DISSERTATION

SELECTED TECHNIQUES IN RADIOEQMDDEYDEVELOPMENT AND COMPARISON FOR INTERNAL
DOSIMETRY OF RAINBOW TROWTCORHYNCHUS MYKASI® FEASIBILTIY ASSESSMENT OF

REFLECTANCE SPECTROBGSERYATOOL IN PHYTOREMEDIATION

Submitted by
Nicole Martinez

Department of Environmental and Radiological Health Sciences

In partial fulfilment of the requirements
For the Degree of Doctor &hilosophy
Colorado State University
Fort Collins, Colorado

Spring 2014

Doctoral Committee:
Advisor: Thomas E. Johnson

John E. Pinder lll
Martine C.Duff
WendyW. Kuhne
AlanK.Knapp



Copyright by Nicel Elizabeth Martinez 2014

All Rights Reserved



ABSTRACT

SELECTED TECHNIQUES IN RADIOEQUDDEYDEVELOPMENT AND COMPARISON FOR INTERNAL
DOSIMETRY OF RAINBOW TROWTCORHYNCHUS MYKASI® FEASIBILTIY ASSESSMENT OF

REFLECTANCE SPECTROBGSERYATOOL IN PHYTOREMEDIATION

Over the past five to ten years, public interest in nuclear energy, decommissioning, and waste
managementand stewardship has increased, leading to enewed interestin radioecology(Kuhne
2012) or the study otthe relationships between ionizing radiation and the environment (Whicker and
Shultz 1982a). Several groups supporting collaborative radioecological research have recently been
established, includinthe Eulopean Radioecology ALLIANCE in 2009 (Hinton et al. 2013), the Strategy for
Allied Radioecology (STAR) network2011 (Kuhne 2012@nd the Natnal Center for Radioecology
(N®RE) in the United States in 20(Kuhne 2012) Theearthquake tsunami, and sbisequent nuclear
accident at Fukushima in March of 2011 further emphasized the importan@alimfacologyin providing
timely and technically sound information (such as the transport and fate of radionuclides, potential
doses and risks, elcfor decisionmaking in emergency response as well as in clean up and recovery
(Kuhne 2012Hinton et al. 2013¥or both humans and their environmentAlthough the original and
primary aims of the ICRP radiation protection recommendations have been to prevent destitnini
effects and minimize stochastic effects to human beings from radiation exposure, the protection
framework has recently been extended to include protecting the environment from harmful effects of
radiation as well (ICRP 2007, 2008b, 2009).

Radioecolgy is an interdisciplinary scientieat encompasses wide array of topics, including,
among others, radiation transport, effects, risk assessment, and remediation (Whicker and Shultz 1982a;

Hinton et al. 2013).1 consider two topics from different areasf radioecology irthis dissertation



radionuclide uptake and dosimetry as well as an assessment of a technique fortipbtese in
remediation.

Part 1 outlines the development of empirical and computational models for prediction of
activity concentration and subsequent radiation dose, respectively, in relevant rainbow trout
(Oncorhynchus mykissjgans for selected radionuclides.

Radiation dose rates to biota are typically approximated utilizing doseersionfactors (DCF),
which are values for absoedl dose rate per activity concentration the body or orgari.e. mGy & per
Bq ¢). The current methoology employed by both the International Commission on Radiological
Protection (ICRRnd within theEnvironmental Risks from lonizing Radiatiothi Environmen{ERICA
Integrated Approach for calculating dose conversion coefficients is to use Monte Carlo modeling of a
homogenously distributed radionuclide within an ellipsoidal phantom chosen to represent a particular
organism However, rore accuate estimates can be made based on specific absorbed fractions and
activity concentrations.

The first studyin Part lexamines the effects of lake tropic structure on the uptakédfne-131
(**1) in rainbow trout and caosiders a simple computational meldfor the estimation of resulting
radiation dose. lodine131 is a major component of the atmospheric releases following reactor
accidents, and the passage &fl through food chains from grass to human thyroids has been
extensively studied. By companis the fate and effects ofl deposition onto lakes and other aquatic
systems has been less studied. In this study we reanalyze 1960s data from experimental relE4ses of
into two small lakes and compare the effects of differences in lake trophiectates on
accumulation in fish. Thelargest concentrations in the thyroids of trouD@corhynchus mykissnay
occur from 8 to 32 days post initial release. DCFs for trout for whole body as well as thyroid were
computed using Monte Carlo modelingith an anatomicalbappropriate model of trout thyroid

structure. Activity concentration data was used in conjunction with the calculated DCFs to estimate



dose rates and ultimately determine cumulative radiation dose (Gy) to the thyroids after 32 dhays. T
estimated cumulative thyroid doses 32 days posteleaseranged from 6 mGy to 18 mGy per 1 Bf'm
of initial ** in the water depending upon fish size

Thesubsequentstudies in Part 1 seek to develop and compare different, increasingly detailed
anatomical phantoms fo®©. mykisdor the purpose of estimating organ radiation doged dose rates
from Y uptake and from molybdenu@9 °Mo) uptake. Model comparison and refinement is
important to the process of determining both dose rates and dose effects, and we develop and compare
three models forO. mykissa simpistic geometryconsidering a single orgaa more specific geometry
employing anatondally relevant organ size and location, and voxel reconstruction of internal anatomy
obtained from CT imagingeferred to asCSUTROUVT Dose ConversionFactors (DCFsjor whole body
as well aselected organsf O. mykissvere computed using Monte Cannodeling and combined with
the empirical models for predicting activity concentration, &stimate dose rates and ultimately
determine cumulative radiation dosqi@y) toselected organsifter several haHives of either **1 or
“Mo. The different comptational models provided similar results, especially for organs that were both
the source and target of radiation (less than 30% difference between estimated dosédjhough
CSUTROU#®as the most anatomically realistic phantom, it required much moeouece dedication to
develop than did the stylized phantom for similar results. Additionally, the stylized phantom can be
scaled to represent trout sizes where@SUTROWRANNot be. There may be instances where a detailed
phantom such a€SUTROUS appopriate, as it will provide the most accurate radiation dose and dose
rate information, but generally, the stylized phantom appears to be the best choice for an ideal balance
between accuracy and resource requirements.

Part 2 considers the use of reflectanspectroscopy as a remediation tabiough its potential
to determine plant stress from metal contaminantsReflectance spectroscopy is a rapid and-non

destructive analytical technique that may be used for assessing plant stress and has potential



applications for use in remediation. Changes in reflectance such as that due to metal stress may occur
before damage is visible, and existing studies have shown that metal stress does cause changes in plant
reflectance. The studies in Part further investigaé the potential use of reflectance spectroscopy as a
method for assessing metal stress in plants

In the first study Arabidopsis thalianglants were treated twice weekly in a laboratory setting
with varying levels (0 mM, 0.5 mM, or 5 mM) of cesicitoride (CsCl) solution, and reflectance spectra
were collected every week for three weeks using an ASD FieldSpec Pro spectroradiometer with both a
contact probe and a field of view probe at 36.8 and 66.7 cm above the plant. As metal stress is known
to mimic drought stress, plants were harvested each week after spectra collection for determination of
relative water content and chlorophyll content. A visual assessment of the plants was also conducted
using point observations on a uniform grid of 81 paintisveway ANOVAs were performed on selected
vegetation indices (VI) to determine the significance of the effects of treatment level and length of
treatment. Linear regression was used to relate the most appropriate vegetation indices to the
aforementional endpoints and to compare results provided by the three different spectra collection
techniques. Onevay ANOVAs were performed on selected VI at each time point to determine which, if
any, indices offered a significant prediction of the overall extenCsftoxicity. Of the 14 vegetation
indices considered, the two most significant were the slope at the red edge position (SREP) and the ratio
of reflectance at 950 nm to the reflectance at 750 nmgs{R750). Contact probe readings and field of
view readimgs differed significantly. Field of view measurements were generally consistent at each
height.

The second studinvestigatel the potential use of reflectance spectroscopy as a method for
assessing metal stress acrdesir different species of plantsnamdy Arabidopsis thalianaHelianthus
annuus, Brassicaapusvar.rapa, andZea mays. The purpose of this study was to determine whether a

guantifiable relationship exists betweereflectance spectra andithium (Li) contamination ireach



species of plantonsidered and ifsuch arelationship exists similarly acrogsecies. Reflectance spectra
were collected every week for three weeks using an ASD FieldSpef&storadiometer with a
contact probe and a field of view prolder plantstreated twice weeky in a laboratory setting with O

mM or 15 mM of lithium chloride (LiCl) solutiofPlants were harvested each week immediately after
spectra collection for determination of relative water content and chlorophyll contentlinear
regression was used to lete the most appropriate vegetation indic€ddetermined by the Pearson
correlation coefficient)to the aforementioned endpoints and to compare results provided by the
different spectra collection techniquesTwoway ANOVAs were performed d? selected egetation
indices (VIYor each species individualty determine the significance of the effects of treatment level
and length of treatmenton a species basisBalanced ANOVAs were conducted across all species to
determine significance of treatment, timand species. LICl effects and corresponding reflectance shifts
were significant forA. thaliang but Z. maysand H. annuusshowed little response to LiCl at the
treatment level considered in this studyith no significant differences in relative wateontent or
chlorophyll content by treatment leveB. rapareflectance spectra responded similarly to Li exposure as
Z. maysbut B. rapadid havesignificant differences in relative water content by treatment levall
species demonstrated a potentiatimulatory effect of LiCl, with at least one week of increased
reflectance in the nealR. Different VI proved to be the best predictor of endpoint values for each
species, with only SIPI and the ratio of reflectance at 1390 nm to the reflectance ahi8:0¢R1454)
common between species. The most significant VI considering all species together was SIPI, Although
thaliana effects dominate this result. VI determined separately by CP and FOV were occasionally well
related, but this relationship wainconsistent between species, further supporting the conclusion in the
previous study that CP and FOV are not interchangeable. These techniques should either be used as

compliments or independently, depding on the application.
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PART 1ESTIMATING ORGAN DOSTAINBOW TROWINCORHYNCHMSKISEFROMUPTAKE OF

SELECTED RADIONU@&.IDE



EXECUTIVE SUMMARY

lodine-131 (**) is a major component of the atmospheric releases following reactor accidents,
and the passage df'l through food chains from grass to human thyroids has been extensively studied.
By comparison, the fate and effectsd deposition onto lakes and other aquatic systehas been less
studied. The first study(1) reanalyze 1960s data from experimeat releases of*!| into two small
lakes; (2) comparethe effects of differences in lake trophic structures on the accumulatioli'oby
fish; (3) relats concentrations in fish and fish tissues to that in the water column using empirically
estimated ptake (L kg d*) and loss (d) parameters; and (4) shathat the largest concentrations in
the thyroids ofrainbow trout (Oncorhynchus mykissnay occur from 8 to 32 days after initial release.
13 concentration in trout thyroids at 3@ays post relase may be > 1,000 times that in the water.
Estimates of cumulative radiation dose (mGy) to thyroids computed using an anatorajmattypriate
model of trout thyroid structure within the Monte Carlo-particle modeling software predicted
cumulative thyrad doses that increased approximately linearly after the first 8 days and resulted in 32
day cumulative thyroid doses that ranged from 6 mGya18 mGy g per 1 Bq mt of initial **Yl in the
water depending upon fish size. The majority of this deshie to beta emissions, and the dose varies
with positions in the thyroid tissue.

Subsequent studies seek to develop and compare different, increasingly detailed anatomical
phantoms forO. mykissfor the purpose of estimating organ radiation dose and eloates from*
uptake and from molybdenur@9 ¢°Mo) uptake in multiple organsModel comparison and refinement
is important to the process of determining both dose rates egldting these dose rates tose effects
Therefore, ve develop and comparthree models forO. mykissa simplistic geometry considering a
single organa more specific geometry employing anatomically relevant organ size and location, and

voxel reconstruction of internal anatomy obtained from CT imagiaterred to asCSUTROUVT Dose



GonversionFactors (DCFsjor whole body as well aselected organsf O. mykissvere computed using
Monte Carlo modelingand combined with the empirical models for predicting activity concentration, to
estimate dose rates and ultimately determigemulative radiation doseuGy) toselected organsifter
several halives of either’®] or ®®™Mo. The different computational models provided similar results,
especially for organs that were both the source and target of radiation (less than 30% ndiffere
between estimated doses). Althou@@SUTROUWas the most anatomically realistic phantom, it
required much more resource dedication to develop than did the stylized phantom for similar results.
Additionally, the stylized phantom can be scaled toresgnt trout sizes wherea8SUTROWRNNot be.
There may be instances where a detailed phantom sucB2IdTROUS appropriate, as it will provide

the most accurate radiation dose and dose rate information, but generally, the stylized phantom

appears to b the best choice for an ideal balance between accuracy and resource requirements.



CHAPTER INFLUENGQBF LAKE TROPHIC STRUCTUREADCUMULATION IN TROUT THYROIDS

WITH CORRESPONDING ESTIMATION OF WHOLE BODY AND THYROID RADIATION DOSE

1. Introduction
1.1.Radioiodine in the environment

Reactor accidents and abogeound nuclear detonations release iodine isotopes, notafiy
into the atmosphere with subsequent deposition onto terrestrial, aquatic and marine ecosystems at
both regional and global scalés.g Crick and Linsley 1984; National Cancer Institute 1999; Gomez
Guzman et al. 2013; Tang and Guo 2012). The fate of this deposition onto terrestrial systems has
received most of the research interest because of the sensitivity and efficiency ofakscgi-milk-
child food chain and the resulting dose to relatively radiosensitive child thyroids (National Cancer
Institute, 1999).

Aquatic ecosystems may also be sensitivEiodepositions because of the typically small iodine
concentrations in fre€ ¢ I (i S N& I, (Rogtéhdand XKopfek 1386] Coughtrey et al. 1983; Tiffany et
al. 1969; Vanderploeg et al. 1975) and the metabolic requirements for iodine in many aquatic
organisms, especially fish. Concentrations of stable iodine in seawatep§~69 Poston and Klopfer
1986; Coughtrey et al. 1983) are much higher than those in freshwater systems, and the decreasing
concentrations of stable iodine in fish tissues from marine to anadromous to freshwater species
indicates that iodine levels insti muscle are influenced by ambient iodine concentrations (Vanderploeg
etal. 1975).

Thyroid hyperplasia (a marked increase in thyroid size and/or activity) was seen in spawning
Lake Michigan rainbow trout, but was not seen in either spawning anadroméesihsad) rainbow

trout or in spawning Lake Superior trout that had access to food and water supplemented with iodine.

" Martinez NE, Johnson TE, Pinder JE IlI. 2014. Influence of lake trophic structure o 3ddiweumulation and
subsequent cumulative radiation dose to trout thyroids. Jounfdtnvironmental Radioactivity, 131:G2.



The above evidence suggests that the observed thyroid hyperplasia was due to ambient iodine
concentrations < 1.5 pg'l(Coughtrey et al1983; Robertson and Chaney 1953).

The current recommended wholeody iodine concentration ratios are considerably larger for
freshwater species than marine species: ~300 L kg (depending on trophic level) for freshwater
species (Yankovich et. &013) and 9 L k§for marine species (ICRP 2009), suggesting that freshwater
species are likely to have considerably higher uptake in response to an acute release of iodine.

The rapid assimilation dfYi by fish following an accidental release is destoated by Kryshev
(1995) for Kiev ReservoiFigurel.1) where™! concentrations in the reservoir water 5 days following
the Chernobyl accident were > 300 Bhand the concentrations in fish muscle were already more than

10 times that in the water.
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Figurel.1: ** in Kiev Reservoir. The wet mass concentratiohdl @f water and fish muscles in the Kiev
Reservoir in the days following the Chernobyl accident. After day 25, both water and muscle
concentrations are declining at rates similar to that for the radioactive decEji.of



Moreover, the iodine concentratio in fish thyroids may be many times that in fish muscle
(Vanderploeg et al. 1975), and this suggests the possibility that fish thyroids may be receiving damaging
or destructive radiation exposures.

Rapid accumulation of radioactive iodine in fiblgroids with resulting degradation of thyroid
mediated functions has been demonstrated for juvenile rainbow troDhdorhynchus mykisgshe
modern synonym foSalmo gairdnerjj who accumulated as much as 17% of intraperitoneal injections
of 3.7 MB"*!l in their thyroid regions. Followirgjxsuch monthly injections these fish showed reduced
growth rates, reduced skeletal calcification, and absence of sexual development (LaRoche et al. 1965,
1966). Fish on iodine supplemented diets that received simjections accumulated-8% of the™! in
the thyroid region and did not display similar reductions in the thyroid mediated functions. Although
there is no dosimetry for this study, comparison of thyroid uptaké*bfprovides evidence that fish in
envronments with higher naturally occurring levels of stable iodine are less vulnerable to the
deleterious effects of*!i exposure, i.emarine or even anadromous fish. To what extent similar damage
occurs as a result df'l deposition on to natural systes depends on the cumulative thyroid dose per
Bq of deposited®!.

Although the fate of**!l deposition onto aquatic systems and their watersheds has received
considerable study (Bird et al. 1995a; Bird et al. 1995b; Bird and Schwartz 1996; Gilfedd&0€0;
Gilfedder et al. 2010), the resulting doses to aquatic organisms ftexeived far less attention. This
may be due to the rapid decay bfi (halflife = 8.041 daySICRP 2008and the perceived limited time
for meaningful doses to accumulate.

1.2.Study objectives

In this study we (1) review and reanalyze data on iodine isotopes introduced by accidental

releases or purposeful experimental studies into aquatic systems to determine the likely cumulative

dose to the thyroid of rainbow trout and (2)lege these doses to properties of the aquatic systems such



as food chain complexity. The study comprises four integrated components: (1) empirical models are
developed for these systems to describe the temporal pattern§’bfconcentrations in water, phts,
invertebrates, fish, and specific fish tissues, especially trout thyroids; (2) the radiation dose rate to
thyroids as a function of!i concentrationsi(e. dose conversion factor; mGy‘@er Bq ¢) is estimated

using Monte Carlo simulation in @matomically appropriate model of rainbow trout thyroid tissue; (3)

the dose rate per Bggfrom the Monte Carlo simulation is applied to the temporal patterns-4f
concentrations in trout thyroids to estimate cumulative thyroid dose per inftthBg mL* in the water;

and (4) cumulative doses from hypothetical and historical cas&¥l @ontamination were evaluated for

their potential to affect trout development and survival.

The current methodology employed by the ICRP and within the BRi€kated Approach for
approximating radiation dose rates to biota calculates whole body dose conversion factors (DCFs)
assuming homogenous distribution of radionuclide within an ellipsoidal phantom, with organs modeled
as spheres within the ellipsoid,iifcluded (ICRP 2068GomezRos et al2008). Organ specific DCFs may
be conservatively approximated using mass ratios, although this may considerably overestimate the
organ dose (@BmezRos et al2008). A similar approach is taken in this study; howewe have the
benefit of specific anatomical dimensions and activity concentration data and can calculate organ
specific DCFs directly.

1.3.Thyroid tissue in fish

Fish thyroid tissue shows various arrangements of location, structure and activity levelsid Thyr
tissues may be located in or near the mandible as in other vertebrates (Raine et al. 20051%68gh
Tarrant1971), near the eyes, or in the kidneys. Thyroid tissue may be nearly absent with its functions
assumed by kidney tissues (Geven et al. 2007 may be simultaneously located in both the mandible
and the kidneys with varying levels of thyroid activity between these locations (Chavin and Bouman

1965). Even when located near the mandible as in other vertebrates, it may occur as separadeahdivi



nodules (or tubules) or as clusters of nodules (Raine et al. 2005; Raine and Leatherland 2000; Singh
1968). These variations among and within species have complicated the anaff/8issofumulation
and the estimation of*l concentrations and camntration ratios for fish.

1.3.1. Sampling fish thyroid tissue

To ensure adequate sampling of thyroid tissue, some studies removed tissue from the mandible
area that contained both thyroid and nehK @ N2 AR (A a&dzSo ¢tKSasS al vYLX Sa
| NXBsknéples, and the concentraton 6L Ay (KSa$S aGKeNRBAR | NBlFé &l YLIX
the *¥ concentrations of the true thyroid tissues.

1.3.2. Rainbow trout thyroid activity confined to the mandible area

For rainbow trout immersed in various sohis containing'*l (Hunn and Fromm 1966), the
absorbed™!i was concentrated in the mandible area. There was no indicatiofialeposition in the
kidneys or other tissues, and this suggests that the mandible area is the only location with active thyro
tissue for this species.

1.4. Data sources for the development of empirical models

Data from two wholdake studies, Kolehmainen et al. (1969) and Short et al. (1969), were used
to develop empirical models relating'l concentrations in aquatic biota, fisand fish tissues to time
since deposition into the system. Both of these studies involved the experimental rele&¥kiofo
small, natural lakes.

1.4.1. Lake Pitkannokanlampi

Kolehmainen et al. (1969) releaséd3® 16 Bq of carrietfree **!] into Lake Pitkannokanlampi, a
0.52 ha oligotrophic Finnish lake, with the objective of determining the distribution ofthamong the
f118Qa 6FGSNI YR oAzl +Fa + FdzyOdazy 2F GKS GAYS
of 12°C, stable iodine concentrations of 3.0 |y &nd a simple foodchain (Kolehmainen et1&169) of

crucian carpCarassius carassiuteeding on green alga®édogonunsp.). The released'l was mixed



with surface waters, and the concentratiorise(Bgper unit drymasg of **Yl in water, algae, and whole
fish were measured periodically for 26, 26, and 40 days, respectively. The data from this study were
obtained using interpolation from enlargements of graphics in the published paper.

1.4.2. Fern Lake

Shot et al. (1969) released.3%® 16" Bq of carrieffree **!1 into Fern Lake, a 9.7 ha, oligotrophic
lake near Seattle, Washington in the United States. The lake had surface water temperaturé€of 22
and stable iodine concentrations of <ug L*. This lake had (1) a more complex biotic community than
that of Lake Pitkannokanlampi composed of algdge(la flexi3, amphipods Gammarussp.), crayfish
(Pacifastacus leniusculysand rainbow trout and (2) more complex food chains composeaduifiple
pathways of**i movement from the water to the trout. ThEY concentrationsi(e. Bq per unit wet
mass) in the water as well as the gills, gastrointes{i@tract, liver, muscle and thyroid tissues of the
trout were measured for 28 day$dowever, the thyroid tissue, as defined and acknowledged by Short et
Ffd oOmMdpcpd Ay@2f SR GaGKE@NRBAR NBlFé¢ al YL Ay3d 6KAOF
separating thyroid tissues from the surrounding tissues. Thus, the repdttedoncentrations for
thyroids are probable underestimates of th&1 concentrations in true thyroid tissues. Data from this
study were obtained from tables or interpolated from enlargements of graphics in the published paper
with the exception that data fofish tissues on day 13 were not used. Fish data on this date were
unexplainably ~10X greater than those for both the preceding and following sample dates.

The Fern Lake study also involved the releas@.a? 1¢ Bq of carriefree **1 into a 75 L
aquarium facility where the biota were confined to cages and could only accunidlatyy absorption
from the water column. The aquarium was maintained at FC%vith stable iodine concentrations < 4
ug L. The™! concentrations in the water, biota and the gills, gastrointestinal tract, liver, muscle and
GUKENRAR FNBIF¢ 2F GKS (GNRdzi ¢6SNB YSI adz2NBER LISNRA2RA

or interpolated from enlargements of graphics in the published paper.



2. Materials andmethods
2.1.Development of empirical models

Computing an accumulated dose over time to a fish thyroid, or other tissues or biota, requires
some form of tabulation, equation, or model that describes the temporal concentration of the
radionuclide in that organWe fitted empiricallyderived models to the data obtained from tables and
figures in the publications to describe tfi#l concentrations in biota and their tissues.

2.1.1. Structure of the empirical model

The following simple uptake and loss rate model wasduso model the time varying

concentrations oty in biota, fish, and fish tissues:

B () ey 1)

where i is an uptake constant with units L kg™, k is a firstorder loss rate constant with units™d
W(t) is the*®| concentration in water, and@(t) is the**!i concentration in biota, whole fish or specific

fish tissues. Similar models have been used bgdPiet al. (2009, 2011), Smith et al. (2002), and
Thomann (1981) to describe the tinvarying radionuclide concentrations in biota. The approach of Eq.

1 has also been used to predict isotope movements through lake food webs (Monte et al. 2003) in the
models AQUASCOPE (Smith et al. 2005) and ECOPRAQ (Comans et al. 2001).

The parameterqu and k in Equation 11 will be referred to as uptake and loss rather than
absorption and elimination because their estimated values may measure more than just phgsiologi
processes. For algae, which abstfbdirectly from the water columry is an estimate of an absorption
rate. For animal biotayl is not a measure of absorption from the water column or absorption from
ingestion of what has been consumed. Rathieris a measure of the transfer of the radionuclide
through the food chain pathways from the water to animal, and the factors affegtingecome

increasingly complex with increases in the number of trophic levels and increases in the number of
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alternative pathways from the water to the consumer (Pinder et al. 2009). Despite the number of
factors affectingu for consumers, the model has been shown to be able to accommodate these
complexities for top predators such as pikes¢x luciusSmith et al. 2002) as well as trophic levels
extending from zooplankton, snails, aquatic insect larvae, to fish species of varying trophic levels (Pinder
et al. 2011). For wholbody ** concentrationsk is a measure of loss that incorporates radidaet
decay, excretion, as well as losses from the population due to mortality or emigration (Pinder et al.
2009). Losses due to mortality or emigration should be negligible within the short durations of these
studies that were performed in mostly confinéatations, and the estimatek should be dominated by
radionuclide decay and excretion.

When the model is applied to individual fish tissues, the paramgteasid k have different
interpretations. The parametan may represent (1) increases il concerrations due to absorption
and ingestion of additionaf'l or (2) the transfer of*!i from other tissues. The parametky besides
including losses due to radioactive decay and excretion, also includes transfer to other tissues.

2.1.2. Procedures for estimatig p andk in the empirical models

The estimation oft and k involved a twestep process. First, the declines'ii concentrations
in water following the experimental additions were approximated using a sit@i@onent exponential
equation (Whicker an&hultz 1982) of the form:

w(t)=a & (1-2)

where W(t)is the**1 concentration in water at time, a is the initial**!i concentration in the water at

the time of experimental or accidental releasee(t = 0), andb is the rate constan{d™) for the

exponential decline in\N(t). In the second step, estimates pfand k are obtained by fitting the

following equation (Whicker and Shultz, 1982) to the time seriéd'iofoncentrations measured in biota

or tissuegsee Appendix Al for derivatian)

11



5 & -¢) Ho) e (1-3)

i

B(t)=

¢

wherea andb are from Egation 1-2. In applying Egation 1-3, the initial**1 concentrations in the fish
(i.e. B(0)) have been treated as negligiblEor this study, estimates af b, L andk parameters and their
asymptoticstandard errors (SE) were obtained usitige PROC NLIN procedure of SAS software (SAS

Institute, 1989). In addition to the estimates pandk, two other metrics of the model are important.

The first is the time to the maximum vala$B(t), and thesecond is the value dhe concentration
B(t)at the time of this maximum.We calculate this by determining the value tofor which the

derivative ofB(t)is equal to zer¢Equation 34 and Equation -b):

S _AMRA B, )

B(t)—gﬁ) @be k&) 0 (1-4)
InE

thaxzb__kk (1_5)

2.1.3. Development of empirical models for Lake Pitkannokanlampi

The estimated parameters afandb for the Lake Pitkannokanlampiater model were 18 Bq'L
and 0.103 d, respectively. The models for algae and carp stbgood fit to the data with R= 0.986
and 0.988, respectively. EstimatesE) foru and k for algae were 4716 751 L kg d™* and 0.802+
0.147 d", respectively, and estimates $E) fop andk for the carp were 47.85.19 L kg d* and 0.170
+0.0243 d, respectively. Figure1.2 illustrates**'| concentrations in water, algae, and carp for Lake
Pitkannokanlampidata from Kolehmainenet al. 1969) along with the model predictions developed

from the parameters listedbove
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Figurel.2: **1 in Lake Pitkannokanlampi. THd dry mass concentrations in water, alg@edogonum
sp.) and crucian carp (Carassius carajsiuthe days following the release’dl into Lale
Pitkannokanlampi in Finland. The data are from Kolehmainen et al. (1969).

For this simple watealgaecarp food chain the maximum concentrations for algae and carp
occurred before the first halife of **Y| had past. Maximum algae concentrations gicted by the
model were 84.4 Bq'ton day 3. Maximum predicted concentrations for carp were 2.82 Ringlay 7.
By day 24, the concentrations of water, algae and @pproachedan apparent transient steady state
with rates of decline dominated by the physical decay rat&df Although wholébody concentrations
for carp approached a transient steady state with the concentrations for water and algae, questions
remain concernig the possible internal redistribution 6L | Y2y 3 GKS O N1LJQ& Ay i SNy

Development of empirical models for the Fern Lake aquarium and lake studies
Figurel.3Figurel.3 compares the model fits to water, gastrointestinal tract and thyroids. (

GUKENBAR I NBF£0O 27F GNBdzi Ay “®lffodthe watdeicdlimnzdrzocoark S NB 2

and in the lake wher&®| accumulation can occur either by absorption or ingestion

13



Model fits to 131 in trout tissues in the Model fits to 131] in trout tissues in

aquarium the lake
1.E+05 1.E+02

1.E+04 -

OWATER
AGITRACT
THYROID
©AMPHIPOD,
OCRAYFISH

Bq per g wet mass
=
-
+
o
w
/
/
Bq per g wet mass

1.E+02 -
OWATER 1.E-02
AGI TRACT
THYROIL
1.E+01 : . . 1.E-034 - - :
0 8 16 24 32 0 8 16 24 32
Days since spiking Days since spiking

Figurel.3: **1 in Fern Lake Studieé. comparison of the results and the model fits to water, and the
gastrointestinal tracts and thyroids of trout in the aquarium, where only absorptiHi éfom the
water column can occur, and in the lake, whEfeaccumulation can occur either higsaption or
ingestion.

In neither environment did a transient steady state occur between the concentrations in the
thyroids and the water within 32 days following thdl release. The fits of the models to the tissue data
may be expected to be less acciird G Kl y G KS T Alipdy bécauselof the\pbténlal ¢ K 2 §
internal redistribution of**i among the different tissues adds an additional source of variation not
present in the simpler wholeody data. The For the aquarium and lake thyroid tises were 0.867
and 0.915, respectively.

¢KS Y2RSt Qa YIBA YAy ANNVGIRNIQIAS2RY & AY 60 KENRAR | N
the aquarium and 32.0 Bq'dor the lake did not occur until 11 and 16 days after the release. The
greater concentrabns for thyroids in the aquarium reflect the greater inittdl concentration in the

aquarium water @, =0.183 Bq nitversus a,,.,,»=1.221 Bqmt). The ratios of concentrations in

thyroids to that in water for these days of maximum conization were 51 and 1,296 L kdor the
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aquarium and lake, respectively. The greater ratio for the lake reflects the respective estim&Ep (

for 173,44 Of 4.53 ¢1.42) L kg d* for the aquarium and 33.9:8.54) L kg d™ for the lake.

The estimatedk and the corresponding turnover times for thyroids also differed between the

aquarium and the lake. The estimatég, ., (+ SE) in the aquarium was 0.089%70(0469) d which

yroid
was not significantly diffent from the radioactive decay rate fo#. The rate for the lake was 0.0276
(+ 0.0197) & with an estimated turnover time for®Yi in the thyroid of 25.1 days. All of the
estimations for the trout tissues in the aquarium were equal to or gredtantthe 0.0862 ddecay rate

for ¥4, while all of thek estimations for the trout tissues in the lake were less than 0.086¢Tdblel.1
andTablel.2).

Tablel.1l: The water parameters a, the initial concentration in the water, and b, the first order loss rate
from the water column, for thé* concentrations in the reservoirs, lakes agiaria included in this

analysis. Because of the different methods of estimation 95% confidence intervals are given for a while
standard errors are given for b.

Water Body Initial Water Concentration (Bq'L Loss Rate (Y

a 95% Confidence Interval b SE
Kiev Reservoir 715 518 - 1675 0.0736 0.005
Lake Pitkannokanlampi 18 16 - 19 0.103 0.002
Fern Lake 183 130 - 258 0.122 0.012
Fern Lake Aquarium 1221 1116 - 1335 0.0929 0.003

Tablel.2: The uptake (1) and loss rate parameter (k) for biota and fish tissues and their standard errors
for the lakes and aquaria included in this study.

Water Body UptakeParameter (L kg d™) Loss Rate (Y
Biotic Component i SE k SE

Lake Pitkannokanlampi

Algae Qedogoniursp.) 4710 751 0.802 0.147
Sponge $pongilla lacustr)s 1717 191 0.242 0.035
Lily Nuphar luteun 514 72.3 1.01 0.163
Carp Carassius carassius 47.8 5.19 0.170 0.0243
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Fern Lake Aquarium
Rainbow Trout@ncorhynchus mykiss

Gills 13.3 3.33 0.367 0.121
Liver 6.50 3.40 1.06 0.662
Gastrointestinal tract 4.81 1.61 0.854 0.348
Thyroid 4.53 1.42 0.090 0.047

Fern Lake Lake
Rainbow Trout

Gills 4.63 0.520 0.0581 0.0109
Liver 3.76 0.556 0.0201 0.0148
Gastrointestinal tract 7.25 1.55 0.0520 0.0200
Thymoid 33.9 8.54 0.0276 0.0197

As only absorption of from the water column occurs in the aquarium, concentrations in trout
tissues other than the thyroid increase rapidly at first but decline at rates faster than in the lake. The
observed decline rate for the gastrointestinal tract in the aquarium wasi 8@NJ G Kl y GKS
prediction for days > 8. Faster than predicted loss rates after day 8 similar to those for gastrointestinal
tract also occurred for liver, gill and muscle tissues. These faster than predicted rates coupled with the
slower decline rate for the thyroid suggest that the assimilatédfi was becoming preferentially
concentrated in the thyroid. It would require whetedy measures of*| to evaluate the proportions
of the ™! being retained preferentially in the thyroid or being losetcretion

The difference between the temporal patterns illustrated for gastrointestinal tracts and thyroids
in the aquarium and those in the lakefigure1.3 are due to the continued assimilation 6fi by trout
from prey items containing®l. This is most clearly illustrated by the correspondence of the predicted
13 concentrations in the gastrointestinal tract with those for amphipods at day 13 of 58" Bgd
crayfish at day 27 of 3.7 B ¢Short et al., 1969). The predicted Gl tract concentrations for these days
were 5.5 and 3.8 Bg'grespectively.

