AN ABSTRACT OF THE DISSERTATION OF

Joshua Thomas Hargraves for the degree of Doctor of Philosophy in Radiation Health
Physics presented on May 17, 2023.

Title: Advancements in Phytoremediation, Dosimetry, and Environmental
Radiological Protection: Integrating Endemic Plants, Anatomically Accurate
Phantoms, and Real-world Data for Improved Assessments

Abstract approved:

Kathryn A. Higley

The environmental impact of the nuclear industry has prompted the need for
innovative remediation strategies and accurate radiological assessments. This paper
synthesizes three studies that collectively explore the potential of endemic plant
species for phytoremediation, the development of anatomically accurate phantoms for
precise dosimetry calculations, and the critical evaluation of International
Commission on Radiological Protection (ICRP) guidelines using in situ plant
analyses. The first study investigates phytoremediation at legacy uranium mining
sites in the Colorado Plateau, focusing on endemic plant species such as Sporobolus
airoides, Helianthus petiolaris, Kochia scoparia, and Atriplex canescens. The second
study scrutinizes the environmental radiological protection guidelines proposed in
ICRP Publications 108 and 136 through the lens of in situ plant analyses, revealing
the potential for refining the Reference Animals and Plants (RAPS) approach and
dose coefficients. Lastly, the third study introduces FSOPhantom, an open-source
software designed for generating anatomically accurate phantoms from CT and MRI
images, producing a novel dosimetric model for the common banana (Musa
acuminata Colla) as an example. By integrating innovative remediation strategies,
anatomically accurate dosimetry models, and real-world data, this research aims to
enhance the assessment and management of radiological contamination, ultimately

contributing to more effective environmental protection and public health outcomes.



©Copyright by Joshua Thomas Hargraves
May 17, 2023
CCBY 4.0



Advancements in Phytoremediation, Dosimetry, and Environmental Radiological
Protection: Integrating Endemic Plants, Anatomically Accurate Phantoms, and Real-
world Data for Improved Assessments

by
Joshua Thomas Hargraves

A DISSERTATION

submitted to

Oregon State University

in partial fulfillment of
the requirements for the
degree of

Doctor of Philosophy

Presented May 17, 2023
Commencement June 2023



Doctor of Philosophy dissertation of Joshua Thomas Hargraves presented on May 17,
2023.

APPROVED:

Major Professor, representing Radiation Health Physics

Head of the School of Nuclear Science and Engineering

Dean of the Graduate School

| understand that my dissertation will become part of the permanent collection of
Oregon State University libraries. My signature below authorizes release of my
dissertation to any reader upon request.

Joshua Thomas Hargraves, Author



ACKNOWLEDGEMENTS

I would like to extend my heartfelt gratitude to my advisor, Dr. Kathryn Higley, for
hearing out a nervous student wanting to pursue a PhD one summer afternoon. In
addition, I would like to extend my thanks to Dr. Elizabeth Ruedig for her words of
encouragement and advice when I was first getting started on my research, and by
extension to Dr. Leah Minc for her expertise leading to the refining of my

methodology for study.

To my family, who have supported me in ways | cannot even begin to
account, thank you for inspiring me to always stay curious. To my loving wife, who
followed my dream to come to the other side of the country and keeps me sane, thank

you for always being the foundation and inspiration for my thoughts and dreams.

I would like to extend a thank you to the composer Akihiko Narita for
developing a piece of music that accompanied my writing through my exams and this
dissertation- if an exam is truly a dragon, you have helped me survive it. And finally,
to all of my friends and family of Moulton 213, especially Cody Lis, Raymond
Meyer, Sean Gonzalez, Amanda Whiteside, Nick Likeum, Alexander Logisz, and
Evan Becker- for always being there for a review, a joke, or a game in the best and

worst of times.



TABLE OF CONTENTS

1 General Introduction 1

2 The Bioconcentration of Radionuclides in Endemic Plants of the Southwest United

States 3
2.1 Introduction 4
2.2 Methods 8
2.2.1 Sample Preparation Information 8
2.2.2 Gamma Spectroscopy 12
2.2.3 Reference for Gamma Spectroscopy 14
2.2.4 Neutron Activation Analysis 15
2.2.5 Reference for Neutron Activation Analysis 17
2.2.6 Bioconcentration Factor and Translocation Factor 18
2.3 Results & Discussion 19
2.4 Conclusion 31
2.5 Acknowledgements 32
3 Growing Concerns: An Evaluation of ICRP Publications 108 and 136 Via Analysis
of Endemic Plants of the Southwest United States 39
3.1 Introduction 41
3.2 Methods 43
3.2.1 The Reference Grass 43
3.2.2 In Situ Species 45
3.3 Results & Discussion 49

3.3.1 Uranium Comparisons 51



TABLE OF CONTENTS (Continued)

Page
3.3.2 Thorium Comparisons 53
3.3.3 Radium Comparisons 55
3.3.4 Derived Consideration Reference Levels 56
3.4 Conclusion 58
3.5 Acknowledgements 59
4 Banana For Scale: An analysis of voxelized phantoms of the banana for use in
dosimetric modeling 63
4.1 Introduction 65
4.2 Methods 67
4.2.1 Voxel Overview 67
4.2.2 Computational Modeling Programs 68
4.2.3 Post MRI Modelling of Plant Tissues 70
4.2.4 Generating a “Reference” Banana 77
4.2.5 FSOPhantom Specifications 80
4.3 Results & Discussion 82
4.3.1 Ellipsoidal Reference Model 83
4.3.2 Three Part Banana Model 87
4.4 Conclusion 108
4.5 Acknowledgements 109

5 General Summary and Conclusions 112



LIST OF FIGURES

Figure Page
2.1 Grants Mining District. 6
2.2 Example of lysimeter construction. 12
3.1 Example of lysimeter construction. 47
4.1 Biological Drawing of a Cross Section of a Banana. 71

4.2 Example of a first pass of segmentation in 3DSlicer, highlighting the colloquial
skin, flesh, and central reproductive structure as separate structures. 72

4.3 Example of “step” anomalies in segmentation of a volume due to a limitation in
slices along a plane. 73

4.4 Semi-smoothed meshes preserving geometry of the internal meat and
reproductive network overlaid across each other in Meshmixer. 75

4.5 An ellipsoidal model of a “Reference” Banana conforming to the idealized
dimensions of the nearest rectangular prism from a scan of a real banana. 78

4.6 Absorbed Fractions to reference ellipsoid tissue for gamma and electron sources
located in the center of the ellipsoid tissue. 86

4.7 Absorbed Fractions to various segmented tissues compared to the reference
ellipsoidal phantom for gamma sources located in the ‘internals’ tissues. 91

4.8 Absorbed Fractions to various segmented tissues compared to the reference
ellipsoidal phantom for electron sources located in the ‘internals’ tissues. 93

4.9 Absorbed Fractions to various segmented tissues compared to the reference
ellipsoidal phantom for gamma sources located in the mesocarp tissues. 98

4.10 Absorbed Fractions to various segmented tissues compared to the reference
ellipsoidal phantom for electron sources located in the mesocarp tissues. 100

4.11 Absorbed Fractions to various segmented tissues compared to the reference
ellipsoidal phantom for gamma sources located in the epicarp tissues. 105

4.12 Absorbed Fractions to various segmented tissues compared to the reference
ellipsoidal phantom for electron sources located in the epicarp tissues. 107



LIST OF TABLES
Table Page

2.1 An overview of the abundance of species across sites and their frequency of

growth measured by extracted pulls per identified clusters of growth. 10
2.2a Soil physical characteristics for Sections 17, 22, and 35 soil media. 21
2.2b Soil physical characteristics for Sections 17, 22, and 35 soil media. 23

2.3 Summary of BCF and TF results for Radium-226 in plants grown in relevant soil
media. Blank spaces denote values below detectable limits. 24

2.4 Summary of BCF and TF results for Uranium-238 in plants grown in relevant soil
media. Blank spaces denote values below detectable limits. 27

2.5 Summary of BCF and TF results for Thorium-232 in plants grown in relevant soil
media. Blank spaces denote values below detectable limits. 29

3.1 The dimensions of an ellipsoid conforming to the spike of Reference Grass. 44

3.2 Estimated internal dose rates in plant tissues from 238U laden media using the
dose rate equation in ICRP 108 and the results of dose per calculated
bioconcentration factors. Blank spaces denote values below detectable limits. 51

3.3 Estimated internal dose rates in plant tissues from 232Th laden media using the
dose rate equation in ICRP 108 and the results of dose per calculated
bioconcentration factors. Blank spaces denote values below detectable limits. 53

3.4 Estimated internal dose rates in plant tissues from 226Ra laden media using the
dose rate equation in ICRP 108 and the results of dose per calculated
bioconcentration factors. Blank spaces denote values below detectable limits. 55

3.5 Comparison of the total dose rates calculated as the sum of the internal and
external dose rates for all radionuclides of concern, differentiated by Site and method
of calculation. 57

4.1 Dimensions of the various segments generated as STL meshes for study in
FSOPhantom. 76

4.2 The dimensions of an ellipsoid conforming to the nearest rectangular prism from a
scan of a real banana, for use as a “Reference” Banana. 79



LIST OF TABLES (Continued)

Table Page

4.3 The material density of the various segments of the banana component tissues
alongside the elemental compositions of each, including: C, O, N, H, Cl, K, Mn, Fe,
Cu, Zn, Br, Rb, Sr in the Epicarp, with the loss of Ca in the Mesocarp, and ICRU
material for the internal combination. 81

4.4a The output of running FSOPhantom over an idealized reference banana
phantom, consisting of ICRU 4 Tissue for gamma sources. 83

4.4b. The output of running FSOPhantom over an idealized reference banana
phantom, consisting of ICRU 4 Tissue for electron sources. 84

4.5a Mean Dose, Absorbed Fractions for a variety of gamma sources of varying
energies initially spawned in the “Internals” tissue. 88

4.5b Mean Dose, Absorbed Fractions for a variety of electron sources of varying
energies initially spawned in the “Internals” tissue. For runs that did not return viable
data, ‘-’ is used. 89

4.6a Mean Dose, Absorbed Fractions for a variety of gamma sources of varying
energies initially spawned in the Mesocarp tissue. 95

4.6b Mean Dose, Absorbed Fractions for a variety of electron sources of varying
energies initially spawned in the Mesocarp tissue. 96

4.7a Mean Dose, Absorbed Fractions for a variety of gamma sources of varying
energies initially spawned in the epicarp tissue. 102

4.7b Mean Dose, Absorbed Fractions for a variety of electron sources of varying
energies initially spawned in the epicarp tissue. For runs that did not return viable
data, ‘-’ is used. 103



Chapter 1: General Introduction

The implications of the nuclear industry and its subsequent environmental
impact have long been a topic of concern for communities, governments, and
private stakeholders. The increasing need for cost-effective and ecologically
sustainable remediation strategies, along with a more accurate understanding
of radiological dose and environmental radiological protection, has motivated
researchers to explore innovative approaches. This paper ties together three
studies that focus on (1) phytoremediation using endemic plant species, (2) the
development of anatomically accurate phantoms for precise dosimetry
calculations, and (3) a critical assessment of International Commission on
Radiological Protection (ICRP) guidelines using in situ plant analyses.

The first study investigates the potential for phytoremediation at
uranium mining sites in the Colorado Plateau using endemic plant species,
such as Sporobolus airoides, Helianthus petiolaris, Kochia scoparia, and
Atriplex canescens. By evaluating these species for uranium, thorium, and
radium concentrations in their tissues, this research aims to aid in establishing
a low-cost, ecologically stable, and low-maintenance remediation strategy.

The second study scrutinizes the environmental radiological protection
guidelines proposed in ICRP Publications 108 and 136 through the lens of in
situ plant analyses. By comparing the actual dose rates of various plant
species grown in contaminated soil to those proposed in the ICRP guidelines,
this research highlights the need for refining the Reference Animals and

Plants (RAPs) approach and dose coefficients based on real-world data to



enhance the accuracy and reliability of environmental radiological protection
assessments while also acknowledging the validity of the tools that have been
implemented thus far.

Finally, the third study introduces FSOPhantom, an open-source
software designed to bridge the gap between image collection and radiation
transport calculation. Coupled with the medical image analysis software 3D
Slicer, FSOPhantom enables the generation of anatomically accurate
phantoms from CT and MRI images for more precise dosimetry assessments.
The software's utility is demonstrated through the creation of a novel
dosimetric model for the common banana (Musa acuminata Colla), a plant of
particular interest in the radiation professional community.

These three studies collectively emphasize the importance of
integrating innovative remediation strategies, anatomically accurate dosimetry
models, and real-world data in addressing the challenges posed by the nuclear
industry and its associated environmental risks. The insights gleaned from this
integrated approach are poised to significantly improve the assessment and
management of radiological contamination, ultimately contributing to more

effective environmental protection and public health outcomes.
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ABSTRACT

Historically, uranium mining in the United States was prolific throughout the
Colorado Plateau. These sites contributed toward technological and
community development; however, their environmental legacies currently
face ire from community, government, and private shareholders. Current
methods of remediation or coverage are cost-prohibitive and ecologically
damaging. Phytoremediation of select sites using endemic species is an
ecologically stable, low maintenance, and relatively inexpensive methodology
for remediation or potential waste cover design. Select species such as:
Sporobolus airoides, Helianthus petiolaris, Kochia scoparia, and Atriplex
canescens, at one such site were evaluated for uranium, thorium, and radium

concentrations in respective tissues.

