epithermal and 

thermal delayed instrumental neutron activation analysis to quickly, but precisely, 

determine the concentration of the nuclides, 
238

U, 
235

U, 
232

Th, and 
40

K.  Along with their 

respective decay schemes, these nuclides comprise the bulk of naturally occurring 

terrestrial radioactivity.  While prior work has been conducted to examine the occurrence 

of these nuclides, it typically is achieved by way of more invasive analytical methods.  

The analytical results found here, which agree with predetermined reference values, were 

achieved without the use of large sample sizes or extended counting times, as is the 

common when examining 
40

K directly through passive gamma ray spectroscopy.  

Likewise, the laborious tasks of difficult and time consuming sample preparation, as is 

necessary when using alpha or mass spectrometry methods to ascertain activities of alpha 

emitters or uranium isotope concentrations, are also avoided. 

Certain limitations of the use of neutron activation analysis were also observed, 

such as its inability to distinguish decay chain daughters due to their ultra-low 

concentrations.   However, the efficacy of neutron activation analysis as a method for 

analyzing the principle parent nuclides at the top of each decay scheme has been 

confirmed, and while this data may not lend itself to an exact calculation of the total 

radioactivity contribution from each decay chain daughter, it can provide for an 

informative prognostication as to how much radioactivity is attributable to the principal 

primordial nuclides and their eventual decay schemes.  
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