Short et al. (1969) only reporf!i concentrations for amphipods and crayfish for these days

because these were the days ofaximum observed concentrationgyhich implies that™4 was still
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being retained and accumulated by these biota up to this point despite the lossé%$ sbm the lake
due to radioactive decay.

The (1) tissue loss rates fkiin the lake being less than the isotope decay rate, (2) the longer
times to maximum® concentrations in trout tissues for the lake, (3) the continuing presené&idh
food items, and (4) the correspondence of concentrations for food items and tliosethe
gastrointestinal tract imply that the maximum concentrations for trout tissues and the persistence of
larger concentrations in Fern Lake are due, at least in part, to the continuing persistente iof
intermediate organisms in the complex foathains leading to trout. This result is analogous to the
greater accumulation of PCB concentrations by lake tr@alelinus namaycugtieeding on more
diverse and complex food webs (Rasmussen et al. 1990).

Although variations among lakes in water teemature, stable iodine content, food chain
complexity, and other factors may affect the valuesuaind k, the estimates of 33.9+(8.54) L kg d™*
and 0.0276 € 0.0197) d from Fern Lake are, at present, the best available estimates®of
accumulatim and loss for thyroids of freewimming fish in impacted environments and will be used in
subsequent assessments 8fl radiation dose to rainbow trout thyroids. It should also be noted that
andk in this analysis have been estimated for yearling éishpproximately 0.20 m in length, and fish of
differing sizes may demonstrate alternative values of these parameters.

2.2. Development of MCNP simulation

The structure, arrangement, and composition of rainbow trout thyroid tissue was modeled
within the Monte Carlo Noarticle (MCNP) transport code, version 5.1.60 (Briesmeister 208¥&nte
Carlo Team 2003), to appropriately model radiation transport through said tissue. The resultant
tabulation of energy deposition was then combined with empirically @erii'i concentrations in the

z
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2.2.1. Modeling the follicle structure of rainbow trout thyroid tissue

Thyroid tissue, as it occurs in juvenile rainbow trout of approximately 9 cm in length, carfsists
follicles (or tubules) formed by an exterior tissue layer of epithelial cells surrounding ilfeddumen.
These follicles may occur singularly or in clusters and are of irregular sizes; diameters of follicles range
from < 0.05 mm to > 0.25 mm)dRe et al. 2005). These clusters occur intermittently along the ventral
aorta (Raine et al. 2005), spanning a total length of about 2.7 mm.

Thyroid tissues were simplified into uniformly sized tubules within the MCNP program. Each
tubule was made up aivo concentric cylinders: an inner cylinder representing the lumen, with length
0.88 mm and diameter 0.065 mm, and an outer cylinder representing the tubule as a whole, with length
nddp YY YR RAFYSGSNI ndntp YYO etw&en tBel ajlidders vasl € OS¢
therefore uniformly 0.01 mm thick. Radiation transport also depends on the density and elemental
composition of a medium; currently, fish specific tissue data is not available. Therefore, the
representative lumen and epitheli cells were given densities (1.03 gtamd 1.05 g cifirespectively)
and elemental compositions of human lymph fluid and thyroid tissues (ICRU 1989).

Because electroprobe, Xray microanalyses have shown iodine to be primarily contained in the
epithelial cells (Suzuki 1985), th&l was limited to the epithelial casing around the lumen. Therefore,
using the mass ratio of thyroid tubule to epithelial casing#ihconcentration of 1 Bqgwet mass in
GUKE@NBAR | NBF ¢ (A% contzhtrafiofisRin thel epitBelial dagth§shf 37$3 Bowvgt
mass, with uniform distribution df'l across and between casings.

2.2.2. Modeling the clusters of follicles

Thyroid tissue was ultimately represented by two clusters of nine tubules each, longitudinal
arranged within the mandible area of the fish, to achieve an anatomically relevant representation of

thyroid clusters that did not involve unmanageable complexity. Each cluster was composed of three
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rows of three tubules; tubules within a cluster wefeA y S| N¥ @ 2FFaSi G2 YAYAO

arrangement of thyroid tubules=gurel.4).
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Figurel.4: Model thyroid structure. Diagram of the modeled tubule structure simulating the follicular
clusters inthe rainbow trout. Top views of each layer of tubules are associated with the end on view of
the stacking of the layers.

This offset resulted in an overall cluster length of about 1.5X the length of an individual tubule.
Although offset, tulbles within a cluster shared a common craggtional (i.e. transverse) plangigure
1.4). The modeled thyroid bundle spanned a total length of 2.75 mm, approxigntten2.7 mm length
of juvenile rainbow trout thyroid tissues reported by Raine et al. (2005).

To account for the portion of radiation emitted from the thyroid that is subsequently scattered
back to the thyroid by surrounding tissue, the thyroid struetuwas modeled within an ellipsoid

representing the body of a rainbow trougigurel.5).
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Figurel.5: Thyroid cluster positions. Positioning of thedeldahyroid clusters (not to ake) within the
model trout body which hdsngth:depth: width ratios of 9:2:1.

This ellipsoid was defined to have a length:depth:width of 9:2:1 (Raine et al. 2005) and a tissue
density of 1.05 g cifi(human skeletal muscle, ICRU 1989). The mass ratio of the modeled thyroid to fish
body was 3 x @°, which corresponds to mass ratios reported in the literature for rainbow trout
(Vanderploeg et al. 1975). The addition of a water body around the fish contributed considerably to run
time but did not significantly affect the dose to thyroid (less tH&a difference), so was therefore not
included in the MCNP simulation here.

2.2.3. Determination of the dose conversion factor.

To simulate®™ decay and estimate the corresponding energy deposited per disintegration,
MCNP software simulated 1™ disintegations (16 chosen to optimize variance reduction with run
time), distributed randomly across locations in the tubule sheaths. The locations and magnitudes of
resultant energies deposited in the tubule sheaths were tabulated, with separate tabulations foiad
each tubule sheath. Energies deposited in the tubule epithelials (the tissue of biological significance and
interest) were tabulated and analyzed; energies deposited in the lumen and surrounding fish tissues

were recorded, but a detailed analysisnist included as it would be beyond the scope of this paper.
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Separate randomizations and tabulations were made for beta particles and gamma photons
corresponding to** decay. Total deposited energy tabulated was normalized by simulated
disintegrationsi.e. MCNP output reports energy deposited per disintegration (MeV).

The initial energies of beta particles or gamma radiations emitted from the simulated
disintegrations were randomly selected from appropriate frequency distributions specified in the MCNP
program. The initial beta energies were randomly selected fromrairaoous distribution of possible
energies ranging up to a maximum energy of 0.8069 MeV with an average energy of 0.1821 MeV (Stabin
and CQP 2002). Gamma energies were randomly selected from either 0.364 MeV with probability 0.817
or 0.637 MeV with probabty 0.072 with lower probability energies not being considered (Stabin and
CQP 2002).

The tabulation of energies (MeV) deposited were made using the tally function in MCNP that
records the sum of all energies deposited in the tissue by that partige & well as its secondary
particles {.e. the *f8 tally; X5 Monte Carlo Team 2003). A dose conversion factor (DCF) of
0.013824F mGyd per Bg' (where E is the energy depsited per disintegration (MeV dis and
0.013824 is the appropriate unit conversion) was determined directly from the MCNP output.

2.3.Additional fish models

Three fish models of different sizes were constructed and compared. These three models
represented rainbow trout of lengths 9, 36n& 63 cm and are referred to hereafter as juvenile, small,
and average, respectively. Masses and sizes of the fish bodies and thyroids were obtained by
proportionally increasing the dimensions of the juvenile fish bgctior of 4 (small fish) and 7 @mage

fish) (Tablel.3).
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Tablel.3: Selected dimensions of different size fish models

Thyroid epithelial

Length (cm) Mass (kg) Total thyroid mass (mc thickness (um)

Juvenile 9 0.010 0.296 10
Small 36 0.633 18.97 40
Average 63 3.394 101.7 70

2.4.Determination of cumulative doses
The empirical models developed were combined with the MCNP simulation to compute

cumulative doses to the thyroid epithelial tissues from the decay™bf First, the predicted™}
concentrations in thyroids as a function of tinﬂ(t) , were converted td*| concentrations in epithelial
tissues (i.e.3.713 Bq g epithelial tissue per g thyroid tissue described above). Concentratiohd df

the epithelial tissue were then multiplied by the DCF obtained from MCNP to acquire a dose rate. The

dose rate was then integrated over time to determine a cumulative dose

The dose rate)(t), at timet is given byEquation 16:

D(t)=DCF@.71B(d DEF 31’% @cjm e*) (1-6)
CK-Db *

The cumulative doseD(t), is thenEquation 17:

D(t)=DCF(’:’;;.71%(@b g—iggm )1%(( 1e)- (1-7)
3. Results
3.1.Energy deposition by tubule
Although the distribution of*l among the tubule sheaths was uniform in the model, the

distribution of energy deposited by the decay Bt was not uniform.Figure 1.6 maps the energy

deposited per tubule as a function of tubule position for both beta and gamma energies.
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Figurel.6: Variations of energy deposition in model thyrepithelial Crossectional views of the
tubules in one of the two model clusters relating the energy absorbed by the tubule sheath with its
placement within the cluster. Separate energies, expressed in units of eV, are given for biédftpbeta
shown in redand gamma(right, shown in browngmissions.

3.2.Predicted cumulative doses to thyroid per of initi&fl concentration in the water
The dose conversion factdor juvenile trout was2.647 10° mGyd gBt Figure1.7
RSY2yaidN}dSa (KS my2REH8L ¢ LN R, ), S<10027¢ o) cof cumulative
131 radiation dose to the thyroid epithelial cells of the juvenile trout for enstio where the initiaf*!
concentration in the watera, ranges from 0.1 to 5 Bq mLand the concentration in the water declines

solely due to radioactive decay (ile= 0.0862 d') for the first 4 haHives of**!.
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Figurel.7: Qumulativeradiation dose to thyroid resultinfjom five differentinitial water concentrations
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Predictions are limited to the first 32 days because the uncertainty of the extent to which the
passageof ¥ through the food chains will continue to support the predictions beyond day 27 is
unknown. The cumulative dose for each of these scenarios initially increases slowffl as
concentrations in the thyroid increase, but after day 8, the doses shoalraost linear rate of increase
due to the maintenance of relatively constdil concentrations in the thyroid${gurel.3). Because of
this nearlylinear increae, the ratio of the cumulative dose over the first 32 days to the initil
concentration in the water is approximately 5.9 mGy per B fat this range of initial concentrations.

3.3.DCFs and subsequent thyroid radiation dose for different size fish

The dose conversion factors for small and average fish 861 10* and 8.065 10" mGy
d* g B, respectively. The predicted doses to the thyroid epithelials therefore differed markedly for
fish of different sizes. Fahe scenario of an initial water concentration of 1 Bgnand losses due

solely to radioactive decagFigure1.8;b=0.0862 d"), the ratios of cumulatie dose to initial water

concentration were 13.5 mGy per Bq Tior the small fish and 18.0 mGy per Bqhitr the average

fish.
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Figurel.8: Model preditions for different size fishhe predictions a for fish of lengths 0.09 (juvenile),
0.36 (small) and 0.63 m (average).
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¢KS L/ wtQa NBTS NS 0MSwadinstPeazdiderédLint autt analysisrbgcause its
dimensions are not proportional to the rainbow trout (Raine et 2005) used in MCNP geometry
development. However, the range of whole body DCFs determined by our model (details not shown)
were consistent with DCF for internal exposure of troutth (ICRP 208, implying that our thyroid
DCFs are likely applicalitesimilarlysized reference trout.
4. Discussion

4.1.Sources of error in estimated cumulative dose

The predicted 5.9 mGy per Bqg Minitial water concentration for juvenile trout may be
considered an underestimate of the accumulated dose because it is basedith& & NE AR | NBI
concentrations of Short et al. (1969) that are used to define'tfieconcentrations in the epithelial cells.
¢tKS GiGKE@NRBAR I NBI ¢ 02y 0Snfiubderéshingatg the'®d doncéniadiondiin SG | £
actual thyroid tissuespf example, if a cylinder simulating the sampled area was circumscribed about
the thyroid clusters with dimensions of the total length and width spanned by the thyroid bundle (i.e.
GAGK I RAFYSGSNI 2F ndc YY YR {BRIIKEBRE HDTHKIFNBE
shells would be 10.227, compared to 3.713, which would result in a 2.75X larger cumulative dose to the
thyroid than predicted above. The greater the sampling margins, the more of an underestimate the
original predicted doswill be.

Alternatively, the predictions maybe overestimates because processes in the lake may cause the
13 concentrations in the water to decline at rates greater than that solely due to decay. However, the

rate of decline of the water concentratiorah a smaller effect on the accumulated dose than the initial

concentration. Increasing the rates of decline by factors of 1.5 ande2 i{=1.5 0862 d"and
b=2 (10862 d") results in ratios of dose to initial water concentration26é and 2 mGy per Bq mL

respectively. It should be noted that the model is not appropriate for rates of decline in water
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concentrations that are significantly less than the rate of radioactive decay because these rates of
decline imply the continuingdalitions of**!l to the water.
4.2 Variation in energy deposition among tubules within a cluster

The energy deposited per tubule varied depending on position of the tubule within the cluster:
there was an approximate factor of 2 differences between energysditgd to the central tubules and
that deposited to tubules on the periphery of the cluster for both beta and gamma energies. This is
because radiation from tubule sheaths is emitted in all directions; tubules on the periphery of the
cluster receive rdiation from a fewer number of neighboring tubules than do centrally located tubules.

Whether differences in doses to epithelial sheaths actually differ by this much in a fish is
guestionable; the arrangement of the follicles is far less regular thanithiite model. Follicle clusters
in the fish involve follicles of different cresectional areas that are therefore less regularly arranged.
lf 0K2dAK GKS GFENARFGA2Yy Ay SyYySNHE& RSLRaAAGAZ2Y | Y2YV:
tubules, \ariations in dose rates among follicles will likely occur and may be better simulated by more
anatomically correct tubule arrangements. Furthermore, the variation in follicle sizes implies variation
in ¥4 assimilation among follicles with correspondidifferences in energy deposition in that and
surrounding follicles.

4.3.Predicted doses for largesized fish

As fish size increased a proportionally greater amount of energy was deposited in the thyroid
per unit mass, which is the result of the increaseduiebsheath dimensions. The probability that
interactions will occur between beta or gamma radiations and the media through which they travel
increases with the distance travellede(, the distance through the tissue thickness). For juvenile fish
where the thickness of the tubule sheaths is 10 um, the radiations may readily pass through the

surrounding thyroid tissues and deposit minimal energy. Increasing the thickness of the tubule sheaths
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to 40 um and 70 pm in the small and average fish respectivalggases the likelihood (e.g. frequency)
of radiationtissue interactions.
5. Conclusions
5.1.Predicted thyroid doses to fish in the Kiev Reservoir
The Figure 1.7 scenam for an initial ** concentration of 1 Bq miLis not completely

hypothetical. ThéYi data in the water of Kiev Reservoirfiigurel.1 involved initial concentrations of

approximately 1 Bq mL(a=0.715 Bq mt) and rates of declingb=0.074 d")similar to that for
radioactive decay. Using the mddebove(m,,,,=33.945mLg dand k,,,,, =0.0276 d') and the

conditions in Kiev Reservoir, the predicted-&% cumulative dose to a fish thyroid is 4.6 mGy, 10.6
mGy, and 14.1 mGy for a juvenile, small, and average rainbow trout respectively
The calculated thyroid doses correspond to dose rates less than 1 fhiGyntly whole body
dose rate risk data is available for this type of fish, and at dose rates that are above 1'{IGRE
2009). It is known that radioiodine exposures caegatively affect aspects of fish growth and
development that are mediated by thyroidal hormones (LaRoche .et%5, 1966), yet currently no
information is available linking risk of occurrence to thyroid radiation dose levels associatef'Wwith
eXposue.
5.2.Trophic complexity and the linearly increasing cumulative doses
The model may err in the prediction of actual dose rates and consequently the cumulative dose
over time, but the pattern of the nearnearly increasing cumulative doses is not a functdrihe
I OOdzN>F 08 2F (KS a/ bt Y2RStQad LINBRAOGAZ2YAD ¢tKS L
constant™®! concentrations in the thyroids={gure1.3) dueto the continuing ingestion ofl from the
GNRdziQa LINBeé AGSY 0O2YLRyYySyiGa 2F GKS O2YL¥ISE F22
concentrations in the thyroids result in nearly constant dose rates, and these nearly constant dose rates

result in Inearly increasing cumulative doses with time. Where similar complex food webs exist in other
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aquatic systems, continuing increases in cumulative doses beyond'ted12 half-lives of** can be

expected to occur.
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CHAPTER 2: DEVELOPNANOCOMPARONOFTHREEOMPUTATIONAL MODELS FOR ESTIMATION

OF ORGAN DOSE IN RAINBOW TRRQN UPTAKE OF IOBIRE

1. Introduction
1.1.Current methodologyin radiation protection of the environment

Radiation dose rates to biota are typically approximated utilizing doseersionfactors (DCF),
which are values for absorbed dose rate per activity concentratidghe body or orgari.e. mGy & per
Bq g). The current methodology employed by both the ICRP and within the ERi@grated
Approach(Larsson 2008pr cakulating dose conversion coefficients is to use Monte Carlo modeling of a
homogenously distributed radionuclide within an ellipsoidal phantehmosen to represent a particular
organism(ICRR2008b; GomezRoset al.2008 Ulanovsky and Préhl 2006, 200& has been shown that
when computingwhole-body DCFthe assumption of éhomogenows distribution willresult in an
uncertainty of less than 30% fdroth electrons andphotons (GomezRos et al 2008 However, if a
radionuclideis not homogeneously distribatl but instead concentrates in a particular orgéng.
iodine-131 (**!) in thyroid) a much higher dose will be received by the organ or tissue than by the whole
body. To addressuchsituations,organshave beerngenericallynodeled as spheres within thallipsoid
phantom (ICRP 2008, but this simplicity may be insufficient to accurately represent the complex and
variable nature of organ structurand arrangement within different types of organismisi computing

DCFs for these spheres, thaios of whde-body to organ mass offer conservative conversions of whole

" Martinez NE, Johnson TE, Cap#lldinder JE. 2014. Development andchparisonof computational models for
estimation of absorbed organ radiation dose in rainbow tr{@hcorhynchus mykisfrom uptake of iodinel31.
Physics in Medicine and Biology. Submitted.

'¢KS $2NR QLK Yyi{2Yé Klinihe iadiskioR protectdry dorinfuiitto mé&as § phykigal R
phantomrepresentingthe human body. However, with the advent of computational models, the generic
GLIKFYG2Yé KFa |faz2 oSS jcalgdefdld thie@imeéhBoh& madel, 2s distindt froinfd S Y I G
physiological computational model related to, say, respiration or blood flow (Xu and Eckermant20fh0);

G LK I yan@ay¥2 R S f té refr & Ndmputationalanatomicaimodek.
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body to organ specific DCF (Génfazs et al2008), but may considerably overestimate the organ dose
More accurate estimates of organ dose can be made using specific absorbed fractions igitgl act
concentrations
1.2.Studyobjective andjustification

Establishment of appropriate screening levels in the regulatory paradigm requires incorporation
of sufficient knowledge of dose effects; the ICRP currently lists no derived consideration referaise |
for organs, meaning that specific risks associated with organ diises are unavailable (ICRP 2008b
Model comparison and refinement is important to the process of determining both dose rates and dose
effects, and here we develop and compare thraedels for rainbow trout ©@ncorhynchus mykissa
simpistic geometry considering a single orgara more specific geometry employing anatomically
relevant organ size and location, and voxel reconstruction of internal anatomy obtained from CT
imaging. Weconsider the dose rates to the thyroid, téct, and liver of rainbow trout from uptake of
13 where thetime-varyingconcentrations of*!l in these organs have begmeviouslydetermined for
the first 32 days following ali'l release into thdreshwater systenfMartinez et & 2014). lodine-131 is
a major component of the atmospheric releases following reaatwidents, an@lthoughthe fate of**!
deposition onto lakes and other aquatic systems hasnstudied considerably (e.g. Bird et.dl995a;
Bird @ al. 1995b; Bird and Schwar1t®96; Gilfedderet al. 2009; Gilfedder et aR010) the resulting
dosesto aquatic organismé$ave received less attentionThe goal of this study is determination of
accuracy of and variatioamongincreasingf true-to-life radiation transport models t@wompare and
assessthe most appropriate anatomical approximations for computing radiation dose to biota
Appropriateness is evaluated as the ratio of perceived increase in accuracy relative to the increased

effort required to construct more anatomically accurate phantoms. For this analysis it is assumed that

the DCF from the most anatomically correct phantoms are the most accurate.
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1.3.Existing computational models

Computational phantoms have found extensive ubeotigh incorporation into Monte Carlo
based radiation transport computer codes for application in radiation dosimetry, as well as in medical
imaging simulation and evaluation (Zaidi and Tsui 20@9and Eckerman 2010Through the early
2000s there wereonsidered to be two main classes of anthropomorphic computational models (Zaidi
and Tsui 2009). The first, stylized phantoms, were first developed in the 4860se combinations of
simple, equatiorbased surfaces such as cylinders and spheres focblgeresentation. The second,
voxel phantoms, were originally created in the 198@llowing the advent of more powerful computing
technologies and imaging techniques. Objects in a voxel phantom are represented by three dimensional
voxel matrices. A thi class of computational phantom emerged in the 2000s as a hybrid of stylized and
voxel phantoms (Xu and Eckerman 2010). These hybrid phantoms utilize boundary representation
(BREP) geometries and can even be used to simulate movement. However, #iatiwarof this type
of phantom for use withimadiation transport codegs nontrivial (Xu and Eckerman 2010 this study
we consider the first two classes of phantoms.

1.4.Existing animal phantomand similar studies

A significant amount of research sideen condu&d concerring human model development,
however work conducted in creating animal modisl$ackingZaidi and Tsui 2009).h&initial research
and subsequent increase in animal model developnuamtr the past decade & motivated by the need
for refined preclinical modejsand therefore initially focused on laboratory animalgZaidi and Tsui
2009);although computational models may be used in different applications, the primary focely
work wason animals as models for humare for refining medical imaging techniques for use in human
medicine. However, in recent years, there has been increased emphasis on radiation protection of the

environment, and some models have been used for this specific end (Mohammadi et al. 2011, 2012;
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Caffey and Higley 2013)Table2.1 lists existing whole body animal phantoms, along with studies that
have calculated absorbed fractions or organ dose coefficients gsicty phantoms.

Table2.1: Studies that have developed or utilized whole body animal computational phantoms.

Animal Phantom development Selected absorbed fraction dat Organ dose coefficients fo
external phota irradiation

Mouse Segaret al.2004 Mohammadiet al.2011 Zhanget al.2012
Hindorfet al.2004
Stabinet al.2006
Dogdaset al.2007
Taschereagt al.2006
Bitaret al.2007
Mauxionet al.2013

Rat Stabinet al.2006 Xieet al.2010a, 2010b
Wu et al.2008 Mohammadiet al.2012
Xieet al.2010a
Zhanget al.2009

Frog Kinase 2008 Mohammadiet al.2011, 2012
Crab Caffery and Higley 201: Caffery and Higley 2013

Canine Padillaet al.2008
Krameret al.2012

However, this is the first study to consider temporal changes in activity concentration data as
applied to organ uptake iwarious phantomtypes One similar studycomparing absorbed fractions
determined by three different computational phantomgs condeted with rats (Xie et al. 2010and
found that the stylized phantom might underestineathe sef-absorbed Sfactorsand thus might under
predict organ dose
2. Materials andmethods

2.1 Kinetic data for}

Computing an accumulatechdiation dose over time requires some form equation or model

that describes the temporatoncentrationand location of the particular radionuclide Martinez et al.

(2014) used existing™l kinetic data(Short et al. 1969) from Fern Lake, Washingtondevelop
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empirically-derived modelsfor the prediction of activity concentration in various biota and tissues,
including rainbow trout.

Fern Lake ia 9.7 ha, oligotrophic lake near Seattle, Washington in the United States Fern
Lake Trace Mineral Metabolismqgram was a 1§ear interdisciplinary research program initiated in
1957 (Donaldsoet al. 1959) seeking to improve the productivity of western Washington lakes (®tsen
al.1967). As part of the Fern Lake program, several radionuclides, incltftlimgre released into the
lake to understand the fate and transport of the corresponding stable isotopes*td)g(Shortet al.
1969, 1971). lodind@31 concentrations in water, various biota, and trout tissues were measured
periodically for 27 days, whicis the data considered by Martinez al. (2014). The following simple
uptake and loss rate model was used to model the time varying concentratid#i ioffish tissues:

dB( t . .

# =m\W(t) k-B(tf (2-1)
where i is an uptake constant with units L kg™, k is a firstorder loss rate constant with units™d
W(t)is the**!| concentration in water, and(t) is the** concentraion in specific fish tissuesw (t) is

approximated using a sing®mponent exponential equation (Whicker and Shultz 1982):
w(t)=a & (2-2)
wherea is the initial™*l concentration in the water at the time of releases(t = 0), andb is the rate

constant(d™) for the exponential decline ikV(t).

Foraquaticanimal biota,u is ameasure of the transfer of the radionuclide through food chain
pathways from the water to animal.HE factors affectingt become increasingly complex with incresas
number of trophic levelgPinderet al. 2009). Despite the number of factors affectindgor consumers,
the model has been shown to be able to accommodate these complexities for varying trophic levels
(Smith 2002;Pinder et al. 2011). For whoksody **!I concentrationsk is a measure of loss that

incorporates radioactive decay, excretiand populationlosses due to mortality roemigration (Pinder
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et al.2009). Population dsses should be negligible within the short durations of these studies that were
performed in mostly confined locationspthe estimatedk should be dominated by radiowiide decay
and excretion.

The parametergu and k have different interpretationsvhen applied to individual fish tissues
The parametemqu may represent increases il concentrations due to absorption and ingestion of
additional™! or due tothe trander of **l from other tissues. The parameterbesides including losses
listed above also includes transfer to other tissue$able2.2 lists the specific values used fprand k
determined by Martinezt al. (2014), and~igure2.1 shows model fits compared to the Fern Lake data
(Shortet al.1969; Matinezet al.2014).

Table2.2: Values for empirical parameters used in determination of activity concentration.
Source organ (L kg d?) k(dh

Thyroid 33.% 0.0276
Liver 3.76 0.0201
Gl 7.25 0.0520
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Model fits to 13Y in Fern Lake trout tissues
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Figure2.1: A comparison ofern Lake data and model predictions for activity concentrations in water
and O. mykisshyroid, liver and the gastrointestinal tracts

The maintenance of nearly constaht! concentrations in the thyroid, Gl tract, and livéigure
2.1)isdue to the continuing ingestionof'L. FNRBY (G KS (G NRdzi Qa LINBe AGSY
web of Fern Lake.

Although variations among lakes in water temperature, stable iodine esdntfood chain
complexity, fish size, amather factors may affect the values pfandk, the Fern Lakealues Table2.2)
are the best available estimates 61 accumulation and loss free-swimming fish andare usedhere
to calculate and compare organ radiation doses with various rainbow trout phastom

2.2.Analysis of fish anatomy

Six deceasedtrout, including five rainbow trout@. mykisy3 and one brown trout $almo
trutta), were caughtand donated by a local fisherma&mearly November 2013 Three fish were caught
from lakes and three were caughtom streams and rivers The largest of these fish, a 0.286 m long

femaleO. mykisspictured inFigure2.2 was used to develop the phantoms considered in this paper.
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Figure2.2: Female rainbow trout used as a model in this study

2.2.1. Imageacquisition

To acquire the image set necessary for phantom developmigmée fish (one lakecaught
rainbow trout, one rivercaught rainbow trout, and one rivaraught brown troutwere given a CT scan
at the James L. Voss Veterinary Teaching Hospital in Fort Collins, Colonamhos{ices§semini Tridight
Big Bore PET/CPhilips Healtcare, Andover, MA based on resource availabilitymage files obtained
from CT(crosssectional radiographs, referred to as CT slices) are saved in the Digital Imaging and

Communications in Medicine (DICOM) file format; DICID#8 are the standard &l format within the
DICOM Standard in medical imaging (National Electiealufacturers Association 2011A DICOM file
set consists of an array of twdimensional (2D) crossectional images (CT slices)th each image
consisting of a certain amount pixels. The DICOM files from the fish CT were separated by individual
fish, and imported into 3fDoctor software(version 5.0, AbleSoftware Corp, Lexington, MA). Organs
were outlined, i.e. contoured, manually in Elbctor using a Wacom Intuos Pen andidio Small Tablet

(Wacom, Vancourver, WA Figure2.3 illustrates the interpretation othree separateCT slicedy the

application of contour lines aund specific tissuesf afemale rainbow trout
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Figure2.3: Example CT slices without and with organ contours

2.2.2. Dissection

Four fishincluding both rainbow trout that received a Gilgre dissectedFigure2.4) to assist in

appropriately identifying organ@Veinreb and Bilstad 1955
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Figure2.4: Internal organs o& female rainbow trout
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Organs were retained for future determination of tissue elemental compositieish samples
were kept frozen at20°C prior to the CT scan, completely thawed for the CT saadrefrigerated at
4°Cpost-CTand prior to dissectionDissectedtissue or whole bodgamples were kept frozen a20°C
after the dissection.

2.3.0verview of fhantom creation

The geometric structure, arrangement, and composition of rainbow trout tissweere either
modeled with organs epresented as simple geometric shapesnmodelled using Voxelizer software
(developed by theHduman Monitoring LaboratorfHML) Health Canada, Ottawa). Voxelizer convarts
organ lundary file which is a set of organ contoucseated from CT images, o lattice structure
geometry (Kramer et al. 2010) recognizable thg Monte Carlo Nparticle (MCNP) transport code
(Briesmeister 2000; -8 Monte Carlo Team 2003krsion 5.1.600r System X version 7.0D, known as
MCNP5 and MCNPX respectively (Radiatidatgénformation Computational Ceat, Oak Ridge, TN)

MCNP5 and MCNP¥ere employed for Monte Carlo simulatiorof radation transport and energy
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depasition basedon empirically derived®l concentrations invarious orgando determine radiation
dose b desiredtissuds).

Because appropriate trout tissue elemental composition is as of yet unavaildblaegetal
compositiors of tissues in all three modelsare based on human tissue (ICRB89. This ixonsistent
with previous work (Martinez et al. 2@1Kramer et al2012; Caffrey and Higley 2013Yhe exception
is the swim bladder, which was assumed to contain adirshould be noted that although there is
existing data (e.g. Diem and Lentner 1970)traut tissue composition from a nutritional standpoint, it
is not sufficiently specifiéor input into MCNP. Tissue samples obtained in this study were retained for
subsequent determination of total elemental analysis so that further refinements of these phantoms
based on variations among tissue compositions can be made.

2.4 Building phantoms of the fish body

2.4.1. Thesimplisticphantom

The simplest phantom developed costsi of an ellipsoidal fish bodgontaining a thyroid
modeled as 18 small cylindrical shellEhe thyrid model washased on rainbow trout thyroid anatomy
(Raineet al. 2009. A complete description of the simple phantom is described by Martinez et at)(201
and thissimple phantom wagescaledto from the phantom developed by Martinez et al. (201o
match thesize of thescannedfish. The height and width of the body were slightly redudesm the
9:2:1 (length:height:width) ratios utilized in Martinez et al. (2Dl orderto fully match the dimensions
of the aforementionedfish.

2.4.2. Stfizedphantom

A more detailed anatomical phantom was developed from the sistiplphantom; the size,
shape, location, and composition of the fish body and thyroid are the same as for thessunpl
phantom. Additionaktylizedorgans, includinghe liver, swim bladdergastrointestinal tract, ovaries,

heart, and brainwere added to the model. The location and size of these model organs were
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determined by matching their stylized shapes and locations to the corresponding CT slices as illustrated

in Figure2.5.

Ovary
= |ntestine
== Cardiac stomach

Ovary
- |ntestine
- Cardiac stomac

= Kidney
= Brain = Brain
—_ Gills
Swim bladder Swim bladder
Pyloricstomach == Pyloric stomach
- Spleen
Liver Liver
= Heart — Heart
Thyroid s Thyroid

Figure2.5: Transverse cross sections of anatomical model compared to similar location on CT scan,
where the left side of each image is the dorsal side of the fish, and the right side of each image is the
ventral side of the fish. From top to bottom images are agdgyosterior to anterior.

The detailsand composition of these model organs is descrilve@iable2.3 and crosssectional

illustrations of their placements are shownHkigure2.6.
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Table2.3: Description ofepresentativegeometryfor organs created istylizedmodel

Organ Description
Body Ellipsoid
Thyroid 18 cylindrical shells
Liver Ellipsoid
SwimBladder Ellipsoid, rotated 2 degredsom horizontal
GlTract:
Intestine Cylinder, rotated 2 degrees from horizontal

Cardiacgomach
PyloricSomach

Cylinder
2 cylinders

Ovaries 2 cylinders, rotated 5 degrees from horizontal
Heart E”lpSO|d
Brain Sphere

Swim bladder

Brain ...5.

