











Figure 46. Scatter plot, color-coded by species, of results of PCA performed on fallout
element intensity data for five elements (Ca, Si, Fe, K, and Ti) that was first scaled
based on the autoradiography pixel value associated with each spectrum. Regions with
more radioactivity trend toward the right-hand side of the plot.

In this plot, the data points with the highest activity, scaled with a value closer
to one, appear at the far right of the scatter plot, while the data points with the
lowest activity, scaled with a value closer to zero, appear at the far left. This plot
indicates that samples 114 and 221 demonstrate the locations with the most intense
radiation. This is verified by using a series of conditional statements to sort the
scaled autoradiography values into categories; again, samples 114 and 221 show the
most intense radiation. The least radioactive sample is 131, which has the highest

Cu content of the fallout samples.
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As a final step, average intensity and mass percentage values for each of the five
elements used in the model were collected for locations with top-10% radiation values.
The results of this data collection are shown in Tables 11 and 12. For reference, the
average values of these intensities and mass percentages for all eleven samples are

provided as well.

Table 11. Element intensity averages for locations with the highest amount of activity
compared to element intensity averages for each sample.

Sample Si Ca Fe K Ti Cu
“Hot Spots” | 418.28 | 690.36 | 358.44 | 62.58 | 12.97 | 1.80
Sample 111 | 275.81 | 299.79 | 211.61 | 12.18 | 6.89 | 42.46
Sample 112 | 295.17 | 332.73 | 183.22 | 40.53 | 9.07 | 42.43
Sample 113 | 165.55 | 247.55 | 201.92 | 25.25 | 6.41 | 48.47
Sample 114 | 193.58 | 348.79 | 228.94 | 9.87 | 7.37 | 42.83
Sample 115 | 188.96 | 281.95 | 204.84 | 9.87 | 6.20 | 46.37
Sample 221 | 172.75 | 294.15 | 177.19 | 26.38 | 6.33 | 42.75
Sample 232 | 247.81 | 348.56 | 236.18 | 30.25 | 8.51 | 47.69
Sample 241 | 138.90 | 237.11 | 182.12 | 22.62 | 6.17 | 53.47
Sample 244 | 177.60 | 203.04 | 176.61 | 24.09 | 5.64 | 47.93
Sample 142 | 167.35 | 265.59 | 207.94 | 29.76 | 6.31 | 43.40
Sample 131 | 2.18 0.57 | 4890 | 0.68 | 1.09 | 71.54

Table 12. Element mass percentage averages for locations with the highest amount of
activity compared to element mass percentage averages for each sample.

Sample %Si | %Ca | %Fe | %K | %Ti | %Cu
“Hot Spots” | 42.89 | 31.94 | 5.41 | 3.44 | 0.528 | 0.043
Sample 111 | 46.56 | 22.05 | 4.13 | 1.19 | 0.38 | 0.08
Sample 112 | 42.68 | 21.93 | 3.15 | 3.38 | 0.45 0.09
Sample 113 | 36.33 | 23.49 | 5.62 | 3.07 | 0.46 | 0.16
Sample 114 | 33.98 | 27.28 | 5.82 | 3.19 | 0.49 | 0.13
Sample 115 | 40.01 | 25.37 | 5.47 | 1.15 | 0.45 | 0.35
Sample 221 | 37.05 | 27.39 | 4.57 | 3.12 | 0.46 0.12
Sample 232 | 40.23 | 23.98 | 4.67 | 2.79 | 0.46 | 0.20
Sample 241 | 36.22 | 25.95 | 5.76 | 3.44 | 0.54 0.36
Sample 244 | 42.99 | 22.05 | 4.87 | 3.42 | 0.44 0.23
Sample 142 | 35.37 | 26.83 | 7.20 | 4.17 | 0.03 0.22
Sample 131 | 0.73 | 0.36 | 3.29 | 0.00 | 0.31 1.23

When considered in terms of difference between average “Hot Spot” values and av-
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erage fallout values, Cu presence was a significant factor. The numerical results of this
study indicate that the amount of Cu present in high-activity regions is significantly
lower than in less radioactive regions of fallout, with an average mass percentage of
0.04 4+ 0.03 for hot spots and an average mass percentage of 0.29 4 0.3 for all samples.
When the Cu-rich sample 131, the least radioactive sample and a significant outlier,
is removed from the data set, the average over all of the measured samples was a
mass percentage of 0.19 £ 0.09.

This analysis also identified Ca as an indicator of activity. The two samples with
the highest activity levels, 114 and 221, show the highest average concentrations of
calcium among all eleven fallout samples. Ca prevalence in regions of high activity
has held true in previous studies, which was noted in a preceding section of this paper.
The numerical results of this study indicate that the amount of Ca present in high-
activity regions is 4-10% higher than in less radioactive regions of fallout, with an
average of 31.94 + 3.9% for hot spots and an average of 24.63 4+ 2.2% for all samples.