2.1 INTRODUCTION

While much consideration has been granted toward the study of humans in
work environments, relatively few studies have been conducted regarding the
ecosystems wherein these industries and endeavors are situated. Furthermore,
when these industries leave the area, the ecosystem, let alone the general
populace still in residence, is often left behind in consideration. One example
is the Grants Mineral Belt, a subdivision of the larger uranium mining belt that

proliferates the southwestern Colorado Plateau. The region of interest (ROI)



pursuant with this work, Ambrosia Lake, was the site of uranium mining from
the 1950s through the 1980s, establishing a mining industry that dominated
the local economy until multiple closures culminating with the end of the
uranium mining recessions in the United States in 1982-1983 (EPA, 2011).
The town of Grants, NM, which was prior labeled as the “Uranium Capital of
the World” quickly became a post-mining-boom town, and much of the land
was ceded back to the Navajo Nation and the Laguna Pueblo, with the town
proper being redubbed as an agricultural industry belt and home for retirees.
Yet, the region is prone to misuse and disuse in various forms: The town of
Grants has had a significant downward economic spiral since the closure of
the mines and the populace still has great disdain for the nuclear industry and
region (Johansen, 2011; Sorrentino, 2016). In addition, multiple accounts of
wild stock grazing rights and water rights usage requests within the ROI by
native reservations reopened the region to further inquiry regarding safety of
the land’s use in 2007. These requests culminated in legitimate concerns over
contamination in the environment spanning from the head of Rio Puerco to the
lower grasslands, with the potential for detrimental effects on not only the
general population but also in their livestock and growth stock. Further
concern is added when the native nations have been under advisement since
1983 to not use the graze lands within the ROI for lack of uptake data
regarding contaminants remaining from the mining activities of the past from
both water and plants. This has been met with both apprehension and distrust

of the nuclear, albeit mining, industry as a result. The native nations and the



local community have strongly pushed for more study of the effects of the
mining industry’s legacy, and modern mining claim holders share this

sentiment.
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Figure 2.1. Grants Mining District, EPA 2011.

Study of desert region plants is not necessarily a novel concept (Chen,
2005; Marple, 1980; Rumble, 1986; Sam, 1985). However, studies

significantly lack data in a few vital areas of interest: many reports do not



include data on particular radionuclides, plants of study are not endemic in
nature, there is not widely studied segmentation of plant growth transfer
factors, and variant concentration gradient bands have not been reviewed. The
lack of study relating to endemic life can lead to ignorance of environmental
effects in the most positive scenario, or gross disregard to uptake to fauna in
lieu of humans in the worst scenario. Therefore, a more thorough analysis of
the region’s endemic plant life should take precedence over common cereals,
roots, legumes, and fruits to better understand the ecological impact of
specific radionuclides on the environment. Segmentation of plants into their
roots and shoots for these endemic species will allow for a better calculation
of fractional uptake of contaminants in the ROI; hence, well defined Transfer
Ratios/Bioconcentration Factors (BCF), or the concentration of contaminants
in plant sections from soil, will be discussed. Finally, an established review of
any correlative effect between a gradient of concentrations in the soil to the
fractional uptake in the plants grown in said soil would be significant to
remediation studies.

Two contaminants of interest were identified by the current
stakeholder and legacy site claim holder, Broken Hill Proprietary (BHP).
These were Radium-226 and Uranium-238, with another contaminant,
Thorium-232, being of tertiary relevance. The determination of plant uptake,
specifically the transfer ratios between plant sections from soil, could further
inform the relationship between contaminant concentration and environmental

retention. This has potential applications in extrapolating the measured



concentration ratios to sites with varying amounts of contamination
(Beresford, 2016; Vandenhove, 2007). Beyond application of concentration
ratios, the radionuclide uptake potential of endemic plants is of vital
importance to advancing studies in phytoremediation, both as a monetary
resource and as an ecological level competitive analysis (Lavergne, 2004;
Mendez, 2008).

To this end, soils were acquired in 2018 and in 2019 after establishing
a near-linear gradient of cumulative concentration (R = 0.93) across three
sites within the area of study. Per the nomenclature of the stakeholder and as
can be seen in Figure 2.1, Sections 17, 22, and 35 were used. Section 22 was
found to have the lowest surface activity measured by a handheld gamma
scintillator surface activity monitor, at ~24 (cps), section 17 at ~75 (cps), and
finally section 35 at ~215 (cps). In addition to soil sampling along these sites,
a collection of plants was collected from each region, with the goal of

identifying the best candidate species for later study of uptake.

2.2 METHODS

2.2.1 Sample Preparation Information

Soil was excavated from the sites with shovels from the surface to a maximum
depth of 15 cm to capture the topsoil (to represent the area of concern for

contamination and human health risk, as well as the zone of interest for plant



growth for the phytoremediation study). The bulked soil sample was placed
into thick contractor garbage bags inside of United States Shipping Grade
plastic buckets, filling approximately three quarters of each bucket. The
internal containment bags were securely closed with zip-ties. A maximum of
110 gallons (416 L) of soil was collected to meet UN 2910 Hazardous Shipper
Restrictions. Shipping containers were inspected before leaving the site by
swiping, at minimum, a 10-cm2 area on the exterior of the container and
analyzed with a scintillation counter in the on-site Environmental Restoration
Group (ERG) office. Sample containers were driven from the field site near
Grants, NM to the shipping facility in Albuquerque, NM, before being
relocated to the Oregon State University campus in Corvallis, OR. The
containers were stored in the Oregon State University Radiation Center at
room temperature until use.

After cross-referencing plant species across extraction locations, four
candidate plants for uptake studies were identified from the following criteria
alongside Table 2.1: Proliferation across sites, proliferation within respective
sites, and literature data on uptake in similar media. From these criteria four
species of plants were chosen for lysimeter uptake study: Alkali Sacaton
(Sporobolus airoides), Prairie Sunflower (Helianthus petiolaris), Summer
Cypress (Kochia scoparia), and Fourwing Saltbush (Atriplex canescens). Of
note, other invasive species were also present as seeds in the soil, providing
some opportunistic data on Indian Mustard (Brassica juncea) and Common

Dandelion (Taraxacum officinale).



Table 2.1. An overview of the abundance of species across sites and their
frequency of growth measured by extracted pulls per identified clusters of

growth.
Present in Total
Plant Species . Extractions
Section .
of Species
Fourwing Saltbush (Atriplex 17, 22,35 20
canescens)
Yellow Rabbitbrush 17 10
(Chrysothamnus viscidiflorus)
Mounding Peppergrass/Mountain
Pepperweed 17 5
(Lepidium montanum)
Broom Snakeweed (Gutierrezia 17,35 10
sarothrae)
Blue Grama (Bouteloua gracilis) 17,35 10
Inland/Desert Saltgrass (Distichlis
. 35 6
stricta)
Curlycup Gumweed (Grindelia 22,35 10
squarrosa)
Winterfat (Krascheninnikovia 29 10
lanata)
Globemallow_ (Sphaeralcea 29 10
ambigua)
Prairie Sunflc_)wer_(Hellanthus 22,35 6
petiolaris)
Galetta (Hilaria jamesii) 22 10
Hoary Aster (Dieteria canescens) 35 5
Summer Cypre_ss (Kochia 35 10
scoparia)
Alkali Sac:_ato_n (Sporobolus 17,35 15
airoides)
Salt Cedar (Tamarix chinensis) 35 5
Western Wheat Grass 35 5

(Agropyron smithii var. smithii)

10
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Seeds were procured from a variety of commercial retailers from
outside the site. Lysimeters were used for analysis of plant growth and
translocation of contaminants. While concerns over the validity of greenhouse
growth versus in situ growth have been addressed in prior literature, replicates
of lysimeters per site and per plant can normalize some of the inconsistencies
between in situ growth and greenhouse work (Gerzabek, 1998; Islam, 2011).
The versatility of small scale lysimeters has been found to be applicable, more
so in high clay soils such as those worked with here (Kay, 2005; Ruth, 2018).

The study was conducted within a locked greenhouse enclosure at the
Radiation Center in order to secure the radioactive soil. The greenhouse
enclosure can house approximately five lysimeters per species (10 cm
diameter x 25 cm height ABS pipe columns (~2.059 L) filled approximately
80% with the contaminated soil from Section 17, 22, and 35 without
combination with the remainder being filled with pea gravel and filter
meshing to aid drainage) for 20 lysimeters total, as can be seen in Figure 2.2.

Water added to plants was conducted daily at approximately 100 mL.
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Soil Column

Mesh/Pea Gravel/Mesh

Substrate
Sealed Leachate

Collection

Figure 2.2. Example of lysimeter construction.

Plants were cleaned of particulate matter after growth to germination
stage. A deionized water rinse was followed by a microfiber tissue scouring to
remove potentially contaminating soil media. Dried plants were ground in a
SPEX Mixer/Mill and buffered with a cellulose binder of a similar particulate
size to achieve a geometry similar to that of the calibration source (Bollinder,

1997; Cuske, 2014).

2.2.2 Gamma Spectroscopy

Radium-226 was measured via its progeny, Radon-222 (Half-life = 3.8 d),
following 20 days of ingrowth to produce an equilibrium with products Lead-
214 (Half-life = 28.6 m ) and Bismuth-214 (Half-life = 19.7 m). These were
measured via gamma spectroscopy using High-Purity Germanium detectors

(HPGe) to evaluate the 352 keV (37.6%) gamma ray of Lead-214 and the 609
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keV (46.1%) gamma ray of Bismuth-214, both of which are averaged to
estimate the Radium-226 activity. This is necessary due to the overlap of the
186 keV peaks derived from both Uranium-238 and Radium-226 (EML, 2018;
IAEA, 2010; Jia, 2012; Nelson, 2014). Additionally, uranium measurement
correction of radium concentrations are further complicated when uranium
concentrations and thorium concentrations far exceed those of radium
concentrations, or when samples containing all three are not properly sealed to
allow disequilibrium, further skewing the potential of correction on the 186
keV line. (Déjeant, 2014).

Our current methodology is built upon the work found in Nelson et al.
where no wet chemistry is required, only low heating of the plant or soil to
remove excess contaminant moisture. To this end, samples were desiccated at
100°C in an oven until a mass stabilization was achieved indicating a full
water loss. Samples were placed in 237 mL natural polypropylene jars (VWR
89027-989), filled to approximately 10mm above the bottom of the container,
for a ~10-15 g fill. In the case of plant material, this geometry was achieved
by buffering and homogenizing the samples with SPEX Cellulose Binder
3642. Samples were sealed with a compression foam-insert screw-top lid and
secured further in Ziploc Sandwich bags and allowed to sit in a climate
controlled, dry environment at room temperature. The determination of
Radium-226 in environmental solids by gamma spectrometry has long been
based on the detection of emissions of the radon progeny (Radon-222)

nuclides, i.e., Lead-214 and Bismuth-214 after an ingrowth period of at least



20 days, during which the sample has been hermetically sealed to ensure
secular equilibrium between Radium-226 and its progeny. It is necessary to
undertake the measurement not long after equilibrium has been achieved due
to the progeny isotopes short half-lives (IAEA, 2010).

Thus, the samples were set for 20-25 days to achieve equilibrium
between gaseous Radon-222, a progeny of Radium-226, and the further
progeny Bismuth-214 and Lead-214. After this ingrowth period, samples are
placed on the top, flat face of a HPGe detector and a spectrum is collected
over a 24-hour period. This spectrum is analyzed at the requisite peaks
associated with the energies of the gammas emitted by Lead-214 and
Bismuth-214, and a Compton Continuum correction averaged over five
relative maxima calculations were performed to achieve the approximate

counts.

2.2.3 Reference for Gamma Spectroscopy

For validation of Radium-226, the following quality control and quality

14

assurance (QA/QC) information is available. In 2020, the ND ( Non-Detection

Level) for Radium-226 on the HPGe was determined to be 33 counts to 35
counts, depending on the HPGe array used. All calibration standards were

prepared with the same matrix as the samples and were prepared fresh post
ingrowth before each analysis. Soil samples from the International Atomic

Energy Agency (IAEA) were run prior to spectra analysis of plant and soil
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samples and an internal standard (background) was used during analysis on
the HPGe to ensure accuracy. The IAEA samples have an acceptance range of
80%-120%. The following quality control soil samples from IAEA were
available (stored in a climate controlled dry room): Standard Reference
Material (SRM) 448 (IAEA, 2013). Quality control samples were processed
and analyzed before the samples to verify the spectra efficiency and the
precision and accuracy of the measurements by the HPGe. Samples were
measured over a 24-hour period. Calibration curves are run within the range
of the sample concentrations to ensure low-level and high-level concentration
measurement accuracy. The original data report printouts from the HPGe
analyses are retained for data reduction, data entry, and verification. Sample
dilutions by buffer are considered before reporting the results. For calculation
of a mean when values are below detection, data is omitted. All samples were

mixed properly into a homogeneous state prior to analysis.