Heart
\ Thyroid
¥

Cardiac Stomach

f yloric omac
Gonad

Figure2.6: Exampldongitudiral cross sections of the anatomical modgdper sectioims through the
midline of the fish bodyhe loweris slightly to the lateral left0.47 cm)of the midline of the body

The agans were selected for inclusion in the stylized phantom for significant biological

relevance (e.g. heart, brain, ovary), tendency to accumutiie(e.g. Gl tract, liver, thyroid), or for
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variation from soft tissue composition (e.g. swim bladder) thatuldosignificantly impact radiation
transport.

2.4.3. Voxel phantom(CSUTROUYT

There are four general steps in the procedure for creating a voxel phantom (Zaidi and Tsui 2009;
Xu and Eckerman 2010)These includgl) aquiring an appropriate fulbody image set (such as from
CT, MRI, or cryosection photography)2) dentifying and segmerihg organs or other anatomical
structures of interest within e image set acquired in step 1; (Htermining density and elemental
composiion characteristics for tissues identified in step @d (4) ®nverting the organ segments
(contours) to a three dimensional (3D) volume for visualization (verification of appropriate organ
structure) and Monte Carlo implementation

Step(), (2), and 8) were discussed in sectiof2 and 2.3. It should be noted, howevethat
the thyroid was too small to be seen on CT and was therefore contoured using knowledge of thyroid
anatomy (Raine et al. 2005; Martinez et al. 20Ey. step (4), once the organ contouring of step (2) was
completed, the ontour lineswere consolidaed into a 3D rendering of the twdimensional contours

shown inFigure2.7 and Figure2.8, for visual confirmation of structure

Figure2.7: Voxel phantom skeleton and internal organew from side and bottom
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Figure2.8: Voxel phantonga) body (b) skeleton, andc) internal organs

Note that the colors irFigure2.7 and Figure2.8 correspond to the organs listed Figure2.3
and on the CT images kigure2.5. Volumes of the contoured organs are listedTiable 2.4, with
volumes of the stylized organs included for comparison.

Table2.4: Organ volume and comparison for stylized and voxel phantoms

Volume () .
Ratio
Organ/organ system Stylized phantom Voxel phantom
Body 212.12 208.47 1.02
Thyroid 2.4E03 5.9E03 0.41
Liver/Gallbladder 0.78 0.89 0.88
SwimBladder 5.70 5.53 1.03
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GlTract 9.15 8.71 1.05

Intestine 3.04 2.74 1.10
Cardiacomach 3.69 3.34 1.10
PyloricRomach 2.42 2.54 0.95
Esophagus -- 0.10 -
Ovaries 0.20 0.19 1.05
Heart 0.35 0.43 0.81
Brain 0.52 0.61 0.85
Spleen -- 0.07 --
Kidney -- 0.54 --
Eye Whole) -- 2.09 --
Eyelens -- 0.10 --
Gills - 3.52 -
Bone -- 11.58 --
Remaininglissue Muscle) 184.85 165.58 1.12
Minimum 0.41
Median 1.03
Maximum 1.12

It should be noted that the Gl tract consists of multiple organs. The stylized model Gl tract
consists of the intestine, cardiac stomach, and pyloric stomach. The voxel model Gl tract consists of the
same organs as they stylized model, with the additaérthe esophagus. However, we consider the
esophagus to be a separate organ from the Gl tract for a more appropriate comparison to the stylized
model. When defining the Gl tract as the souraggan an even distributiorof the source radionuclide
was deined acrosshe intestine, cardiac stomach, and pyloric stomach

As is often the convention (Xu and Eckerman 2010), we name our phantom to distinguish it from
other computational models should other researchers desire to use it; heretofore our complegét vo
rainbow trout phantom will be referred to &88SUTROUT

The completed set of organ contours were combined into a single boundary file33iBgctor

andimported into Voxelizer software, which converted the file into MCNP lattice geongtamer et
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al. 2010) Voxelization is achieved by multiplying the pixel size (determined by image resolution) by the
thickness of an image slice, converting the 2D pixels into 3D voxels (Xu and Eckermarv/agéjer
requires minimaluser input, needingonly specfication of boundary file dimensionand pixel size
(obtained from 3DDoctol) as well as the desired compression factoi higher compression factor

results infewer voxels and faster computing time. However, less voxels equates to less resolution

(Figure2.9).
Y - Ay T
\ L .
i 4
\
i A
\
Ventral Dorsal

Figure2.9: Images representing the resolutiohdifferent compressiofactors (exported from Voxelizer).
From top to bottom, the images represent a compression factor of 4, 2, and 1 respectively.
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Compression factors of 1, 2, and 4 resulted in ab8i@ix10, 7.5x10, and 1.9x10 voxels
respectively Because of the lengthy computing time required, a compression factor of 4 was used in
this study.

2.5. Source definition and dtermination of DCF

MCNP software simulated 18* disintegrations(10’ chosen to optimize wé@ance reduction
with run time) o mimic *Y| decay and estimate the corresponding emedeposited per disintegration.
Disintegrations were distributedandomly acrosghe particular source organ The locations and
magnitudes of energies deposited é@achorgan (whether or not the sourceas well as the fish body
were tabulated and analyzedEnergies deposited in the thyroid lumé@Raine et al. 2005nd the swim
bladde are not of concern athese are nortissue structures containing fluid and air, respectively, and
have nobiological sigificance SeparateMCNP runs were conductddr beta particles and gamma
photons corresponding t6*! decay as well as for different source organs (e.g. thyroid, liver, and Gl
tract for the stylized and voxel modéls

Total deposited energy tabulatedas normalized by simulated disintegrations, i.e. MCNP
output reports energy deposited per disintegration (Mdg"). The initial energies of beta particles or
gamma radiations emitted from the simulated disintegrations were randomly selected from appropriate
frequency distributions specified in the MCNP program. The initial beta energies were randomly
selected from a aatinuous distribution of possible energies ranging up to a maximum energy of 0.8069
MeV with an average energy of 0.1821 MeV (Stabin and CQP 2002). Gamma energies were randomly
selected from either 0.364 MeV with probability 0.817 or 0.637 MeV with priibale.072 with lower
probability energies not being considered (Stabin and CQP 2002).

The tabulation of energies (MeV) deposited were made ugiBgtally function in MCNPi.e.
that tally whichrecords the sum of all energies deposited in the tissuéhly particle type as well as its

secondary partles K5 Monte Carlo Team 2003)A dose conversion factor (DCF) of
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0.013824F mGy'd per Bg' (where Eis the energy deposited per disintegration (Mdig") in the
tissue or organ of interesand 0.01382 is the appropriate unit conversion) was determined directly
from the MCNP output
2.6.Determination of cumulative dose rates and doses
The empirical models developday Martinez et al. (204) were combined with the MCNP
simulation (see Appendix Afor exanple MCNP inputjo compute cumulativeorgan doses from the

decay of**. First, the predicted®| concentrationgBq kg') in the source orgaras a function of time,

B(t) , were determined Equation2-3) from empirical models described in Martinez et(@014):

B(t) = m%& ge@o et) (2-3)

wherep is the uptake constani(kg' d?) in the body or tissue of interesk,is the loss rate constant (i
from the body or tissue of interesa is the initial concentration in the water (Bd}), andb is the rate of
loss (d") from the water(as described above) Values fora (1 Bq mL) were chosen tonormaliz
activity concentratiorby initial water cocentration. Values db correspond to the decay rate df'i
(0.0862 d). Values foru andk are taken from Martinez et al. (2@ (Table2.2). Concentrations of*!|
in the source orgamwere then multiplied by theppropriate mass ratio and theCF (uGy d" per Bq kg

') obtained from MCNP to acquire a dose rgteSy d'). The dse rateD(t), at timet is given by

Equation 24:

D(t)=DCF(Omass ratjoB(®) DGF ndass r)atin%(—_a% g@m e ' (2-4)

Mass ratios were used to convert activity concentration in the source organ to an equivalent
activity concentration for the target organ. In the case that the source and target organs are the same,

the mass ratio will be unity.
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To determine the time atind magnitude of maximum dose rate, we set the derivative of dose

rate to zero, and solve far(Equation2-5 and Equation 2):

o ~

B(t) =DCFOmass rat)om%(—ia% g be'® ke“) (2-5)

¢

vi =_k (2-6)

Note that calculating the overall maximum dose rate (from all sources) igrivied and not
explored here. A conservative estimation can be obtained by summing the maximum dose rates from

each organ sourceThe dose rate was then integrated over time to determine a cumulative (l659.

The cumulative dosat timet, D(t), is then given bfquation 27

D(t) =DCF(Omass ratjo g ab 8%0 ('I'b'bt) T1<(ekt +)1 (2-7)

3. Results
Dose and dose ratergdictions are limited to the first 32 days because the uncertainty of the
extent to which the passage ot through the food chains will continue to support the predictions
beyond day 27 is unknowshort et al. 1969; Méinez et al. 2014) Values foru andk will be constant
for everyphantom as will the time to the maximum dose rate from each source of@able2.5). Note
OKIFIKie MRIARE Ay (GKAAa aSOGA2y NBFSNBR (2 GKS oA2t23AC
epithelial shell discussed in Chapter 1.

Table2.5: Time to maximum dose rate listed by source organ

Time(days at maximum dose rate
(by source organ)

Thyroid 19.43
Liver 22.03
Gl 14.78
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As the most significant radiation doses will be to the organs that are both the source and target,
results are shown below for said orgarswell asvhole body. Detailed tabulations of results, including
all organs, are contained in Append3.

3.1. Smplistic model

The simplistic model considers only the thyroid as a source, with no other organs surrounding it.

The maximum dose rate to the thyroid tinis model will bet.72 16 > D &'. The maximum dose rate
to the whole body will b€.8% 10° > D &*. The progression of cumulative dose in time is shown in

Figure2.10 below.

Cumulative dose 131 in the thyroid
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Time since release (days)

Figure2.10: Cumulative radiation dose to the thyroid and whole bwith the thyroid as the source
organ(simplistic phantom)

3.2. Qylized model

The stylized model considers the same thyroid and fish body as does the simplistic model, with

eight additional organs. The stylized model also considers radiationrdosavedfrom **| uptake by
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the liver and the Gl tract. The maximum dose rates ®digansboth a source and targen this model
are listed inTable2.6 below, along with whole body dose rates

Table2.6: Summary of maximum dose rates by source organg the stylied modelassuming an initial
water concentration of 1 Bq riL

Maximum dose rate (UGy™l

Organ by source organ
Thyroid Liver Gl Total
WholeBody 2.89E02 5.02E02 5.01E+00 5.35E+00
Thyroid 4. 72E+02 1.22E02 2.92E02 4.72E+02
Liver 1.64E03 7.37E+01 6.12E02  3.40E+02
GlTract 3.61E04 4.78E02 7.49E01  7.44E+01
Intestine 2.42E04 4.63E02 1.01E+02 1.01E+02

Cardiac Stomach 4 .90E04 6.34E02 1.01E+02 1.01E+02
Pyloric Stomach 3.19E04 3.30E02 1.04E+02 1.04E+02

The progression of cumulative dose in time for each source organ is showigure2.11

through Figure2.13 below.

Cumulative dose 3 in thyroid
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Figure2.11: Cumulativeadiation dose to the thyroid and whole bodjth the thyroid as the source
organ(stylized phantom)
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Cumulative dose 134 in liver
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Figure2.12: Cumulative radiation dose to the liver and whole baii the liver as the source organ

(stylized phantom)

Cumulative dose 134 in Gl tract

1.E+04

1.E+03

1.E+02

1.E+01

Radiation dose (UGy)

LE+00 |

=== Body

Gl tract (over all
Intestine

Cardiac Stomach
Pyloric Stomach

1.E-01

10 15 20 25 30
Time since release (d)

Figure2.13: Cumulative radiation dose to the Gl tract and whole baettly the Gl tract as the source

organ(stylized phantom)
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Total cumulative dosereceived by all organs asbown inFigure2.14 on a log scale; additional

cumulative dose charts are contained in Appendix A3.
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Figure2.14: Total cumulative (internal) radiation dose from all soura€$Y, radiation dose on a log
scale(stylized phantom)

3.3. Voxel model(CSUTROUT
CSUTROWDnsistsof a threedimensional rendering of an actual fish body. It includes the same
organs as the gtized model, with seven additional organ©®ur dose model usingSUTROWDnNsiders
radiation dose received frorfi'l uptake by thehyroid, liver, and the Gl tract.The maximum dose rates
to the organs both a source and target in this model are ligtethble2.7 below, along with whole body

dose rates.
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Table2.7: Summary of maximum dose rates by source orgamCSUTROU&ssuming an initial water
concentration of 1 Bq riL

Maximum dose rate (uGy™)

Organ by source organ
Thyroid Liver Gl Tract Total
WholeBody 3.67E02 3.83E01 4.97E+00 5.43E+00
Thyroid 6.23E+02  4.20E02 2.09E01 6.53E+02
Liver 4.32E+02  7.23E+01  2.31E+00 7.46E+01
Gl tract 5.53E03 1.84E01 9.66E+01 9.67E+01
Intestine 2.01E03 5.42E02 9.95E+01 9.96E+01

CardiacStomach ~ 1.07E03 1.11E01 8.55E+01 8.56E+01
Pyloric Stomach 1.57E03 3.65E01 1.08E+02 1.08E+02

The progression of cumulative dose in time for each source organ is shoWwigure 2.15

throughFigure2.17.
Cumulative dose 131 in thyroid - CSUTROUT
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Figure2.15: Cumulative radition dose to thehyroid and whole bodyrom **!f distributed in the thyroid
left graph utlizes a log scale on theyis to better visualize dose differences
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Cumulative dose 131 in liver- CSUTROUT
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Figure2.16: Cumulative radiation dose the liver and whole bodfyom **i distributed in the livereft
graph utlizes a log scale on theyis to better visualize dose differences

Cumulative dose 131 in Gl tract- CSUTROUT
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Figure2.17: Cumulative radiation dose to the Gl tract andolenbodyfrom **Y| distributed in the Gl tragt
left graph utlizes a log scale on theyis to better visualize dose differences

Total cumulative doss received by all organs ashown inFigure2.18 on a logrithmic scale;

additional cumulative dose charts are contairiedAppendix A3.
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4. Discussion
4.1. Model comparison

Progressively wre detailed phantomsvere consideredo assess the difference in orgaose
and DCFs with improved anatomical realisrAdditionally,we consider and comparéhe use of organ
specific DCFs vice the ustole body to organ mass ratidsr dose determination The results for the
thyroid and whole body were the same for the simplistic and stylized model. Therefore, we consider
only the dfferencesin the stylized phantom an@SUTROU®r organs the models have in common.

4.1.1. Cumulative 32 day dose

Comparisons of cumulative doses received to sotacget organs are shown fRigure2.19 and

Figure2.20.
Comparison of radiation dose frort#! Comparison of radiation dose fror#|
in thyroid liver
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Figure2.19: Comparison d32 day cumulative doses received frdth with the thyroid(left graph)or
liver (right graph) as the source organ, as calculated by the stylized phanto@SWIROUT
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Comparison of radiation dose from Gl tract
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Figure2.20: Comparison of 3day cumulative doses received frdth with the Gl tractas the source
organ, as calculated by the stylized phantom &@8UTROUT

The models are similar in prediction of dose, especially for setarget organs. For!
distributed in the thyroid, tle percent differences between model estimates of dose 24860 (0.2 uGy
absolute difference) and 28 B960 uGy absolute difference) for the whole body and thyroid
respectively For'® distributed in the liver, the percent differences between model esteaaf dose
are 19.5% (18 uGy dsolute difference) and 8% (% uGy absolute difference) for the whole body and
liver respectively. Considering thel tract as the source, portions of the Gl tract (intestine and
stomach) range up to abo@0% differencebetween model estimates of dose, but the doses to the Gl
tract as a whole organystem are within 10 uGy (about 4% difference). The whole body dose
estimates for'*l in the Gl are only @% differen (1 uGy absolute difference)The differencegor non-
source organs were similar, with the highest doses to these organs due to radiation exposure from the
Gl tract. The Gl tract is a larger organ system than either the liver or thyroid and lies in close proximity
to several other organs, meaning a rdiha source distributed in the GI tract will have a wider

distribution and, in general, a shorter path to other orgattss is particuldy relevant for™®Yi as beta
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particles have a relatively short range and will deposit most of their energy justtprmming to rest
(Cember and Johnson 2009)

The larger percent differences fo1 distributed in the thyroid are equated to the difference in
size between the thyroid orgartf the stylized model an@SUTROUas the thyroid iCSUTROUNas
not visibk on CT and had to beproximaed by hand.Results for DCFss well as details of cumulative
doses received to all organs are contained in AppendixA3ummary of doses received by all organs

considered from uptake dfl is shown irFigure2.21.

Comparison of total radiation dose received from uptake '§H
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Figure2.21: Comparison dabtal cumulative 32 day radiation do$em **Y| (log scalejeceived by organs
considered in the stylized model andC8UTROUiom all internalsource organs.

The thyroid received the highest dosg$.23x16 and 1.63x16 pGy, stylized model and
CSUTROUEspectively), due tereferential uptake of*Yi. The liver and Gl tract will also take upH,
but to a much lesser extent than the thyroffligure2.1). The highest doses to organs not taking'tip

were to the ovarieq22.8 and 113 pGy using the stylized model &8IUTROWEspectively) and the
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spleen (179 pGYCSUTROYTalthough these doses were much lower than doses to the source organs
(between 1900 and 16300 pGy).

4.1.2. Factor differences in using mass ratios to calcelargan specific DCF

In the absence of orgaspecific data, a conservative estimate of organ specific(BGGfmezRos
et al. 2008)s to multiple the whole body DCF by the ratio of the mass of the whole body to the mass of

the particular organ of interest:

o
arr\mhole body

(; organ

DCEgan = D%ole bod! (2'8)

It should be noted that this approach is only valid for organs that are both the source and the
target of radiation. The organ specific DCF was calculated directly from MCNP outputhand
calculated again using the mass ratio approach. The factor difference (ratio) between these two values

is shown inFigure2.22.

Comparison of the factor difference between methods of calculating DCF for
both the stylized phantom and DORY

O Stylized
1 ACSUTROUT

Ratio of mass ratio method to direct method for
calculting organ specific DCF

0 T T T T T
Thyroid Liver Gl tract Intestine C Stomach P Stomach

Figure2.22: Factor differencéetween calculating orgaspecific DCFs directly and by using the mass
ratio approach. This factor difference is shown for both the sty/jshantom andcCSUTROUT
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All factor differencesusing either model, are less than 10 for all sotterget organs. The
differences between models are due to the slight difference in size and location of the particular organs,
although these differencesra small. The mass ratio approach is therefore a reasonable approximation
of organ dose, as suggested by GofRes et al. (2008), although this approach can only be used for
organs that preferentially take up a radionuclide.

4.2.Consideration of fish size usirtge simplistic model

We consider the simplistic model in comparing size effattthe ability of the mass ratio
method to predict organ doseAs seen in sectiohl.2 the thyroid has the greatest difference between
the mass ratio method and the direct method for dose approximatioum of the three sourcearget
organs) Therefore, we consider the thytbhere. CSUTROUWERNNot bere-sized although the stylized
and simplistic models can b&heDCFs determined by the stylized and simplistic models are the same;
therefore we use the previously scaled set of simple models developed in Chapter 1 (Mattalez e
2014), along with the simplistic model used in this chapter. The effect size has on dose is discussed in
Chapter 1, so here evconsider data from Chapter 1, not yet shown in detail, to consider the difference
fish size will have on the mass ratioegdiction of organ radiation dose(or organ dose conversion
factors)

Consider the energglepositiondistribution shown irFigure2.23 for fish of different size§Table

2.8 contains details of fish dimensions).
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® Juvenile
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m Average

Proportion of total energy deposited per
disintegration

Thyroid epithelials Thyroid centers Fish body

Figure2.23: Energy distbution by organ and fish size from Chaptefata, including beta and gamma
emissions from®!.

Table2.8: Fish size and corresponding dose conversion factors for both the thyroid epithelial and whole
body-.

Fish size DCF (uGytkg Bq)
Fish reference (length, mass)  Thyroid epithelial  Total body
Juvenile 90 mm 98969 2.647E04 2.830E03
Current study 286 mm, 222.7 g 5.412E04 2.947E03
Small 360 mm, 633.3 g 6.061E04 3.207E03
ICRP 500 mm, 1257 g 7.198E04 3.319E03
Average 630 mm,3394 g 8.065E04 3.556E03

’The juvenilesmall, and average fish all have relative dimensions of 9:2:1 (length:width:height), scaled from data
in Raine et al. (2005). The simplistic model developed here has a length:width:height of about 11.5:2.3:1, and the
ICRP representation developed in t@aapter 1 study has a length:width:height of about 8.3:1.3: 1. However,

thyroid dimensions (all) were determined relative to the length of the fish.

®The ICRP representation listed here and developed in Chapter 1 uses a soft tissue density dtd g cm

correspond with that listed in ICRP 108 (ICRP 2008). Soft tissue in the other models was assigned a density of 1.05
g cni’to be consistent with ICRU tissue compositions (ICRU 1989).
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More energy will be proportionally deposited in the thyroid of a larger fish than in a smaller fish
(see discussion in Chapter 1, SectibBl). The probability of interactions between beta or gamma
radiations and the media through which they travel (e.g. tissue) increases with distance travelled. Also,
in addition to having a ratively short range, beta particles will deposit most of their energy towards the
end of their range, just prior to coming to a stop (Cember and Johnson 2008). As fish size increased, a
larger proportion of energy was deposited in the thyroid per unit snabore energy was deposited in
the larger fish thyroid per until mass due to larger tubule sheath dimensidungenile fish with very thin
tubule sheaths (10 um) will result in radiation readily passing through the thyroid tissues and depositing
minimalenergy. Increasing the thickness of the tubule sheaths in the larger fish increases the likelihood
(e.g. frequency) of radiation tissue interactions.

Because of the differences in relative energy deposition between different fish sizes, DCF for the
thyroid and for the whole body will be different. Values for DCFs of the different size simplistic models
are shown inTable2.8 along with fish sizes.

Although DCF will be different, thmass ratios (whole body to thyroid) remain the same. The
mass ratio method for estimating thyroid organ dose will therefore give @rignally different results
for different size fish.The estimated thyroid radiation dose as calculated by each method, for each size
fish, is shown iTable2.9, abng with the ratio between them.

Table2.9: Organ radiation dose as determined directly using the thyroid DCF and indirectly using mass
ratios for different size fish. The ratio between the two approximai®aiso listed.

Estimated Organ Radiation Dose (m'

Ratio

Using thyroid DCF Using mass ratic
Juvenile 5.90 63.2 10.7
Currentstudy 12.3 67.1 54
Small 13.5 71.6 5.3
ICRP 16.1 74.2 4.6
Average 18.0 79.6 4.4
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Note that the ratio of the DCHsvhole body to thyroid) will be the same as the ratio of the
cumulative organ dose estimatioress listed inTable2.9. The mass ratio method becomes more

accurate as fish size increases. The relationship between fish size is shoguré2.24.
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Figure2.24: Graphical illustration of the ratio of estimated radiation dose calculated by (1) using the
whole body DCF and converting to a thyroid DCF using mass ratios to (2) using the thyroid DCF directly
for trout of 5 different lengthsDiamonds represent body ratios (length:height:width) of 9:2tie

square and triangle represent alternate body dimensions as discussed in the text.

Figure2.25 corsiders the relationship between fish length and relative accuracy of the mass

ratio method for fish of the same relative dimensions.
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Figure2.25: Ratio of estimated organ doses, Eigure2.24, for simplistic models of relative dimensions
of 9:2:1 (length:width:height), with fitted power equation and correspondingaRie

The above figures further demonstrate thabhe mass ratio approach is indeed a valid
approximation of organ radiation dose, in agreement withnt@zRos et al. (2008). Additionally, this
provides an example of the effect size has on how accurate the mass ratio approach will be; for larger
animals ad larger organs, the mass ratio approach will be more accurate. This follows from the
discussion of beta energy deposition in Chapter 1, as larger organs wibselb more radiation tha
smaller organs

4.3.Model considerations

Although the voxel phantorprovides the most anatomically accurate model, the development
process is very timeonsuming. Although automatic segmentation is an available feature @fagifor,
it cannot adequately distinguish the various soft tissue organs. Manual contouringgafisoon the
original image set is labantensive, tedious, and involves usgpecific assumptions about anatomy.

Additionally, several organs have very low image contrast, making the segmentation nearly impossible,
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and other organs, such as the fish thigl, are so small as to be beyond the resolution of the CT image
slices. For organ dose calculations numerous internal organs/tissues have to be identified and
contoured; the resulting size of a wheb®dy computational phantom with organs can potentiablgy

too large for MCNP to process (Xu and Eckerman 2010). The compression factor of the boundary file
(organ contours) can be changed to reduce the number of voxels, but resolution is sacrificed.

Whereas stylized phantoms are easily scalable (Martineal.e204), the voxel phantom
developed here is fish specific; for different species, sizes, life stages, gender, etc. a different voxel
phantom would need to be developed for the most accurate dose assessment. These issues are
consistent with voxel phetom development, in general (Xu and Eckerman 2010).

5. Conclusios
5.1.Consideration of the mass ratio approach

Although calculations in this study did not assume a homogenous whole body distribution of
radionuclides, calculating organ specific DCF usingnidees ratio approach described byr@ezRos et
al. (2008) was a reasonable approximation for calculating DCFs directly from MCNP odipuever,
this approach is only valid for organs with preferential uptake of a radionuclide. Therefore, one
significant benefit of both the stylized phantom a@&UTROUS the ability to determine radiation dose
Ay 2NBlFya RdzS 2 lingt@ddBukatd doFeikohR)ans frov otitedorgan€.S | 6 A

5.2. Optimal phantom choice

Although CSUTROUWas the most anatomically realistic phantom, it required much more
resource dedication to develop than did the stylized phantom for similar results. Addigiotizéi
stylized phantom can be scaled to represent trout sizes whe@&dTROUJannot be. There may be
instances where a detailed phantom such @SUTROUIE appropriate, as it will provide the most

accurate radiation dose and dose rate informatitor the size, sex, and species consideredt
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generally, the stylized phantom appears to be the best choice for an ideal balance between accuracy
and resource requirements.
5.3. Utility and implications of model development

The results of this study work towardsentual application and integration into the regulatory
paradigm of environmental protection ohon-human biota. Either model could be used in
demonstrating regulatory compliance in environmental protection, whether at a nuclear power station
or a waste epository. Eventually, we would determine specific radiation effects to fish, and use the
models developed here to equate effects with certain doses or dose rates.

In addition to establishing environmental benchmarks of health, understanding the lwalogi
effects of radiological contaminants in organisms and ecosystems has application in emergency
response and recovery as well as resource managemeiithe combination of computational and
empirical models could be used for any radionuclide, with avigilatata, to determine activity
concentrations and radiation doses to fish. Establishing baseline models, such as discussed in Chapter 1
for **!1, could be used in place of sispecific data as well. Knowledge of the impact of an accidental or
purposefd release of radiation would have specific and beneficial utility for fisheries, for fishing

communities, and for general assessment and protection of aquatic environment health.
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CHAPTER 3: APPLICATION OF PREVIOUSLY DEVELOPED MSDEASE ORGAN IRAMN DOSE

IN FERN LAKE RAINBOW TROUT FROM UP¥M@& OF

1. Introduction

The purpose of this study is to demonstrate the applicability of the models described and
developed in previous chagis to an additional radionuclide, namely molybden@ ¢°®Mo). The Fern
Lake study discussed in Chapter 1 (Short et al. 1969) consistidirofield experiments, inwhich
phosphorus32, calciur5, and®Mo were applied to the Fern Lake in additiontd. We were able to
locate the®Mo data (Short et al. 1971xrd although it is limited, we consider it here asapplication
for our previously developed models

1.1. Molybdenum in the environment

Molybdenum(Mo) is used as a constituent in numerous alloys, and compounds of Mo are used
in lubricants, rubbers, and fertilizersAnthropogenicsources of Mo in the environmertherefore
include leaching at molybdenum mines, watesntamination during the manufacture gfroducts
containing Mo, and use of molybdendoontaining fertilizers. Naturally occurring Mo in the aquatic
environment is mostly from the weathering and subsequent runoff to streams and lakes from varying
types of rock (Reid 2002).

1.2. Molybdenum uptake aml toxicity in fish

Molybdenumis an essential microndent in animalsand considered to have low toxicity to
freshwater fish(e.g. McDonnell 19773s issupported by several studies focused samonids otthe
genusOncorhynchugReid 2002).Concentrations of Mo inOncorhynchus mykisssuesrelative to Mo
concentration in the surrounding watée.g. Short et al. 1971; Ward 1973; Regoli et al. 2822% been
measured and compared to components in the aquatic food chain. It is known that Mo does not

biomagnify in aquatic food webs (Regoli et al. 2012} the mechanistic details of Mo uptake in fish
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have not been investigatedadditionally, ery little is known about the metabolism or mechanism of
toxicity of Mo (Reid 2002). Mygbdenum concentrationsn fish muscle will remain fairlgonsistent
(Ward 1973, Regoli et al. 2013Ithough oncentrations in other organs (specifically the livBNard
1973; Reid 2011) will increaseith background levels of Mo Molybdenumdoes not accumulate in
muscle, andloes not distribute homogenously in the fish body.
1.3. Radioactive molybdenum

Molybdenum99 (**Mo), a radioactive isotope of Mo, ia fission product produced through the
neutron bombardment of enriched uraniurfi®VU) in a nuclear reactotMolinksi 1982; Zolle 2007; Le
2014) Molybdenum99 can also be produced through neutron activation of molybdenum metal or
oxides, but the specific activity of this method is low (Mski 1982 Le 201% The halife of *Mo is
65.94 hours, and the hilife of its most common daughteT,echnetium99 metastable ™" T¢ 87.7%), is
6.015 hours (ICRP 2008d°™Tclabeledradiopharmaceutica are widelyused in the medical industry
comprising 8B5% of diagnostic nuclear medicine imaging procedures woide every year(Zolle
2007 Le 201
2. Materials andmethods

2.1. Development of models

Computational model development is dissed in detail in Chapter. 2 Three increasingly
detailed anatomical phantoms fo©. mykisswere developed and compared for the pase of
estimating organ radiation dose and dose rates froth uptake. The results for the simplistic and
stylized phantom were the same, so here we consider only the stylized phantom and voxel phantom for
comparison of radiation dose due to uptake’d¥lo by Fern Lake rainbow trout.

The methodology behind empirical model development ésdribed in detail by Martineet al.
(2014). For the®Mo empirical model, we tak&Mo uptake data collected from another Fern Lake (see

Chapter 1) experiment (Shoet al. 1971) and follow the same procedure describbg Martinez et al.
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(2014). It should be noted that th€Mo datawere only collected on a few samples following its release
into the water column and are somewhat insufficient for the development faist empirical model
Multiple data points acquired on a single day were off set randoml.bydaygo havesufficientdata
points for nonlinear regressions Even so, there were only six and seven observations for liver and Gl
uptake respectively, ahthe loss ratek, had to be given a lower bound to force model convergence
(k... =0.005 d*and k,,.,=0.01d" ). Values determined in this process includethe initial water
concentration (Bd:"); b, the loss rate from the watgd™); W, the uptake constantL(kg" d™) in the body

or tissue of interest; and, the loss rate constant (§ from the body or tissue of interest. Water
parameters are listed ifiable3.1, and organ parameters are listedTable3.2.

Table3.1. The water parameters a, the initial concentration in the water, and b, the first order loss rate

from the water column, fothe **Mo concentrations ifFern Lake Because of the different methods of
estimation 95% confidence intervals are giverafbut standard errors are given fax

Initial Water ConcentratiorpgL™) Loss Rate (B
a 95% Confidence Interval b SE
0.0366 0.0283 - 0.0449 1.4963 0.3343

Table3.2: The uptakel() and loss rate parametek) for biota and fish tissues and thetandard errors
for the lakes and aquaria included in this study.

Uptake parameter (L Kgd™) Loss Rate (Y

Organ 1 SE k SE
Liver 22.2 3.39 0.005 N/A
Gastrointestinal tract 20.1 3.58 0.01 N/A

The concentrations of stable Mo in Fern Lakater and biota were reported in units of mass

(Short et al. 1971), and empirical models were fitted to these dafae specific activity of thé°Mo
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solutionreported by Short et al. (1971) waB89mCi g'(3.298 10° Bq kg') whichwas the value used in

calculating activity concentratior(ge. the initial activity concentration in water was=1204 BqL).
2.2. Determination of®™Tc activity concentration
Activity concentrations of*"Tc were derived from the relationshipetween *Mo and *"Tc.
The relationship between a parent radionuclide and its daughter, assuming a branching ratio of 100%,

was describedEquation 31) by Bateman (1910):

N, (t)=—=—N,(0)(e"" -e*) w(0) et (3-1)

where N, (t)is the number of atoms of the daughter nuclide at timeN, (t) the number of atoms of
the parent nuclide at time , /is the parent nuclide decay constant, argis the daughter nuclide

decay constant. If we assume the initia0) concentration of®™Tc is zero, we convert number of
atoms to activity A=/ N), and consider the branching ratio betweéMMo and *"Tc (0.8873, ICRP

20089 we haveEquation 32:

At)= /_d A(0)(e" -e"*)(0.8773 (3-2)

/4

f
We know that the activity at timeof the parent,”Mo, is given by Equation®
A®=A(0)e" (3-3)

It follows that the ratio of the parent to daughter at timeavill be given byequation 34:

A 1a(0.8773(e - e') _/d(o.8773( 1 el %)t)
AO (- (e ()

(3-4)

The relative activity oMo and®*"Tc as well as the ratio between them is shown over tirfeignire
3.1; the relationship betweef®Mo and®™Tc is referred to as transient equilibrium (Cembad

Johnson 2009).
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Figure3.1: lllustration of transient equilibriurfor Mo and**™Tc. One hallife of*Mo is indicated by
the light blue vertical line, and one hdife of ®™Tc is indicated by therangevertical line.