Because a previous study on the same set of fallout found that activity was most
concentrated in regions composed of mafic glass [3], which can be identified based on
significant amounts of Ca, Fe, and Mg, the latter two elements were also investigated
more closely. Mg presence was also notable, contributing to 1-2% more of the compo-
sition of the regions of fallout with the highest activity. This is a significant increase,
given that, on average, Mg levels throughout the fallout averaged 3.35 £ 0.3%. High
activity areas averaged 4.70£0.8%. While increased Fe presence was not statistically
significant, regions of high activity did exhibit slightly more Fe than the fallout sam-
ples on average. Average values were 5.41 +0.7% for hot spots and 5.13+1.1% for all
samples. Based on these results, the theory of mafic glass composition in high-activity

regions is now supported by micro-XRF analysis in addition to previous techniques.
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7. Conclusion

7.1 Conclusions of Research

The aim of this research was to develop a method for rapid detection and analysis
of actinides and correlated materials in nuclear fallout debris using micro-XRF and
PCA. This was accomplished through the completion of two main projects. The first
was a collaborative effort with NIST and the FBI Laboratory to produce an SRM that
is a surrogate for glassy nuclear fallout debris in a modern urban environment, which
will be useful to researchers for the development and validation of nuclear forensics
methods. The second was a quantitative analysis of element-actinide correlation in
real nuclear test fallout debris, which will contribute further to the body of knowledge
surrounding the formation of nuclear fallout.

The first objective, which sought the creation of a NIST SRM that would simulate
nuclear fallout while remaining consistent across all samples, has progressed with
promising results. The samples analyzed in this study proved to be very similar, with
a 1.515% difference in composition based on the first two principle components, which
accounted for up to 79% of the variance in the samples. Preliminary infinite thickness
was found to be achieved at a depth of 2.242 mm, resulting in a minimum sample size
of 0.607 g for the equipment used in this study. Furthermore, it was shown that for a
simplified model, the SPUD material becomes indistinguishable from a bulk sampling
of real nuclear fallout material. This result suggests that, though the resemblance
may not be exact, the SPUD material is a reasonable facsimile for nuclear fallout in
terms of laboratory method testing.

The second objective, which sought to separate the actinides in fallout based on
collocated media, also proved successful in that the ninetieth percentile of radioactive

locations were shown to exist in regions with similar elemental compositions. It was
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shown that the best elemental descriptors of variance in fallout are Ca, Si, Fe, K, Ti,
and Cu. Ca was shown to exist in levels 4-10% higher than average in the regions
of the fallout that exhibited the highest activity, and Mg was shown to exist in
levels 1-2% higher, supporting Dierken’s earlier conclusion that fallout regions with
higher activity tend to be found in mafic glass. The sample with the least activity,
sample 131, had the highest Cu content, while regions with higher activity were
found to be depleted in Cu. Only 11 fallout samples were examined in this study, so
substantial further work is needed in this area, but this technique shows promise in

the identification of areas of interest in nuclear fallout.

7.2 Recommendations for Future Research

Due to time constraints, only two SPUD samples were analyzed in this study.
Currently, 13 more exist at AFIT, and a likely further 15, this time doped with 22%
U-235, will eventually require analysis. It is recommended that the analysis performed
on these samples mirror the analysis performed in this study as closely as possible.

The historical fallout from the Nevada Test Site was all acquired from the same
test area, and only 11 samples were able to be analyzed. A further study of the
remaining samples provided, as well as samples from tests accomplished in differ-
ent environments and under different conditions, should be performed. An analysis
of prominent chemical compositions within glassy fallout features, rather than an
element-by-element analysis, will likely provide additional information in terms of
actinide correlation. Additionally, if and when higher-quality autoradiography film
becomes available, it should be used to obtain data for any fallout relevant to fu-
ture studies. It is predicted that experimental accuracy will increase significantly as
autoradiography image quality increases.

The PCA analysis used in this experiment is adequate for a relatively small number
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of samples in a user-supervised setting. However, large-scale data analysis is likely
better suited to unsupervised computing. Further work in this area may allow the
classification of fallout samples to be assigned to a machine learning system that uses
PCA to reduce data set dimensionality while maintaining a low error value. NIPALS
PCA, which generates only a few of the most important PCs for any given data
set [35], may be particularly well-suited to this process.

A possible further application of PCA analysis to this research that has not yet
been explored is a specific study of the uranium content across different samples.
Isotopic differences in uranium can often be traced to particular geographic locations
or enrichment techniques, allowing the nuclear forensic scientist to identify potential
sources of material in a weapon detonated by an unknown entity. Follow-on work
would include a study to be performed on specific uranium fluorescent lines in an

attempt to match line shape characterizations with identifiable environmental factors.

7.3 Significance of Research

A standard reference material for post-detonation, fresh-fission product nuclear
fallout in a modern urban environment was created and tested. Once its development
and characterization are complete, it will be used to reliably test nuclear forensics
measurement capabilities and techniques, thereby improving method development,
validation, testing, and preparedness in the nuclear forensics community. It also
allows the FBI Laboratory, among other government agencies, to demonstrate the
efficacy, accuracy, and precision of their analysis methods, providing needed legal
defensibility of evidence analysis.

This research also provides further development of a method intended to further
advance nuclear forensic analysis speed and efficiency through the rapid identification

of areas of interest in nuclear fallout samples. This method, though it still requires
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more refinement, is simple and straightforward. It does not require extended periods
of data acquisition or a significant amount of computer processing power, allowing
for execution and analysis of results that could be accomplished within a matter of

hours.
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