2.2.4 Neutron Activation Analysis

For Neutron Activation Analysis, ashed plant tissue is required to reduce both
the mass and volume of organic compounds and pre-concentrate other
elements, thereby increasing analytical sensitivity (Harju et al. 2004; Koh et
al. 1999; Lalor et al. 2003). Plant tissue was desiccated in a laboratory oven at
100C until a mass equalization occurs indicating a full water loss. To dry ash

the samples, approximately 5-25 g of plant material (depending on
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availability) was placed in a covered porcelain crucible and heated to 550°C.
in a muffle furnace, using a slow ramp of ca. 200’C per hour and a soak time
of 20 hours. As soon as samples are cool enough to handle, the ash is lightly
ground and homogenized using a ceramic mortar and pestle and transferred to
tightly capped liquid scintillation vials to prevent re-hydration. Concentration
factors are determined from the ratio of pre-fire to post-fire mass and used to
determine the equivalent mass of un-ashed plant material that was irradiated.
Desiccated and ashed samples were extracted in ~1000mg allotments
and placed in LAContainers Polyvials and sealed with a thermal clamp, before
then being placed in a larger Polyvial and doubly sealed. Samples are then
placed in an automated system that allows for the samples to be exposed to the
output of the Oregon State University TRIGA Reactor’s neutron flux,
irradiating and activating the samples. After the irradiation, the characteristic
gamma rays emitted by the decaying radionuclides are quantitatively
measured by HPGe semiconductor radiation detectors, and the gamma rays
detected at a particular energy are usually indicative of a specific
radionuclide’s presence, in this instance activated Neptunium-239 indicating
the presence and concentration of 238U (Landsberger, 2012; Zaidi, 1999).
Similarly, Thorium-232 was deduced from the activation of 233Pa (Pulhani,
2000). Data reduction of gamma ray spectra by means of a computer analysis
then yields the concentrations of various other elements in samples being

studied.
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2.2.5 Reference for Neutron Activation Analysis

All calibration standards were prepared with the same matrix as the samples
and were prepared fresh before each analysis. Plant and soil samples from the
National Institute of Standards and Technology (NIST) were activated in
tandem with plant and soil samples and an internal standard was used during
analysis on the INAA to ensure accuracy. The NIST samples have an
acceptance range of 80%-120%. The following quality control soil and plant
samples from NIST were available (stored in a climate controlled dry room):
Standard Reference Material (SRM) 1547, Cellulose Binder 3642, and 1570a
(NIST, 2014; NIST, 2022; SPEX, 2022). Quality control samples were
processed and analyzed with the samples to verify the activation efficiency
and the precision and accuracy of the measurements by the INAA. Soil
samples are activated in triplicate and values obtained from INAA analysis are
an average of three replicate readings per sample. Included in the analysis are
the digest blanks and laboratory blanks to verify there is no sample cross
contamination. Activated duplicates are included to ensure reproducibility.
Calibration curves were run within the range of the sample concentrations to
ensure low-level and high-level concentration measurement accuracy. The
original data report printouts from the INAA analyses were retained for data
reduction, data entry, and verification by the analyst. Sample dilutions were
considered before reporting the results. For calculation of a mean when values

are below detection, date was omitted. All samples were mixed properly prior
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to analysis.
2.2.6 Bioconcentration Factor and Translocation Factor

The ideal result for candidates for phytoremediation is a transfer ratio known
as a Bioconcentration Factor (BCF) of >=1, indicating a transfer of
contaminants from growth media to plant tissues (Zhang, 2002). Depending
on the post phytoremediation method for extraction of plant material for
disposal or reuse, a higher BCF in the shoot meristematic tissue than the root
meristematic tissue may be ideal. A BCF of >=1 for only the meristematic
root tissue indicates a candidate likely suited for phytostabilization rather than

phytoremediation. This ratio is calculated with the following expression:

_ Concentration in Plant Tissues

BCF =

Concentration in Growth Media

Where the ratio is applicable to roots, stems, and leaves of studied plants
(Mishra, 2019).

Concurrently, the calculation of the Translocation Factor (TF), or the
ability for a plant to translocate contaminants from root tissues to shoot
tissues, identifies a plant useful for phytoextraction, or full phytoremediation
of contaminants through agricultural cultivation and extraction (Nirola, 2015).

This ratio is calculated with the following expression:

TF __ Concentration in Plant Shoot Tissues

Concentration in Plant Root Tissues
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Where the ratio is again applicable to roots, stems, and leaves of studied

plants (Mishra, 2019).

2.3 RESULTS & DISCUSSION

Plants are expected to have the majority of contaminants or trace constituent
uptake within their root structure, with secondary uptake in their shoots
(Hewamanna, 1988; Padmavathiamma, 2007; Singh 2005). However, this
may vary based on the contaminant or other soil factors (Soudek, 2007;
Vandenhove, 2009).

Soils from the three test sites were studied at the Central Analytical
Laboratory on the Oregon State University campus. Per Table 2.2a, Section 17
was characterized as sandy soil, with Sections 22 and 35 being predominantly
clay. Organic matter (OM) was lowest in Section 17 but was a medium grade
in Sections 22 and 35, compared to the overall one percent standard in New
Mexico.

Soil characteristics, such as texture, organic matter content, and
mineral composition, can have a significant impact on the mobility of
radionuclide contaminants and water movement.

For instance, the texture of soil, which is determined by the size of its
particles, affects the movement of water and solutes through the soil. Sandy

soils have larger pores between particles and tend to be well-drained, allowing
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water and contaminants to move more quickly through the soil. In contrast,
clay soils have smaller pores and are often more compact, which can slow
down water movement and increase the retention of contaminants. The
organic matter content of soil also plays a role in radionuclide mobility and
water movement: it can bind with contaminants, reducing their mobility in the
soil and can increase water-holding capacity in the soil, which can influence
the movement of contaminants by reducing their leaching potential. Mineral
composition of soil can also affect the mobility of radionuclide contaminants,
potentially acting as sorbents, adsorbing the contaminants and reducing their
mobility in the soil, or as competitive intakes, with Ca and Ra potentially
filling the same biological function as chemical analogs in OM.

Potentially Mineralizable Nitrogen was low across all sites compared
to the state average, with Active Carbon being particularly low across all sites

relative to the average one to four percent that is ideal for plant growth.
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Table 2.2a. Soil physical characteristics for Sections 17, 22, and 35 soil media.

Water C02 C02 Potentially
Section Sand Clay Stable C N oM Active C Respiration Respiration Mineralizable
Aggregates 24 hr 96 hr Nitrogen
Hg CO2- pg CO2Z-  ppm — ppm oy
% % % % % % ppm Cgldry Cgldry NO3-N NO3-N soil dav?
soil day? soil day™* t0 t28 y
17 77 10 13 15.4 0.92 0.03 1.83 107 13 8 7.08 12.53 0.2
22 26 34 40 15.8 1.07 0.08 2.14 187 19 11 17.13 27.51 0.3
35 21 26 48 314 1.37 0.1 2.74 216 52 29 24.01 40.31 0.6
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The pH across sites was moderately alkaline, ranging from 8.05 to
8.77, typical values for arid and semiarid environments. As expected of clay
soils, the cation exchange capacity (CEC) was higher than the sandy soils of
Section 17. Table 2.2b also notes the non-salinity of the soils per the low
electrical conductivity (EC) across sites. Other available nutrient values such
as phosphorus, potassium, and magnesium were measured and found to be in
tolerable ranges for the arid soil, though the levels of calcium indicate the

potential for highly calcareous soil media that inhibits root formation.



Table 2.2b. Soil chemical characteristics for Sections 17, 22, and 35 soil media.

23

Section pH EC P K Ca Mg K Ca Mg CEC Ra U Th
1 meq meq meq meq N
pH  dSm ppm ppm ppm PPM oogt 1007  100g%  100g™ Ba kg ppm ppm
17 8.77 0.3 30.3 192 5117 120 0.49 25.58 1.00 27 536.13  117.37 4.89
22 8.36 0.47 24.4 680 5834 453 1.74 29.17 3.77 35 21.78 12.02 12.93
35 8.05 0.66 49 458 6279 421 1.17 314 3.51 36 408.77 199.96 11.76



Table 2.3. Summary of BCF and TF results for Radium-226 in plants grown in relevant soil media. Blank spaces denote
values below detectable limits.
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Plant Species BCF Sec. 17 TF Sec. 17 BCF Sec. 22 TF Sec. 22 BCF Sec. 35 TF Sec. 35
P Radium-226 Radium-226 Radium-226 Radium-226 Radium-226 Radium-226
Sporobolus airoides 0.83+0.40 0.37 £ 0.56 3.46+2.31 0.77 £ 0.32 0.57+0.29 0.26 +0.30
Helianthus
L 0.49 £0.18 0.81+£0.43 2.69+224 0.09 £ 0.09 0.42 £0.36 0.17+£0.15
petiolaris
Kochia scoparia 0.29+0.10 0.60 + 0.08 2.40+0.01 0.13+0.01 1.07+£0.61 0.38+0.13
Atriplex canescens 0.57£0.49 0.79+£0.55 1.41+1.04 0.33+0.47 0.10 £ 0.03 0.81+0.51
Brassica juncea - - 0.92+£0.33 - - -
Taraxacum

.. - - 0.63+0.13 0.22 +0.07
officinale
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For Radium-226, there was no ideal phytostabilizing plant in Section
17 soil media, with A. canescens having the most potential per Table 2.3. In
Section 22 soil media, S. airoides had the highest uptake by plant mass, but K.
scoparia was the most statistically stable BCF, though each other species met
the criteria of having a BCF greater than one. In Section 35, only K. scoparia
showed evidence of phytostabilization potential. These findings corroborate
the 1980 investigation by Marple for A. canescens and K. scoparia grown on
uranium mill tailings, however the TF values provide new insights into the
effectiveness of these plants for phytoremediation given sufficient time. With
Section 17 soil, H. petiolaris imparts a significant fraction of the radium salt
into its shoot section, whereas S. airoides shows potential for
phytoremediation in Section 22 soil media. A. canescens demonstrates the
only measured plant with phytoremediation potential in Section 35 soil within
statistical bounds.

A statistical analysis via ANOVA-Bonferroni review of the variation
of concentrations of uranium, thorium, and radium species between Sections
17, 22, and 35 determined that the concentrations of thorium and uranium did
not meet the level of evidence necessary to merit separate study of Sections 17
and 35, thus only one section of data was used as comparison to Section 22.

Uranium-238 uptake across the three sites was modeled as seen in
Table 2.4, with H. petiolaris demonstrating the strongest case of
phytostabilizing potential, A. canescens being of secondary notice. No species

met the sufficient levels to be considered a phytostabilizer at Section 35. The
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TF of S. airoides showed evidence for being a potent phytoremediator in
Section 22 soil, but the statistical variation present between samples does not
foster evidence for consistent results, likewise for H. petiolaris. K. scoparia
did, however, demonstrate unique statistically consistent TF in Section 22 soil
media among intended endemic species, with the opportunistic B. juncea also
showing signs of statistically strong TF potential. In Section 35, only S.
airoides demonstrated TF potential for Uranium-238 but was statistically

variable in being a viable candidate for phytoremediation.
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Table 2.4. Summary of BCF and TF results for Uranium-238 in plants grown in relevant soil media. Blank spaces denote

values below detectable limits.

Plant Species BCF.Sec. 22 TF .Sec. 22 BCF.Sec. 35 TF .Sec. 35
Uranium-238 Uranium-238 Uranium-238 Uranium-238
Sporobolus airoides 0.58 + 0.39 9.27 + 10.56 0.46 +0.23 2.63+3.22
Helianthus petiolaris 3.47+£159 161+1.19 0.46 £0.33 0.71 £ 0.67
Kochia scoparia 0.59+0.01 2.09£0.06 0.41+£0.03 0.19+£0.01
Atriplex canescens 1.16 £ 0.09 0.30£0.08 - -
Brassica juncea 0.26 £ 0.00 1.04 £ 0.00 - -



Thorium-232 uptake across the three sites was modeled as seen in
Table 2.5. H. petiolaris was the sole plant species that noted potential for
phytostabilization in Section 22 soil, though each measured plant species
showed potential for phytoremediation by translocation of material to the
shoot sections, if statistically unstable. Grown in Section 35 soil media, only
S. airoides demonstrated potential evidence for phytostabilization, and no

measured plants indicated the ability to remediate.

28
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Table 2.5. Summary of BCF and TF results for Thorium-232 in plants grown in relevant soil media. Blank spaces denote
values below detectable limits.