To determine activity concentrations Jdf™c in the various tissues, we assume the above
relationship(Equation 34), with the initial release of’Mo considered to be at=0, although this does
not account for potential differences in the chemistry or physiological behavitt.

2.3. Source definition and dtermination of DCF

MCNP software simulated i6lisintegrationsto represent®Mo or **"Tcdecay and estimate the
correponding energy deposited per disintegration {bhosen to optimize variance reduction with run
time). Disintegrations werdistributed randomly acrosthe particular source organ The locations and
magnitudes of energies deposited @achorgan as welas the fish body were tabulated and analyzed
Energies deposited in the thyroid lumen and the swim bladdernot of concern, because these organs
are respectively fluidand gadilled and are therefore oo biological significanceSeparateMCNP runs
were conductedfor beta particles and gamma photons corresponding®do decay as well as the

gamma photon from thé°Mo daughter’®*™Tc.
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Separate MCNP runs were also conducted for the different source organs (e.g. liver and Gl
tract). It should be notd that the GI tract consists of multiple organs, namely the intestine, cardiac
stomach, and pyloric stomach.

Total deposited energy tabulated was normalized by simulated disintegrations, i.e. MCNP
output reports energy deposited per disintegration (Mdg"). The initial energies of beta particles or
gamma radiations emitted from the simulated disintegrations were randomly selected from appropriate
frequency distributions specified in the MCNP program.

The initial beta energies were randomly selectedm a continuous distribution of possible
energies ranging up to a maximum energylf141MeV with an average energy 0f3891MeV (Stabin
and CQP 2002)Gamma energies fdfMo were selected from 0.7779, 0.7395, 0.1811, and 0.1405 MeV
with respectie probabilities of 0.0426, 0.1213, 0.0599, and 0.0452. Gamma energy™far was
0.1405 MeV with probability of 0.890&tabin and CQP 200ZRF20083. Lower probability gammas
than the ones listed for botffMo and**™Tc were not considered.

The tabuation of energies (MeV) deposited were made usifg) tally function in MCNPi.e.
that tally whichrecords the sum of all energies depaosited in the tissue by that particle type as well as its
secondary particles (Monte Carlo Team 2003). A dose conmerdactor (DCF) of
0.013824F> D&' R L3 (where Eis the energy deposited per disintegration (Melis") and
0.013824 is the appropriate unit conversion) was determined directly from the MCNP output

2.4. Determination of cumulative dose rates and doses
The empirical models developed were combined with the MCNP simulation to compute

cumulativeorgan doses from the decay 6fMo and the subsequent decay 3"Tc. RPedicted **Mo
concentrations(Bq kg) in the source orgaras a function of timeB(t), were determined from the

above described empirical models using Eguation 35:
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AMa Qs
B(t)= d e 3-5
(=g g o) (35)
The only difference from the empirical model described above, is that in order to generalize the

dose estimation, values foam were chosen tonormalizZ activity concentrationby initial water

concentration (i.e.a=1 Bq mL'), and alues ofb used corresponed to the decay rate of*Mo (i.e.

b=0.252 d*). Activity concentrations of’"Tc were determined as described in sectbg, and dose
and dose rate determinations due ¥8"Tc are described in Appendix.Al

Concentrations of°Mo and**™Tcin the source orgarwere then multiplied by theappropriate
mass ratio and thdCFuGy d' per Bq kg) obtained from MCNP to acquire a dosate (uGy d');
calculations were done separately f8itMo and**"Tc. Methods for calculating dose rate, maximum
dose rate, and cumulative dose were the same as in se@i6nwe assume that the maximum dose
rate from 99Mo and®™Tc occurs simultaneously.
3. Results

Dose and dose ratergdictions are limited to the first4 days because€’®Mo concentrationsin
Fern LakéD. mykissare unreportedbeyond dayl4. Time to maximum dose rate is assumed to occur at
the same time for botl°Mo and**"Tc.

Table3.3: Time in days postlease of Me@9 at which he maximum dose rate will occur.

Time (days) at maximum dosdea
(by source organ)

Liver 3.82

Gl 3.37

As the most significant radiation doses will be to the organs that are both the source and target,
results are shown below fahe liver and Gl traces well as thewhole body. Detailed tabulations of

results, including all organs, are contained in AppeA8ix
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3.1. Model predictions of activity concentrations
3.1.1. Liver

Model predictions for liver activity concentration, along with measurement data considered in

model devédopment, are shown ifrigure3.2.
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Figure3.2: Model predictions for temporal activity concentration$*®o in theliver, with data points
for measured liver concentrations

The limitations of thé°Mo data are apparent iffigure3.2, especially for day 2. However, the
rapid accmulation by day 6 and the continuing large concentrations on day 13 support the general
form of the predictive model. The principal probable source of error is the approximation to the pattern
of Mo accumulation before day 6, but most of the radiation @loas is indicated by the reported data,
occurs after day 6 where the model better approximates the reported concentrations.

The comparison of model predictions fdPMo concentration and the assumed™Tc

concentrations are shown iRigure3.3
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Figure3.3: Model predictions for activity concentrations in the livet’sfo and®™Tc

3.1.2. Gl tract
Model predictions for Gl tract activity concentration, along with measurement data considered

in model development, are shown kigure3.4.
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Figure3.4: Model predictions for temporal activity concentrations’®o inthe Gl,shown with data
points for measured Gl tract concentrations
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The limitations of the fitted model are again illustrated for the time before dalyué again the
model is more appropriate for the period from day 6 through day 14 when most of the radiation dose is
occurring.

The comparison of model predictions f6Mo concentration and the assumed corresponding

99™T¢ concentrations are shown Figure3.5.
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Figure3.5: Model predictions for activity concentrations in theer of **Mo and*™Tc

3.2. Stylized phantom
The maximum dose rates to t®urcetargetorgans in this model are listed in tAable3.4.

Table3.4: Summary of maximum dose rates by source organ, including contributio’ffém

Maximum dose rate (UGy ')
by source organ

Organ
Liver Gl Tract Total
t=3.82d t=3.37d
WholeBody 3.98E01 4.06E+00 4.46E+00
Liver 8.59E+01 2.63E02 3.86E02
Gl Tact 6.67E02 3.22E02 4.63E02
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Intestine 8.87E02 6.70E01 8.66E+01
CardiacStomach  2.18E02 7.35E+01 7.36E+01

PyloricStomach  2.75E02 7.16E+01 7.17E+01

The progression of cumulative dose in time for each source organ is shokiguire3.6 and
Figure3.7; the right hand graph is shown on a linear scale, but the left hand graph has a logarithmic

scale on the yaxis to better visualize whole body dose.

Cumulative 14 day radiation dose frofiMo in the liver
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Figure3.6: Cumulative radiatiodose(log scalejo the liver and whole bodyom **Mo distributed in the
liver, including contribution from™T¢c
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Cumulative 14 day radiation dose froffiMo in the Gl tract
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Figure3.7: Cumulative radiation dog¢og scalejo the Gl tractand whole bodyfrom **Mo distributed in
the Gl tract, including contribution frof™Tc

Total cumulative dosereceivedby all organsare shownin Figure3.8 on a log scale; additional

cumulative dose charts are contained in Appendix A3
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Figure3.8: Total cumulative (internal) radiation dose from all sources on day 14 post raladistion
doseshown on a log scale
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3.3. CSUTROUT
The maximum dose rates to the sou@get organs in this model are listed in tfable3.5.

Table3.5: Summary of memum dose rates by source organ, including contribution fféfrc

Maximum dose rate (UGy ')l
by source organ

Organ
Liver Gl Tract Total
t=3.820 t=3.370
WholeBody 4 84E01 402E+00 4.50E+00
Liver 8.42E+01 2.77E+00 8.70E+01
Gl tract 3.45E01 7.05E+01 7.08E+01
Intestine 5.62E02 7.09E+01 7.09E+01

CardiacStomach  4.69E01 6.43E+01 6.47E+01

Pyloric Stomach 7.44E01 7.80E+01 7.88E+01

The progression of cumulative dose in time for each source organ is shokiguire3.9 and

Figure3.10 below.
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Figure3.9: Cumulative radiation doggog scalejo the liver and whole bodyom Mo distributed in the
liver, including contribution from?™Tc
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Cumulative 14 day radiation dose frofiMo in the Gl tract-
CSUTROUT
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Figure3.10: Cumulative radiation dosgog scalejo the Gl tract and whole bodyom **Mo distributed
in the Gl tract, including contribution froti"Tc

Total cumulative dose received from all sources, separatedadionuclide, for each tissue in

the model is shown ifrigure3.11; additional cumulative dose charts are contained in Appendix A3.
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Figure3.11: Total cumulative (internal) radiation dose fromsaurces on day 14 post release; radiation dose shown on a log scale
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4. Discussion
4.1. Comparison of dose received frofiMo and*™Tc
Doses received from* Mo were significantly(about two orders of magnitude) greater than the
dose received fron?®"Tc This is due to the greater contribution of beta radiation to radiation dose
then gamma radiation, as gamma radiation is much more penetrating, depositing most of the energy
outside the body of the fish (see Chapter 1 discussion). Doses from adiohuclide arepictured for
the liver as the source organ and the GI tract as the source orgdigime 3.12 and Figure 3.14,

respectvely for the stylized phantom, arfeigure3.13 and Figure3.15for CSUTROUT
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Figure3.12: Comparisomf 14 day cumulative doses received frfSMo and®™Tcwith the liver as the
source organ (stylized phantom)
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Figure3.13: Comparison of 14 day cumulative doses received ffglm and*™Tc usindCSUTROUWith
the liver as the source organ
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Figure3.14: Comparison of 14 day cumulative doses receivetieo(g| tractirom Mo and®™Tc
(stylized phantom)

83




Cumulative 14 day dosewhole body
1.E+02 |
=
Q
21.E+01
[
(%]
o
©
c
2 1.E+00 LA
s eeectt
o] °*
© .
g .
1.E-01
. Mo-99
esesse TC-99M
1-E-02 T T T T T T
0 2 4 6 8 10 12 14
Time (days) since release

Cumulative 14 day doseGl tract

1.E+03

<

G)

Z1.E+02

(O]

(%)

(@]

©

c

21.E+01

e -...-""

S | eerr

4 ettt

1.E+00
: Mo-99
..' sessse TC-99M

1.E-01 . . . . . .
0 2 4 6 8 10 12

Time (days) since release

14

Figure3.15: Comparison of 14 day cumulative doses received by the Gl tract’Manand*™Tc using

CSUTROUT

4.2. Model comparison

4.2.1. Qumulative 14 day dose

Comparisons of cumulative doses received to sotacget organs are shown iRigure3.16 and

Figure3.17.
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Figure3.16: Comparison of 14 day cumulative doses received ftlm and®*™T¢ with the liver as the
source organ, as calculated by the stylized phantomG8&JTROUT

84
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Figure3.17: Comparison of 14 day cumulaidoses received frofiMo and®™Tc with theGl tractas
the source organ, as calculated by the stylized phantonGBIdTROUT

The models are similar in prediction of dosespecially for sourcgrget organs. For *Mo
distributed in the liver, the peent differences between model estimates of dose are 18.5% (1 PGy
absolute difference) and 1.8% (20 uGy absolute difference) for the whole body and liver respectively.
For®"Tc in the liver, model estimates of dose are within 2 u@gnsidering the Gtact as the source,
portions of the GI tract (intestine and stomach) range up to abb®B% difference between model
estimates of dose, but the doses to the Gl tract as a whole organ system are widGy (aboutd.4%
difference). The relative differee in dose fron™™Tc is higher thari®™Mo; however, the absolute
difference is only a few puGyDifferences in DCFs will be similar; DCF details as well as details of

cumulative doses received to all organs are contained in Appendix A3.
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Comparison of total radiation dose, all sources
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Figure3.18: Comparison of cumulative 14 day radiation dose received by organs considered in the
stylized model and i6SUTROU7om all internal sources 6Mo, including contribution frorf*™Tc

The liver receied the highest doseg1.14x18 pGy stylized andCSUTROYTdue to the
preferential uptake of®Mo (Reid 201}, although uptake and doses to the Gl tract were similar. The
highest doses to organs not taking &fil were to the ovaries758 and 90.4 uGy uing the stylized
model andCSUTROWUEspectively) and the spleed43 uGy,CSUTROUTalthough these doses were
much lower than doses to the source organs (betw86a and 1200 UGy

4.2.1. Factor differences in using mass ratios to calculate organ specific DCF

In the absence of orgaspecific data, a conservative estimate of organ specific DCF is to
multiple the whole body DCF by the ratio of the mass of the whole body to the mass of the particular
organ of interest. It should be noted that this approach islgwvalid fororgans that are both the source

and the target of radiation. The organ specific DCF was calculated directly from MCNP output and
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calculated again using the mass ratio approach. The factor difference (ratio) between these two values

is show in Figure3.19 and Figure3.20 for Mo and**™Tc respectively.

Comparison of the factor difference between methods of calculating DCF
for both the stylized phantom andcCSUTROUT
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Figure3.19: Factor difference between calculating orggpecific DCFs directly and by using the mass
ratio approach for®Mo. This factor difference is shown for both the stylized phantonC8dTROUT
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Figure3.20: Factor difference between calculating orggpecific DCFs directly and by using the mass
ratio approach foP*"Tc. This factor difference is shown for both the stylized phantor€ShTROUT
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All factor differences fof°Mo, using either model, are less than 10 for all souerget organs.
The differences between models are due to the slight difference in size and location of the particular
organs, although these differences are small. Thesalts are similar to the results f&t'1 (Chapter 2),
as both of these isotopes are beta emitters. Factor difference®’fac are less than 20 for all source

134 Differences in model results are alscom

target organs, but larger than eithetMo or
pronounced.**™Tc is a gamma emitter so its emissions will therefore deposit energy more evenly within
the body than beta emitters; that is, a greater portion of energy will be deposited outside of the source
organ compared to beta radiation. The mastio approach is therefore a reasonable approximation of
organ dose, although more appropriate for beta emitters (or other low penetrating or low energy
radiation) in agreement with Gomezos et al. (2008).
4.3. Model considerations
Although thedevelopment of the voxel phantom was very timmensuming, once the model
(along with the MCNP input files) was developed, implementing it for a different source radionuclide
was straightforward, requiring no more time or effort than the stylized phantavhi¢dh wasalso
previously developed).
5. Conclusios
5.1. Relative doses fron"Mo and**™T¢c
There was significantly less contribution to dose frdtiTc than®Mo, even though activity
concentrations of the two radionuclides were similar. AlthoddW ¢ hasa strong gamma (140 keV;
ICRP 2008aj)he linear energy trasfer is still well below that of the beta particles emitted frotfiMo.
From a radiological standpoint, beta emitters present more of an internal hazard than gamma emitters.

However, if there was release of fission products into the environment, there would be external

radiation exposure in addition to internal exposure. Although gamma emitters do not contribute
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significantly to internal radiation dose, they should not be discounted when penfigrra complete
radiological evaluation.
5.2. Consideration of the mass ratio approach
Determiningorgan specific DCF using the mass ratio approach describedrbgzRos et al.
(2008) was a reasonable approximation for calculating DCFs directly from MCNR, aitpough
estimates were closer for beta emitters that gamma emitter§he mass raticapproach isalso only
valid for organs with preferential uptake of a radionuclige asignificant benefit of both the stylized
phantom andCSUTROUS the abilityto determine radiation doselue tod ONRP a4 FANB I A PSP
calculate dose to organs from other organs.
5.3. Optimal phantom choice
AlthoughCSUTROUS the most realistiof the phantoms consideredhe stylized phantom can
be easily scaled, whereas the dimensionsC&UTROUdre fixed There may be instances where a
detailed phantom such aS8SUTROUS appropriate gspecially if it is already availabkes it will provide
the most accurate radiation dose and dose rate infation for the size, species, and gender it
represents. @nerally,the stylized phantomscaled to the size of interestill likely bethe best choice
for an ideal balance between accuracy and resource requirements.
5.4. Utility and implications of modeddevelopment
The results of this stugyas an extension of Chapter 1 and Chaptesuhport the eventual
application and integratiorof this workinto the regulatory paradigm of environmental protection of
non-human biota by demonstrating the applicabilitpf the models previously developed to an

additional radionuclide.
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APPENDIX Al: DERIVATION OF ACTIVITY CONCEMNEADIOSEQUATIOSI

1. Activity concentration

B me () k8@
SubstituteW (t)=a &" dz—t(t):mé)e'@ k B(t)

dB(t)

Rearrange:T +k B(t) ma &"

dB(t) ..

Multiply byt v @ A y G § 3 N1 " “F k 8)2eNB8r aze " Bt

kt dB(t) .. kt )
Make use of derivativeules de” _ ke!'Y $cek‘ B(t) d ma el
dt dt dt
LHS of the equation i ivativie “)=m & el
quation is the power rule for derlvatlv(%s(B(t)e ) =m&e

Rearranged (B (t)e"t) = (m & el )dt
Integrate:

(B(t)e")= (fo et )at

B (t)ek“; = naf{e("'b)t)dt

QD
H
120!
()
c
S—
Q.
c

B(t)e - B(0) gy —-

B(t)e" - 8(0) vag 8"
Solve forB (t):

B(t)e" - B(0) :nag%(_ib ga(k'b)‘ 1
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2. Doseand dose ratedue to**™Tc

From Chapter 3 (Equationd:

/(08773(1e d*)t) ,
A(t)=A(1) (/d_ é) YBd(t)=Bp(t) (/d_ é)

Substituting in forB, (t) (Equation 35):

/4 (0.8773)( L e %)t)

(o
1RO
g
1

—

S~

Q

T~
~——|

Y

Therefore, dose rate becomes:

D(t)=DCK mass rat)@ (t) = DCF mass r? - b)(((; f7712) €E ek‘)( &'s +é)t)

Integrating:

na408773) é,d+{,)

riD(t)= D@ mass ratjee
W (t) ﬁ t)é‘(k- b)(

D(t)=DCK mass rat)§ 087?%— %‘ *“ ( @ +"’)t)dt

ﬁe““- e*“)(l 4 +é)t)dt :(eﬁ S A )+d

fpd- e Yt - e atfrd Vi

. t
g-le'bt 1 e(-b 1q Bt —-i];ekt 1 ék- - o)t g
g b (-b -1y ) k (k- oF L)~ b
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APPENDIX2: MCNANPUTCODE

For the codes below, the first example in each section is the full version of the MCNP code (with
the exception of the voxel code; the e structure runs upwards of0]000 lines of code, most of
which are omitted). The following versions within a section include just the portions of code that are
different, as indicated in colored text.

1. Smple model

1.1.**% beta energy

S S I I
I VTN N \ I 11 \
VN NN VN VLT N\

Loy Vol NN
\ Il VAN

NICOLE MARTINEZ
JUNE 2013

| -131
BETA ENERGY DEPOSITION IN
POUDRE RIVER (0. 22 kg) RAINBOW TROUT THYROID
L:28.6cm W: 2.5 cm H: 5.3 cm
EXTRAPOLATED FROM JUVENILE RAINBOW TROUT
MODELLED A S 18 CYLINDRICAL SHELL SOURCES

OO0 O000000000000000000O000OaO0

CELL CARDS

(9]

| 38 |
|___ | Cell[odd] INNER PORTION THYROID TUBULE
7410 |l LYMPH P=1.0239 g/cm"3
[| 37 || Cell [even]THYROID TUBU LES
1l THYROID P=1.05 g/cm”3
l___ || Cell73 OUTSIDE THYROID TUBULES - FISH BODY
[ ] MUSCLE P=1.05 g/cm"3
[ | Cell74 OUTSIDE FISH BODY

UPPER BUNDLE LOWER BUNDLE (OUTER CELLS)

T /48 \/44\/52\ /70 \/66 \ /62 \
ANNANN ANNAYE A

142 \/38\/40 \ /60 \ /56 \ /58 \
UANNAYE A S ANNAYE

OO0OO0OO0O0O0O00O0O00O0O00O00O00O00O00O0OO0
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/50 \ 146\ /54 \ 72\ 168 \ /64 \
A ANANN A ANANN

----------- ---- Upper tubule bundle
1 -103 -2 imp:n=0 imp:p,e=1 $ Inner (colloid)
2 -105 -1 2 imp:n=0 imp:p,e=1 $ Outer shell (thyroid epithelial)

c
c
c
c
c
37
38
c
39
402 -105 -3 4 imp:n=0 imp:p,e=1
c
41
42
c
43
44
c

1 -103 -4 imp:n=0 imp:p,e=1
1 -103 -6 imp:n=0 imp:p,e=1
2 -105 -5 6 imp:n=0 imp:p,e=1
1-103 -8 imp:n=0 imp:p,e=1
2 -105 -7 8 imp:n=0 imp:p,e=1
451 -103 -10 imp:n=0 imp:p,e=1
46 2 -105 -9 10 imp:n=0 imp:p,e=1
C _______________
47 1 -103 -12 imp:n =0 imp:p,e=1
48 2 -1.05 -11 12 imp:n=0imp:p,e=1
C _______________
49 1 -1.03 -14 imp:n=0 imp:p,e=1
50 2 -1.05 -13 14 imp:n=0imp:p,e=1
C _______________
511 -103 -16 imp:n=0 imp:p,e=1
52 2 -1.05 -15 16 imp:n=0imp:p,e=1
C _______________
531 -1.03 -18 imp:n=0 imp:p,e=1
54 2 -1.05 -17 18 imp:n=0imp:p,e=1
C ---m-mm-mmee- Lower tubule bundle  ------memee-
551 -103 -20 imp:n=0 imp:p,e=1
56 2 -1.05 -19 20 imp:n=0 imp:p,e=1
C _______________
571 -1.03 -22 imp:n=0 imp:p,e=1
58 2 -1.05 -21 22 imp:n=0imp:p ,e=1
C _______________
501 -1.03 -24 imp:n=0 imp:p,e=1
60 2 -1.05 -23 24 imp:n=0imp:p,e=1
C _______________
611 -103 -26 imp:n=0 imp:p,e=1
62 2 -1.05 -25 26 imp:n=0imp:p,e=1
C _______________
631 -1.03 -28 imp:n=0 imp:p,e=1
64 2 -1.05 -27 28 imp:n=0imp:p,e=1
C _______________
651 -1.03 -30 imp:n=0 imp:p,e=1
66 2 -1.05 -29 30 imp:n=0imp:p,e=1
C _______________
671 -103 -32 imp:n=0 imp:p,e=1
68 2 -1.05 -31 32 imp:n=0imp:p,e=1
C _______________
691 -103 -34 imp:n=0 imp:p,e=1
702 -1.05 -33 34 imp:n=0imp:p,e=1
C _______________
711 -103 -36 imp:n=0 imp:p,e=1
722 -105 -35 36 imp:n=0imp:p,e=1
C —m-mmmmme- Body of fish ~ ------ememmmeee

733 -105 -37 135791113151719
2123252729313335 imp:n=0imp:p,e=1

C - Water around fish ~ -------mmeemee-

c74 4 -1 -999 37 imp:n=0 imp:p,e=1
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C ---mmmmmeeee- Univer se (void)  ---------m-mm-

75 0 37 imp:n,p,e=0

c

c SURFACE CARDS c

c

¢ [odd] RCC: Outer right circular cylinder, // z - axis h=3.6 mm, r=0.30 mm
¢ [even] RCC: Inner right circular cylinder, // z - axis h=3.52 mm, r=0.26 mm

Base of even numbered RCC located such that it is centered within
within the prior odd numbered RCC

Radii of outer cylinders slightly less than 0.0239 cm to avoid surfaces
touching; i.e. "problem geometry" in source definition

For SQ: Ellipsoid centered at 0 2 - 9 (to approximate thyroid location)
radius in z - direction = 16 cm (1/(1672))=0.0030864 -> 36 cm length
radius iny - direction =4 cm -> 8cmhe ight
radius in x - direction = 2 cm -> 4 cm width

Raine et al. The thyroid tissue of juvenile Oncorhynchus mykiss is tubular,

not fol licular. Journal of Fish Biology. 2005.

center of base height radius

X y z Iz - axis normal to z axis
RCC 0 0 0 000.2862 0.0238
RCC 0 0 0.0032 000.2798 0.0207

RCC 0.0477 0 0.0080 000.2862 0.0238

RCC 0.0477 0 0.0111 000.2798 0.0207

RCC -0.0477 0 0.0127 000.2862 0.0238
RCC -0.0477 0 0.0159 000.2798 0.0207

RCC 0.0239 0.0413 0.0159 000.2862 0.0238

OQCONOUIRARWNEROOOOOOOOOOOOOOO0O0OO0

RCC 0.0239 0.0413 0.0191 000.2798 O. 0207
RCC 0.0239 -0.0413 -0.0477 000.2862 0.0238
10 RCC 0.0239 -0.0413 -0.0445 000.2798 0.0207

11 RCC -0.0239 0.0413 0.0636 000.2862 0.0238
12 RCC -0.0239 0.0413 0.0668 000.2798 0.0207
13 RCC -0.0239 -0.0413 -0.0159 000.2862 0.0238
14 RCC -0.0239 -0.0413 -0.0127 000.2798 0.0207

15 RCC 0.0717 0.0413 0 1590 000.2862 0.0238
16 RCC 0.0717 0.0413 0.1622 000.2798 0.0207

17 RCC 0.0717 -0.0413 0.0239 000.2862 0.0238
18 RCC 0.0717 -0.0413 0.0270 000.2798 0.0207
19 RCC O 0 -0.3816 000.2862 0.0238
20 RCC O 0 -0.3784 000.2798 0.0207
21 RCC 0.0477 0 -0.3737 000.2862 0.0238
22 RCC 0.0477 0 -0.3705 000.2798 0.0207
23 RCC -0.0477 O -0.3689 000.2862 0.0238
24 RCC -0.0477 0O -0.3657 000.2798 0.0207
25 RCC 0.0239 0.0413 -0.3657 000.2862 0.0238
26 RCC 0.0239 0.0413 -0.3625 000.2798 0.0207
27 RCC 0.0239 -0.0413 -0.4293 000.2862 0.0238
28 RCC 0.0239 -0.0413 -0.4261 000.2798 0.0207
29 RCC -0.0239 0.0413 -0.3180 000.2862 0.0238
30 RCC -0.0239 0.0413 -0.3148 000.2798 0.0207

31 RCC -0.0239 -0.0413 -0.3975 000.2862 0.0238
32 RCC -0.0239 -0.0413 -0.3943 000.2798 0.0207
33 RCC -0.0717 0.0413 -0.2226 000.2862 0.0238
34 RCC -0.0717 0.0413 -0.2194 000.2798 0.0207
35 RCC -0.0717 -0.0413 -0.3578 000.2862 0.0238
36 RCC -0.0717 -0.0413 -0.3546 O 00.2798 0.0207

37 SQ 0.64 0.12486 0.00488 000 -1 0159 -10
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€ 999 SPH 01.59 -10.0 44
c
c37RCC0O00 -0.4452 000.9063 0.1115

¢ Use above 37 RCC in exchange for SQ for graphical verification that
¢ source definition geometry on data card is appropriate

c
c DATA CARDS

c

c SOURCE DEFININION

c Particles started within the sampling boundary (cylinder) - any particle
¢ that is started within the boundary but not with in the specified source cells

¢ (thyroid tubule 'shells") is rejected. Sampling boundary MUST include all
¢ source cells.

c
¢ In source definition, "d1" is described by "sil" and "sp1" cards

c whe re "i" info, "p" probability

c

c ALO list; fADO discrete; AAO0 indicates probablity

¢ Energy spectra references:

c Stabin MG, and CQP da Luz, L. fADecay data for
c assessment . 0 HB83All -A75R0602.ttp://www.doseinfo - radar.com/

¢ K. F. Eckerman, R. J. Westfall, J. C. Ryman, and M. Christy.

¢ "Availability of Nuclear Decay Data in Electronic Form, Including Beta

¢ Spectra not Previously Published," Health Phys. 67(4):338 - 345 (1994).
c
sdef cel=d5 $ Define source cells: which ones and what fraction
axs=001 $ Define sampling boundary: cylinder along z - axis
pos=00 -0.4 452 $ Basecenteredat00 - 0.4452
rad=d1l $ Define radius (in x and y direction)
ext=d2 $ Define height (extend up z - axis)
erg=d3 $ Define energy of source (beta spectra)
par=3 $p ar=3 -- >electron
eff=0.00 0001 $ Sampling efficiency (reduce because source is small)
C —mmmmmmmmees Sampling boundary =~ --------mmemeeeeeeeee
sil 0 0.1115 $ Radius of sampling cylinder that contains source
spl -21 1 $ - 21 1 for radial sample (dependent on r)

si2 0 0.9063 $ Height of sampling cylinder that contains source
sp2 -21 O $ Weighting for axial sample (not dependent on r)
C —mmmmmmmmmees Energy definition =~ ----m-mmememmeee
Si3A2.02E -02 6.05E -02 1.0l1E -01 141E -01 1.82E -01 $lodine beta spectra
2.22E -01 2.62E -01 3.03E -01 343E -01 3.83E -01
4.24E -01 4.64E -01 5.04E -01 545E -01 5.85E -01
6.25E -01 6.66E -01 7.06E -01 7.46E -01 7.87E -01
sp3 1.38E -01 1.31E -01 1.23E -01 1.13E -01 1.02E -01
8.94E - 02 7.70E -02 6.47E -02 530E -02 4.15E -02
3.03E -02 2.00E -02 1.12E -02 455E -03 8.55E -04
1.15E - 04 6.94E -05 4.13E -05 1.73E -05 2.96E -06
C - Specific source cells with equal distributon ==
si5 L 38 40 42 44 46 48 50 52 54 56 58 60 62 64 66 68 70 72 $ Thyroid epithelial
sp5 111111111111111111

c
c TALLY
mode p e
nps 10000000 $ Particle cutoff: 1017
¢ *f18:p,e 38 40 42 44 46 48 50 52 54 $ Thyroid epithelial:
c 56 58 606264 66 68 7072 T $ Individual tallies as well as total
*f28:p,e 73 $ Fish body
*f38:p,e 37 3941 434547 495153  $ Thyroid lumen:
5557 59 61 63 65 67 69 71T $ Individual tallies as well as total

*f48:p,e (37 3941 43 4547 495153  $ Style to match above, total tally

555759616365676971 $ forlumen, epithelial, body

38404244 4648505254 $ for QA/QC
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E005.0

56 58 60 62 64 66 68 70 72
73)

$ -- > Parenthesis indicate union only

¢ With combined line above will not get tally fluctuation
¢ charts for each cell or individual statistical checks

PRINT 110
PRDMP 1E6
Cc

c

MATERIALS

¢ McConn, Gesh, Pagh, Rucker, Williams. Radiation Portal Monitor Project:

c

Compendium of Material Composition Data for Radation Transport Modeling

¢ Revision 1: March 4, 2011, Pacific Northwest National Laboratory

c PIET
c

¢ ICRU Repo
c
c

- 43541 - TM 963 PNNL - 15870 Rev. 1

rt 44: Tissue Substitutes in Radiation Dosimetry and Measurement

International commission on Radiation Units and Measurements

¢ Lymph (ICRU) (by mass fraction), p = 1.0239 g/cm”"3

ml 1000 -0.108 $H
6000 -0.041 $C
7000 -0.011 $N
8000 -0.832 $0O
11000 -0.003 $Na
16000 -0.001 $S
17000 -0.004 $Cl
¢ Thyroid (ICRU), p = 1.05 g/lcm"3
m2 1000 -0.104 $H
6000 -0.119 $C
7000 -0.024 $N
8000 -0.745 $O
11000 -0.002 $Na
15000 -0.001 $P
16000 -0.001 $ S
17000 -0.002 $ClI
19000 -0.001 $K
53000 -0.001 $1
¢ Muscle, skeletal (ICRU) by mass fraction), p = 1.05 g/cm”3
m3 1000 -0.102 $H
6000 -0.143 $C
7000 -0.034 $N
8000 -0.710 $O
11000 -0.001 $Na
15000 -0.002 $P
16000 -0.003 $S
17000 -0.001 $ClI
19000 -0.004 $K
c Water
m4 1000 -0.11190 $H
8000 -0.88810 $0O

1.2.2Y% gammaenergy

| -131
GAMMA ENERGY DEPOSITION IN
POUDRE RIVER (0. 22 kg) RAINBOW TROUT
L:28.6cm W: 2.5 cm H: 5.3 cm
SOURCE THYROID

OO0 000O0O0

sdef cel=d5
axs=0

$ Define source cells: which ones and what fraction

01 $ Define sampling boundary: cylinder along z - axis
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pos=00 -0.4452 $ Base centeredatO0 -0.4452

rad=d1 $ Define radius (in x and y direction)

ext=d2 $ Define height (extend up z - axis)
erg=d3 $ Define energy of source (beta spectra)

par=2 $ par=2 -- > photon

eff=0.0 00001 $ Sampling efficiency (reduce because source is small)

------------------ Sampling boundary

sil 0 0.1115 $ Radius of sampling cylinder that contains source

spl -21 1 $

- 21 1 for radial sample (dependent onr)

si2 0 0.9063 $ Height of sampling cylinder that contains source
sp2 -21 0 $ Weighting for axial sample (not dependent on r)

.................. Energy definition

si3 L 0.636989 0.364489 $ Gammas, in MeV; "L" = "list"
sp3 D 0.0717 0.817

Cc

SQylized model

2.1."Y beta energy, source organ thyroid

OO0 O0OO0O0000000000000000000000000000000O00O00O00O00OO0OO0
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\_ 1] VoV ! \

NICOLE MARTINEZ
JANUARY 2014

| -131
BETA ENERGY DEPOSITION IN

POUDRE RIVER (0.2 2 kg) RAINBOW TROUT

L:28.6cm W: 25 cm H: 53 cm

ORGANS:

Thyroid extrapolated from juvenile rainbow trout (Raine et al 2005) and
modeled as 18 cylindrical shells

Liver: Modeled as an ellipsoid

Gl tract: Modeled as intestine (right circular cylinder, rotated 2 deg)
and cardiac/pyloric stomachs (right ellipsoidal cylinders)