Plant Species BCF-Sec. 22 TF §ec. 22 BCF.Sec. 35 TF &?ec. 35
Thorium-232 Thorium-232 Thorium-232 Thorium-232
Sporobolus airoides 0.37£0.20 8.85+10.18 1.03£0.07 0.14+£0.01
Helianthus petiolaris 217 +1.83 4.04 +4.23 0.10+0.03 0.69+0.35
Kochia scoparia 0.11+0.01 2.38+1.79 0.19+0.17 0.24+0.25
Atriplex canescens 0.14 £0.09 1.04 +0.85 - -

Brassica juncea 0.08 £ 0.01 1.12+0.01 - -
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The significant variation in BCFs and TFs across plants and across
sites further confounds the data, which is likely caused by the variation in the
physical and chemical structure of each site. As noted, prior, Section 17
contained far sandier relative soil than that of Sections 22 and 35. Sandy soils
(Section 17) are well-drained with larger pores, while clay soils (Sections 22
and 35) have smaller pores and are more compact, impacting water and
contaminant movement. Organic matter content in soils can also bind with
contaminants, especially the biological analogs like radium, reducing their
mobility, and increasing water-holding capacity, influencing contaminant
leaching potential. The mineral composition can also affect the mobility of
radionuclides by acting as sorbents or competitive intakes. For example, if a
soil is rich in calcium (Ca) and radium (Ra) ions, both may compete for the
same binding sites on soil minerals or organic matter. The presence of high
concentrations of competing ions can reduce the likelihood of radionuclide
sorption, potentially increasing their mobility in the soil. On the other hand, if
a soil is relatively low in competing ions, radionuclides may be more likely to
bind to available sites and be immobilized. Additionally, there are matrix
differences between the calibration sources which were soil based for radium
and a hybrid plant matrix for thorium and uranium that may further skew the
results.

Additionally, this paper seeks to understand the variation between root
and shoot tissues for the first time in these endemic plants, which has shown

with the above evidence that whole plant uptake fractions may not have the
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efficacy needed to understand the phytoremediation of plant species.

2.4 CONCLUSION

The availability of endemic species to be utilized in phytostabilization and
phytoremediation shows potential, with some distinct variation between sites
and among concentration bands. In particular H. petiolaris, S. airoides, and K.
scoparia had defining features of prominent BCF and TF values in varying
conditions, underlying the importance of selecting species best suited for
regions of reclamation. This study found that different plant species
demonstrated varied phytostabilization and phytoremediation potential in
different soil media, based on their BCFs and TFs. These differences can be
attributed to the unique soil characteristics at each site, which affect the
mobility and availability of contaminants for plant uptake. The effectiveness
of these plants for phytoremediation is also influenced by these soil factors, as
well as the specific plant species' abilities to take up and translocate
contaminants within their tissues. The soil of the arid region poses challenges
to the scalability of remediation or stabilization efforts, but the potential for
relatively low cost and environmentally friendly techniques are of paramount
importance to developing long lasting solutions for the surrounding

communities and the biodiversity therein.
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ABSTRACT

The International Commission on Radiological Protection (ICRP) has
developed a framework for environmental radiological protection through
Publications 108 and 136, which introduced the concept of Reference Animals
and Plants (RAPs) and their respective dose coefficients. However, the
applicability and accuracy of these guidelines in real-world scenarios have not
been extensively explored. This study aims to critique the content of ICRP
Publications 108 and 136 using in situ plant analyses of uptake from
contaminated growth media. The assessment of the uptake of radionuclides by
various plant species was done through laboratory experiments by growing
plant species in contaminated soil and through field studies. The findings
reveal that the actual dose rates for some plant species deviate significantly
from those proposed in ICRP Publications 108 and 136, implying potential
implications from the derived consideration reference levels (DCRLS) and
overall radiological protection framework. The study highlights the intricacies
of the need for refining the RAPs approach and dose coefficients based on in
situ data to improve the accuracy and reliability of environmental radiological

protection assessments.
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3.1 INTRODUCTION

Environmental radiological protection has gained significant
importance in recent years, primarily due to the increasing awareness of the
potential effects of ionizing radiation on non-human biota and their habitats.
The International Commission on Radiological Protection (ICRP) has made
substantial efforts to develop a robust and scientifically grounded framework
for assessing and mitigating the impact of ionizing radiation on the
environment. ICRP Publications 108 and 136 serve as cornerstones of this
framework, introducing the concept of Reference Animals and Plants (RAPS)
and providing dose coefficients for these species.

ICRP Publication 108, titled "Environmental Protection - the Concept
and Use of Reference Animals and Plants," establishes the rationale and
selection criteria for RAPs, which include a diverse range of organisms such
as mammals, birds, reptiles, amphibians, fish, arthropods, and vascular plants.
The primary goal of using RAPs is to create a common basis for evaluating
the potential effects of ionizing radiation on non-human biota, which can be
applied consistently across different species and ecosystems (ICRP, 2008).

To assess the radiological impact on RAPs, the ICRP introduced the
concept of Derived Consideration Reference Levels (DCRLS) in Publication
108. DCRLs serve as benchmarks for absorbed dose rates, which can be used
to identify situations that warrant further investigation or may require

protective actions. By comparing the calculated absorbed dose rates for RAPs
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to the DCRLs, it becomes possible to evaluate the potential risks posed by
ionizing radiation and make informed decisions regarding environmental
protection measures.

Consequently, ICRP Publication 136 builds upon the foundation laid
by Publication 108 by providing dose coefficients for the RAPs. Dose
coefficients are essential for calculating absorbed dose rates for RAPs exposed
to various radionuclides in their environments. The publication aims to
establish a more consistent and reliable approach to assess the radiological
impact on non-human biota and their habitats (ICRP, 2017).

While ICRP Publications 108 and 136 represent significant
advancements in environmental radiological protection, the accuracy and
applicability of their recommendations in real-world situations remain to be
thoroughly investigated. In this paper, a critical evaluation of the content of
these publications using in situ plant analyses of uptake from contaminated
growth media is presented. The study aims to shed light on the potential
discrepancies between the proposed RAPs approach, dose coefficients, and
actual plant uptake rates in contaminated environments, ultimately
highlighting the importance of refining the existing framework based on

empirical in situ data.
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3.2 METHODS

In order to evaluate the efficacy of the findings of ICRP Publications 108 and
136, an appropriate reference plant was chosen to compare the most similar
morphological specimens for which in situ data existed. To this end, the
Reference Grass was chosen as the nearest morphological specimen to the
evaluated species of Sporobolus airoides, Helianthus petiolaris, Kochia

scoparia, and Atriplex canescens.

3.2.1 The Reference Grass

In ICRP Publication 108, the reference grass is one of the 12 Reference
Animals and Plants (RAPs) selected for the purpose of assessing the potential
effects of ionizing radiation on non-human biota. The reference grass
represents the category of vascular plants and provides a basis for evaluating
radiation exposure to terrestrial plant communities.

The parameters used to model the reference grass in ICRP Publication
108 are based on a generic “Barley” grass species. The grass is modeled as an

idealized ellipsoid with the following morphological parameters:



Table 3.1. The dimensions of an ellipsoid conforming to the spike of Reference Grass.

Reference Model Major Axis (cm) Minor Axis 1 (cm)

Minor Axis 2 (cm)

44

Grass Ellipsoid 5 1
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The reference ellipsoid in Table 3.1 was modeled for external
exposure to both an ‘effective’ planar source with a depth of 0.5 g cm-3,
measured 1 m above the ground, and by a volume source in the top 10 cm of

soil, again measured 1 m above the ground.

3.2.2 In Situ Species

A collection of the selected species for study, Sporobolus airoides, Helianthus
petiolaris, Kochia scoparia, and Atriplex canescens, were acquired from a
variety of commercial retailers. For soils, uranium laden soil was excavated
from legacy mining sites with shovels from the surface to a maximum depth
of 15 cm to capture the topsoil. The bulked soil sample was placed into thick
contractor garbage bags inside of United States Shipping Grade plastic
buckets, filling approximately three quarters of each bucket. The internal
containment bags were securely closed with zip-ties. A maximum of 110
gallons (416 L) of soil was collected to meet UN 2910 Hazardous Shipper
Restrictions. Shipping containers were inspected before leaving the site by
swiping, at minimum, a 10 cm2 area on the exterior of the container and
analyzed with a scintillation counter in the on-site Environmental Restoration
Group (ERG) office. Sample containers were driven from the field site near
Grants, NM to the shipping facility in Albuguerque, NM, before being
relocated to the Oregon State University (OSU) campus in Corvallis, OR. The

containers were stored in the Oregon State University Radiation Center
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(OSURC) at room temperature until use. Soils contained a variety of
concentrations of uranium from 12 ppm to 199 ppm as measured by
Instrumentalized Neutron Activation of Np-239. Two sites from this soil
collection, A and B, represent the highest and lowest end of the uranium
concentration spectrum in our soil media for test cases in this study.

For analysis of plant growth and translocation of contaminants,
lysimeters were used. Greenhouse growth is not always a perfect
representation of in situ scenarios, but with enough replicates of plants to sites
a strong representation of natural uptake can be made (Gerzabek, 1998; Islam,
2011). Additionally, the high clay soils used in this scenario are particularly
efficient when arranged in small scale lysimeter arrays (Kay, 2005; Ruth,
2018).

The study was conducted within a locked greenhouse enclosure at the
OSURC in order to secure the radioactive soil. The greenhouse enclosure can
house approximately five lysimeters per species (10 cm diameter x 25 cm
height ABS pipe columns (~2.059 L)) filled approximately 80% with the
contaminated soil, with the remaining space being filled with pea gravel and
filter meshing to aid drainage) for 20 lysimeters total, an example of which
can be seen in Figure 3.1. Water added to plants was conducted weekly at

approximately 100 mL.
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Soil Column

Mesh/Pea Gravel/Mesh

Substrate
Sealed Leachate

Collection

Figure 3.1.(Rep. 2.2). Example of lysimeter construction.

Bioconcentration factors (BCF) for the candidate plants were
measured as concentration ratios of the relative fraction of contaminant
radionuclides in the plant tissues to the respective levels in the soil media
(Mishra, 2019; Zhang, 2002). For 238U, the ratio was measured by the
concentrations determined through Neutron Activation Analysis of Np-239
(Landsberger, 2012; Zaidi, 1999). For 232Th, the ratio was also measured by
the concentrations determined through Neutron Activation Analysis, in this
instance by 233Pa (Pulhani, 2000). Finally, 226Ra ratios were measured by
the concentrations of the progeny of 222Rn after an ingrowth period via
gamma spectroscopy (Jia, 2011; Nelson, 2014).

Using these transfer factors as a baseline, dose rate calculations were
performed regarding the exposure scenarios outlined in ICRP 108 and 136 for

comparative analysis. The dose rate in this case was calculated as the
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partitioned amount of radionuclide in the soil media concentration respective

to the geometry of the source material in ICRP 108 and 136 such that:

Drate,internal = Cmedium X DCFinternaI

Per ICRP 108 and 136, where Cmedium represents the concentration of the
contaminant in the source media, and the DCF is the dose correction factor
tabulated from herb study calculations of idealized ellipsoids (ICRP, 2008;
Tarenenko, 2004). The DCF for 238U internalized in grass is listed in table
C.20 as 5.8 x 102 uGy day™* per Bq kg* in ICRP 108 or listed in table B.38 as
2.5x 10 uGy hr per Bq kg* in ICRP 136, a difference of ~3% thus the
ICRP 108 value was used for calculation. Likewise, for 232Th, the DCF was
listed as 5.5 x 102 uGy day™* per Bq kg*, and for 226Ra the DCF was listed as
3.4E-1 uGy day per Bq kg*. While ICRP 136 is a definitive improvement
over the efforts of ICRP 108, the simplification to use of solely ICRP 108 data
is for comparative purposes.

The BCF can adjust this calculation by modifying the Cmedium by the
amount additionally partitioned to the tissue such that a closer to in situ

internal dose rate may be given by:

Drate, internal, adjusted = ((BCF X Credium) *+ Cmedium) X DCFinternal
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3.3 RESULTS & DISCUSSION

Astute observation may indicate that while Sporobolus airoides may
be a grass, Helianthus petiolaris, Kochia scoparia, and Atriplex canescens are
definitely not barley, wheat, or rye variants. However, in lack of appropriate
reference plants, the grass is the most morphologically similar organism, and
was modeled in ICRP 108 and 136 in the most similar means to traditional
terrestrial growth scenarios. Using the model grass as a reference point, the
internal dose rates for each plant and for three contaminants (Radium-226,
Thorium-232, and Uranium-238) were assembled. While mathematically
obvious, there will generally be an ‘artificial” increase in the internal dose rate
for all examples, but the differences between these increases between plants
and between sites should be recognized.