Swim bladder: Modeled as an ellipsoid, rotated 2 deg from horizontal

Ovaries: Modeled as right circular cylinde

SOURCE- THYROID

CELL CARDS

| 38 |
| | Cell [odd] INNER PORTION THYROID TUBULE
740 1 LYMPH P=1.0 239 glcm”3
37| Cell [even]THYROID TUBULES
I THYROID P=1.05 g/cm"3
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c | [| Cell73 OUTSIDE THYROID TUBULES
c | | MUSCLE P=1.05 g/cm"3

c | | Cell74 OUTSIDE FISH BODY

c

c UPPER BUNDLE LOWER BUNDLE (OUTER CELLS)
C —_— —_— —_—— —

c 148 \ /44 \ /52 \ /70 \ /66 \ /62 \

c _ \_/\N_ I\ _ \_IN_IN_ [

c /42 \ /38 \ /40 \ /60 \ /56 \ /58 \
c \_/N_I\N_ [ _ \_ NI\
c /50 \ /46 \ /54 \ /72 \ /68 \ /64 \

c \_/\N_ I\ _ \_ NN

c

C ~mmmmmmmmmmmemmmmemmene ememeee CELLS
C ++++++++++ Upper tubule bundle ++++++++++++++
501 -1.03 -2 imp:n=0 imp:p,e=1 $ Inner (colloid)
512 -105 -1 2 imp:n=0 imp:p,e=1 $ Outer shell (thyroid ep
C _______________

521 -103 -4 imp:n=0 imp:p,e=1

532 -105 -3 4 imp:n=0 imp:p,e=1

C _______________

541 -1.03 -6 imp:n=0 imp:p,e=1

552 -105 -5 6 imp:n=0 imp:p,e=1

C _______________

561 -103 -8 imp:n=0 imp:p,e=1

572 -105 -7 8 imp:n=0 imp:p,e=1

C _______________

58 1 -1.03 -10 imp:n=0 imp:p,e=1

502 -105 -9 10 imp:n=0 imp:p,e=1

C _______________

601 -1.03 -12 imp:n=0 imp:p,e=1

61 2 -1.05 -11 12 imp:n=0imp:p,e=1

C _______________

621 -1.03 -14 imp:n=0 imp:p,e=1

63 2 -105 -13 14 imp:n=0imp:p,e=1

C _____________ -—

641 -103 -16 imp:n=0 imp:p,e=1

652 -1.05 -15 16 imp:n=0imp:p,e=1

C _______________

66 1 -1.03 -18 imp:n=0 imp:p,e=1

67 2 -1.05 -17 18 imp:n=0imp:p,e=1

C ++++++++++ Lower tubule bundle ++++++++++
681 -1.03 -20 imp:n=0 imp:p,e=1
69 2 -1.05 -19 20 imp:n=0imp:p,e=1

C _______________

701 -103 -22 imp:n =0 imp:p,e=1
712 -1.05 -21 22 imp:n=0imp:p,e=1

C _______________

721 -103 -24 imp:n=0 imp:p,e=1

732 -105 -23 24 imp:n=0imp:p,e=1

C _______________

741 -103 -26 imp:n=0 imp:p,e=1

752 -1.05 -25 26 imp:n=0imp:p,e=1

C _______________

761 -103 -28 imp:n=0 imp:p,e=1

77 2 -1.05 -27 28 imp:n=0imp:p,e=1

C _______________

781 -103 -30 imp:n=0 imp:p,e=1

79 2 -1.05 -29 30 imp:n=0imp:p,e=1

C _______________

801 -1.03 -32 imp:n=0 imp:p,e=1

812 -105 -31 32 imp:n=0imp:p,e=1

C _______________

FISH BODY
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821 -1.03 -34 imp:n=0 imp:p,e=1
832 -1.05 -33 34 imp:n=0imp:p,e=1

841 -103 -36 imp:n=0 imp:p,e=1
852 -1.05 -35 36 imp:n=0imp:p,e=1
C +++++++++++++ttt++tttt

86 5 -1.06 -37 imp:n=0 imp:p,e=1 $ Liver

C +++++ttttttttt+++ Gl tract ++++++++++++t+++

87 6 -1.03 -38 imp:n=0 imp:p,e=1 $ Intestine

88 6 -1.03 -39 imp:n=0 imp:p,e=1 $ Stomach

89 6 -1.03 -40 imp:n=0 imp:p,e=1 $ Pyloric stomach
90 6 -1.03 -41 imp:n=0 imp:p,e=1 $ Pyloric stomach
c +++++++++++++++++++++++++++++H+H T

91 7 -1.05 -42 imp:n=0 imp:p,e=1 $ Ovary
92 7 -1.05 -43 imp:n=0 imp:p,e=1 $ Ovary

93 8 -0.001205 -44 imp:n=0 imp:p,e=1 $ Swim bladder
94 9 -1.06 -45 imp:n=0 imp:p,e=1 $ Heart

95 10 -1.04 -46 imp:n=0 imp:p,e=1 $ Brain
C —mmmmmmmees Body of fish  -—-—mememmemeee

993 -105 -50 1357 9 11131517192123252729

31333537383940414243444546 imp:n=0imp:p,e=1

C ---m-mm-meee- Water around fish ~ -----mmmmemee-
c101 4 -1 -999 50 imp:n=0 imp:p,e=1
C -mmmmmmmmmeeen Universe (void) ~ ----m-mmmmeee-
100 O 50 imp:n,p,e=0
C _____
c SURFACE CARDS c
c
¢ [odd] RCC: Outer right circular cylinder, // z - axis h=3.6 mm, r=0.30 mm
¢ [even] RCC: Inner right circular cylinder, // z - axis h=3.52 mm, r=0.26 mm
c Base of even numbered RCC located such that it is centered within
within the prior odd numbered RCC
Radii of outer cylinders slightly less than 0.0239 cm to avoid surfaces
touching; i.e. "problem geometry" in source definition
For SQ: Ellipsoid centered at 0 159 -10 (to approximate thyroid location)
radius in z - direction = 1 43 cm(1/( 14.3 ~2))= 0.0 0488 -> 28.6 cm length
radius in'y - direction = 2.83 cm -> 5.66 cm height
radius in x - direction = 1.25 cm -> 25 cmwidth

Raine et al. The thyroid tissue of juvenile Oncorhynchus mykiss is tubular,
not follicular. Journal of Fish Biology. 2005.

center of base height radius

X y z Iz - axis normal to z axis

RCC 0 0 0 000.2862 0.0238

RCC 0 0 0.0032 000.2798 0.0207

RCC 0.0477 O 0.0080 000.2862 0.0238
RCC 0.0477 0 0.0111 000.2798 0.0207

RCC -0.0477 O 0.0127 000.2862 0.0238

RCC -0.0477 0 0.0159 000.2798 0.0207

RCC 0.0239 0.0413 0.0159 000.2862 0.0238

RCC 0.0239 0.0413 0.0191 000.2798 0.0207

RCC 0.0239 -0.0413 -0.0477 000.2862 0.0238
10 RCC 0.0239 -0.0413 -0.0445 000.2798 0.0207
11 RCC -0.0239 0.0413 0.0636 000.2862 0.0238

12 RCC -0.0239 0.0413 0.0668 000.2798 0.0207

13 RCC -0.023 9 -0.0413 -0.0159 000.2862 0.0238
14 RCC -0.0239 -0.0413 -0.0127 000.2798 0.0207

OCONOUPRARWNEROOOOOOOOOOOOOOO0OO0OO0
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15 RCC 0.0717 0.0413 0.1590 000.2862 0.0238
16 RCC 0.0717 0.0413 0.1622 000.2798 0.0207
17 RCC 0.071 7 -0.0413 0.0239 000.2862 0.0238

18 RCC 0.0717 -0.0413 0.0270 000.2798 0.0207

19 RCC 0 0 -0.3816 000.2862 0.0238
20 RCC O 0 -0.3784 000.2798 0.0207
21 RCC 0.0477 0 -0.3737 000.2862 0.0238
22 RCC 0.0477 0 -0.3705 000.2798 0.0207
23 RCC -0.0477 O -0.3689 000.2862 0.0238
24 RCC -0.0477 0 -0.3657 000.2798 0.0207
25 RCC 0.0239 0.0413 -0.3657 000.2862 0.0238
26 RCC 0.0239 0.0413 -0.3625 000.2798 0.0207
27 RCC 0.0239 -0.0413 -0.4293 000.2862 0.0238
28 RCC 0.0239 -0.0413 -0.4261 000.2798 0.0207
29 RCC -0.0239 0.0413 -0.3180 000.2862 0.0238
30 RCC -0.0239 0.0413 -0.3148 000.2798 0.0207

31 RCC -0.0239 -0.0413 -0.3975 000.2862 0.0238
32 RCC -0.0239 -0.0413 -0.3943 000.2798 0.0207
33 RCC -0.0717 0.0413 -0.2226 000.2862 0.0238
34 RCC -0.0717 0.0413 -0.2194 000.2798 0.0207
35 RCC -0.0717 -0.0413 -0.3578 000.2862 0.0238
36 RCC -0.0717 -0.0413 -0.3546 000.2798 0.0207

C - Surfaces for liver ~ —-mmmmemeemeeee-
37 SQ 918 18000 -1 0.590.52 -39

c

C  =-mmmmmemmmmeeeee- Surface for Gl tract =~ -----me-meemeem-

¢ TR Centerofbase Height Radius2 Radius
C ______________

38 2RCC 0 0.8 -195 00155 0.25 $ Intestine

39 REC O -04 -11 0072 0400 0.4 $C Stomach

40 REC 0.60.3 -10.8 00 55 0.200 0.35 $P Stomach

41 REC -0603 -10.8 00 55 0.200 0.35 $ P Stomach
c

C e Surfaces for ovaries = ----memmemeeee- $ Shift with SB
42 1 RCC 0.521.9 -14 005 0.08

43 1RCC -0.521.9 -14 005 0.08

c

C - Sur face for swim bladder ~ ---—--------

44 2SQ 3.3 4 004 000 -1 0165 -14.0

c

C e Surface for heart ~ ---—--memememe-

45 SQ 94 4 000 -1 004 -15

c

C e Surface for Brain ~ ------- s

46 SPH 0290 0.5
Cc

C e Surface for fish body ~  -----mmmmmm-

50 SQ 0.64 0.12486 0.00488 000 -1 0159 -10

c

c - Surface for water body if desired = ---memememeee-

€ 999 SPH 01.59 -10.0 44

C

c50RCCO0O0 -0.4452 000.9063 0.1115
c Use above 50 RCC in exchange for SQ for grap hical verification that
c source definition geometry on data card is appropriate

c DATA CARDS

S COORDINATE TRANSFORMS

¢ "' indicates that values are in degrees vice cos(theta)
c
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¢ TR1 rotating ovaries 5 degrees in ZY - plane (would shift origin up in TR, but
c taken care of in surface description)

¢ TR2 rotating swim bladder and intestine 2 degrees in ZY - plane
c

c Origin  xx' xy' xz' yx'yy'yz' zx'zy'zz' How origin defined

c

*TR1 000 09090 90595 90855 1
*TR2 000 09090 90292 90882 1

c SOURCE DEFININION

¢ Particles started within the sampling boundary (cylinder) - any particle
¢ that is started within the boundary but not within the specified source cells

¢ (thyroid tubule 'shell s') is rejected. Sampling boundary MUST include all

¢ source cells.

c

¢ In source definition, "d1" is described by "si1" and "sp1" cards

c where "i" info, "p" probability

¢ Source information definition

c Lidi screte source variable values

c AT points where a probability density distributi

c ST distri but i o rfalowsisarbping among distributions)

¢ H &bin boundaries for a histogram distribution

c * Note for fAAO0 BexotSlitaddneed o bermonotonically increasing
¢ Source probability

c Dibin probabilities for an H or L distribution
c Cicumul ative bin probabilities for an H or

c Vifor cell distri but ibiitpispropartional.tocélvaume

c

¢ Energy spectra references:

di

c Stabin MG, and CQP da Luz, L. fADecay data for i
c assessment. 0 Heal t-A75R0602.ttp:/MBn8v.dasainio - radar.com/
¢ K. F. Eckerman, R. J. West fall, J. C. Ryman, and M. Christy.
¢ "Availability of Nuclear Decay Data in Electronic Form, Including Beta
¢ Spectra not Previously Published," Health Phys. 67(4):338 - 345 (1994).
c
sdef cel=d5 $ Define source cells: which ones and what fraction
axs=001 $ Define sampling boundary: cylinder along z - axis
pos=00 -0.4452 $ Base centered at 0 0 - 0.4452
rad=dl $ Define radius (in x and y direction)
ext=d2 $ Define height (extend up z - axis)
erg=d3 $ Define energy of source (beta spectra)
par=3 $par=3 -- >electron
eff=0.000001 $ Sampling efficiency (reduce because source is small)
C mmmmmmmmmmmemeees Sampling boundary =~ ------ememeemeeeeees
sil 0 0.1115 $ Radius of sampling cylinder that contains s ource
spl -21 1 $ - 21 1 for radial sample (dependent on r)

si2 0 0.9063  $ Height of sampling cylinder that contains source

sp2 -21 O $ Weighting for axial sample (not dependent on r)

C —mmmmmmmmmees Energy definition ~  ----m-mememmmeee

si3A2.02E -02 6.05E -02 1.0l1E -01 141E -01 1.82E -01 $I - 131 beta spectra
2.22E -01 2.62E -01 3.03E -01 343E -01 3.83E -01
4.24E -01 464E -01 5.04E -01 545E-01 5.85e -01
6.25E -01 6.66E -01 7.06E -01 746E -01 7.87E -01

sp3 1.38E -01 1.31E -01 1.23E -01 1.13E -01 1.02E -01
8.94E -02 7.70E -02 6.47E -02 530E -02 4 .15E -02
3.03E -02 2.00E -02 1.12E -02 455E -03 8.55E -04
1.15E -04 6.94E -05 4.13E -05 1.73E -05 2.96E -06

c - Specific source cells with equal distributon ~ ———mm-

si5 L 51 53 5557 59 61 63656769 7173757779818385

sp5 111111111111111111

C

c TALLY --mommmmmmmmmmmee e
mode p e

nps 10000000 $ Particle cutoff: 10°7

109

on i s de
on SI
stribu
nternal



*f18:p,e 51 53 55 57 59 61 63 65 67
6971 73757779818385T $
*f28:p,e 50 52 54 56 58 60 62 64 66
687072747678808284T
*f38:p,e 87888990 T
*f48:p,e 86 91 92 93 94 95

*f58:p,e 99

*f68:p,e (50 52 54 56 58 60 62 64 66

e0 0 5.0

$ Thyroid epithelial:
Individual tallies as well as total
$ Thyroid lumen:
$ Individual tallies as well as total
$ Gl trac t

$ Liver, ovary, heart, brain
$ Fish body
$ Style to match above, total tally
687072747678808284 $ forlumen
515355575961636567 $ for QA/QC
697173757779818385 $ -- > Parenthesis indicate union only
86 87 88 899091929394 $ Note that swim bladder and lumen
95 99) $ doses not biologically relevant

, epithelial, body

¢ With combined line above will not get tally fluctuation
¢ charts for each cell or individual statistical checks

PRINT 110
PRDMP 1E6

c
c

MATERIALS

¢ McConn, Gesh, Pagh, Rucker, Williams. Radiation Portal Monitor Project:
¢ Compe ndium of Material Composition Data for Radation Transport Modeling
¢ Revision 1: March 4, 2011, Pacific Northwest National Laboratory

c PIET
Cc

- 43541 - TM 963 PNNL - 15870 Rev. 1

¢ ICRU Report 44: Tissue Substitutes in Radiation Dosimetry and Measurement

c
c

International commission on Radiation Units and Measurements

¢ Lymph (ICRU) (by mass fraction), p = 1.0239 g/cm"3

m1l 1000 -0.108 $H
6000 -0.041 $C
7000 -0.011 $N
8000 -0.832 $0O
11000 -0.003 $Na
16000 -0.001 $S
17000 -0.004 $ClI
¢ Thyroid (ICRU), p = 1.05 g/cm”3
m2 1 000 -0.104 $H
6000 -0.119 $C
7000 -0.024 $N
8000 -0.745 $O
11000 -0.002 $Na
15000 -0.001 $P
16000 -0.001 $S
17000 -0.002 $ClI
19000 -0.001 $K
53000 -0.001 $1
¢ Muscle, skeletal (ICRU) by mass fraction), p = 1.05 g/cm”3
m3 1000 -0.102 $H
6000 -0.143 $C
7000 -0.034 $N
8000 -0.710 $O
11000 -0.001 $Na
15000 -0.002 $P
16000 -0.003 $S
17000 -0.001 $ClI
19000 -0.004 $K
¢ Water
m4 1000 -0.11190 $H
8000 -0.88810 $0O
c Liver (ICRU) (by mass fraction), p = 1.06 g/cm”3
m5 1000 -0.102 $H
6000 -0.139 $C
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7000 -0.030 $N
8000 -0.716 $O
11000 -0.002 $ Na
15000 -0.003 $P
16000 -0.003 $S
17000 -0.002 $Cl
19000 -0.003 $K
¢ Gl tract (ICRU) (by mass fraction), p = 1.03 g/cm”3
m6 1000 -0.106 $H
6000 -0.115 $C
7000 -0.022 $N
8000 -0.751 $O
11000 -0.001 $ Na
15000 -0.001 $P
16000 -0.001 $S
17000 -0.002 $Cl
19000 -0.001 $K
¢ Ovary (ICRU) (by mass fraction), p = 1.05 g/cm”3
m7 1000 -0.105 $H
6000 -0.093 $C
7000 -0.024 $N
8000 -0.768 $0O
11000 -0.002 $ Na
15000 -0.002 $P
16000 -0.002 $S
17000 -0.002 $Cl
19000 -0.002 $K
c SwimBladder - air
m8 7000 -0.755
8000 -0.232
18000 -0.013
cHeart - ICRUp=1.06g/cm"3
m9 1000 -0.103 $H
6000 -0.121 $C
7000 -0.032 $N
8000 -0.734 $0O
11000 -0.001 $Na
15000 -0.001 $P
16000 -0.002 $S
17000 -0.003 $ClI
19000 -0.002 $K
26000 -0.001 $Fe
cBrain - ICRU p =1.04 g/cm”"3
m10 1000 -0.107 $H
6000 -0.145 $C
7000 -0.022 $N
8000 -0.712 $0O
11000 -0.002 $ Na
15000 -0.004 $P
16000 -0.002 $S
17000 -0.003 $ClI
19000 -0.003 $ K

2.2."*Y gamma energy, source organ liver

c

c | -131

c GAMMA ENERGY DEPOSITION IN

c POUDRE RIVER (0. 22 kg) RAINBOW TROUT
c L:28.6cm W: 2.5 cm H: 5.3 cm
c SOURCE - LIVER

c
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¢ 50 SPH 0.65 0.52 -39 0.72
¢ Use above 50 SPH in exchange for SQ for graphical verification that
c source definition geometry on data card is appropriate

c
sdef cel=d5 $ Define source cells: which ones and what fraction
pos=0.650. 52 -3.9 $ Sampling boundary: sphere centered at 0.65 0.52
rad=d1 $ Define radius (in X, y, and z direction)
erg=d3 $ Define energy of source (gamma)
par=2 $ par=2 -- > photon
eff=0.0 00001 $ Sampling efficiency (reduce because source is small)
C —mmmmmmmmees Sampling boundary = --------eeeeeeeeeeeee
sil 0 0.72  $ Radius of sphere containing source
spl -21 2 $ - 21 2 for radial sa mple (dependent on r2)
C —mmmmmmmmees Energy definition =~ ----mmemememmeeeeee
si3 L 0.636989 0.364489 $1 - 131 gammas, in MeV; "L" = "list"
sp3 D 0.0717 0.817
c - Specific source cells with equal distributon ==
si5L 86
sp5 1
c

2.3." beta energy, source organ liver

c
c l-131
c BETA ENERGY DEPOSITION IN
c POUDRE RIVER (0. 22 kg) RAINBOW TROUT
c L:28.6cm W: 2.5 cm H: 5.3 cm
c SOURCE - LIVER
c
¢ 50 SPH 0.65 0.52 -39 072
¢ Use above in exchange for SQ for graphical verification that
¢ source definition geometry on data card is appr opriate
c
sdef cel=d5 $ Define source cells: which ones and what fraction
pos=0.65 0.52 - 3.9 $ Sampling boundary: sphere centered at 0.65 0.52
rad=d1 $ Define radius
erg=d3 $ Define energy of source (beta spectra)
par=3 $ par=3 -- > electron
eff=0.00 0001 $ Sampling efficiency (reduce because source is small)
C —m-mmmmmemeeee- Sampling boundary =~ ----------m-memememe
sil 0 0.72  $ Radius of sphere containing source
spl -21 2 $ - 21 2 for radial sample (dependent on r*2)
C —mmmmmmmmmees Energy definiton =~ ----m-memmmmeee

si3A2.02E -02 6.05E -02 1.0l1E -01 141E -01 1.82E -01 $ lodine beta spectra
2.22E -01 2.62E -01 3.03E -01 343E -01 3.83E -01
4.24E -01 4.64E -01 5.04E -01 545E -01 5.85E -01
6.25E -01 6.66E -01 7.06E -01 746E -01 7.87E -01
sp3 1.38E -01 1.31E -01 1.23E -01 1.13E -01 1.02E -01
8.94E -02 7.70E -02 6.47E -02 530E -02 4.15E -02
3.03E -02 2.00E -02 1.12E -02 4.55E -03 855E -04
1.15E -04 6.94E -05 4.13E -05 1.73E -05 2.96E -06

c - Specific source cells with e qual distribution ~ -------
si5 L 86

sp5 1

c

2.4."*Y1 gamma energy, source organ thyroid
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c | -131

c GAMMA ENERGY DEPOSITION IN

c POUDRE RIVER (0. 22 kg) RAINBOW TROUT
c L:28.6cm W: 2.5 cm H: 5.3 cm
c SOURCE - THYROID

c

c50RCC00 -0.4452 000.9063 0.1115
¢ Us e above 50 RCC in exchange for SQ for graphical verification that
c source definition geometry on data card is appropriate

C ______________________
c DATA CARDS
c
sdef cel=d5 $ Define source cells: which ones and what fraction
axs=001 $ Define sampling boundary: cylinder along z
pos=00 -0.4452 $ Base centeredat00 - 0.4452
rad=d1 $ Define radius (in x and y direction)
ext=d2 $ Define height (extend up z - axis)
erg=d3 $ Define energy of source (gamma spectra)
par=2 $ par=2 -- > photon
eff=0.0 00001 $ Sampling efficiency (reduce because source is small)
C -mmmmmmmmmeeee- Sampling boun dary = --------me-memeeeeeee-
sil 0 0.1115 $ Radius of sampling cylinder that contains source
spl -21 1 $ - 21 1 for radial sample (dependent on r)

si2 0 0.9063 $ Height of sampling cylinder that contains source

sp2 -21 O $ Weighting for axial sample (not dependent on r)

C —mmmmmmmmees Energy definition =~ ----mmememmmmeeee

si3 L 0.636989 0.364489 $1 - 131 gammas, in MeV; "L" = "list"

sp3 D 0.0717 0.817

c ------ Specific source cells with equal distributon ~ ——mm-
si5 L 51535557 59 61 63656769 71737577 79818385

sp5 111111111111111111

c

2.5."%Y1 gamma energy, source organ Gl tract

c
c | -131

c GAMMA ENERGY DEPOSITION IN

c POUDRE RIVER (0. 22 kg) RAINBOW TROUT

c L:28.6cm W: 2.5 cm H: 5.3 cm

c SOURCE - GITRACT

C _____

¢ 50 RCC 00.06 -20.75 00175 1
¢ Use above in exchange for SQ for graphical verification that
¢ source definition geometry on data card is appropriate

c
sdef cel=d5 $ Define source cells: which ones and what fraction
axs=001 $ Define sampling boundary: cylinder along z
pos=00.06 -20.75 $ Base centered at0 0.06 -20.75
rad=d1 $ Define radius (in x and y direction)
ext=d2 $ Define height (extend up z - axis)
erg=d3 $ Define energy of source (gamma)
par=2 $ par=2 -- > photon
eff=0.00 0001 $ Sampling efficiency (reduce because source is small)
C —mmmmmmmeee- Sampling boundary =~ ----------m-mememeee
sil 0 1 $ Radius of sampling cylinder that contains source
spl -21 1 $ - 21 1 for radial sample (dependent on r)
si2 0 17.5 $ Height of sampling cylinder that contains source
sp2 -21 0 $ Weighting for axial sample (not dependent on r)
C —mmmmmmmmee- Energy definiton =~ ------mememmemeeeeeee
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si3 L 0.636989 0.364489 $ lodine - 131 gammas, in MeV; "L" = "list"
sp3 D 0.0717 0.817

c - Specific source cells with equal probability = -------
si5 L 87 88 89 90

sp5 0.34 0.400.130.13 $ Evenly distribute source across Gl tract
c

2.6."*Y beta energy, source organ Gl tract

C _______________________

c | -131

c BETA ENERGY DEPOSITION IN

c POUDRE RIVER (0. 22 kg) RAINBOW TROUT

c L:28.6cm W: 2.5cm H: 5.3 cm

¢ SOURCE - GITRACT

c

¢ 50 RCC 00.06 -20.75 00175 1

¢ Use above 50 RCC in exchange for SQ for graphical verific ation that

¢ source definition geometry on data card is appropriate

c
sdef cel=d5 $ Define source cells: which ones and what fraction
axs=001 $ Define sampling boundary: cylinder along z - axis
pos=00.06 -20.75 $ Base centered at 0 0.06 -20.75
rad=d1 $ Define radius (in x and y direction)
ext=d2 $ Define height (extend up z - axis)
erg=d3 $ Define energy of source (beta spectra)
par=3 $par=3 -- >electron
eff=0.000 001 $ Sampling efficiency (reduce because source is small)
C -mmmmmmmmmeeee- Sampling boundary =~ --------meememeeeeeee
sil 0 1 $ Radius of sampling cylinder that contains source
spl -21 1 $ - 21 1 for radial sample (dependent on r)

si2 0 17.5 $ Height of sampling cylinder that contains source

sp2 -21 O $ Weighting for axial sample (not dependent on r)

C —mmmmmmmmee- -- Energy definition =~ ----emememmeee -

si3A2.02E -02 6.05E -02 1.0l1E -01 141E -01 1.82E -01 $ lodine beta spectra
2.22E -01 2.62E -01 3.03E -01 343E -01 3.83E -01
4.24E -01 4.64E -01 5.04E -01 545E -01 5.8 5E-01
6.25E - 01 6.66E -01 7.06E -01 7.46E -01 7.87E -01

sp3 1.38E -01 1.31E -01 1.23E -01 1.13E -01 1.02E -01
8.94E -02 7.70E -02 6.47E -02 530E -02 4.15E -02
3.03E -02 2.00E -02 1.12E -02 455E -03 8.55E -04
1.15E - 04 6.94E -05 4.13E -05 1.73E -05 2.96E -06

c - Specific source cells with equal distributon -

si5 L 87 88 89 90

sp5 0.34 0.400.130.13 $ Evenly distribute source across the Gl tract

C ________________

2.7.% Mo beta energy, source organ liver

c
c Mo 99

c BETA ENERGY DEPOSITION IN

c POUDRE RIVER (0. 22 kg) RAINBOW TROUT
c L. 28. 6cm W: 2.5 cm H: 5.3 cm
c SOURCE - LIVER

c

¢ 50 SPH 0.65 0.52 -39 0.72

¢ Use above in exchange for SQ for graphical ve rification that

c source definition geometry on data card is appropriate

Cc
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sdef cel=d5 $ Define source cells: which ones and what fraction
pos=0.6 50.52 -3.9 $ Sampling boundary: sphere centered at 0.65 0.52

rad=d1 $ Define radius
erg=d3 $ Define energy of source (beta spectra)
par=3 $ par=3 -- > electron
eff=0.000001 $ Sampling efficiency (reduce because source is small)
C —mmmmmmmmmees Sampling boundary =~ --------ememmmmee e
sil 0 0.72  $ Radius of sphere containing source
spl -21 2 $ - 21 1 for radial sample (depende nt on r2)
C —mmmmmmmmees Energy definition =~ ----mmemememmeeeeee

si3A3.04E -029.11E -021.52E -01212E -012.73E -01 $Mo -99 Energy
3.34E - 01 3.95E -014.55E -015.16E -015.77E -01
6.37E -016.98E -017.59E -018.19E -018.80E -01
9.41E - 01 1.00E+00 1.06E+00 1.12E+00 1.18E+00

sp3 9.51E -029.48E -029.22E -028.71E -028.02E -02 $ Abundance
7.29E - 02 6.69E -026.36E -026.05E -025.63E -02 $ i.e.probability
5.11E - 02 4.51E -023.85E -023.16E -022.47E -02
1.79E - 02 1.17E -02 6.41E -03 2.66E -034.11E -04

c - Specific source cells with equal distributon ~ ——ee-
si5 L 86

sp5 1

c

2.8.Mo gamma energy, source organ liver

c
c Mo 99

c GAMM ENERGY DEPOSITION IN

c POUDRE RIVER (0. 22 kg) RAINBOW TROUT
c L:28.6cm W: 2.5 cm H: 5.3 cm
c SOURCE T LIVER

c

¢ 50 SPH 0.65 0.52 -39 0.72

c Use above in exchange for SQ for graphical verification that
¢ source definition geometry on data card is appropriate

c
sdef cel=d5 $ Define source cells: which ones and what fraction
pos=0.65 0.52 - 3.9 $ Sampling boundary: sphere centered at 0.65 0.52
rad=d1 $ Define radius
erg=d4 $ Define energy of source (gamma spectra)
par=2 $ par=2 -- > photon
eff=0.000001 $ Sampling efficiency (reduce because source is small)
C —mmmmmmmmmees Sampling boundary =~ ---------meeeeeeeeee
sil 0 0.72  $ Radius of sphere containing source
spl -21 2 $ - 21 1 for radial sample (dependent on r2)
C —m-mmmmmemeeee- Energy definiton ~  --------memmmmemeee
si4L 0.77792 0.7395 0.1811 0.1405 $ Mo - 99 gammas in MeV
sp4 D 0.0426 0.1213 0.0599 0.0452 $ Probabili ty
c - Specific source cells with equal distributon -
si5 L 86
sp5 1
c

2.9.%™T¢c gamma energy, source organ liver

c
c Tc-99m

c GAMM ENERGY DEPOSITION IN

c POUDRE RIVER (0. 22 kg) RAINBOW TROUT
c L:28.6cm W: 2.5 cm H: 5.3 cm
c SOURCE T LIVER
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c
¢ 50 SPH 0.65 0.52 -39 0.72

¢ Use above in exchange for SQ for graphical verification that
c source definition geometry on data card is appropriate

c
sdef cel=d5 $ Define source cells: which ones and what fraction
pos=0.65 0.52 -3.9 $ Sampling bo undary: sphere centered at 0.65 0.52
rad=d1 $ Define radius
erg=d3 $ Define energy of source (beta spectra)
par=2 $ par=2 -- > photon
eff=0.000001 $ Sampling efficiency (reduce because source is small)
C —mmmmmmmmmees Sampling boundary =~ --------ememmmmem e
sil 0 0.72  $ Radius of sphere containing source
spl -21 2 $ -211 for radial sample (dependent on r"2)
C —mmmmmmmmmees Energy definition =~ ----mmmemmmmmeeee
si3L 0.1405 $ Tc - 99m gamma in MeV
sp3 D 0.8906 $ Probability
c - Specific source cells with equal distributon ~ ——ee-
si5 L 86
sp5 1
c

2.10. **Mo beta energy, source organ Gl tract

c

c Mo 99

c BETA ENERGY DEPOSITION IN

c POUDRE RIVER (0. 22 kg) RAINBOW TROUT
c L:28.6cm W: 2.5 cm H: 5.3 cm
c SOURCE I GITRACT

c

c50 RCC 00.06 -20.75 00175 1
¢ Use above in exchange for SQ for graphical verification that

¢ source definition geometry on data card is appropriate
c
sdef cel=d5 $ Define source cells: which ones and what fraction
axs=001 $ Define sampling boundary: cylinder along z
pos=00.06 -20.75 $ Base centered at0 0.06 -20.75
rad=d1l $ Define radius (in x and y direction)
ext=d2 $ Define height (extend up z - axis)
erg=d3 $ Define energy of source (beta spectra)
par=3 $ par=3 -- > electron
eff=0.000001 $ Sampling efficiency (reduce because source is small)
C —mmmmmmmmmees Sampling boundary =~ ---------meeeeeeeeee
sil 0 1 $ Radius of sampling ¢ ylinder that contains source
spl -21 1 $ - 21 1 for radial sample (dependent on r)
si2 0 17.5 $ Height of sampling cylinder that contains source
sp2 -21 O $ Weighting for axial sample (not dependent o nr)
C —m-mmmmmemeeee- Energy definiton ~  --------memmemeeeee

si3A3.04E -029.11E -021.52E -012.12E -012.73E -01 $Mo - 99 Beta spectra
3.34E - 01 3.95E -014.55E -015.16E -015.77E -01
6.37E -016.98E -017.59E -018.19E -018.80E -01
9.41 E- 01 1.00E+00 1.06E+00 1.12E+00 1.18E+00
sp3 9.51E -029.48E -029.22E -028.71E -028.02E -02 $ Abundance
7.29E - 02 6.69E -026.36E -026.05E -025.63E -02 $ i.e.probability
5.11E - 02 4.51E -02 3.85E -023.16E -022.47E -02
1.79E -021.17E -026.4 1E-032.66E -034.11E -04

c - Specific source cells with equal distributon -

si5 L 87 88 89 90

sp5 0.34 0.400.130.13 $ Evenly distribute source across Gl tract

C ____________
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2.11. **Mo gamma energy, source organ Gl tract

c
c Mo 99

c GAMM ENERGY DEPOSITION IN

c POUDRE RIVER (0. 22kg) RAINBOW TROUT
c L:28.6cm W: 2.5 cm H: 5.3 cm
c SOURCE I GITRACT

c

¢ 50 RCC 00.06 -20.75 00175 1

¢ Use above in exchange for SQ for graphical verification that
c source definition geometry on data card is appropriate

C __________________

sdef cel=d5 $ Define source cells: which ones and what fraction
axs=001 $ Define sampling boundary: cylinder along z - axis
pos=00.06 -20.75 $ Base centered at 0 0.06 -20.75
rad=d1 $ Define radius (in x and y direction)
ext=d2 $ Define height (extend up z - axis)
erg=d3 $ Define energy of source (gamma)
par=2 $ par=2 -- > photon
eff=0.000001 $ Sampling efficiency (reduce because source is small)

C —mmmmmmmmees Sampling boundary =~ -------meeeeeeeeeeee

sil 0 1 $ Radius of sampling cylinder that contains source

spl -21 1 $ - 21 1 for radial sample (dependent on r)

si2 0 17.5 $ Height of sampling cylinder that contains source

sp2 -21 O $ Weighting for axial sample (not dependent on r)

C -mmmmmmmmmeeee- Energy definition =~ -meemmemmemee e

si3L 0.77792 0.7395 0.1811 0.1 405 $ Mo -99 Gammas in MeV

sp3 D 0.0426 0.1213 0.0599 0.0452 $ Probability

c - Specific source cells with equal distributon ~ ——me-

si5 L 87 88 89 90

sp5 0.34 0.400.130.13 $ Evenly distribute source across Gl tract

C ____________________

2.12.%°*™Tc gamma energy, source organ Gl tract

c

c Tc-99m

c GAMM ENERGY DEPOSITION IN

c POUDRE RIVER (0. 22 kg) RAINBOW TROUT

c L:28.6cm W: 2.5cm H: 5.3 cm

c SOURCE i GITRACT

c

¢ 50 RCC 0 0.06 -20.75 00175 1

¢ Use above in exchange for SQ for graphical verification that

c source definition geometry on data card is appropriate

c

sdef cel=d5 $ Define source cells: which ones and what fraction
axs=001 $ Define sampling boundary: cylinder along z - axis
pos=00.06 -20.75 $ Base centered at 0 0.06 -20.75
rad=d1l $ Define radius (in x and y direction)
ext=d2 $ Define height (extend up z - axis)
erg=d3 $ Define energy of source (gamma spectra
par=2 $ par=2 -- > photon
eff=0.000001 $ Sampling efficiency (reduce because source is small)

C o Sampling boundary =~ ----------emeeeeeee

sil 0 1  $ Radius of sampling cylind er that contains source

spl -21 1 % - 21 1 for radial sample (dependent on r)

si2 0 17.5 $ Height of sampling cylinder that contains source
sp2 -21 0 $ Weighting for axial sample (not dependent on r)

117



C —-- - Energy definition
si3L 0.1405 $ Tc - 99m Gamma in MeV
sp3 D 0.8906 $ Probability

C ------ Specific source cells with equal distribution
si5 L 87 88 89 90

sp5 0.34 0.400.130.13
c

Voxelmodel

3.1."%Y beta energy, source organ thyroid

V] |\/ \_ T

NICOLE MARTINEZ
JANUARY 2014

| -131
BETA ENERGY DEPOSITION IN
VOXELIZED RAINBOW TROUT
SOURCE ORGAN - THYROID

to run:
C:\ MCNPmcnp5> mcnp5 tasks 8 i=input i
C:  \MCNPmcnp5> mcpnx i= input .i

OO0 O00O00O0000000000000000000OO0

CELL CARDS
c
¢ This input fi le was made with the MCNP Lattice Tool
c originally created by Erick Daniel Cardenas

c for the Human Monitoring Laboratory of Health Canada

c

¢ Input file originally created on:

¢ Tue Jan 28 2014

c

¢ Empty space universe: 22

¢ comp ression factor: 4

c

Cells

I_

i1 VTN N i \
W VY A U N B B I VN
L L
R VN Y
/

$ Evenly distribute source across Gl tract

ID# | Material# |Density|Def inition: |Importance
|(O if void)| N/A if| Surface |
| | void | relationships|

OO0 000O0O0

999 0 999 imp:p,e=0 $ Outside
998 22 -1.0 -999 1#997 imp:p,e=1

Filling Universes

$ Water

c Cell#|Mat#|Density|Defn: | Define |Importance
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| | lin void |Universe|
| ] |"mortar”| [
11 -1.03 -2 u=1 imp:pe=1$ Gutcontents CS
2 2 - 0.001205 -2 u=2 imp:p,e=1$ SwimBladder
3 3 -1.92 -2 u=3 imp:p,e=1$ Bone
4 4 -1.06 -2 u=4 imp:pp,e=1$ Liver
5 5 -1.06 -2 u=5 imp:p,e=1$ Heart
6 6 -1.04 -2 u=6 imp:p,e=1$ Brain
7 7 -1.07 -2 u=7 imp:p,e=1 $ Eye
8 8 -1.03 -2 u=8 imp:p,e=1$ CStomach
9 9 -1.03 -2 u=9 imp:p,e=1$ PStomach
10 10 -1.03 -2 u=10 imp:p,e=1$ Intestine
11 11 -1.05 -2 u=11 imp:p,e=1$Gon
12 12 -1.05 -2 u=12 imp:p,e=1$ Kidney
13 13 -1.00 -2 u=13 imp:p,e=1$Gills
14 14 -1.06 -2 u=14 imp:p,e=1$ Spleen
15 15 -1.03 -2 u=15 imp:p,e=1 $ Esophagus
16 16 -1. 07 -2 u=16 imp:p,e=1$ LensofEye
17 17 -1.05 -2 u=17 imp:p,e=1$ Muscle/Soft Tissue
18 18 -1.05 -2 u=18 imp:p,e=1$ "Thyroid"
19 19 -1.03 -2 u=19 imp:p,e=1$ Gut contents PS
20 20 -1.03 -2 u=20 imp:p,e=1$ Gut contents Int
21 21 -1.03 -2 u=21 imp:p,e=1$ Lymph
22 22 -1.00 -2 u=22 imp:p,e=1$ Surrounding water

Lattice Unit Cell

ad

c ID#|Mat#|Density|Defn: |Lattice|Define [Importance|Fill: long list of
| universes in specified

c
c
c

| | |in |Type |Universe|
| | ["hou se"|

| x,y,z grid

996 0 -2 lat=1 u=996 imp:p,e=1 fill = 0:255 0:255 0:285
22 167583r 17 2r 22 251r 17 1r 22 65279r 17 2r 22
249r 17 2r 22 252r 17 22 1739r 17 22 254r 17 2r 22 253r 17 2r 22

62516r 17 2r 22 249r 17 3r 22 250r 17 2r 22 250r 17 2r 22 252r 17

251r 17 4r 22 249r 17 6r 22 246r 17 8r 22 246r 17 8r 22 246r 17

8r 22 246r
27507r

............. Cell Containing Lattice

17 8r 22 247r 17 7r 22 248r 17 5r 22 250r 17 4r 22

c ID#|Mat#|Density|Defn: [Fill with|Importance

c
c
c

OO0 000

c

| | [in | lattice |
| ] |"house”|i.e. 996 |
997 0 -1 fill=996 imp:p,e=1
Surf aces
Universe boundary: RPP just | arger
999 RPP -1.000 16 -1.000

¢ Box for Filling Universes

(9]

O 00

RPP 1: Range of x,
0.0585936(x + 1) = 14.9999616
0.0585936(y + 1) = 14.9999616

0.1(z + 1) = 0.1(285+1) = 28.6
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y, z; from fill in lattice structure above and RPP2

Afhouseo

-1.000 30



c
¢ This information comes from Image -- >Image Information in 3D doctor
namely: # columns, # rows, # planes, pixel width, and slice thickness
Note that pixel width and slice thickness are given in mm in 3D doctor

but need to be in cm for Voxelizer and MCNP

(9]

In our case, # columns = 1024, # rows = 1024, planes (slices) = 28 6
Pixel width = 0.0146484 cm, slice thickness = 0.1 cm

For compression factor = 4, then # columns = # rows = 1024/4 = 256
0.0146484(4)=0.0585936; 256(0.0146484)(4)=14.9999616

c
c
c
c
c
c
c
c
c
¢ RPP 1: Dimensions of "house" in which to build the latti ce
¢ RPP 2: Dimensions for "brick" in which each voxel is placed

c

1 RPP
2 RPP

0.000 14.9999616 0.000 14.9999616 0.000 28.6
0.000 0.0585936 0.000 0.0585936 0.000 0.1

c DATA CARDS

c SOURCEDEFININION
¢ Particles started within the sampling boundary (cylinder) -
¢ that is started within the boundary but not within the specified source cells

¢ (thyroid tubule 'shells") is rejected. Sampl ing boundary MUST include all
¢ source cells.

any particle

c
¢ In source definition, "d1" is described by "sil" and "sp1" cards

c where "i" info, "p" probability

¢ Source information definition

c LT di s cr eceweriablevalues

c Al points where a probability density distrib

c STdistribution numbers
¢ H &bin boundaries for a histogram distribution
¢ Source probability

c Dibin probabilities for an H or L distributi
¢ C T cumulative bin probabilities for an H or L distribution on Sl card.

c Vifor cell di stributions only. Probability i
c

¢ Energy spectra references:

c Stabin MG, and CQP da Luz, L. fiDecay data fo
c assessment. 0 Heal t h -475 2092. httg:/Bvww.dodeinfo - radar.com/
¢ K. F. Eckerman, R. J. Westfall, J. C. Ryman, and M. Christy.

¢ "Availability of Nuclear Decay Data in Electronic Form, Including Beta

c Spectra not Previously Published, " Health Phys. 67(4):338 - 345 (1994).

c
¢ Note on sampling efficiency: Thyroid is tiny, so when the thyroid is the

¢ source organ, sampling efficiency needs to be 0.0000001. Other source

c organs aren't as small so can have larger sampling efficiency. Specifically,
c liver eff=0.0 00001 and Gl tract eff=0.0

c.

00001

proportio

nternal

sdef cel=d5 $ Define source cells: which ones and what fraction
X=d1 $ Sampling boundary by X, Y, Z
Y=d2 $
Z=d3 $
erg=d4 $ Define energy of source (beta spectra)
par=3 $ par=3 -- > electron

eff=0.0000001

$ Sampling efficiency (reduce because source is small)

C --m-m-mmmmeeeee- Sampling boundary from RPP above ~  ------memmmeemmeeee-
silh0.0 0.059 $range of X
spld0 1 $
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si2h 0.0 0.059 $rangeof Y
sp2d0 1 $
si3h0.0 0.1 $ range of Z
sp3d0 1
C —mmmmmmmmmees Energy definition ~  --m-memmmmmmee
si4 A 2.02E -02 6.05E -02 1.01E -01 141E -01 1.82E -01 $1 -131 beta spectra
2. 22E-01 2.62E -01 3.03E -01 343E -01 3.83E -01
4.24E -01 4.64E -01 5.04E -01 5.45E -01 5.85E -01
6.25E - 01 6.66E -01 7.06E -01 746E -01 7.87E -01
sp4 1.38E -01 1.31E -01 1.23E -01 1.13E -01 1.02E -01 $ Abundance
8.94E -02 7.70E -02 6.47E -02 530E -02 4.15E -02
3.03E -02 2.00E -02 1.12E -02 455E -03 8.55E -04
1.15E -04 6.94E -05 4.13E -05 1.73E -05 2.96E -06
c - Specific source cells with equal distributon ~ —————m-
¢ L = List, equal probability (1) each cell (organ) liste d
¢ source cell < lattice universe < universe box that contains lattice
¢ Use sdef "helper" (calculates the exact voxel array coordinates)
¢ because the thyroid is so small (code will run MUCH faster)
si5L
(18<996[109 142 248]<997)
(18< 996[108 143 248]<997)
(18<996[109 143 248]<997)
(18<996[108 144 248]<997)
(18<996[109 144 248]<997)
(18<996[108 143 249]<997)
(18<996[109 142 250]<997)
(18<996[108 143 250]<997)
(18<996[108 143 251]<997)
(18<996 [108 143 252]<997)
(18<996[108 143 253]<997)
(18<996[108 143 254]<997)
(18<996[108 143 255]<997)

sp5 112r
C

c TALLY
mode p e

nps 10000000 $ Particle cutoff: 1007
dbcn 123 5444034 $ more random #'s

*8:p,e  u=( 1234567891011121314151617 1819 20 21)
*f18:p,e u=(1)
*f28:p,e u=(2)
*f38:p,e u=(3)
*f48:p,e u=(4)
*f58:p,e u=(5)
*f68:p,e u=(6)
*f78:p,e u=(7)
*f88:p,e u=(8)
*f98:p,e u=(9)
*f108:p,e u=(10)
*f118:p,e u=(11)
*f128:p,e u=(12)
*f138:p,e u=(13)
*f148:p,e u=(14)
*f158:p,e u=(15)
*f168:p,e u=(16)
*f178:p,e u=(17)
*f188:p,e u=(18)
*f198:p,e u=(19)
*f208:p,e u=(20)
*f218:p,e u=(21)
*f228:p,e u=(22)
E005.0 $ Energy bins; 0 catchs "negative" energy fr om knowck - on electrons
c
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PRINT 110 $ Print table to ensure source origination correct
PRDMP 1E6

c
c
c MATERIALS -----
¢ McConn, Gesh, Pagh, Rucker, Williams. Radiation Portal Monitor Project:

¢ Compendium of Material Composition Data for Radation Transport Modeling

¢ Revision 1: March 4, 2011, Pacific Northwest National La boratory
¢ PIET -43541-TM 963 PNNL- 15870 Rev. 1

c

¢ ICRU Report 44: Tissue Substitutes in Radiation Dosimetry and Measurement

¢ International commission on Radiation Units and Measurements

c
c
cGutcont entsCS - ICRU Gltractp =1.03 g/cm"3
m1

1000 -0.106 $H

6000 -0.115 $C

7000 -0.022 $N

8000 -0.751 $0O
11000 -0.001 $ Na
15000 -0.001 $P
16000 -0.001 $S
17000 -0.002 $ClI
19000 -0.001 $K

Cc

¢ SwimBladder - air
m2
7000 -0.755
8000 -0.232

18000 -0.013
c
c Bone - ICRU Cortical Bone p =1.92 g/cm"3

m3
1000 -0.034 $H
6000 -0.155 $C
7000 -0.042 $N
8000 -0.435 $0
11000 -0.001 $Na
12000 -0.002 $ Mg
15000 -0.103 $P
16000 -0.003 $S
20000 -0.225 $Ca
¢
c Liver - ICRU p = 1.06 g/cm”3
m4
1000 -0.102 $H
6000 -0.139 $C
7000 -0.030 $N
8000 -0.716 $0O
11000 -0.002 $Na
15000 -0.003 $P
16000 -0.003 $S
17000 -0.002 $ClI
19000 -0.003 $K
c
cHeart - ICRU p=1.06 g/cm”"3
mS

1000 -0.103 $H
6000 -0.121 $C
7000 -0.032 $N
8000 -0.734 $0O
11000 -0.001 $Na
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15000 -0.001 $P
16000 -0.002 $S
17000 -0.003 $ClI
19000 -0.002 $K
26000 -0.001 $Fe
c
cBrain - ICRUp=1.04 g/cm"3
m6
1000 -0.107 $H
6000 -0.145 $C
7000 -0.022 $N
8000 -0.712 $0O
11000 -0.002 $ Na
15000 -0.004 $P
16000 -0.002 $S
17000 -0.003 $ClI
19000 -0.003 $K

cEye - ICRUp=1.07g/cm"3
m7
1000 -0.096 $H
6000 -0.195 $C
7000 -0.057 $N
8000 -0.646 $0
11000 -0.001 $ Na
15000 -0.001 $P
16000 -0.003 $S
17000 -0.001 s$ClI
c
c CStomach - ICRU Gl tract p =1.03 g/cm”"3
m8
1000 -0.106 $H
6000 -0.115 $C
7000 -0.022 $N
8000 -0.751 $0O
11000 -0.001 $Na
15000 -0.001 $P
16000 -0.001 $S
17000 -0.002 $ClI
19000 -0.001 $K
c
¢ PStomach - ICRU Gl tract p = 1.03 g/cm”"3
m9
1000 -0.106 $H
6000 -0.115 $C
7000 -0.022 $N
8000 -0.751 $0O
11000 -0.001 $Na
15000 -0.001 $P
16000 -0.001 $S
17000 -0.002 $ClI
19000 -0.001 $K
c
¢ Intestine - ICRU Gl tract p = 1.03 g/cm”3
m10
1000 -0.106 $H
6000 -0.115 $C
7000 -0.022 $N
8000 -0.751 $0O
11000 -0.001 $Na
15000 -0.001 $P
16000 -0.001 $S
17000 -0.002 $ClI
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19000 -0.001 $K
c
cGonad - ICRU ovary p =1.05g/cm”3
mll
1000 -0.105 $H
6000 -0.093 $C
7000 -0.024 $N
8000 -0.768 $0O
11000 -0.002 $Na
15000 -0.002 $P
16000 -0.002 $S
17000 -0.002 $ClI
19000 -0.002 $K
c
c Kidney - ICRU p =1.05g/cm"3
m12
1000 -0.103 $H
6000 -0.132 $C
7000 -0.030 $N
8000 -0.724 $0O
11000 -0.002 $Na
15000 -0.002 $P
16000 -0.002 $S
17000 -0.002 $ClI
19000 -0.002 $K
20000 -0.001 $Ca

c Gills - soft tissue
m13
1000 -0.101
6000 -0.111
7000 -0.026
8000 -0.762
c
c Spleen - ICRUp=1.06 g/cm"3
ml4

1000 -0.103 $H
6000 -0.113 $C
7000 -0.032 $N
8000 -0.741 $0O
11000 -0.001 $Na
15000 -0.003 $P
16000 -0.002 $S
17000 -0.002 $ClI
19000 -0.003 $K
c
c Esophagus - ICRU Gl tract p =1.03 g/cm”3
m15
1000 -0.106 $H
6000 -0.115 $C
7000 -0.022 $N
8000 -0.751 $0O
11000 -0.001 $Na
15000 -0.001 $P
16000 -0.001 $S
17000 -0.002 $ClI
19000 -0.001 $K
c
c LensofEye - ICRU Eye lens p =1.07 g/cm”3
m16
1000 -0.096 $H
6000 -0.195 $C
7000 -0.057 $N
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8000 -0.646 $0O
11000 -0.001 $Na
15000 -0.001 $P
16000 -0.003 $S
17000 -0.001 $ClI
c
¢ Muscle/soft tissue, skeletal (ICRU) by mass fraction), p = 1.05 g/cm”3
ml17 1000 -0.102 $H
6000 -0.143 $C
7000 -0.034 $N
8000 -0.710 $0O
11000 -0.001 $ Na
15000 -0.002 $P
16000 -0.003 $S
17000 -0.001 $ClI
19000 -0.004 $K
c
¢ Thyroid (ICRU), p = 1.05 g/cm”3
m18 1000 -0.104 $H
6000 -0.119 $C
7000 -0.024 $N
8000 -0.745 $0O
11000 -0.002 $ Na
15000 -0.001 $P
16000 -0.001 $S
17000 -0.002 $Cl
19000 -0.001 $K
53000 -0.001 $1
c
¢ Gut contents Pyloric Stomach - ICRU Gl tract p = 1.03 g/cm”3
m19
1000 -0.106 $H
6000 -0.115 $C
7000 -0.022 $N
8000 -0.751 $0O
11000 -0.001 $Na
15000 -0.001 $P
16000 -0.001 $S
17000 -0.002 $ClI
19000 -0.001 $K
c
¢ Gut contents Intestine - ICRU Gl tract p = 1.03 g/cm”3
m20
1000 -0.106 $H
6000 -0.115 $C
7000 -0.022 $N
8000 -0.751 $0O
11000 -0.001 $Na
15000 -0.001 $P
16000 -0.001 $S
17000 -0.002 $ClI
19000 -0.001 $K
c
¢ Lymph (ICRU) (by mass fraction), p = 1.03 g/cm”3
m21 1000 -0.108 $H
6000 -0.041 $C
7000 -0.011 $N
8000 -0.832 $O
11000 -0.003 $ Na
16000 -0.001 $S
17000 -0.004 $ClI
c
¢ Default Surrounding Water
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m22 1000 -0.11190 $H
8000 -0.88810 $0O

3.2."% beta energy, source organ Gl tract

c
c | -131
c BETA ENERGY DEPOSITION IN
c VOXELIZED RAINBOW TROUT
c SOURCE ORGAN - GITRACT
c
sdef cel=d5 $ Define source cells: which ones and what fraction
X=d1 $ Sampling boundary by X, Y, Z
Y=d2 $
Z=d3
erg=d4 $ Define energy of source (beta spectra)
par=3 $ par=3 -- > electron
eff=0.0 00001 $ Sampling efficiency (reduce because source is small)
C —mmmmmmmmmees Sampling boundary from RPP above =  --------mmmmmmmeeeen
silh 0.0 0.059 $ range of X
spld0 1 $
si2h 0.0 0.059 $range of Y
sp2d0 1 $
si3h0.0 0.1 $ range of Z
sp3d0 1
C —mmmmmmmmees Energy definition =~ ----memememmmmeeee

si4 A2.02E -02 6.05E -02 1.01E -01 141E -01 1.82E -01 $1 -131 beta spectra
2.22E -01 2.62E -01 3.03E -01 343E -01 3.83E -01
4.24E -01 4.64E -01 5.04E -01 545E -01 5.85E -01
6.25E - 01 6.66E -01 7.06E -01 7.46E -01 7.87E -01
sp4 1.38E -01 1.31E -01 1.23E -01 1.13E -01 1.02E -01 $ Abundance
8.94E -02 7.70E -02 6.47E -02 530E -02 4.15e -02
3.03E -02 2.00E -02 1.12E -02 455E -03 8.55E -04
1.15E -04 6.94E -05 4.1 3E-05 1.73E -05 2.96E -06
c ------ Specific source cells with equal distributon ~ ——eem
¢ L = List, equal probability (1) each cell (organ) listed
¢ source cell < lattice universe < universe box that contains lattice
si5 L (1<996<997) $ Source definiti on for Gl tract
(8<996<997) $ Intestine + contents (10,20)
(9<996<997) $ Pyloric stomach + contents (9,19)
(10<996<997) $ Cardiac stomach + contents (1,8)
(19<996<997)
(20<996<997)
sp5 1

s

Cc

3.3."*Yi gamma energy, source organ thyroid

c
c | -131
c GAMMA ENERGY DEPOSITION IN
c VOXELIZED RAINBOW TROUT
c SOURCE ORGAN i THYROID
C ____________
sdef cel=d5 $ Define source cells: which ones and what fraction
X=d1 $ Sampling boundary by X, Y, Z
Y=d2
Z=d3
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erg=d4 $ Define energy of source (gamma)
par=2 $par=2 -- > photon
eff=0.0000001 $ Sampling efficiency (reduce because source is small)

C —mmmmmmmmees Sampling boundary from RPP above =~ -----ememmmmmeeeees
silh 0.0 0.059 $ range of X

spld0 1 $

si2h 0.0 0.059 $range of Y

sp2d0 1 $

si3h0.0 0.1 $ range of Z

sp3d0 1

C —mmmmmmmmmees Energy definition =~ ----mmmemmmmmeeee

si4 L 0.636989 0.364489 $1 - 131 gammas, in MeV; "L" = "list"

sp4 D 0.0717 0.817

C ------ Specific source cells with equal distributon ~ ——me-
¢ L = List, equal probability (1) each cell (organ) listed
¢ source cell < lattice universe < universe box that contains lattice

¢ Use sdef "helper" (calculates the exact voxel array coordinates)
¢ because the thyroid is so small (code will run MUCH faster)
si5 L

(18<996[109 142 248]<997)
(18<996[108 143 248]<997)
(18<996[109 143 248]<997)
(18<996[108 144 248]<997)
(18<996[109 144 248]<99 7)
(18<996[108 143 249]<997)
(18<996[109 142 250]<997)
(18<996[108 143 250]<997)
(18<996[108 143 251]<997)
(18<996[108 143 252]<997)
(18<996[108 143 253]<997)
(18<996[108 143 254]<997)
(18<996[108 143 255]<997)

sp5 112r

c

3.4.2"% gamma energy, source organ Gl tract

| -131
GAMMA ENERGY DEPOSITION IN
VOXELIZED RAINBOW TROUT
SOURCE ORGAN - GITRACT

O0O000O0

sdef cel=d5 $ Define source cells: which ones and what fraction
X=d1 $ Sampling boundary by X, Y, Z
Y=d2 $
Z=d3
erg=d4 $ Define energy of source (gamma)
par=2 $ par=2 -- > photon
eff=0.000001 $ Sampling efficiency (reduce because source is small)
C —mmmmmmmmmeen Sampling boundary from RPP above =~ -—--mmmmmmmemeee -
silh0.0 0.059  $range of X
spld0 1 $
si2h0.0 0.059 $ran geofY
sp2d0 1 $
si3h0.0 0.1 $ range of Z
sp3d0 1
C —mmmmmmmeee- Energy definiton =~ ------memmmmemeeeeee
si4 L 0.636989 0.364489 $1 - 131 gammas, in MeV; "L" = "list"
sp4 D 0.0717 0.817
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3.5."% beta energy, source organ liver

c
c | -131
c BETA ENERGY DEPOSITION IN
c VOXELIZED RAINBOW TROUT
c SOURCE ORGAN i LIVER
c
sdef cel=d5 $ Define source cells: which ones and what fraction
X=d1 $ Sampling boundary by X, Y, Z
Y=d2 $
Z=d3
erg=d4 $ Define energy of source (beta spectra)
par=3 $ par=3 -- > electron
eff =0.000001 $ Sampling efficiency (reduce because source is small)
C —mmmmmmmmmees Sampling boundary from RPP above =~  -—-—-—mmmmmmmeeen
silh 0.0 0.059 $ range of X
spld0 1 $
si2h 0.0 0.059 $ range of Y
sp2d0 1 $
si3h0.0 0.1 $ range of Z
sp3d0 1
C —mmmmmmmmees Energy definition =~ ----memememmmmeeee

si4 A2.02E -02 6.05E -02 1.0l1E -01 141E -01 1.82E -01 $I
2.22E -01 2.6 2E-01 3.03E -01 343E -01 3.83E -01
4.24E -01 4.64E -01 5.04E -01 545E -01 5.85E -01
6.25E - 01 6.66E -01 7.06E -01 7.46E -01 7.87E -01
sp4 1.38E -01 1.31E -01 1.23E -01 1.13E -01 1.02E -01 $Abu
8.94E -02 7.70E -02 6.47E -02 530E -02 4.15E -02
3.03E -02 2.00E -02 1.12E -02 455E -03 8.55E -04
1.15E -04 6.94E -05 4.13E -05 1.73E -05 2.96E -06
c ------ Specific source cells with equal distributon ~ ——eem
¢ L = List, equal probability (1) each cell (organ) listed
C source cell < lattice universe < universe box that contains lattice
si5 L (4<996<997)
sp5 1
c

3.6."*1 gamma energy, source organ liver

- 131 Energy

ndance

c
c | -131
c GAMMA ENERGY DEPOSITION IN
c VOXELIZED RAINBOW TROUT
c SOURCE ORGAN LIVER
c
sdef cel=d5 $ Define source cells: which ones and what fraction
X=d1 $ Sampling boundary by X, Y, Z
Y=d2 $
Z=d3
erg=d4 $ Define energy of source (gamma)
par=2 $ par=2 -- > photon
eff=0.000001 $ Sampling efficiency (reduce because source is small)
C —mmmmmmmmmeen Sampling boundary from RPP abo V€  -mmmmmmmmmmmmemeeeen
silh0.0 0.059  $range of X
spld0 1 $
si2h 0.0 0.059 $ range of Y
sp2d0 1 $
si3h0.0 0.1 $ range of Z
sp3d0 1
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C —--mmmmmmmeee- Energy definition =~ ------mmemmemeeeeee-

si4 L 0.636989 0.364489 $1 - 131 Gammas, in MeV; "L" = "list"
sp4 D 0.0717 0.817
C ------ Specific source cells with equal distribution

¢ L = List, equal probability (1) each cell (organ) listed

¢ sour ce cell < lattice universe < universe box that contains lattice
si5 L (4<996<997)

sp5 1

c

3.7.Mo beta energy, source organ liver

c
c Mo -99
c BETA ENERGY DEPOSITION IN
c VOXELIZED RAINBOW TROUT
c SOURCE ORGAN LIVER
c
sdef cel=d5 $ Define source cells: which ones and what fraction
X=d1 $ Sampling boundary by X, Y, Z
Y=d2 $
Z=d3
erg=d4 $ Define energy of source (beta spectra)
par=3 $ par=3 -- > electron
eff=0.000001 $ Sampling efficiency (reduce because source is small)
C -mmmmmmmmmeeee- Sampling boundary from RPP above -----------meemmeeee-
silh 0.0 0.059 $ range of X
spld0 1 $
si2h 0.0 0.059 $range of Y
sp2d0 1 $
si3h0.0 0.1 $ range of Z
sp3d0 1
C —mmmmmmmee e Energy definition =~ ----memememmmmeeee

si4 A3.04E -029.11E -021.52E -012.12E -012.73E -01 $Mo
3.34E - 01 3.95E -014.55E -015.16E -015.77E -01
6.37E -01 6.98E -017.59E -018.19E -018.80E -01
9.41E - 01 1.00E+00 1.06E+00 1.12E+00 1.18E+00

- 99 Beta spectra

sp4 9.51E -029.48E -029.22E -028.71E -028.02E -02 $ Abundance
7.29E - 02 6.69E -026.36E -026.05E -025.63E -02 $ i.e.probability

5.11E - 02 4.51E -02 3.85E -023.16E -022.47E -02
1.79E -02 1. 17E-026.41E -032.66E -034.11E -04
c - Specific source cells with equal distribution
¢ L = List, equal probability (1) each cell (organ) listed
¢ source cell < lattice universe < universe box that contains lattice
si5 L (4<996<997)
sp5 1
c

3.8.%%Mo gamma energy, source organ liver

c
c Mo 99
c GAMMA ENERGY DEPOSITION IN
c VOXELIZED RAINBOW TROUT
c SOURCE ORGAN T LIVER
c
sdef cel=d5 $ Define source cells: which ones and what fraction
X=d1 $ Sampling boundary by X, Y, Z
Y=d2 $
Z=d3
erg=d4 $ Define energy of source (gamma)
par=2 $ par=2 -- > photon
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eff=0.00 0001 $ Sampling efficiency (reduce because source is small)

C —mmmmmmmmees Sampling boundary from RPP above =~ -----eeemmmmmeeeee
silh 0.0 0.059 $ range of X

spld0 1 $

si2h 0.0 0.059 $range of Y

sp2d0 1 $

si3h0.0 0.1 $ range of Z

sp3d0 1

C —mmmmmmmmmees Energy definition =~ = ----mmmmmmmeee

si4L 0.77792 0.7395 0.1811 0.1405 $ Mo - 99 Gammas in MeV
sp4D 0.0426 0.1213 0.0599 0.0452 $ Probability

C ------ Specific source cells with equal distributon ~ —=me-

¢ L = List, equal probability (1) each cell (organ) listed

¢ source cell < lattice universe < universe box that contains lattice
si5 L (4<996<  997)

sp5 1

c

3.9.%™T¢c gamma energy, source organ liver

Tc-99m
GAMMA ENERGY DEPOSITION IN
VOXELIZED RAINBOW TROUT
SOURCE ORGAN T LIVER

O0O0O00O0

sdef cel=d5 $ Define source cells: which ones and what fraction
X=d1 $ Sampling boundary by X, Y, Z
Y=d2 $
Z=d3
erg=d4 $ Define energy of source (gamma)
par=2 $ par=2 -- > photon
eff=0.000001 $ Sampling efficiency (reduce because source is small)
C -mmmmmmmmmeeee- Sampling boundary from RPP above =~ ------memmmmemeeeees
silh 0.0 0.059 $ range of X
spld0 1 $
si2 h0.0 0.059 $range of Y
sp2d0 1 $
si3h0.0 0.1 $ range of Z
sp3d0 1
C —m-mmmmmemeeee- Energy definiton ~  --------memmemeeeee
si4 L 0.1405 $ Tc - 99m gamma in MeV
sp4 D 0.8906 $ Probability
¢ ---- -- Specific source cells with equal distributon -
¢ L = List, equal probability (1) each cell (organ) listed
¢ source cell < lattice universe < universe box that contains lattice
si5 L (4<996<997)
sp5 1
c

3.10. **Mo beta energy, source organ Gl tract

c

c Mo -99

c BETA EN ERGY DEPOSITION IN

c VOXELIZED RAINBOW TROUT

c SOURCE ORGAN T GITRACT

c

sdef cel=d5 $ Define source cells: which ones and what fraction
X=d1 $ Sampling boundary by X, Y, Z
Y=d2 $

Z=d3
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erg=d4 $ Define energy of source (beta spectra)

par=3 $ par=3 -- > electron
eff=0.000001  $ Sampling efficiency (reduce because source is small)
C —mmmmmmmmees Sampling boundary from RPP above =~ -----ememmmmmeeeees
silh 0.0 0.059 $ range of X
spld0 1 $
si2h0.0 0 .059 $ range of Y
sp2d0 1 $
si3h0.0 0.1 $ range of Z
sp3d0 1
C —mmmmmmmmmees Energy definition =~ ----mmmemmmmmeeee

si4 A3.04E -029.11E -021.52E -012.12E -012.73E -01 $Mo -99 Beta spectra
3.34 E-01 3.95E -014.55E -015.16E -015.77E -01
6.37E - 01 6.98E -017.50E -018.19E -018.80E -01
9.41E - 01 1.00E+00 1.06E+00 1.12E+00 1.18E+00

sp4 9.51E -029.48E -029.22E -028.71E -028.02E -02 $ Abundance
7.29E - 02 6.69E -026.36E -026.05E -025.63 E-02 $ i.e. probability
5.11E - 02 4.51E -02 3.85E -023.16E -022.47E -02
1.79E - 02 1.17E -026.41E -032.66E -034.11E -04

c ------ Specific source cells with equal distributon ~ ——eme

¢ L = List, equal probability (1) each cell (organ) listed

¢ source cell < lattice universe < universe box that contains lattice

si5 L (1<996<997) $ Source definition for Gl tract
(8<996<997) $ Intestine + contents (10,20)
(9<996<997) $ Pyloric stomach + contents (9,19)