Generally, nature is not confined to homogeneous infinite planes with
structural densities in common with that of ICRU four component tissues. Soil
chemistry and physical characteristics perform in a myriad of ways for the
translocation of any particular element or substance, especially for
radionuclides. Radium can chemically behave as calcium, which has many
implications for biological uptake in living plants, as well as bindings in the
organic matter of soil. Thorium translocates predominantly at pH of 6.5, but

other factors show no overwhelming statistical significance and may depend



50

on the specificity of components of the site (IAEA, 2009; IAEA, 2010;
Mitchell, 2013). Uranium is similar in its particular dependence on pH to
translocate to the tissues of plants, but also shares a dependence on the
variation of clay content, and iron presence alongside organic matter (EPA,
1999; IAEA, 2009; IAEA, 2010). Cumulatively, these considerations must be
acknowledged as sources of potential discontinuity with what ICRP 108 and
136 have prescribed for dose rates and what any adjustments may make. With
this caveat, adjusted dose rates should be evaluated as an example of the
inability to accurately describe the processes of dose within situ plant tissues

using only the geometrically and volumetrically simplified RAPs.
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3.3.1 Uranium Comparisons

Table 3.2. Estimated internal dose rates in plant tissues from 238U laden media using the dose rate equation in ICRP 108
and the results of dose per calculated bioconcentration factors. Blank spaces denote values below detectable limits.

BCF for growth  Internal Dose  Internal Dose BCF for growth Internal Dose  Internal Dose

Plant Species in Site A Rate per ICRP  Rate adjusted in Site B Rate per ICRP  Rate adjusted
P 144 Bq kgt 108 and 136 per BCF 2470 Bq kgt 108 and 136 per BCF
238U Soil (uGy day™?) (uGy day™) 238U Soil (uGy day™?) (uGy day™?)
Sporobolus
e 0.58 8.35 13.20 0.46 143.26 209.16
airoides
Helianthus 3.47 8.35 37.33 0.46 143.26 209.16
petiolaris
Kochia scoparia 0.59 8.35 13.28 0.41 143.26 202.0
Atriplex 1.16 8.35 18.04 i 143.26 143.26

canescens
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Table 3.2 highlights the overall increase in uptake at the lower end of the
uranium concentration spectrum in the soil of Helianthus petiolaris with an
increased internal dose rate of 347%, the rate postulated by ICRP 108 and
136. Likewise, the Atriplex canescens experiences an increased internal dose
rate of 116%. Sporobolus airoides and Kochia scoparia saw relatively
moderate increases at 58% and 59%, respectively.

At the relatively higher end of uranium concentration, the dose rate
increases are more moderate. Both Sporobolus airoides and Helianthus
petiolaris experience an increase of 46%. Similarly, Kochia scoparia
experiences an increase of 41%. Since the samples of Atriplex canescens
grown in Site B soils did not mature enough in growth to get a sample that
could meet detection limits, there was no discernible difference for the

purposes of this study.
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3.3.2 Thorium Comparisons

Table 3.3 Estimated internal dose rates in plant tissues from 232Th laden media using the dose rate equation in ICRP 108
and the results of dose per calculated bioconcentration factors. Blank spaces denote values below detectable limits.

BCF for growth  Internal Dose  Internal Dose BCF for growth Internal Dose  Internal Dose

Plant Species in Site A Rate per ICRP  Rate adjusted in Site B Rate per ICRP  Rate adjusted
P 52 Bq kg* 108 and 136 per BCF 48 Bq kgt 108 and 136 per BCF
232Th Soil (uGy day™) (uGy day™) 232Th Soil (uGy day™?) (uGy day™?)

Sporobolus 0.37 2.86 3.92 1.03 2.64 5.36
airoides

Helianthus 2.17 2.86 9.07 0.10 2.64 2.90
petiolaris

Kochia scoparia 0.11 2.86 3.17 0.19 2.64 3.14

Atriplex 0.14 2.86 3.26 i 2.64 2.64

canescens
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Table 3.3 describes the modest increase in uptake, with a relatively much
higher uptake in Helianthus petiolaris at the higher end of 232Th
concentration in the soil medium. Though the difference between these
concentrations is small (8%), the impact on uptake is quite a bit larger.

For Sporobolus airoides growth in 52 Bq kg* 232Th soil, there is a
37% increase in the internal dose rate. Comparatively, for growth in 48 Bq kg
1232Th soil, there is a 103% increase. Helianthus petiolaris grown in 52 Bq
kg 232Th soil yields a 217% increase and in 48 Bq kg™ 232Th soil itis a
10% increase. Kochia scoparia when grown in 52 Bq kg™ 232Th soil sees
11% increase, and growth in 48 Bq kg™ 232Th soil lends to a 19% increase.
Finally, Atriplex canescens sees a 14% increase in internal dose rate in 52 Bq
kg 232Th soil, but again as no samples met the limit for detection grown in
Site B soil the dose rate is the same as postulated by ICRP 108 and 136 for the

purposes of this comparison.
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3.3.3 Radium Comparisons

Table 3.4. Estimated internal dose rates in plant tissues from 226Ra laden media using the dose rate equation in ICRP 108
and the results of dose per calculated bioconcentration factors. Blank spaces denote values below detectable limits.

BCF for growth  Internal Dose  Internal Dose BCF for growth Internal Dose  Internal Dose

Plant Species in Site A Rate per ICRP  Rate adjusted in Site B Rate per ICRP  Rate adjusted
P 22 Bg kg* 108 and 136 per BCF 409 Bq kgt 108 and 136 per BCF
226Ra Soil (uGy day™?) (uGy day™) 226Ra Soil (uGy day™) (uGy day™?)
Sporobolus
.. 3.46 7.48 33.36 0.57 139.06 218.32
airoides
Helianthus 2.69 7.48 27.60 0.42 139.06 197.47
petiolaris
Kochia scoparia 2.40 7.48 25.43 1.07 139.06 287.85
Atriplex 1.41 7.48 18.03 0.10 139.06 152.97

canescens
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Table 3.4 covers the results for Radium-226. The lower concentration gradient
of Site A, Sporobolus airoides sees the highest internal dose rate increase with
the adjustment at 346% of the value of the reference internal dose rate.
Helianthus petiolaris and Kochia scoparia see a relatively similar increase in
dose rate at 269% and 240%, respectively. Atriplex canescens sees the
smallest increase at 141%.

For Site B, the increases are still present but more statistically muted.
Sporobolus airoides and Helianthus petiolaris see increases of 57% and 42%,
whereas Kochia scoparia observes an increase of 107%. Atriplex canescens

once more sees the smallest increase at 10%.

3.3.4 Derived Consideration Reference Levels

By combining the adjusted dose rates tabulated prior with those calculated for
the external exposure scenarios, a total absorbed dose to each studied plant

group can be calculated.
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Table 3.5. Comparison of the total dose rates calculated as the sum of the internal and external dose rates for all
radionuclides of concern, differentiated by Site and method of calculation.

Total Dose Rate at Site Total Dose Rate at Site Total Dose Rate at Site Total Dose Rate at Site

Plant Species A per ICRP 108/136 A with adjustment B per ICRP 108/136 B with adjustment
(uGy day™?) (uGy day™?) (uGy day™?) (uGy day™?)
Sporobolus airoides 18.87 50.65 288.24 436.12
Helianthus petiolaris 18.87 74.18 288.24 412.81
Kochia scoparia 18.87 42.06 288.24 496.27

Atriplex canescens 18.87 39.50 288.24 302.14
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Comparing the results of Table 3.5 with the DCRLs outlined in table
6.4 of ICRP Publication 108, all values fall within the non-shaded region
considered as a level at which further evaluation should be warranted.
Regrettably, little literature exists studying any of these plants in depth
regarding radiation dose or dose effects, leaving only this paper as a first
analysis of dose to any of these particular plants.

While again none of these plants experienced a bracket change in the
DCRL table, all species at Site A experienced a higher dose rate greater than
100% of the estimated value, with Helianthus petiolaris experiencing the
greatest change at 293%. At Site B, the effect is far more muted, with Kochia
scoparia having the highest change at 72% increase relative to the ICRP
findings, Sporobolus airoides at a 51% increase, and Helianthus petiolaris
seeing a 43% increase, relative to ICRP findings. For Atriplex canescens the
only variation was in the radium section for adjustments, leading to a modest
4% increase in dose rate. It is uncertain what condition prevented growth of
this species at Site B in greenhouse study as the species is prolific at the

location the soil was extracted.

3.4 CONCLUSION

Through a comprehensive analysis of in situ plant uptake from contaminated
growth media, there were significant deviations in the actual dose rates of

some plant species compared to the proposed values in the ICRP guidelines.
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These discrepancies emphasize the need for refining the RAPs approach and
dose coefficients based on in situ data to improve the accuracy and reliability
of environmental radiological protection assessments.

The results also highlight the complex interplay between radionuclide
uptake and various soil characteristics. These factors contribute to potential
discontinuity between the ICRP recommendations and actual dose rates, and
thus warrant further investigation to develop a more accurate and site-specific
radiological protection framework.

The derived consideration reference levels (DCRLs) should be
cautiously interpreted, as the observed and appropriately adjusted internal
dose rates for several plant species place the dose rates significantly upward,
nearing the range that necessitates further evaluation. This underscores the
importance of refining and validating the existing RAPs approach to ensure
that environmental radiological protection assessments are both reliable and

robust.
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ABSTRACT

The ICRP has provided simplified phantoms for estimating radiological dose
from external and internal sources of radiation; however, there are
circumstances when highly accurate calculation of absorbed dose may be
more useful. The use of anatomically accurate phantoms may provide insight
into exposure scenarios. The process uses a collection of CT and/or MRI
images, delineates organ structures within each image slice, and then prepares
a volumetric phantom. This phantom is coupled with a radiation transport
code (e.g., GEANT4 10.5) to assess the extent of radiation transmission and
energy absorption through tissues of interest. Precise dosimetric phantoms
have been challenging to generate due to their extensive use of time and need
for proprietary software. An effort was made to develop open-source software
to provide the missing link between image collection and radiation transport
calculation. The software, FSOPhantom (Faster, Sharper and Open), works
with modified Geant4 release version 10.5 and is coupled with the open-
source medical image analysis software 3D Slicer. FSOPhantom allows for
import of triangular mesh geometry produced from STL (STereo Lithograph)
files before coupling them to particle tracking software. These very fine scale
geometric structures can be represented by hundreds of thousands of small
triangles, even if the rest of the model consists of fewer, much larger triangles.

This program was used to generate a new phantom dosimetric model for a
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previously unstudied, yet infamous among the radiation professional

community, terrestrial plant, the common banana (Musa acuminata Colla).

4.1 INTRODUCTION

Internal dosimetry has historically been the science of understanding how
internalized sources of ionizing radiation impacts tissues within an organism.
While many studies have been done to measure these effects, primarily in
humans, prospective studies have made use of novel features through
computer simulated models. The history of these models originates from
medical practice, particularly the use of tracer studies in the late 1920s.
However, it was not until Marinelli modeled a patient’s tissues as a
cylindrical volume that the first model was born. From there, the models grew
into individualized spheres for each respective organ in the human body as
demonstrated by Quimby (Xu, 2014). The 1960s further developed these
approximations through the use of the most powerful tool now in use: the
computer. Ellett was the first to publish computer generated energy
depositions based on rudimentary phantom shapes, utilizing Monte Carlo
approximations to determine the path of gamma rays as they passed through a
medium. This culminated in perhaps the most widely known modeling
program for internal dosimetry, Monte Carlo N-Particle, or MCNP, in 1977
via Los Alamos National Laboratory. However, all of this work was still in

the realm of modeling a human being.
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Models have long been a mainstay of estimating dose and exposure
scenarios, especially in the case of non-human biota. However, modern
models make use of ellipsoids or similar geometric shapes with infinitely
homogeneous structures of particular density (ICRP, 2008; ICRP 2017).
Novel methods of creating phantom voxel models of organisms, such as those
developed by Neville (2019), allow for a more accurate portrayal of biota for
particular relative absorbed fraction parameters in tissue and organs.
Incidentally, such phantom models show some discrepancies with established
literature (Condon, 2019; Ruedig, 2015).

ICRP 108 and 136, in particular reference “Reference Animal and
Plant” (RAP) considerations for non-human biota, including small terrestrial
plants, such as the common grass, to large terrestrial plants, such as the Scots
Pine. To this date, a very small number of specific voxelized phantoms have
been created for these RAPs and even fewer have been for the plants outlined
(Biermans, 2014; Condon, 2019; Yoschenko, 2011). Functioning as key
endemic organisms of world ecosystems, further consideration towards the
complexities of these non-human organisms would be ideal as only one
terrestrial plant model has been constructed and cross-analyzed between
phantom structures (Montgomery, 2020).

Within this paper are the first dosimetric models of the banana (Musa
acuminata Colla), a traditional food of the Philippines that has spread to much
of the world, to become a staple crop of the world’s fruit supply in the modern

era (Langdon, 1993). The banana fruit is one of the most commonly used
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references for equivalent dose communication, as seen in the commonly

touted “Banana Equivalent Dose” (Mansfield, 1995).

42 METHODS

4.2.1 Voxel Overview

A voxel model is a three-dimensional digital representation of an object or
space made up of voxels, which are volumetric pixels. Voxel models are
created through a process called voxelization, where a mesh or point cloud is
converted into a voxel grid. This grid can then be manipulated to simulate
various scenarios or analyze different properties of the object or space.

The creation of a voxel model involves several steps, including data
acquisition, preprocessing, voxelization, and postprocessing. Data acquisition
involves obtaining data about the object or space using techniques such as
computerized tomography (CT) scanning, magnetic resonance imaging
(MRI), or laser scanning. Preprocessing involves cleaning and preparing the
data for voxelization, while voxelization involves converting the data into a
voxel grid. Postprocessing, such as the case of FSOPhantom, involves
analyzing the voxel model and extracting relevant information from it.

While voxel models can be useful for simulating and analyzing various
scenarios, they also have several limitations compared to in situ analysis. For

example, voxel models are based on discrete representations of objects or
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spaces and may not capture all of the complexities and nuances of the real
world. Additionally, voxel models may not accurately represent physical
processes or phenomena, and their accuracy may be limited by factors such as
voxel size and resolution. Finally, voxel models may not be able to account
for certain types of interactions or behaviors that can only be observed

through in situ analysis.

4.2.2 Computational Modeling Programs

A novel program developed at Oregon State University was used to generate
dosimetric modeling of M. acuminata Colla used triangular mesh recreations
of MRI or CT scanned organisms. This program, Faster, Sharper Open
Phantom (FSOPhantom) was developed by Dr. Delvan Neville and consists of
a customized fork of GEometry ANd Tracking 4 (GEANT4), which interfaces
with 3DSlicer to provide an open-source method for dosimetric modeling and
deconstruction.

3D Slicer is a powerful, open-source software package developed by
the National Institutes of Health (NIH) for medical image analysis,
visualization, and research. It is a versatile tool that allows users to process
and analyze medical image data, including MRI, CT, and PET scans, in three
dimensions.

One of the key features of 3D Slicer is its user-friendly interface,

which makes it easy for medical professionals and researchers to manipulate
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and analyze large datasets. The software offers a range of sophisticated tools
for image segmentation, registration, and fusion, as well as advanced
algorithms for volume rendering and image-based modeling (Fedorov, 2012).

GEANT4 is a toolkit for the simulation of the passage of particles
through matter. It is used extensively in the fields of high energy physics,
nuclear physics, space science, medical physics, and radiation protection.
GEANT4 was developed in 1993 by CERN, the European Organization for
Nuclear Research, and its collaborators.

The code GEANT4 allows users to define the geometry of their
experimental setups, specify the particles to be simulated, and select the
physics processes to be included in the simulation. GEANT4 uses Monte
Carlo techniques to simulate the passage of particles through matter, tracking
each particle's position, energy, and other properties as it interacts with the
material (Agostinelli, 2003; Allison, 2006, 2016).

GEANT4 includes a large number of models for electromagnetic,
hadronic, and optical interactions, and has been extensively validated against
experimental data. It can simulate a wide range of particle types, energies, and
geometries, from subatomic particles to cosmic rays and astrophysical
phenomena. It is open-source software, so users can modify the code or
develop their own models and share them with the community.

However, one of the limitations of GEANT4 is that it can be
computationally intensive, especially for complex geometries or high-energy

particles. This can require significant computing resources and long
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simulation times. Additionally, the accuracy of the simulation results depends
on the quality of the input data and the models used, so careful validation and
verification of the simulations is important (Agostinelli, 2003; Allison, 2006,
2016). This limitation extends to FSOPhantom, where for large numbers of
vertices and triangles loading time may be longer than is feasibly desired.

Finally, for repair of mesh errors and to reduce file sizes and triangles
and vertices by orders of magnitude, Meshmixer was utilized. Meshmixer is a
state-of-the-art and free tool for analyzing and mixing meshes of triangular
polygons in medical, physical engineering, or public sector projects

(Autodesk, 2018).

4.2.3 Post MRI Modelling of Plant Tissues

3DSlicer was used to develop the MRI scans of M. acuminata Colla into a
three-dimensional object with segmentation of individual structures within the
fruit that serve variable organic functions. The model banana provided by
Boston University Medical School was prepared via a Philips Intera/Achieva
3T MRI Machine, using Proton Density Weighting. The banana was
segmented into two models: a uniform banana consisting of homogenous
tissue throughout and a more detailed model (Figure 4.1) consisting of a ~3
mm thick skin or epicarp, internalized “meat” or mesocarp, and the placenta,
loculus, and endocarp as a combined third segment dubbed the “Internals” due

to resolution constraints.
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Figure 4.1. Biological Drawing of a Cross Section of a Banana.

Segments of the banana were analyzed by alternating contrast levels
and labeled through use of the Paint, Hollow, and Level Trace tools manually,
as seen in Figure 4.2. These segments were exported as binary STL files at
roughly 300 MB each. However, the number of triangles and vertices was
overabundant for practical purposes, as well as the presence of step level edge

anomalies due to the limitations of scan slices along the coronal plane.
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Figure 4.2. Example of a first pass of segmentation in 3DSlicer, highlighti

reproductive structure as separate structures.



Figure 4.3: Example of “step” anomalies in segmentation of a volume due to a limitation in slices along a p

|

lane.
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In the case of these anomalies seen in Figure 4.3, the STL files were
run through a commercial tool for repairing 3D models, Meshmixer.
However, any similar tool that has both a smoothing and a decimation feature
can be used with equal effect. Using these utilities, the models were reduced

to at most 11540 KB while preserving the geometry of the samples.

Figure 4.4. Semi-smoothed meshes preserving geometry of the internal meat
and reproductive network overlaid across each other in Meshmixer.



The dimensions of the final meshes approximated to the nearest

rectangular prism were as follows:

75



Table 4.1. Dimensions of the various segments generated as STL meshes for study in FSOPhantom.

76

Tissue Section Max Length (mm) Max Width (mm) Max Height (mm)
Epicarp 200 43 104
Mesocarp 164 31 78

Internals 145 17 68
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The results of which can be seen in Figure 4.4 as a nested phantom
structure respecting the geometry of each subsequent segment. Note that each
segment is exported as a mesh, meaning that each is deemed as a hollow

structure until filled by an appropriate application.

4.2.4 Generating a “Reference” Banana

Neither ICRP Publication 108 nor 136 intended to address nonhuman biota
have covered fruits at this time, however a phantom ellipsoid generated in the
same style as these endeavors can be obtained. Using Meshmixer, an ellipsoid
of dimensions similar to the epicarp’s nearest rectangular prism was generated

as seen in Figure 4.5.



Figure 4.5. An ellipsoidal model of a “Reference” Banana conforming to the
idealized dimensions of the nearest rectangular prism from a scan of a real
banana.
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Table 4.2. The dimensions of an ellipsoid conforming to the nearest rectangular prism from a scan of a real banana, for use
as a “Reference” Banana.

Model Reference Major Axis (mm) Minor Axis 1 (mm) Minor Axis 2 (mm)

Banana Ellipsoid 200 43 104
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4.2.5 FSOPhantom Specifications

FSOPhantom relies on the provision of material definition files (MDEF) for
each STL loaded as well as a MDEF for the surrounding medium. These files
are simple text files formatted to contain the material name as a “single word
(no spaces), space, the material density in g cm=, space, and the number of
elements that comprise the material. Lines 2 and beyond give the symbol for
an element, space, then the weight fraction for that element” (Neville, 2020).
For comparison between models ellipsoidal in nature and the whole banana,
the former was given a material definition of International Commission on
Radiation Units and Measurements (ICRU) 4-component tissue (ICRP, 2010).
For the more thorough modeling of the biologically accurate
segmentations, each particular segment’s density and weight fraction per
element was calculated based on the average mass of respective constituent
tissues (Soltani, 2011) relative to the volume calculated per voxel in
Meshmixer/3DSlicer and elemental compositional analyses of related species

(Anhwange, 2009; Pereira, 2021).



Table 4.3. The material density of the various segments of the banana component tissues alongside the elemental
compositions of each, including C, O, N, H, CI, K, Mn, Fe, Cu, Zn, Br, Rb, Sr in the Epicarp, with the loss of Ca in the
Mesocarp, and ICRU material for the internal combination.

81

Tissue Section Material Density (g cm™) Elemental Weighting Fractions
Epicarp 0.86 14
Mesocarp 0.66 13

Internals 0.66 4
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Combined, this yields a phantom banana with an approximate mass of
156 g when combining all constituent models, or individually a 9 g internals,

81 g mesocarp, and a 66 g epicarp.

43 RESULTS

All models were run through FSOPhantom in an envelope of air

(0.0012 g cm™ and six elemental weighting fractions) exceeding the model
geometry out to ten times the initial envelope containing only the host model
geometry to ensure that appropriate particle backscattering could occur when
relevant. Following the work of prior authors (Caffrey, 2016; Condon, 2019;
Neville, 2020), a similar range of gamma energies were simulated: 0.01,
0.015, 0.02, 0.03, 0.05, 0.1, 0.2,0.4,0.5, 0.7, 1.0, 1.5, 2.0 and 4.0 MeV, and
the electron energies simulated were 0.01, 0.015, 0.02, 0.03, 0.05, 0.1, 0.2,
0.4,05,0.7,1.0,1.5, 2.0, 4.0 MeV. Due to the limits of time, efficiency, and
ability, 50,000 histories were run for each simulated energy. All sources were

generated as a volumetric parallelepiped.



4.3.1 Ellipsoidal Reference Model

Table 4.4a. The output of running FSOPhantom over an idealized reference

banana phantom, consisting of ICRU 4 Tissue for gamma sources.
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. Ellipsoid Mean . Mean Dose

Particle Energy (keV) Dose (pGy) Absorbed Fraction Fractlona_l S.tandard
Deviation

gamma 10 327x 107 9.55x 10 9.67x 10
gamma 15 434x 107 8.45x 10 191x 10
gamma 20 4.60x 107 6.73x 10! 3.11x 107
gamma 30 3.71x 102 3.61x 10! 582x 10
gamma 50 228x 107 1.33x 107! 9.84x 1073
gamma 100 2.69x 107 7.85x 102 9.19x 10
gamma 200 5.88x 10 8.59x 102 8.56x 102
gamma 400 1.29x 102 9.42x 102 9.27x 1073
gamma 500 1.61x 102 9.42x 102 9.62x 10
gamma 700 222x102 9.28x 102 1.02x 102
gamma 1000 2.99x 102 8.73x 102 1.10x 102
gamma 1500 3.99x 102 7.77x 102 1.22x 102
gamma 2000 4.83x 10 7.06x 102 1.31x 102
gamma 4000 6.65x 102 4.86x 102 1.63x 102
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Table 4.4b. The output of running FSOPhantom over an idealized reference
banana phantom, consisting of ICRU 4 Tissue for electron sources.

. Ellipsoid Mean . Mean Dose
Particle Energy (keV) Dose (pGy) Absorbed Fraction Fractlona.I S.tandard
Deviation

e- | 10 | 3.42x103 | 1.00 x 10° | 237x10°
e- 15 5.13x10° 1.00 x 10° 1.90x 10°
e- 20 6.84x 102 1.00 x 10° 343x10°
e- 30 1.03x 102 1.00 x 10° 551x10°%
e- 50 1.71x 102 9.99x 10! 1.02x 10
e- 100 3.42x 102 9.98x 10! 1.70 x 104
e- 200 6.81x 102 9.94x 10! 2.82x 10
e- 400 1.35x 10 9.85x 107! 4.67x 10
e- 500 1.67x 10 9.79x 10! 553x10*
e- 700 2.32x 10" 9.68 x 10! 6.77 x 104
e- 1000 3.25x 10! 9.50x 10! 8.48x 10
e- 1500 4.73x 10" 9.22x 10! 1.06x 10
e- 2000 6.11x 10! 8.93x 10! 1.24x 102

e- 4000 1.07 x 10° 7.85x 107! 1.80 x 1072
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The model run in this scenario was for sources confined to the internal
structure of the reference ellipsoid. The ellipsoid was given a material
definition of ICRU 4 component tissue with a total mass of 468 g, which is
noted as being far heavier than the average banana. As seen in Table 4.4, The

dataset is organized into five columns:

1. Particle: The type of source (either gamma or electron).

2. Energy (keV): The energy level of the particle in kilo-electron
volts (keV).

3. Ellipsoid Mean Dose (pGy): The mean absorbed dose by the
Ellipsoid object, measured in pico-Grays (pGy).

4. Absorbed Fraction: The fraction of the emitted energy
absorbed by the Ellipsoid object.

5. Mean Dose Fractional Standard Deviation: The fractional
standard deviation of the mean dose, which represents the

variability or uncertainty of the mean dose value.
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Absorbed Fraction for Gamma and Electron Sources in
Reference Ellipsoid
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Figure 4.6. Absorbed Fractions to reference ellipsoid tissue for gamma and electron sources located in the center of
the ellipsoid tissue.
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The absorbed fractions (Figure 4.6) for gamma particles vary
significantly with energy levels, starting at a high value of 0.955 at 10 keV
and decreasing as energy increases, reaching a low value of 0.049 at 4,000
keV. In contrast, the absorbed fractions for electrons remain close to 1 (100%
absorption) for lower energy levels and decrease slightly as energy levels
increase, with the lowest value of 0.785 at 4,000 keV. The mean dose
fractional standard deviation values indicate that the uncertainty in the mean
dose measurements is higher for gamma particles than for electrons,

especially at higher energy levels.