(10<996<997) $ Cardiac stomach + contents (1,8)
(19<996<997)
(20<996<997)
sp5 1
1
1
1
1
1
c

3.11. **Mo gamma energy, source organ Gl tract

Mo -99
GAMMA ENERGY DEPOSITION IN
VOXELIZED RAINBOW TROUT
SOURCE ORGAN GI TRACT

OO0O0O0O000O0

sdef cel=d5 $ Define source cells: which ones a nd what fraction
X=d1 $ Sampling boundary by X, Y, Z
Y=d2 $
Z=d3
erg=d4 $ Define energy of source (gamma)
par=2 $ par=2 -- > photon
eff=0.000001 $ Sampling efficiency (red uce because source is small)
C —mmmmmmmmmeen Sampling boundary from RPP above =~ -—--mmmmmmmemeee -
silh0.0 0.059  $range of X
spld0 1 $
si2h 0.0 0.059  $range of Y
sp2d0 1 $
si3h0.0 0.1 $ range of Z
sp3d0 1
C —mmmmmmmeee- Energy definiton =~ ------memmmmemeeeeee
si4 L 0.77792 0.7395 0.1811 0.1405 $ Mo - 99 Gammas in MeV
sp4 D 0.0426 0.1213 0.0599 0.0452 $ Probability
c - Specific source cells with equal distributon -
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¢ L = List, equal probability (1) each cell (organ) listed

¢ source cell < lattice universe < universe box that contains lattice

si5 L (1<996<997) $ Source definition for Gl tract
(8 <996<997) $ Intestine + contents (10,20)
(9<996<997) $ Pyloric stomach + contents (9,19)
(10<996<997) $ Cardiac stomach + contents (1,8)
(19<996<997)
(20<996<997)

sp5 1

A

Cc ---

3.12.*™Tc gamma energy, source organ Gl tract

c
c M 0-99
c GAMMA ENERGY DEPOSITION IN
c VOXELIZED RAINBOW TROUT
c SOURCE ORGAN I GITRACT
c
c
sdef cel=d5 $ Define source cells: which ones and what fraction
X=d1 $ Sampling boundary by X, Y, Z
Y=d2 $
Z=d3
erg=d4 $ Define energy of source (gamma)
par=2 $ par=2 -- > photon
eff=0.000001 $ Sampling efficiency (reduce because source is small)
C —mmmmmmmmees Sampling boundary from RPP above ~  -----ememmmmemeeee-
silth0. 0 0.059 $ range of X
spld0 1 $
si2h 0.0 0.059 $ range of Y
sp2d0 1 $
si3h0.0 0.1 $ range of Z
sp3d0 1
C —mmmmmmmmmees Energy definiton =~ ----memmmeeeee -
si4 L 0.1405 $ Tc - 99m gamma in MeV

sp4 D 0.8906 $ Probability
------ Specific source cells with equal distribution -
¢ L = List, equal probability (1) each cell (organ) listed
¢ source cell < lattice universe < universe box that conta ins lattice
si5 L (1<996<997) $ Source definition for Gl tract
(8<996<997) $ Intestine + contents (10,20)
(9<996<997) $ Pyloric stomach + contents (9,19)
(10<996<997) $ Cardiac stomach + contents (1,8)
(19<996<997 )
(20<996<997)

(9]

sp5 1

RPRER R
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1. Mass ratios

1.1. Stylized model

Table 8.1: Masses and mass ratios for organs considered in the stylized model

APPENDIX3ADETAILED RESULTS

Mass ratio
Organ Mass (g)

WB:organ Thyroid:organ Liver:organ Gl:organ
Body 2.23E+02 1.00E+00 4.26E05 3.69E03 4.20E02
Thyroid 2.51E03 8.88E+04 3.79E+00 3.28E+02 3.73E+03
Thryoid (wiole) 9.49E03 2.35E+04 1.00E+00 8.66E+01 9.86E+02
Liver 8.22E01 2.71E+02 1.15E02 1.00E+00 1.14E+01
Gl tract 9.35E+00 2.38E+01 1.01E03 8.79E02 1.00E+00
Intestine 3.13E+00 7.11E+01 3.03E03 2.62E01 2.98E+00
CStomach 3.73E+00 5.97E+01 2.55E03 2.21E01 2.51E+00
P Stomach 2.49E+00 8.94E+01 3.81E03 3.30E01 3.75E+00
Swim bladder 6.95E03 3.21E+04 1.37E+00 1.18E+02 1.35E+03
Heart 3.70E01 6.02E+02 2.56E02 2.22E+00 2.53E+01
Brain 5.45E01 4.09E+02 1.74E02 1.51E+00 1.72E+01
Ovaries 2.11E01 1.05E+03 4.50E02 3.89E+00 4.43E+01
Muscle 1.96E+02 1.14E+00 4.85E05 4.21E03 4.78E02
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1.2. Voxel model

Table 8.2: Masses and mass ratios for organs consideré@dS0TROUT

Organ Mass (g) Mass ratio

WB:organ Thyroid:organ Liver:organ Gl:organ
Body 2.19E+02 1.00E+00 5.14E05 4.30E03 4.06E02
Thyroid 6.19E03 3.54E+04 1.82E+00 1.52E+02 1.43E+03
Thryoid (wiole) 1.13E02 1.95E+04 1.00E+00 8.37E+01 7.89E+02
Liver 9.42E01 2.32E+02 1.20E02 1.00E+00 9.43E+00
Gl tract 8.88E+00 2.47E+01 1.27E03 1.06E01 1.00E+00
Intestine 2.82E+00 7.76E+01 3.99E03 3.34E01 3.15E+00
C Stomach 3.44E+00 6.37E+01 3.27E03 2.74E01 2.58E+00
P Stomach 2.62E+00 8.36E+01 4.30E03 3.59E01 3.39E+00
Swim bladder 6.66E03 3.29E+04 1.69E+00 1.41E+02 1.33E+03
Heart 4.52E01 4.84E+02 2.49E02 2.08E+00 1.96E+01
Brain 6.34E01 3.45E+02 1.78E02 1.49E+00 1.40E+01
Ovaries 2.03E01 1.08E+03 5.55E02 4.64E+00 4.38E+01
Esophagus 9.80E02 2.23E+03 1.15E01 9.61E+00 9.06E+01
Spleen 7.85E02 2.79E+03 1.43E01 1.20E+01 1.13E+02
Kidney 5.70E01 3.84E+02 1.97E02 1.65E+00 1.56E+01
Eye (whole) 2.24E+00 9.77E+01 5.02E03 4.20E01 3.96E+00
Eye Lens 1.12E01 1.96E+03 1.01E01 8.44E+00 7.96E+01
Gills 3.52E+00 6.22E+01 3.20E03 2.68E01 2.52E+00
Bone 2.22E+01 9.84E+00 5.06E04 4.24E02 3.99E01
Muscle 1.74E+02 1.26E+00 6.47E05 5.41E03 5.10E02
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2.1.Stylized model

2. Detailed results for4

2.1.1. MeV per disintegration

TableA3.3: MCNP output, i.e. MeV per disintegration, listed by source organ and radiation type

MeV per disintegration

Organ Thyroid Liver Gl Tract
I-M 0 ™M I-M 0 M Total I-M 0o M I-M 0o ™ Total I-M 0 M I-M 0o M Total
Body 1.95E01 | 1.80E02 | 2.13E01 | 1.01E02 | 2.51E02 | 3.51E02 | 1.95E01 2.59E02 | 2.21E01
Thyroid 3.90E02 | 1.78E04 | 3.92E02 | 1.58E19 | 9.58E08 | 9.58E08 | 0.00E+00| 1.45E08 | 1.59E08
Thryoid (wiole) | 1.06E01 | 6.69E04 | 1.07E01 | 2.32E19 | 4.46E07 | 4.46E07 | 0.00E+00| 1.15E07 | 1.09E07
Liver 3.86E08 | 4.47E05 | 4.47E05 | 1.85E01 | 5.20E03 | 1.90E01 | 3.15E06 1.19E04 | 1.02E04
Gl tract 5.32E08 | 1.12E04 | 1.12E04 | 3.12E05 | 1.37E03 | 1.40E03 | 1.81E01 6.58E03 | 1.87E01
Intestine 6.58E09 | 2.52E05 | 2.52E05 | 2.94E05 | 4.26E04 | 4.55E04 | 6.10E02 1.81E03 | 4.65E02
C Stomach 1.75E08 | 6.04E05 | 6.04E05 | 1.52E06 | 7.40E04 | 7.42E04 | 7.39E02 | 3.04E03 | 4.86E02
P Stomach 2.92E08 | 2.63E05 | 2.63E05 | 2.40E07 | 2.58E04 | 2.58E04 | 4.66E02 1.74E03 | 9.20E02
Swim bladder | 7.69E21 | 9.06E09 | 9.06E09 | 2.13E19 | 3.88E08 | 3.88E08 | 1.83E08 | 7.27E07 | 6.55E07
Heart 2.74E07 | 1.68E04 | 1.68E04 | 5.16E08 | 5.85E05 | 5.85E05 | 8.22E09 | 8.83E06 | 8.05E06
Brain 4.06E08 | 5.98E05 | 5.98E05 | 5.20E09 | 2.04E05 | 2.04E05 | 1.38E09 | 4.87E06 | 4.80E06
Ovaries 0.00E+00| 6.76E07 | 6.76E07 | 5.56E20 | 2.79E06 | 2.79E06 | 5.79E08 | 3.69E05 | 3.87E05
Muscle 8.93E02 | 1.70E02 | 1.06E01 | 1.01E02 | 1.84E02 | 2.85E02 | 1.37E02 1.92E02 | 3.28E02
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2.1.2. Dose conversion factors

TableA3.4: Dose conversion factors as determined by MCNRaugterminedy using mass ratios

DCF by source organ

Ratio of WB:organ DCFs

Organ (UGy d1 per Bq kel) (by source organ)
Thyroid | Liver [ Gl Thyroid | Liver [ Gl
Body 2.95E03 3.04E03  3.06E03 -- -- --
Thyroid 5.41E04 1.32E09 2.01E10 5.44 -- --
Thryoid (wiole) | 1.47E03 6.17E09 1.59E09 2.00 -- --
Liver 6.18E07 2.63E03 1.69E06 -- 1.16 --
Gl tract 1.55E06 1.94E05 2.60E03 -- -- 1.18
Intestine 3.48E07 6.29E06 8.69E04 -- -- 3.52
C Stomach 8.35E07 1.03E05 1.06E03 -- -- 2.87
P Stomach 3.64E07 3.57E06 6.68E04 -- -- 4.58
Swim bladder 1.25E10 5.36E10 1.03E08 -- -- --
Heart 2.32E06 8.09E07 1.22E07 -- -- --
Brain 8.27E07 2.82E07 6.73E08 -- -- --
Ovaries 9.35E09 3.85E08 5.11E07 -- -- --
Muscle 1.47E03 3.93E04  4.54E04 -- -- --
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2.1.3. Cumulative dose and maximum dose rate

TableA3.5: Cumulative 32 day doses and maximum dose rates listed by source organ

Cumulative dose (uGy) Maximum dose rate (UGy )l
Organ by source organ by source organ

Thyroid | Liver Gl Total Thyroid [ Liver Gl Overall
Body 7.55E01 1.30E+00 1.29E+02| 1.37E+02 | 2.89E02 3.15E01 5.01E+00| 5.35E+00
Thyroid 1.23E+04 3.15E01  7.50E01 1.23E+04 | 4.72E+02 1.22E02 2.92E02 | 4.72E+02
Thyroid (whole) | 8.87E+03 3.87E01 1.57E+00| 8.87E+03 | 3.40E+02 1.50E02 6.12E02 3.40E+02
Liver 4.29E02 1.90E+03 1.92E+01| 1.92E+03 | 1.64E03 7.37E+01 7.49E01 7.44E+01
Gl tract 9.44E03 1.24E+00 2.60E+03| 2.60E+03 | 3.61E04 4.78E02 1.01E+02| 1.01E+02
Intestine 6.33E03 1.20E+00 2.59E+03| 2.60E+03 | 2.42E04  4.63E02 1.01E+02| 1.01E+02
C Stomach 1.28E02 1.64E+00 2.67E+03| 2.67E+03 | 4.90E04  6.34E02 1.04E+02| 1.04E+02
P Stomach 8.33E03 8.53E01 2.51E+03| 2.51E+03 | 3.19E04  3.30E02 9.78E+01| 9.78E+01
Swim bladder 1.03E03 4.60E02 1.39E+01| 1.39E+01 | 3.94E05 1.78E03 5.41E01 5.43E01
Heart 3.59E01 1.30E+00 3.09E+00| 4.75E+00 | 1.37E02  5.04E02 1.20E01 1.85E01
Brain 8.67E02 3.0801 1.16E+00| 1.55E+00| 3.32E03  1.19E02 4.51E02 6.03E02
Ovaries 2.53E03 1.09E01 2.27E+01| 2.28E+01 | 9.68E05 4.20E03 8.83E01 8.87E01
Muscle 4.29E01 1.20E+00 2.17E+01| 2.34E+01 | 1.64E02 4.63E02 8.47E01 9.10E01
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Figure B.1: Cumulative 32 day dose received frothin the thyroid, radiation dose shown on a log
scale
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Figure A8.2: Cumulative 32 day dose received frothin the thyroid, radiation dose shown on a log
scale
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Figure A.3: Cumulative 32 day dose received frothin the thyroid, ragation dose shown on a log
scale
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FigureA3.4: Cumulative 32 day dose received frothto all nonsource organs, radiation dose shown on
a linear scale
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2.2.Voxel model

2.2.1. MeV per disintegration

TableA3.6: MCNP output, i.e. MeV per disintegration, listed by source organ and radiation type

MeV per disintegration by source organ and decay isotope/type

Organ Thyroid Liver Gl Tract
I-M 0o M I-M 0o ™M Total -M 0o ™M -M 0o ™M Total I-M o M I-Mm o ™M Total

Body 1.95E01 2.90E02 2.24E01 | 1.95E01  3.45E02 2.30E01 | 1.95E01 3.22E02 2.27E01
Thyroid (epi) 1.07E01 481E04 1.08E01 | 1.09E19  7.12E07 7.12E07 | 1.94E20 2.70E07 2.70EQ7
Thryoid (whl) 1.35E01 8.81E04  1.36E01 | 4.48E19 1.94E06 1.94E06 | 1.69E19  7.59E07 7.59E07
Liver 1.44E07 145604 1.45E04 | 1.81E01 5.33E03 1.87E01 | 1.22E04  3.32E04 4.54E04
Gl tract 4.48E07 4.99E04  4.99E04 | 1.24E03  3.24E03 4.48E03 | 1.71E01  7.95E03 1.79E01

Intestine 7.11E08 8.42E05  8.42E05 | 5.85E07 4.19E04 4.19E04 | 5.67E02 1.96E03 5.87E02

C Stomach 9.72E08 1.50E04 1.50E04 | 5.09E05 9.96E04 1.05E03 | 5.80E02 3.40E03 6.14E02

P Stomach 2.34E07 2.35E04  2.35E04 | 9.28E04 1.70E03 2.62E03 | 5.64E02 2.57E03 5.90E02
Swim bladder 1.56E17 8.94E08 8.94E08 | 4.54E17 2.38E07 2.38E07 | 1.61E05 1.56E06 1.76E05
Heart 7.87E06 5.61E04 5.69E04 | 3.28E07 1.88E04 1.88E04 | 4.68E08 4.59E05 4.60E05
Brain 4.86E08 8.89E05  8.90E05 | 3.96E08  4.99E05 4.99E05 | 2.67E09 2.00E05 2.00E05
Ovaries 3.50E10 3.29E06  3.29E06 | 3.19E09 9.89E06 9.89E06 | 1.24E04 6.05E05 1.85E04
Eophagus 4.58E08 2.89E05 2.89E05 | 2.63E04  1.30E04 3.93E04 | 5.64E06 1.94E05 2.50E05
Spleen 5.43E19 1.44E06 1.44E06 | 4.01E09 4.05E06 4.05E06 | 7.69E05 3.67E05 1.14E04
Kidney 1.03E08 1.10E05 1.10EO5 | 2.71E08 2.80E05 2.80EO05 | 7.09E05 1.09E04 1.80E04
Eye (whole) 1.86E07 3.51E04 3.51E04 | 9.27E08 1.23E04 1.23E04 | 2.32E08 5.23E05 5.24E05
Eye Lens 4.53E09 1.66E05 1.67EO05 | 3.16E09 5.88E06 5.88E06 | 5.92E10 2.85E06 2.85E06
Gills 3.06E06 2.19E03  2.19E03 | 5.77E07 6.94E04 6.95E04 | 1.60E07 2.10E04 2.10E04
Bone 6.84E03 6.11E03  1.30E02 | 1.68E05 3.33203 3.35E03 | 2.45E04 2.48E03 2.73E03
Muscle 5.34E02 1.81E02  7.16E02 | 1.25E02  2.15E02 3.41E02 | 2.35E02 2.09E02 4.43E02
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2.2.2. Dose conversion factors

Table 8.7: Dose conversion factors as determined by MCNP and by using mass ratios

Organ DCF by source organ (uGyper Bq kd) Ratio of WB:organ DCF by source org
Thyroid Liver \ Gl Thyroid Liver Gl
Body 3.10E03 3.18E03 3.14E03 - -- --
Thyroid 1.49E03 9.85E09 3.74E09 2.08 -- --
Thryoid (whl) 1.88E03 2.68E08 1.05E08 1.65 - --
Liver 2.01E06 2.58E03 6.28E06 - 1.23 --
Gl tract 6.90E06 6.20E05 2.48E03 - - 1.27
Intestine 1.16E06 5.80E06 8.11E04 - - 3.88
C Stomach 2.08E06 1.45E05 8.49E04 - - 3.70
P Stomach 3.25E06 3.63E05 8.16E04 - - 3.85
Swim bladder 1.24E09 3.29E09 2.44E07 - - -
Heart 7.87E06 2.60E06 6.36E07 - - -
Brain 1.23E06 6.90E07 2.76E07 - - -
Ovaries 4.54E08 1.37E07 2.56E06 - - -
Espophagus 4.00E07 5.43E06 3.46E07 -- --
Spleen 1.99E08 5.60E08 1.57E06 - - -
Kidney 1.53E07 3.87E07 2.49E06 - -- --
Eye (whole) 4.86E06 1.70E06 7.24E07 - - -
Eye Lens 2.30E07 8.13E08 3.93E08 -- -- --
Gills 3.03E05 9.60E06 2.91E06 - -- --
Bone 1.79E04 4.62E05 3.77E05 - -- --
Muscle 9.89E04 4.71E04 6.13E04 -- - --
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2.2.3. Cumulativedose and maximum dose rate

Table 8.8: Cumulative 32 day doses and maximum dose rates listed by source organ

Organ Cumulative dose (UGy), by source organ Maximum dose rate (UGy™), by source organ
Thyroid Liver ‘ Gl Total Thyroid Liver | Gl Total

Body 9.58E01 9.90E+00 1.28E+02 1.39E+02 | 3.67E02 3.83E01 4.97E+00 | 5.39E+00
Thyroid 1.63E+04 1.08E+00 5.37E+00 1.63E+04 | 6.23E+02 4.20E02 2.09E01 6.23E+02
Thyroid (whole) 1.13E+04 1.62E+00 8.29E+00 1.13E+04 | 4.32E+02 6.28E02 3.23E01 4.33E+02
Liver 1.44E01 1.87E+03 5.93E+01 1.93E+03 | 5.53E03 7.23E+01 2.31E+00| 7.46E+01
Gl tract 5.26E02 4.76E+00 2.48E+03 2.48E+03 | 2.01E03 1.84E01 9.66E+01 | 9.67E+01
Intestine 2.79E02 1.40E+00 2.55E+03 2.56E+03 | 1.07E03 5.42E02 9.95E+01 | 9.96E+01
C Stomach 4.10E02 2.87E+00 2.19E+03 2.20E+03 | 1.57E03 1.11E01 8.55E+01 | 8.56E+01
P Stomach 8.41E02 9.45E+00 2.77E+03 2.78E+03 | 3.22E03 3.65E01 1.08E+02 | 1.08E+02
Swim bladder 1.26E02 3.37E01 3.25E+02 3.26E+02 | 4.81E04 1.30E02 1.27E+01 | 1.27E+01
Heart 1.18E+00 3.92E+00 1.25E+01 1.76E+01 4.51E02 1.52E01 4.87E01 6.83E01
Brain 1.31E01 7.42E01 3.88E+00 4.75E+00 | 5.03E03 2.87E02 1.51E01 1.85E01
Ovaries 1.52E02 4.60E01 1.12E+02 1.13E+02 5.81E04 1.78E02 4.36E+00 | 4.38E+00
E®phagus 2.76E01 3.78E+01 3.14E+01 6.94E+01 1.06E02 1.46E+00 1.22E+00| 2.69E+00
Spleen 1.72E02 4.87E01 1.78E+02 1.79E+02 6.59E04 1.88E02 6.93E+00 | 6.95E+00
Kidney 1.81E02 4.63E01 3.88E+01 3.93E+01 6.95E04 1.79E02 1.51E+00 | 1.53E+00
Eye(whole) 1.47E01 5.17E01 2.87E+00 3.54E+00 5.61E03 2.00E02 1.12E01 1.37E01
Eye Lens 1.40E01 4.97E01 3.13E+00 3.77E+00 5.35E03 1.92E02 1.22E01 1.47E01
Gills 5.83E01 1.86E+00 7.35E+00 9.80E+00 | 2.23E02 7.20E02 2.86E01 3.81E01
Bone 5.45E01 1.42E+00 1.51E+01 1.70E+01 2.09E02 5.49E02 5.87E01 6.63E01
Muscle 3.85E01 1.85E+00 3.13E+01 3.35E+01 1.47E02 7.14E02 1.22E+00 | 1.31E+00
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FigureA3.5: Cumulative 32 day dose received frothin the thyroid, radiation dose shown on a log
scale
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FigureA3.6: Cumulative 32 day dose received frothin the liver, radiation dose shown on a log scale
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2.3.Comparison of stylized and voxel modedsults

2.3.1. Dose conversion factors

Comparison of DCF fé#1 in the thyroid
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Figure 8.9: Comparison of DCF f3H in the thyroid, determined by the stylized model @8UTROUT
DCF is shown on a log scale
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1.0E-01

O Stylized
0 ACSUTROUT

1.0E-02

1.0E-03-

1.0E-04-

ob
>

1.0E-05-

1.0E-06-

ob

1.0E-07 - A
0]

1.0E-08- A

1.0E-09 —O . . . . . . . .

Dose Conversion Factor (uGY der Bq kgd')

Figure 8.10: Comparison of DCF fdl in theliver, determined by the stylized model aB8UTROYUT
DCF is shown on a log scale
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Comparison of DCF fé#4 in the Gl tract
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Figure 8.11: Comparison of DCF fd#l in the Gl tract, determined by the stylized model @SUTROYT
DCF is shown on a log scale

2.3.1. Cumulative 32 day dose
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FigureA3.12: Comparison afumulative 32 dayadiation dose received from the thyroid, determined by
the stylized model an@SUTROUTadiation dose is shown on a log scale

146



Comparison or radiation dose from the liver
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FigureA3.13. Comparison of radiation dose received from the thyroid, detexdhby the stylized model
and CSUTROUTadiation dose is shown on a log scale
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FigureA3.14: Comparison of radiation dose received from@&idract determined by the stylized model
and CSUTROUTadiation dose is shown on a log scale
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Comparison of total radiation dose
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3. Detailed results for®*®Mo and**™T¢
3.1.Stylized model
3.1.1. MeV per disintegration

TableA3.9: MCNP output, i.e. MeV per disintegration, listed by source organ and radiation type

MeV per disintegration by source organd decay isotope/type
Organ Liver Gl Tract
Pa2 | ®az2 4 Total®*™Mo | T a2 1 ®az2 1| Tota*™™Mo | *"Tc
Body 4.04E01  3.25E02 | 4.36E01 7.85E03 | 4.07E01 3.36E02 | 4.40E01 | 8.13E03
Thyroid 3.13E19 1.28E07 | 1.28E07 | 2.77E08 | 1.01E19 2.60E08 | 2.60E08 | 6.96E09
Thryoid (whole) | 4.61E19  5.46E07 | 5.46E07 1.28E07 | 1.38E19 1.32E07 1.32E07 | 2.05E08
Liver 3.46E01  6.29E03 | 3.52E01 1.66E03 | 7.64E05 1.61E04 | 2.37E04 | 3.76E05
Gl tract 8.91E04  1.82E03 | 2.71E03 | 4.29E04 | 3.31E01 8.14E03 | 3.39E01 | 2.10E03
Intestine 7.07E04 5.57E04 1.26E03 1.34E04 1.09E01 2.20E03 1.11E01 5.81E04
C Stomach 1.84E04 9.86E04 1.17E03 2.30E04 1.40E01 3.77E03 1.43E01 9.63E04
P Stomach 6.73E07 2.79E04 | 2.80E04 | 6.50E05 | 8.26E02 2.17E03 | 8.47E02 | 5.56E04
Swim bladder 8.76E19  7.63E08 | 7.63E08 | 8.46E09 | 1.93E06 1.04E06 | 2.97E06 | 2.39E07
Heart 1.83E07 1.76E05 1.78E05 1.84E05 1.88E08 1.20E05 1.20E05 2.57E06
Brain 4.34E08  2.79E05 | 2.79E05 | 6.09E06 | 6.98E09 6.84E06 | 6.85E06 | 1.28E06
Ovaries 9.12E09  3.21E06 | 3.22E06 | 6.98E07 | 1.00E06 4.86E05 | 4.96E05 | 1.20E05
Muscle 5.69E02  2.43E02 | 8.12E02 | 5.74E03 | 7.61E02 2.52E02 1.01E01 | 5.98E03
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3.1.2. Dose conversion factors

TableA3.10: Dose conversion factors as determined by MCNP and by using mass ratios

DCF by source organ
(UGy d per Bq kg)

Ratio of WB:organ DCFs

(by source organ)

Organ %Mo 99T B o oomT
Liver Gl Liver Gl Liver Gl Liver Gl
Body 6.03E03  6.09E03 | 1.09E04  1.12E04 -- -- -- --
Thyroid (epi) | 1.77E09  3.59E10 | 3.83E10  9.62El1l - - - -
Thryoid (whl) 7.54E09 1.82E09 | 1.77E09 2.83E10 -- -- -- --
Liver 4.87E03 3.28E06 | 2.30E05 5.19E07 1.24 -- 4.72 --
Gl tract 3.75E05 4.68E03 | 5.93E06 2.90E05 -- 1.30 -- 3.87
Intestine 1.75E05 1.53E03 | 1.85E06 8.03E06 -- 3.98 -- 14.0
C Stomach 2.55E06 1.98E03 | 3.18E06 1.33E05 -- 3.07 -- 8.44
P Stomach 3.87E06 1.17E03 | 8.99E07 7.68E06 -- 5.20 -- 14.6
Swim bladder 1.06E09 4.10E08 | 1.17E10 3.30E09 -- -- -- --
Heart 2.46E07 1.66E07 | 2.55E07 3.55E08 -- -- -- --
Brain 3.86E07 9.47E08 | 8.42E08 1.76E08 -- -- -- --
Ovaries 4.45E08 6.85E07 | 9.65E09 1.66E07 -- -- -- --
Muscle 1.12E03 1.40E03 | 7.93E05 8.26E05 -- -- -- --
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3.1.3. Cumulative 14 day radiation doses

TableA3.11: Cumulative 14 day doses listed by source organ radionuclide

Cumulativel4 dayradiationdose(uGy)

Organ “Mo 9mTe Total
Liver Gltract | *Mo Total Liver Gl tract ¥™T¢ Total Liver Gl Overall
Body 5.14E+00 5.15E+01| 5.66E+01 | 8.83E02 9.06E01 9.95E01 5.23E+00 5.24E+01| 5.76E+01
Thyroid 1.34E01 2.70E01 4.04E01 2.77E02 6.90E02 9.66E02 1.62E01 3.39E01 5.00E01
Thryoid (wiole) | 1.51E01 3.61E01 5.12E01 3.38E02 5.36E02 8.74E02 1.85E01 4.15E01 6.00E01
Liver 1.12E+03 7.50E+00| 1.13E+03 | 5.06E+00 1.13E+00 6.20E+00 1.13E+03 8.64E+00 | 1.14E+03
Gl tract 7.61E01 9.43E+02| 9.44E+02 | 1.15E01 5.57E+00 5.69E+00 8.76E01 9.49E+02 | 9.49E+02
Intestine 1.06E+00 9.20E+02| 9.21E+02 | 1.07EO1 4.60E+00 4. 71E+00 1.16E+00 9.25E+02 | 9.26E+02
C Stomach 1.30E01 1.00E+03| 1.00E+03 | 1.54E01 6.42E+00 6.57E+00 2.84E01 1.01E+03| 1.01E+03
P Stomach 2.95E01 8.85E+02| 8.86E+02 | 6.54E02 5.54E+00 5.61E+00 3.60E01 8.91E+02| 8.91E+02
Swim bladder 2.88E02 1.11E+01| 1.12E+01 | 3.05E03 8.54E01 8.57E01 3.19:02 1.20E+01| 1.20E+01
Heart 1.26E01 8.46E01 9.72E01 1.25E01 1.73E01 2.97E01 2.51E01 1.02E+00 | 1.27E+00
Brain 1.34E01 3.27E01 4.62E01 2.80E02 5.82E02 8.62E02 1.62E01 3.86E01 5.48E01
Ovaries 4.00E02 6.11E+00| 6.15E+00 | 8.27E03 1.42E+00 1.42E+00 483E02 7.53E+00| 7.58E+00
Muscle 1.09E+00 1.35E+01| 1.46E+01 | 7.34E02 7.59E01 8.33E01 1.16E+00 1.42E+01 | 1.54E+01
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3.1.4. Maximum dose rats

Table 8.12: Maximum dose rates, listl by source organ and radionuclide

Maximum dose rate (LGy-1)

Orgartissue LiverggMo i iver ggTrC G Liver Total | Gl Total Overall
Body 3.91E01 3.99E+0Q0 6.79E03 7.11E02 3.98E01 4.06E+00| 4.46E+00
Thyroid 1.02E02 2.09E02 | 2.13E03 5.41E03 1.23E02 2.63E02 | 3.86E02
Thryoid (wiole) 1.15E02 2.80E02 | 2.60E03 4.20E03 1.41E02 3.22E02 | 4.63E02
Liver 8.55E+01 5.81E01 | 3.90E01 8.89E02 8.59E+01 6.70E01 | 8.66E+01
Gl tract 5.79e02 7.31E+01 8.84E03 4.37E01 6.67E02 7.35E+01| 7.36E+01

Intestine 8.05E02 7.13E+01 8.24E03 3.61E01 8.87E02 7.16E+01| 7.17E+01

C Stomach 9.88E03 7.75E+01 1.19E02 5.03E01 2.18E02 7.80E+01| 7.81E+01

P Stomach 2.24E02 6.86E+01 5.03E03 4.34E01 2.75E02 6.90E+01| 6.91E+01
Swim bladder 2.19E03 8.62E01 | 2.35E04 6.70E02 2.43E03 9.29E01 | 9.31E01
Heart 9.61E03 6.56E02 | 9.59E03 1.35E02 1.92E02 7.91E02 9.83E02
Brain 1.02E02 2.54E02 | 2.15E03 4.56E03 1.24E02 2.99E02 | 4.23E02
Ovaries 3.04E03 4.74E01 | 6.37E04 1.11EO01 3.68E03 5.85E01 | 5.88EO01
Muscle 8.29E02 9.19E02 | 5.65E03 5.95E02 8.85E02 1.51E01 | 2.40E01
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Figure 8.16. Cumulative 14 day radiation dose calculated by the stylized phantom; radiation dose
shown on a log scale, witfivio and®*™Tc reordere¢ompared toFigure3.8.
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Figure 8.17: Cumulative 14 day radiation dose calculated by the stylized phantom; radiation dose
shown on a linear scale f&iMo only.
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Figure 8.18: Cumuldéive 14 day radiation dose calculated by the stylized phantom; radiation dose
shown on a linear scale f&F'Tc only
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Figure 8.19: Cumulative 14 day radiation dose calculated by the stylized phamé&atation dose
shown on a logcale for*"Tc only
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Figure 8.20: Cumulative 14 day radiation dose calculated by the stylized model; radiation dose shown
on a linear scale fo"™Tc onlyexcluding major souraergans
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3.2. Voxelmodel
3.2.1. MeV per dsintegration

Table 8.13: MCNP output, i.e. MeV per disintegration, listed by source organ and radiation type