4.3.2. Three Part Banana Model

Three model runs were processed for a source confined to three separate parts
of the banana: the internal tissues, the mesocarp, and the epicarp. All tables
follow the format described in the prior section, with additional columns for

each respective tissue.
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Table 4.5a. Mean Dose, Absorbed Fractions for a variety of gamma sources of varying energies initially spawned
in the “Internals™ tissue.

Epicarp Mean.Dose Mesocarp Mean.Dose Internals Mean.Dose

Particle Energy Mean Dose Absor.bed Fractional Mean Dose Absor.bed Fractional Mean Dose Absor.bed Fractional
(keV) (DGy) Fraction Star?da}rd (DGy) Fraction Staqda}rd (nGy) Fraction Star?da}rd

Deviation Deviation Deviation

gamma 10 260x10* 1.08x102% 428x102 6.59x102 336x107" 6.29x103 1.11x107" 6.51x10" 3.27x 1073
gamma 15 3.62x 103 1.00x 10" 1.34x102 1.37x102% 4.64x10" 4.80x 103 8.74x102 3.42x10"' 6.19x 1073
gamma 20 6.44x 103 134x10" 1.13x10% 140x102 3.56x107" 598x103 6.00x102 1.76x 107" 9.60x 1073
gamma 30 5.69x 102 7.87x102 1.50x102% 935x103 1.59x107' 1.01x10% 297x102 583x102% 1.74x1072
gamma 50 3.16x 103 2.62x102 246x 102 4.74x 107 4.83x102 1.71x102 1.52x102 1.79x102 2.78x 1072
gamma 100 275x 103 1.14x102% 2.69x102% 5.06x103 257x102 1.61x102% 1.72x102 1.01x102 2.37x107?
gamma 200 5.06x 1072 1.05x102 244x102% 1.08x102 2.75x102 1.52x102 4.04x102 1.19x102 228x 1072
gamma 400 1.16 x 102 1.21x102 2.60x102 237x102 3.02x102 1.65x102 8.58x102 1.26x102 2.57x102
gamma 500 1.41x102 1.17x102 2.74x102 297x102 3.02x102 1.71x102 1.01x10" 1.18x102 2.73x1072
gamma 700 1.97x 102 1.17x102 2.85x102 4.10x102 298x102 1.81x102 1.38x10" 1.16x102 2.87x102
gamma 1000 2.60x 102 1.08x102% 298x102 5.65x102 288x102 191x102 1.65x10*" 9.72x102 3.17x1072
gamma 1500 3.53x 102 9.75x 102 3.03x102 7.53x102% 2.56x102 2.06x102 1.74x10" 6.80x 103 3.72x 102
gamma 2000 435x 102 9.01x102 296x102% 8.77x102 223x102 2.19x102 1.93x10" 568x 103 3.92x102
gamma 4000 6.16x 102 6.38x 103 2.80x102 1.04x10"' 1.32x102 2.64x102 1.77x10" 2.60x10° 496x 102
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Table 4.5b. Mean Dose, Absorbed Fractions for a variety of electron sources of varying energies initially spawned
in the “Internals” tissue. For runs that did not return viable data, ‘-’ is used.

Epicarp Mean.Dose Mesocarp Mean.Dose Internals Mean.Dose
Particle Energy Mean Dose Absor.bed Fractional Mean Dose Absor.bed Fractional Mean Dose Absor.bed Fractional
(keV) (DGy) Fraction Star?da}rd (0Gy) Fraction Staqda}rd (nGy) Fraction Star?da}rd
Deviation Deviation Deviation
e- 10 - 0.00x10° 0.00x10° 581x10° 296x10* 232x10" 1.70x10" 1.00x10° 7.26x10°
e- 15 - 0.00x10° 0.00x10° 1.68x10° 571x10* 1.67x10" 255x 10" 9.99x 10" 1.01x10™
e- 20 - 0.00x10° 0.00x10° 3.70x10° 9.42x10* 125x10" 3.40x10" 999x10" 1.23x10*
e- 30 - 0.00x10° 0.00x10° 1.11x10* 1.88x102 895x102 509x10" 998x10" 1.74x 10+
e- 50 1.92x 10° 1.59x10° 720x 10" 444x10* 452x103 577x102 8.46x 10" 995x 10" 2.67x10*
e- 100 2.15x10°¢ 893x10°¢ 6.95x10" 3.32x103 1.69x102 297x102 1.67x10° 9.83x 10" 5.14x10*
e- 200 1.39x10° 287x10° 297x10" 190x 102 484x102 1.70x102 3.24x10° 9.51x 10" 8.68x10™*
e- 400 8.17x 105 847x10° 231x10" 1.05x10" 1.34x10" 948x103 588x10° 8.64x10"' 147x10°7
e- 500 1.33x10* 1.10x10* 244x10" 1.75x107" 1.78x 10" 7.87x10° 6.98x10° 821x10" 1.71x107
e- 700 221x10* 131x10* 239x107" 3.65x107" 266x 10" 591x103 8.72x10° 732x10" 2.15x103
e- 1000 238x 103 986x10* 846x102 7.57x10" 3.85x10" 4.25x102% 1.04x10' 6.10x10" 2.69x 107
e- 1500 480x 102 1.33x102% 238x102> 150x10° 5.08x 10" 2.94x10° 121x10' 4.74x10" 3.21x107
e- 2000 220x 107" 4.56x 10 1.19x102% 224x10° 570x107 227x103 1.26x10' 3.71x10" 3.61x 107
e- 4000 1.42x10° 1.47x107" 3.79x 102 3.49x10° 444x107' 221x10° 130x10' 1.92x10" 4.23x103
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As shown in Table 4.5, as the energy of the gammas increases, the
absorbed fractions for the epicarp and mesocarp decrease while the absorbed
fractions for internal tissues increase. This trend can be attributed to the
increasing penetration power of gamma rays at higher energies, allowing them
to reach deeper layers of the object.

For electrons, though the most significant increases were observed in
the epicarp layer, the absorbed fractions were comparatively lower to the
mesocarp and internal layers. This is likely due to the lower penetration power
of electrons compared to gamma rays, leading to a higher proportion of
energy being absorbed by the outer layers.

The mean dose fractional standard deviation generally decreases for
gamma rays as energy increases, indicating a more consistent absorbed dose
distribution. However, for electrons, the standard deviation tends to increase
with energy, suggesting that the absorbed dose distribution is less consistent at

higher energies.



Absorbed Fractions in Tissue Segmentations with Gamma Sources Located in the Internals
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Figure 4.7. Absorbed Fractions to various segmented tissues compared to the reference ellipsoidal phantom for
gamma sources located in the ‘internals’ tissues.
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For gamma particles as energy levels increase, the mean absorbed dose
and absorbed fraction values per Figure 4.7 generally decrease for the epicarp
and mesocarp but increase for the internals. This suggests that higher-energy
gamma particles are more likely to penetrate deeper into the object, resulting

in a higher dose for the internals.



Absorbed Fractions in Tissue Segmentations with Electron Sources Located in the Internals
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Figure 4.8. Absorbed Fractions to various segmented tissues compared to the reference ellipsoidal phantom for
electron sources located in the ‘internals’ tissues.
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For electron particles, as energy levels increase, the mean absorbed
dose values increase for all three components (epicarp, mesocarp, and
internals) while the absorbed fraction values generally decrease per Figure
4.8. This indicates that higher-energy electrons deposit more energy in each
component, but the fraction of energy absorbed decreases as the energy level
increases.

In both cases, the reference ellipsoid generally had a higher absorbed
fraction than the respective tissues with significant crossover of data points
only occurring for electrons in the region of 10 keV to 100 keV between the
reference and the internals segment.

For the scenario of a source in the Mesocarp tissue:
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Table 4.6a. Mean Dose, Absorbed Fractions for a variety of gamma sources of varying energies initially spawned

in the Mesocarp tissue.

Epicar Mean Dose Mesocar Mean Dose Internals Mean Dose
. Energy picarp Absorbed  Fractional P Absorbed  Fractional Absorbed  Fractional
Particle Mean Dose . Mean Dose . Mean Dose .
(keV) (bGY) Fraction Standard (bGY) Fraction Standard (bGy) Fraction Standard
it Deviation s Deviation LY Deviation
gamma 10 2.65x102 1.10x 107" 1.27x102 1.68x 102 854x 107" 1.85x102 441x102 2.59x102% 2.74x107?
gamma 15 7.05x 1073 195x 107" 9.07x 103 1.84x102 625x10" 346x10° 889x103 3.49x102 235x107?
gamma 20 8.77x 1072 1.82x107' 944x 102 1.62x102 4.12x107" 531x102 895x103 2.63x102% 2.70x 1072
gamma 30 6.96x 103 9.62x 102 1.34x102 999x103 1.70x10"' 9.66x 103 592x10° 1.16x102 3.98x107?
gamma 50 3.70x 103 3.07x 102 227x102% 504x103 514x102 1.66x 102 337x103 397x103 598x 1072
gamma 100 3.15x 107 1.30x 102 245x102% 519x103 2.64x102 155x102% 3.85x103 227x103 5.13x107?
gamma 200 586x 1072 1.22x102 228x102% 1.14x102 291x102 1.46x102 9.14x103 2.69x 102 4.77x107?
gamma 400 1.34x 102 1.39x102 241x102 254x102 324x102 1.61x102 1.83x102 2.69x103 557x107?
gamma 500 1.62x 102 1.35x102 2.58x102 3.05x102 3.10x102 1.70x 102 226x102 266x 103 581x107?
gamma 700 2.35x 102 1.39x102 2.62x102 4.19x102 3.05x102 1.81x102 334x102 281x103 588x107?
gamma 1000 3.04x 102 1.26x102% 2.76x102 532x102 2.71x102% 1.98x102 448x102 2.64x102 6.29x107?
gamma 1500 407x102 1.13x102 284x102 6.88x102 234x102% 217x102 583x102 229x10° 6.42x 10?2
gamma 2000 478 x 102 991x103 291x102 8.03x102 2.04x102% 232x102 757x102 223x10° 6.41x107?
gamma 4000 596x 102 6.18x102 3.00x 102 8.71x102 1.11x102% 296x102 7.88x102 1.16x102 7.48x107?
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Table 4.6b. Mean Dose, Absorbed Fractions for a variety of electron sources of varying energies initially spawned
in the Mesocarp tissue.

Epicarp Mean.Dose Mesocarp Mean.Dose Internals Mean.Dose
Particle Energy Mean Dose Absor.bed Fractional Mean Dose Absor.bed Fractional Mean Dose Absor.bed Fractional
(keV) (Gy) Fraction Star?da}rd (nGy) Fraction Star?da}rd (nGy) Fraction Star?da}rd
Deviation Deviation Deviation
e- 10 2.02x10°¢ 838x10° 4.58x10* 1.94x102 9.88x 10! 501x10* 2.09x103 1.23x102 4.01x10?2
e- 15 9.16 x10¢ 253x10* 2.44x10" 291x102 9.88x10" 498x10* 3.08x103 1.21x102 4.04x107?
e- 20 847x10° 1.76x10* 293x10"' 3.88x102 987x10" 510x10* 432x103 127x102 3.94x10?
e- 30 338x10° 4.67x10* 1.76x 10" 581x102 9.87x10"' 516x10* 6.54x103 1.28x102 3.92x107?
e- 50 1.45x10* 1.20x103 1.13x10" 9.68x 102 986x 10" 524x10* 1.07x102 1.26x102 3.94x107?
e- 100 1.07x10°% 442x102 582x102 193x10" 983x10" 554x10* 2.04x102 120x102 4.01x107?
e- 200 6.76 x 103 1.40x 102 3.19x 102 3.82x10"' 9.73x 10" 6.76x10* 4.28x 102 1.26x102 3.84x 1072
e- 400 393x102 4.07x102 1.83x102 7.41x10" 9.43x10"' 935x10* 1.04x10" 1.52x102 3.22x107?
e- 500 6.66x 102 5.52x102 1.55x102 9.10x10" 9.27x10" 1.05x103 1.38x10" 1.63x102 299x1072
e- 700 142x 10" 840x102% 122x102 1.23x10° 892x 10! 126x103 251x10! 2.11x102 2.50x 10?2
e- 1000 3.03x 10" 1.26x 10" 937x103 1.64x10° 836x10"' 1.56x103 5.17x10" 3.04x102 2.00x 1072
e- 1500 6.04x 10" 1.67x10" 7.00x102 221x10° 749x10" 194x103 1.11x10° 437x102 1.55x1072
e- 2000 8.98x 10" 1.86x 10" 5.74x102 2.62x10° 6.66x 10" 226x102 1.78x10° 523x102% 1.34x102
e- 4000 1.66x 10° 1.72x 10" 3.84x 103 3.53x10° 449x10' 3.02x10°% 2.88x10° 4.23x102 122x10?2
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In summary of Table 4.6, as the energy of gammas increases, the
epicarp mean dose increases throughout the dataset. The absorbed fraction
shows a decreasing trend while the mean dose fractional standard deviation
remains relatively constant. For electrons, the epicarp mean dose increases as
the energy increases with a much more pronounced increase at higher energy
levels. The absorbed fraction increases while the mean dose fractional
standard deviation decreases with increasing energy.

Comparing the two particle types, gamma rays generally have a higher
epicarp absorbed fraction than electrons at lower energy levels, but this trend
reverses as the energy increases. In terms of mean dose fractional standard
deviation, gamma rays have lower values than electrons across all energy
levels. In mesocarp and internals, the mean doses for both gamma rays and
electrons increase with energy. However, the absorbed fractions for gamma
rays decrease with increasing energy, while for electrons, the absorbed
fractions remain relatively constant, with only slight decreases as energy
increases near the end of the tested range. The mean dose fractional standard
deviations for both gamma rays and electrons show a general increase with
increasing energy in mesocarp and internals, with gamma rays having lower

values than electrons across all energy levels.



Absorbed Fractions in Tissue Segmentations with Gamma
Sources Located in the Mesocarp
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Figure 4.9. Absorbed Fractions to various segmented tissues compared to the reference ellipsoidal phantom for
gamma sources located in the mesocarp tissues.
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The reference ellipsoid still maintains a larger absorbed fraction up to
50 keV, per Figure 4.9, with the mesocarp having the closest absorbed
fraction values, and significantly higher than that of the internals or epicarp.
However, after 50 keV, there is generally strong evidence for agreement

between absorbed fraction values.
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Absorbed Fractions in Tissue Segmentations with Electron
Sources Located in the Mesocarp
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Figure 4.10. Absorbed Fractions to various segmented tissues compared to the reference ellipsoidal phantom for
electron sources located in the mesocarp tissues.
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For electrons, per Figure 4.10, the absorbed fractions in the Epicarp
component are the lowest among the three components, while the absorbed
fractions in the Mesocarp and Internals components are closer to each other
and remain high (above 0.6) at higher energy levels. This time, it is the
mesocarp that remains closest to the reference ellipsoid.

Finally, observing the scenario of a source located in the epicarp:
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Table 4.7a. Mean Dose, Absorbed Fractions for a variety of gamma sources of varying energies initially spawned
in the epicarp tissue.

Epicarp Mean.Dose Mesocarp Mean.Dose Internals Mean.Dose

Particle Energy Mean Dose Absor.bed Fractional Mean Dose Absor.bed Fractional Mean Dose Absor.bed Fractional
(keV) (Gy) Fraction Star?da}rd (nGy) Fraction Star?da}rd (nGy) Fraction Star?da}rd

Deviation Deviation Deviation

gamma 10 1.88x 102 7.78x 10" 239x 103 1.69x103 8.61x102 1.46x102 850x10° 5.00x10* 2.00x 10"
gamma 15 185x 102 5.11x10" 437x102 4.68x103 1.59x10" 1.03x102 1.59x103 6.23x10°% 5.63x107?
gamma 20 1.61x102 335x10"' 6.28x103 584x10° 1.49x10" 1.06x102 2.66x10° 7.81x103 5.00x 1072
gamma 30 1.03x 102 1.42x10" 1.08x102 4.49x103 7.63x102 1.52x102 2.65x10°3 520x103 599x107?
gamma 50 495x 102 4.11x102 195x102 252x102 256x102 239x102 130x102° 1.53x107° 944x 107
gamma 100 429x 102 1.78x 102 2.04x 102 2.66x102 135x102 222x102 2.04x102 1.20x107° 6.96x 107
gamma 200 8.61x102 1.78x102 1.88x10% 6.01x102 1.53x10% 2.05x102% 440x102 1.29x107 6.85x1072
gamma 400 1.86x102 193x102 2.05x102 1.33x102 1.69x102 223x102 9.56x103 1.40x103 7.82x107?
gamma 500 237x102 196x102 2.11x102 1.65x102 1.68x102 233x102 1.15x102 1.35x103 8.15x107?
gamma 700 3.19x 102 1.89x 102 226x102 226x102 1.64x102 246x102 1.45x102 1.21x103 8.75x107?
gamma 1000 391 x 102 1.62x102 246x102 3.16x102 1.61x102 259x102 2.17x102 1.27x103 8.85x107?
gamma 1500 447x 102 123x102 279x102 424x102 144x102 280x102 287x102 1.13x107° 9.24x107
gamma 2000 5.16x102% 1.07x10% 290x102% 524x102 1.33x102% 292x102% 3.26x102 9.59x10* 9.60x 1072

gamma 4000 6.20x 102 6.42x107° 3.22x102 6.51x102 829x 102 3.53x102 567x102% 833x10* 8.74x107
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Table 4.7b. Mean Dose, Absorbed Fractions for a variety of electron sources of varying energies initially spawned
in the epicarp tissue. For runs that did not return viable data, ‘-’ is used.

Epicarp Mean.Dose Mesocarp Mean.Dose Internals Mean.Dose
Particle Energy Mean Dose Absor.bed Fractional Mean Dose Absor.bed Fractional Mean Dose Absor.bed Fractional
(keV) (bGY) Fraction Star?de}rd (bGY) Fraction Staere}rd (bGy) Fraction Star_lda}rd
Deviation Deviation Deviation
e- 10 241x 102 999x 10" 1.71x10* 2.66x10~° 136x102 1.21x10" - - -
e- 15 3.61x102 998x 10" 1.78x10* 4.16x 10> 1.41x103 1.19x 10! - - -
e- 20 481x102 998x 10" 1.86x10* 529x10° 135x102 1.20x 10! - - -
e- 30 721x102 997x 10" 226x10* 1.05x10* 1.79x102 1.04x 10! - - -
e- 50 1.20x 10" 9.96x 10" 2.58x10* 1.62x10* 1.65x103 1.04x10" 1.44x10° 1.69x10° 1.00x 10°
e- 100 2.38x 10" 9.88x 10" 421x10* 6.38x10* 325x10°% 6.92x102 7.40x10° 435x10° 1.00x 10°
e- 200 4.63x 107" 9.60x 10" 7.78x 10" 486x 102 124x102 335x102% 129x10° 3.79x10° 6.95x 107"
e- 400 8.53x 10" 884x10" 1.35x102 336x102% 428x102% 1.75x10% 254x10° 3.74x10% 6.25x 10"
e- 500 1.0Ix10° 8.40x 10" 1.60x103 584x102 594x102 146x102 3.16x10* 3.72x10° 5.74x 10!
e- 700 1.26 x10° 7.49x 10" 2.04x103 132x10"' 9.58x102 1.11x102 1.78x10* 1.50x10° 6.13x 10"
e- 1000 1.50x 10° 6.23x 10" 2.58x 102 2.82x10"' 143x10!' 875x10°% 1.05x102 6.16x10° 3.14x 10"
e- 1500 1.74x 10° 480x 10" 3.16x 103 576x 10" 1.95x10"' 7.26x103 2.65x102 1.04x103 8.57x107?
e- 2000 1.91x10° 395x 10" 3.49x103 854x10"' 2.17x10"' 6.82x103 1.42x10" 4.17x103 4.11x107?

e- 4000 238x10° 247x10" 4.00x 102 1.67x10° 2.12x10" 6.70x102 1.15x10° 1.69x102 1.89x102
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In summary of Table 4.7, for gamma sources Epicarp Mean Dose and
Absorbed Fraction values generally decrease as energy levels increase. The
Mean Dose Fractional Standard Deviation values show a slight increasing
trend as the energy levels increase. Mesocarp Mean Dose values first
increase and then decrease as energy levels increase, while Absorbed
Fraction values follow a similar trend. The Mean Dose Fractional Standard
Deviation values show a slight increasing trend as energy levels increase.
The Internals Mean Dose values increase with increasing energy levels,
while Absorbed Fraction values remain relatively stable. The Mean Dose
Fractional Standard Deviation values show a decreasing trend as energy
levels increase.

For electron sources, Epicarp Mean Dose values increase with
increasing energy levels, and the Absorbed Fraction values decrease as
energy levels increase. The Mean Dose Fractional Standard Deviation values
also show an increasing trend with increasing energy levels. Mesocarp Mean
Dose values increase with increasing energy levels, and the Absorbed
Fraction values decrease as energy levels increase. The Mean Dose
Fractional Standard Deviation values show a decreasing trend as energy
levels increase. The Internals Mean Dose values increase with increasing
energy levels, while Absorbed Fraction values remain relatively stable. The
Mean Dose Fractional Standard Deviation values show a decreasing trend as

energy levels increase.
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Absorbed Fractions in Tissue Segmentations with Gamma
Sources Located in the Epicarp
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Figure 4.11. Absorbed Fractions to various segmented tissues compared to the reference ellipsoidal phantom for
gamma sources located in the epicarp tissues.
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The reference ellipsoid again maintains a larger absorbed fraction, per Figure
4.11, with the epicarp having the closest absorbed fraction values. The epicarp has a
significantly higher absorbed fraction than the internals or mesocarp until 50 keV.
After which there is generally strong evidence for agreement between absorbed

fraction values between the distinct tissue, but the reference ellipsoid still dominates.
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Absorbed Fractions in Tissue Segmentations with Electron
Sources Located in the Epicarp
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Figure 4.12. Absorbed Fractions to various segmented tissues compared to the reference ellipsoidal phantom for
electron sources located in the epicarp tissues.
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For electrons, per Figure 4.12, the absorbed fractions in the Epicarp
component are the highest among the three components. While the absorbed
fractions in the Mesocarp and Internals components are closer to each other up
to 400 keV, where they begin to diverge at higher energy levels with the
mesocarp meeting the epicarp at 4000 keV. The epicarp remains closest to the

reference ellipsoid up to 200 keV.

44 CONCLUSION

In conclusion, this study has demonstrated the efficacy of an open-
source dosimetric phantom program, FSOPhantom, in analyzing the absorbed
radiation dose for different layers of a simulated banana when exposed to both
gamma and electron sources. The program's ability to generate detailed data
on absorbed fractions, mean doses, and fractional standard deviations across a
wide range of radiation energies highlights its versatility and usefulness in
radiation dosimetry applications. Furthermore, our analysis of the generated
data has revealed distinct trends in the behavior of gamma rays and electrons
as their energies increase, which provides valuable insight into the interactions
between radiation and the simulated banana object. The findings support the
notion that gamma rays possess higher penetration power compared to
electrons, leading to a more consistent absorbed dose distribution at higher
energies. While this data is biologically obvious, this is the first time such
analysis has been performed on the banana.

The study also emphasizes the importance of comparing the results

obtained from ellipsoid approximation models and biologically accurate
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models in radiation dosimetry research. The differences between these two
types of models could significantly impact the accuracy of dose estimations,
particularly in cases where the subject of interest exhibits complex geometries
and heterogeneities.

Overall, the successful application of the open-source dosimetric
phantom program in this study not only validates its performance, but also
contributes to the growing body of knowledge in radiation dosimetry. This
work highlights the potential of such programs in improving the
understanding of radiation interactions with various materials and biological
systems, ultimately paving the way for more accurate and reliable dosimetric

assessments in the future.
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This dissertation sought to provide a glimpse into the emerging topics and
technologies facing the radiation ecology community. In an era marked
undeniably by climate change, it is now crucially important that knowledge is
paired with the tools of our time to ensure the efficacy and efficiency of our
stewardship of this world we call home.

The study on phytostabilization and phytoremediation revealed that
plant species such as H. petiolaris, S. airoides, and K. scoparia possess
distinct characteristics that make them suitable for specific regions and
conditions. The complex interplay between soil characteristics and plant
uptake highlights the importance of selecting appropriate species for
reclamation efforts. Despite challenges posed by arid region soils, the
potential for low-cost and environmentally friendly techniques remains crucial
for the well-being of surrounding communities and biodiversity.

The analysis of in situ dose rates from contaminated growth media
showed significant deviations compared to the proposed values in the ICRP
guidelines. These discrepancies underscore the need for refining the RAPs
approach and dose coefficients based on in situ data. Further investigation into
the complex relationship between radionuclide uptake and soil characteristics
is warranted to develop a more accurate and site-specific radiological
protection framework.

Lastly, the study on FSOPhantom showcased its versatility in
analyzing absorbed radiation doses for different layers of a simulated banana

when exposed to gamma and electron sources. The program's ability to
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generate detailed data on absorbed fractions and mean doses across a wide
range of radiation energies highlights its usefulness in radiation dosimetry
applications. The differences between ellipsoid approximation models and
biologically accurate models in dosimetry research were also emphasized, as
these differences could significantly impact the accuracy of dose estimations.
This dissertation seeks to contribute to the ever-growing body of
knowledge in phytoremediation, environmental radiological protection, and
radiation dosimetry. With hope, this work can ultimately pave the way for
more accurate and reliable assessments and sustainable solutions in each
respective field to ensure the ecology of our world can be supported for

generations to come.