MeV per disintegration by source organ and decay isotope/type
Organ Liver Gl tract
P2 i “Mo 4 Total*Mo 9T e a2 I Faz2 1| Total®Mo Y
Body 4.07E01 4.43E02 4.51E01 1.27E02 4.07E01 4.11E02 4.48E01 1.18E02
Thyroid (epi) 2.40E10 8.70E07 8.71E07 2.70E07 1.62E10 2.17E07 2.17E07 9.04E08
Thryoid (whl) 6.33E09 2.40E06 2.41E06 6.81E07 1.77E09 7.65E07 7.67E07 2.83E07
Liver 3.39E01 6.51E03 3.45E01 1.72E03 8.25E04 4.31E04 1.26E03 1.12E04
Gl tract 8.16E03 4.20E03 1.24E02 1.09E03 3.14E01 9.92E03 3.24E01 2.60E03
Intestine 1.40E05 5.38E04 5.52E04 1.47E04 1.01E01 2.41E03 1.04E01 6.45E04
C Stomach 9.39E04 1.29E03 2.23E03 3.40E04 1.10E01 4.28E03 1.14E01 1.11E03
P Stomach 5.78E03 2.20E03 7.98E03 5.62E04 1.03E01 3.19E03 1.06E01 8.42E04
Swim bladder | 2.19E16 2.89E07 2.89E07 8.87E08 3.99E05 2.04E06 4.19E05 5.17E07
Heart 8.38E07 2.44E04 2.44E04 6.50E05 1.23E07 5.79E05 5.80E05 1.70E05
Brain 1.01E07 6.48E05 6.49E05 1.85E05 2.36E08 2.48E05 2.48E05 7.95E06
Ovaries 2.99E08 1.26E05 1.27E05 3.82E06 6.42E04 7.76E05 7.20E04 2.01E05
Espophagus 1.43E03 1.68E04 1.59E03 4.11E05 2.49E05 2.54E05 5.03E05 6.80E06
Spleen 6.65E09 5.04E06 5.05E06 1.63E06 3.93E04 4.85E05 4.42E04 1.19E05
Kidney 1.13E07 3.63E05 3.64E05 1.06E05 6.79E04 1.43E04 8.21E04 3.76E05
Eye (whole) 3.10E07 1.55E04 1.55E04 4.70E05 1.16E07 6.48E05 6.49E05 2.08E05
Eye Lens 1.47E08 7.63E06 7.64E06 2.41E06 4.69E09 3.29E06 3.29E06 1.01E06
Gills 2.50E06 8.99E04 9.01E04 2.46E04 5.59E07 2.71E04 2.71E04 7.87E05
Bone 2.79E04 4.30E03 4.57E03 1.92E03 2.89E03 3.19E03 6.08E03 1.48E03
Muscle 5.99E02 2.79E02 8.77E02 7.54E03 8.75E02 2.69E02 1.14E01 7.37E03
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3.2.2. Dose conversion factors

Table 8.14: Dose conversion factors as determined by MCNP and by usingatiass

DCF by source organ (uGyper Bq kdf) Ratio of WB:organ DCF by source organ
Organ Liver Gl tract Mo-99 Gl tract
Mo-99 Tc99m Mo-99 Tc99m Liver Gl Tract Liver Gl Tract

Body 6.24E03 1.75E04 6.20E03 1.63E04 -- -- -- --
Thyroid (epi) 1.20E08 3.73E09 3.00E09 1.25E09 -- - - --
Thryoid (whl) 3.33E08 9.41E09 1.06E08 3.91E09 -- - - --
Liver 4.77E03 2.38E05 1.74E05 1.55E06 1.31 -- 7.35 --
Gl tract 1.71E04 1.51E05 4.48E03 3.60E05 -- 1.38 -- 4.52

Intestine 7.63E06 2.03E06 1.44E03 8.91E06 -- 4.32 -- 18.24

C Stomach 9.29E05 4.70E06 1.58E03 1.53E05 -- 3.92 -- 10.60

P Stomach 1.10E04 7.76E06 1.46E03 1.16E05 -- 4.23 -- 13.96
Swim bladder 4.00E09 1.23E09 5.80E07 7.14E09 -- -- -- --
Heart 3.38E06 8.98E07 8.02E07 2.35E07 - - - --
Brain 8.97E07 2.56E07 3.43E07 1.10E07 - - - --
Ovaries 1.75E07 5.28E08 9.95E06 2.77EQ07 - - - --
Espophagus 2.20E05 5.68E07 6.95E07 9.39E08 -- -- - --
Spleen 6.98E08 2.26E08 6.11E06 1.65E07 - - -- --
Kidney 5.03E07 1.47E07 1.14E05 5.20E07 . -- -- --
Eye (whole) 2.14E06 6.49E07 8.97E07 2.88E07 - - - -
Eye Lens 1.06E07 3.33E08 4.55E08 1.39E08 -- - - --
Gills 1.25E05 3.40E06 3.75E06 1.09E06 - - - -
Bone 6.32E05 2.66E05 8.41E05 2.04E05 - - - -
Muscle 1.21E03 1.04E04 1.58E03 1.02E04 - - - -
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3.2.3. Cumulativel4 day radiation doses

Table 8.15. Cumulative 14 day doses listed by source organ radionuclide

Cumulative 14 day dose (UGy), by source organ

Organ “Mo 9T Total
Liver Gl Total**Mo Liver Gl Total**™Tc Liver Gl Overall
Body 6.19E+00 5.06E+01 | 5.68E+01 1.66E01 1.27E+00 1.43E+00 6.36E+00 5.19E+01 5.82E+01

Thyroid (epi) 4.22E01 8.67E01 1.29E+00 | 1.25E01 3.44E01 4.69E01 547E01 1.21E+00 1.76E+00
Thryoid (whl) 6.42E01 1.68E+00 | 2.33E+00| 1.73E01 5.93E01 7.66E01 8.16E01 2.28E+00 3.09E+00

Liver 1.10E+03 3.30E+01 | 1.13E+03 | 5.25E+00 2.80E+00 8.05E+00 1.11E+03 3.58E+01 1.14E+03
Gl tract 4.18E+00 9.02E+02| 9.07E+02 | 3.52E01 6.91E+00 7.26E+00 | 4.54E+00 9.09E+02 9.14E+02
Intestine 5.88E01 9.10E+02 | 9.10E+02 | 1.49E01 5.39E+00 5.54E+00 7.37E01 9.15E+02 9.16E+02

C Stomach 5.87E+00 8.22E+02 | 8.28E+02 | 2.83EO1 7.61E+00 7.89E+00 | 6.16E+00 8.30E+02 8.36E+02
P Stomach 9.16E+00 1.00E+03| 1.01E+03 | 6.15E01 7.58E+00 8.20E+00 | 9.77E+00 1.01E+03 1.02E+03
Swim bladder | 1.30E01  1.55E+02 | 1.56E+02 | 3.82E02 1.83E+00 1.87E+00 | 1.68E01 1.57E+02 1.57E+02

Heart 1.62E+00 3.17E+00| 4.79E+00| 4.12EO1 8.85E01 1.30E+00 | 2.04E+00 4.05E+00 6.09E+00
Brain 3.08E01 9.66E01 1.27E+00 | 8.38E02 2.96E01 3.80E01 3.91E01 1.26E+00 1.65E+00
Ovaries 1.88E01 8.78E+01 | 8.79E+01 | 5.40E02 2.33E+00 2.39E+00 | 2.42E01 9.01E+01 9.03E+01
Esophagus 4.89E+01 1.27E+01| 6.15E+01| 1.20E+00 1.63E+00 2.84E+00 | 5.01E+01 1.43E+01 6.44E+01
Spleen 1.93E01 1.39E+02 | 1.39E+02 | 5.96E02 3.59E+00 3.65E+00 | 2.53E01 1.43E+02 1.43E+02
Kidney 1.92E01 3.56E+01 | 3.58E+01| 5.35E02 1.56E+00 1.61E+00 | 2.45E01 3.72E+01 3.74E+01
Eye (whole) 2.08E01 7.15E01 9.23E01 6.01E02 2.19E01 2.79E01 2.68E01 9.34E01 1.20E+00
Eye Lens 2.06E01 7.29E01 9.35E01 6.18E02 2.12E01 2.74E01 2.68E01 9.42E01 1.21E+00
Gills 7.70E01  1.91E+00| 2.68E+00| 2.00E01 5.28E01 7.28E01 9.70E01 2.43E+00 3.41E+00
Bone 6.18E01 6.76E+00 | 7.38E+00| 2.48E01 1.57E+00 1.82E+00 | 8.66E01 8.33E+00 9.19E+00
Muscle 1.52E+00 1.62E+01| 1.78E+01| 1.24EO01 9.99E01 1.12E+00 | 1.64E+00 1.72E+01 1.89E+01
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FigureA3.22: Cumulative 14 day radiation dose calculatedd8JJTROUadiation dose shown on a log
scale, with"Mo and®*™Tc reordere¢ompared toFigure3.11in text
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FigureA3.23: Cumulative 14 day radiation dose calculatedd8JTROadiation dose shown on a
linear scale fof°Mo only.
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FigureA3.24: Cumulative 14 day radiation dose calculatedd8JUTROU/Tadiation dose shown on a
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FigureA3.25: Cumulative 14 day radiation dose calculatedCIBUTROfadiationdose shown on a log
scale for*™Tc only
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3.2.4. Maximum dose rats

Table 8.16: Maximum dose rates, listl by source organ and radionuclide

Maximum dose rate (uGy %, by source organ

Organ *Mo ®mTe _
: 59 : 59 Liver Total| Gl Total Overall
Liver Gl Total”Mo Liver Gl Total™ Tc
Body 4.71E01 3.92E+00| 4.39E+00 | 1.28E02 9.93E02 1.12E01 4.84E01 4.02E+00 | 4.50E+00

Thyroid (epi) 3.21E02 6.72E02 9.93E02 9.60E03 2.70E02 3.66E02 4.17E02 9.42E02 1.36E01
Thryoid (vil) 4.89E02 1.30E01 1.79E01 1.33E02 4.65E02 5.98E02 6.22E02 1.77E01 2.39E01

Liver 8.38E+01 2.55E+00| 8.63E+01 | 4.04E01 2.19E01 6.23E01 8.42E+01 2.77E+00 | 8.70E+01
Gl tract 3.18E01 6.99E+01| 7.02E+01 | 2.71E02 5.42E01 5.69E01 3.45E01 7.05E+01 | 7.08E+01
Intestine 44702 7.05E+01| 7.05E+01 | 1.15E02 4.22E01 4.34E01 5.62E02 7.09E+01 | 7.09E+01

C Stomah 447601 6.37E+01| 6.41E+01 | 2.18E02 5.96E01 6.18E01 4.69E01 6.43E+01 | 6.47E+01
P Stomach 6.97E01 7.74E+01| 7.81E+01 | 4.73E02 5.94E01 6.42E01 7.44E01 7.80E+01 | 7.88E+01
Swim bladder | 9.91E03 1.20E+01| 1.21E+01 | 2.94E03 1.43E01 1.46E01 1.29E02 1.22E+01 | 1.22E+01

Heart 12301 2.45E01 | 3.69E01 | 3.17E02 6.94E02 | 1.01E01 | 1.55E01  3.15E01 | 4.70EO1
Brain 2.34E02 7.49E02 | 9.83E02 | 6.45E03  2.32E02 | 2.96E02 | 2.98E02  9.81E02 | 1.28E01
Ovaries 143E02 6.80E+00| 6.81E+00 | 4.16E03  1.83E01 | 1.87E01 | 1.84E02  6.98E+00| 7.00E+00
Esophagus | 3.72E+00 9.82E01 | 4.70E+00 | 9.25E02  1.28E01 | 2.21E01 | 3.81E+00 1.11E+00 | 4.92E+00
Spleen 1.47E02 1.08E+01| 1.08E+01 | 4.59E03  2.81E01 | 2.86E01 | 1.93E02  1.11E+01| 1.11E+01
Kidney 1.46E02 2.76E+00| 2.77E+00 | 4.12E03  1.22E01 | 1.26E01 | 1.87E02  2.88E+00| 2.90E+00
Eye (wile) 1.58E02 5.54E02 | 7.12E02 | 4.62E03  1.72E02 | 2.18E02 | 2.04E02  7.26E02 | 9.30E02
Eye Lens 1.57E02 5.65E02 | 7.22E02 | 4.76E03  1.66E02 | 2.14E02 | 2.04E02  7.32E02 | 9.36E02
Gills 586E02 1.48E01 | 2.06E01 | 1.54E02 4.14E02 | 5.68E02 | 7.40E02  1.89E01 | 2.63E01
Bone 4.70E02 5.24E01 | 5.71E01 | 1.91E02 1.23E01 | 1.42E01 | 6.61E02  6.47E01 | 7.13E01
Muscle 1.15E01 3.16E04 | 1.16E01 | 9.56E03  7.83E02 | 8.79E02 | 1.25E01  7.86E02 | 2.03EO1
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3.3. Comparisorof stylized and voxel model results

3.3.1. Dose conversion factors

Comparison of DCF f@8Mo in the liver
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Figure /8.28: Comparison of DCF f8Mo inthe liver, determined by the stylized model &88UTROYT
DCF is shown on a log scale

Comparison of DCF f@#Mo in the Gl tract
__ 1E-01
2
= 1.E-02 - % *
-~ 1E-03- ¥ * X *
-
> 1.E-04 -
S
2 1E-05- X X
S +
S 1.E-06- X +
L + X
c 1E-07- >
D
3 1.E-08 % + Stylized
& 1E-09- X CSUTROUT
o +
% 1-E-10 T T T T T T T T T T
o
a N O & & <& oy o & N & e
V) \o \A K’b XM 2 2 Q/rb K’b O {_)(;
? & N ¢ \6&% (_,"}(0 Q‘o"éo < ° S W

Figure 8.29: Comparison of DCF f8Mo in the Gl tract, determined by the stylized model and
CSUTROUDCEF is showan a log scale
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Comparison of DCF fé#™Tc in the liver
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Figure 8.30: Comparison of DCF f8fTc in the liver, determined by the stylized model @SUTROUT
DCF is shown on a log scale
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Figure 8.31: Comparison of DCF f8¥Tc in the Gl tract, determined by the stylized model and
CSUTROUDCEF is shown on a log scale
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3.3.2. Cumulative 14 day doses

Comparison of radiation dose froffMo in the liver
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Figure 8.32: Comparison of cumulative 14 day radiation dose received fidmin the liver,
determined by the stylized model aBSUTROYTadiation dose is shown on a log scale.
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Figure &8.33: Comparison of cumulat 14 day radiation dose received froo in the Gl tract,
determined by the stylized model a@BSUTROUadiation dose is shown on a log scale
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Comparison of radiation dose froP™Tc in the liver
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Figure 8.34: Comparison of cumulative 14 day radiatiarsd received frorff"Tc in the liver,
determined by the stylized model a@BSUTROUWTadiation dose is shown on a log scale
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Figure 8.35. Comparison of cumulative 14 day radiation dose received¥f®Fa in the Gl tract,
determined by the stylized model aGBSUTROYTadiation dose is shown on a log scale
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Comparison of total radiation dose
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Figure 8.36: Comparison of cumulative 14 day radiation dose receiveddibsourcesdetermined by
the stylized model an@SUTROUTadiation dose is shown on a log scale

167



PART 2: ASSESSING THE USE OF REFLECTANCE SPECTROSCOPY INBEINERMINOR®E

STRESS IN THE MODEL SPEHRAHBOPSIS THALIANND LTHIUM CHLORIBERESS ACROSS THREE

ADDITIONAL PLANT SPECIES
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EXECUTIVE SUMMARY

Reflectance spectroscopy is a rapid and-destructive analytical technique that may be used
for assessing plant stress and has potential applicationsiferin remediation. Changes in reflectance
such as that due to metal stress may occur before damage is visible, and existing studies have shown
that metal stress does cause changes in plant reflectaridee studiesherein further investigate the
potential use of reflectance spectroscopy as a method for assessing metal stress in plants

In the first study Arabidopsis thalianglants were treated twice weekly in a laboratory setting
with varying levels (0 mM, 0.5 mM, or 5 mM) of cesium chloride (CdGtjosn and reflectance spectra
were collected every week for three weeks using an ASD FieldSpeSpRotroradiometer witha
contact probe and a field of view probe at 36.8 and 66.7 cm above the plant. As metal stress is known
to mimic drought stress, phts were harvested each week after spectra collection for determination of
relative water content and chlorophyll content. A visual assessment of the plants was also conducted
using point observations on a uniform grid of 81 points. Awvay ANOVAs wengerformed on selected
vegetation indices (VI) to determine the significance of the effects of treatment level and length of
treatment. Linear regression was used to relate the most appropriate vegetation indices to the
aforementioned endpoints and to corape results provided by the three different spectra collection
techniques. Onevay ANOVAs were performed on selected VI at each time point to determine which, if
any, indices offered a significant prediction of the overall extent of Cs toxicity.

Of the 4 vegetation indices considered, the two most significant were the slope at the red edge
position (SREP) and the ratio of reflectance at 950 nm to the reflectance at 75Q43R-(R. Contact
probe readings and field of view readings differed signifigaralthoughfield of view measurements

were generally consistent at each height.
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The purpose of tb secondstudy was to determine whether a quantifiable relationship exists
between Ithium (Li) contaminatiorand reflectance spectran each species gblant consideredand if
such arelationship exists similarly acrospecies. The species considered wefgabidopsis thaliana
Helianthus annuus, Brassica raand Zea nays. Reflectance spectra were collected every week for
three weeks using an ASelESpec Pr&ectroradiometer with a contact probe and a field of view
probe (set at66.7 cm above the plahfor plantstreated twice weekly in a laboratory setting with 0 mM
or 15 mM of lithium chloride (LiCl) solutioRlants were harvested each weekmediately after spectra
collection for determination of relative water content and chlorophyll conteas$ in the first study
Linear regression was used to relate the most appropriate vegetation indatermined by the
Pearson correlation coefficignto the aforementioned endpoints and to compare results provided by
the different spectra collection techniques Twoway ANOVAs were performed of2 selected
vegetation indices (VHor each species individuallp determine the significance of the effes of
treatment level and length of treatmertn a species basiBalanced ANOVAs were conducted across all
species to determine significance of treatment, time, and species.

LiCl effects and corresponding reflectance shifts were significanA fandiana, but Z. mays
and H. annuusshowed little response to LiCl at the treatment level considered in this study, with no
significant differences in relative water content or chlorophyll content by treatment |eBeltapa
reflectance spectra responded similarly to Li exposureZasnays but B. rapadid have significant
differences in relative water content by treatment level. All species demonstrated a potential
stimulatory effect of LiCl, with at least one week of iraged reflectance in the nedR. Different VI
proved to be the best predictor of endpoint values for each species, with only SIPI and the ratio of
reflectance at 1390 nm to the reflectance at 1454 nmedfR145) common between species. The most
signifcant VI considering all species together was SIPI, althAugialianaeffects dominate this result.

VI determined separately by CP and FOV were occasionallyeleddd, but this relationship was
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inconsistent between species, further supporting the dosion in the previous study that CP and FOV
are not interchangeable. These techniques should either be used as compliments or independently,

depending on the application.
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CHAPTE®R ASSESSING THE USE OF REFLECTANCE SPECTROSOQUIRMIGI EETURR CHLORIDE

STRESS IN THE MODEL SPERABEOPSIS THALIANA

1. Introduction
1.1.Background

When light interacts with a material, some may be reflected back depending on the wavelength
of light and the properties of the material. Reflectance spestopy, the collection and analysis of
reflectance spectra, provides a quick, ro@structive analytical technique thatal found use in
numerous fieldgBurns, ed. 2001; Pasquini 2003yesh plant reflectance in the visible region (400 to
700 nm) of theelectromagnetic spectrum is associated with composition, amount, and distribution of
pigments. Plant eflectance in the near infrared region (700 to 1300 nm) is associated with leaf
structure, and within the midnfrared region (1300 to 2500 nmgflectarce is associated with water
content (Gateset al 1965; Knipling 1970; Van der Meer and de Jong 206&ure4.1 shows typical
green plant reflectance spectra from 400 nm to 2500 nm, with dominant features and regions of the

electromagnetic spectrum labelled.

" Martinez, N.E., T.E. Johnson, W.W. Kuhne, C.T. Stafford, M.C2@LAfAssessing the use of reflectance
spectroscopy in determining CsCl stress in the model spAcasdopsis thaliananternational Journal of Remote
Sensing.Submitted: 21Dec13. Accepted with revisions.
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Figured.1: Spectral regions and corresponding dominant feature (adapted from Knipling 1970)

Shifts ininfrared reflectance of leaves response talisease, senescence, or str&ss) vary; at

times reflectance wiltlecrease and other timeincrease, depending on the situatigdan der Meer and

de Jong, eds. 2006)Numerous studies have been conducted to qualitatively and/or quantitatively

relate reflectance intensity at the leaf, whole plant, or canopy scale to various plant charactenstics
conditions(Cardet al. 1988; Carter 1993Carter and Knap@001; Curraret al. 1992; Horleret al. 1983;
Knappand Carter1998; Knipling 1970; Gamast al. 1992; Gateset al 1965; Gausmaret al 1970;
Gitelsonet al. 2009; Grzesialet al. 2010; Ourcivalet al. 1999; Pengand Gitelson2012; Pinderand
McLeod1999; Serbiret al. 2012; Serrano 2008; Shull 1929; Sensl Gamor2002; Slatonet al. 2001;
Vifiaet al. 2011; Wangand Pinghen@012; Woodhouset al. 1994; Yodeand PettigrewCrosby1995
among others) and among the applications e&émote sensingis the early detection of plant stress
(Peiuelas and Filella 1998)hé@nges in reflectance due to stress have already bdmmonstratedto

occur before damage is visible.g. Chaerleand Van Der t&agen 2000 Milton et al 1989) Although

imaging is a powerful technique for visualizing, diagnosing, and quantifying plant stresses, many
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different stressors have similar intermediate responses that may be indistinguishable (dndes
Schofield2008).

The purpose of this studyasto determine whether a quantifiable relationship exists between
caesium(Cs)contamination inArabidopsis thalianand reflectance spectra through the utilization of
vegetation indicegVI) VIare mathematical combinations of differemeflectancespectral bands that
attempt to provide semanalytical measures of vegetation activifgeflectance spectra were collected
at multiple time points becaus¥l may provide better indication of temporends in plant status than
precise conditions of a plant at a single arbitrary point in tifBergeret al. 2010 Lichtenthaleret al.

1998; Vinaet al. 2011; Van der Meer and de Jong 2006; Wand Pinghen@012) VI may beelated to
one or more propeiies of a set of samplege.g. relative water content or chlorophyll content).
Therefore,treatment response variablethat can be related back to theeflectance spectra need to be
utilized (Agelet and Hurburgh 2010)

1.2.Rdated Studies

Numerous studies hae shown that there are shifts in plant reflectance spectra due to metal
stress (or simulated metal stress) (Bandaru 2010; Caltirad 1983; Davidsaand Tyler2003; Dunagagt
al. 2007; Horleret al. 1980; Kooistraet al. 2004; MaruthiSridaret al. 20073 2007k 2011;Milton et al
1989, 1991; Schwallet al.1981; Siet al. 2007; Woodhouset al. 1994).

Schwalleret al. (1981) investigated the reflectance of greenhouse grown sugar maple leaves
when treated with anomalous amounts of heavy metals (copper (Cu) and manganese (Mn) in the
rooting medium and saw an general increased reflectance in treated plants over 4750mdb6gentire
range considered).

Milton et al. (1989) demonstrated the possibility of identifying spectral reflectance changes in
individual plants growing in high concentrations of arsenic (As) or selenium (Se). However, changes in

spectral reflectance s@e to correlate well with soil metal concentrations, but not with plant metal

174



concentrations, so a followp experiment was conducted with phosphorus (P) deficiency (Métoal.

1991). This was to assess the hypothesis of an indirect effect of metaltedred nutrient status) on

plant reflectance, and in fact, P deficiency was found to produce spectral and morphological changes
similar to those observed in metdbsed plants.

Woodhouseet al. (1994) briefly considered reflectance spectroscopy to deteetous stresses
(Cu and zinc (Zn) treatments, nutrient deficiencies, and water stress) in hydroponically grown lettuce
and wheat (Controlled Ecological Life Support System type crops) and concluded that this technique has
potential for the assessment ofgnt health.

Maruthi-Sridhar et al. (2007a) investigated As and chromium (Cr) accumulation in potted
Chinese brake fern in a laboratory setting and found that there were significant structural and spectral
changes in Cr treated plants, but only minimalmpes in As treated plants, although Bandaru (2010) did
see a strong correlation between leaf As concentration and leaf structural changes in hydroponically
grown spinach plantdMaruthi-Sridharet al. (2007b) considered the effect of Zn and cadmium (Cd) on
potted barley plants in order to look for spectral signatures that indicate the impact and content of
heavy metals in the leaves and canopies of living plants during the process of phytoremediation. There
were morphological and spectral changes for bsbatments, although more significant changes in Zn
treated plants.

Dunaganet al. (2007) found some correlations between spectral characteristics of mustard
spinach plant leaves and foliar mercury (Hg) content.

Collins et al. (1983), Maruti8ridharet al. (2011), and Kooistrat al.(2004) used remote sensing
reflectance spectroscopy to assess vegetation effects as indirect indicators of soil chemical
characteristics. Collinst al. (1983)utilized an airborne spectroradiometer to collect spectra from a
known forestcovered Cu soil anomaly, which revealed spectral changes that were repeatable in a

laboratory setting. MaruthBridhar et al. (2011)used both airborne (field study) and handheld
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(greenhouse study) spectroradiometers to assess the accuronlafivarious heavy metals in soybeans,
as related to biosolid surface amended soils. Kooistral. (2004)investigated the relation between
vegetation reflectance and elevated concentrations of Ni, Cd, Cu, Zn, and lead (Pb) in river floodplain
soils. Te results of these studies indicate the potential of remote sensing to contribute to the survey of
elevated metal concentrations using the spectral response of vegetation as an indicator.

Two reflectance spectroscopy studies considec@@gaminated plang. Davidsaind Tyler(2003)
reported that Cs and strontium (Sr) contamination within the Chernobyl exclusion zone has a
measurable effect on the spectral characteristics of silver biBgiula pendulpand Scots pinePinus
sylvestris 1), and demonstratd the potential of remote reflectance spectroscopy to assess the
ecological impact of radionuclide contamination. el (2007) also evaluated accumulation of Cs and
Sr, by Indian mustardBfassica juncea and found morphological changes for Cs trélapgants was
associated with a shift in the reflectance spectra.

1.3.Cstoxicity in Arabidopsis thaliana

Arabidopsis thalian& a member of the mustard familthat is closely related to various crop
plants. It has been the subject of intense study over the past several decades @bidered to be a
model organism and ideal for use in the laborateefting for biological researdiNSF 2013

Cs is a group | elemetitat exists in nature as a +1 charged cation, and its behavior in soils
resembles that opotassium (KfWhite et al. 2003; Zhu and Smolders 2000; White and Broadley 2000).
WhereasKis an essential macronutrientiamptonet al.2004),Cshas no known nuttional role in plant
physiology (White and Broadley 2Q0&hite et al. 2003) and at excessive levels can become an abiotic
oxidative stress factor (Hamptoet al. 2004; Sahet al. 2005; White and Broadley 2000; Whig¢ al.
2003). G competes withK for binding sites in proteins, and will also inhibit the potassinduced
cellular activities associated with plant nutrition (Hamptemnal. 2004). The most notable effects Gb

toxicity include reduced growth and photosynthesis (Hamp#tral. 2004; @hr et al. 2005), and at
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higher concentrations, necrotic leaf areas have been seen (8alal. 2005). Understandingthe
behavior and effects of Cs on plants is importantdetermination of potentiaremediation strategies
for radio@esiumcontamination. &€enters the terrestrial food chain through planBrpadly and Willey
1997; Hamptonet al. 2004),and canbecome a concern from a human health standpoigarding at
leasttwo radioisotopes: ***Cs and™’Cs as they emit beta and stromgmma radiation(ICRP 2008)
These isotopes have been released to the environment through the manufacturing and testing of
nuclear weapons as well as purposeful or accidental releases from nuclear power plants (Hatrgdton
2004; White and Broadley 2000Cesium133 will behave identically to radiocesium chemically, and we
consider stable cesium here to avoid unnecessary radiation dose to persons involved in the study, as
recommended by the ICRP (ICRP 2007).

Reflectance spectra was collected weekly floree weeks in a laboratory setting of twice
weekly CsCl treated (0 mM, 0.5 mM, and 5 nM}thaliana FourteenVI wereconsidered for this data
set, and tweway ANOVAwere conducted for each based on treatment level, week, and the interaction
between he two. Tweway ANOVAsvere conducted similarly for available endpoints: relative water
content (RWC), chlorophyll content, and three factors based on visual assessment. Boxplots are also
presented for selected endpoints. Om&y ANOVAs were performeah gelected VI at each time point
to determine which, if any, indices offered a significant prediction of the overall extent of Cs toxicity.
Additionally, correlation coefficients and regressiware usedo relate appropriate indices to available
endpoints as well as to compare the sandéby collection method(contact probe[CP]as well ashigh
and lowfield of view[FOV].

1.4.Consideration of chloride effects

CsCl has been used previously to consider Cs uptake and stress (Betadl@p01; Kanteet

al. 2010; Le Lagt al. 2006; Qiet al. 2008), and although chlorine (Cl) is an essential micronutrient for

higher plants, at high plant tissue concentrations Cl can be toxic (White and Broadley 2001). However,
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three weeks after germination on media supplented with different concentrations of sodium chloride
(NacCl), Boyket al. (2010) only saw phenotypic differencesAn thalianaplants at concentrations >75
mM NaCl. Effects were attributed primarily to Cl, as experiments were repeated with diffeaésat
(NaCl, MgGJ| NaSQ, and MgSg@) to control for the effect of each element. Additionally, Suter and
Widmer (2013) saw no major effects on plant fithess below 25 mM NacCl for four different genotypes of
A. thalianaplants grown in soil and watered once a week with varying concentrations of NaCl. Because
the concentrations used in this study are an order of magnitude below concentrations shown to have
phenotypic effects o thaliana,the contribution of ClI to the féects seen here is considered negligible.
2. Materials and nethods

2.1.Plant growth andtreatment

The soil mix used wdsur parts PGX (Promix PGX, Premier Horticulture @uakertown, PA)
and 1 part Perlite (HoffmakHlorticultural Perlite, Good Earth, LancasteNY). Soil was mixed and placed
in square plastic grow pots (10x810.8x 12.7 cm, Kordlok SQL0450 from ITML Horticultural Products
Myers Industries Inc., Akron, QiHith perforated bottoms to allow water seepage; soil was hydrated by
placing pots by mitiples of twelve in a Nalgene tray (Thermo ScientMiiimington, DEwith 35 cm
deep deionized water.Water level was maintained for at leastiree days to allow thesoil to absorb
sufficient moisture for planting.

A. thalianaseeds Arabidopsis thliana, WT02-41-01 Columbia[alias CoeD] Wildtype, LEHLE
Seeds, Round Rock, TX) wermoved from 4°C storagepaked in 1/32 strength hydroponic (HP) media
solution, and exposed to red light for 30 minutes to synchronize germination. Hydroponic mesdia w
made with DI water, 1/32 strength Murashige and Skoog basal medium (137.3)f8jgmaAldrich Cat
No M5519, St. Louis MO), and 250 HgVES hydrate (Sigrealdrich Cat No M2933), using KOH to pH
balance to 5.7. Seeds were subsequently pipetted mt®6 well tray five seeds per well) to verify

number of seeds planted. Seeds were then pipetted from the tray onto potted sthilessets offive
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seeds per pot, i.e. 15 seeds per pwt ensure adequate germinatiorFollowing the sowing of the seeds
the 1/32 HP mediavas further diluted to 1/64 strength fasubsequent treatment

After planting, arbitrary sets of 6 pots each were transferred to Sterlite tubs @075 x 15.24
cm, Target Corp., Minneapolis, NINTubs were placed in rows op to four on growth shelves42 cm
beneath growth lights Kour Philips F32T8 TL741 700 series 32W ALTO Il Fluorescent bulbs, cat. No.
0002904 PhilipsNorth America Corporation, Andover, MARlants were on aine hour light: 15 hour
darkcycle under ambienfaboratory environmental conditions.

Thebottoms of the pots weresubmergedn approximately m distilled water until the plants
reached a previously determined treatment date (i.e. day’ Postplanting, rosettes ~30 mm in
diameter). A. thalianathe sedling stage, plas were culled to three per pot, based on size and
appearance of healttsuch that one plant per group remained.

Immediately prior toCsClreatment, pots wererearranged between nine tubs (6 pots each, no
longer submerged in DI waterych that each tub, now serving as a treatment group, had similar size
and quality plants.Spike solution was evenly appliemthe top of each poais 100 ml(25 mL delivered
to each quadrantpf the appropriate concentration of CsCl (0.5 mM CsCl or 5 s84) @11/64 strength
HP media twice weekly, with control plants receiving 100 mL 1/64 HP noedila Two pots were
randomly selected from each treatment group for weekly spectra collection and handdstr each
application of hydroponic media, the pits were rotated within the tubs and the tubs were rearranged
among the growth shelveso account for potential variation in lighting or other environmental

conditions Figure4.2 shows an example of a growth shelf.
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Figure4.2: Example growth shelf;. Ahalianaplants in treatment (here in three red tubs on the left hand
sidg or control kere in the singlélacktub on the far right tubs prior to weel8 spectra collection

2.2.Equpment, setup, and collection of spectra
Reflectance spectra wereollectedusing a FieldSpec Pro (FSP-2500P Analytical Spectral
Devices (ASD), Boulder, G@jichis a full range (350 nrp 2500 nm) portable spectroradiometéwith
sampling intervals/spectral resolutions of 1.4 nm/3 nm and 2 nm/10 nm forIZB® nm and 1000

2500 nm respectively) (ASD 2002)P spectra were collected using a leaf clip attachn{feigure4.3) on

individual leaves.

v\ ol . .

Figure4.3: Contact probe with leaf clip, demonstrating both white and bledkgrounds

TheCPprovides light (3.825 V, 4.05 W low intensity bulb) and collects reflectance spectra. The

leaf clip attachment has both a white (for white reference) and black (to minimize back scatter)
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background. Triplicat€Pspectra were collect on one leaf from each of typicallyree separateplants
per pot.

FOV spectra were collected using an 8° probe (i.e. a viewing angle oft®d) lagight settings
(NBFSNNBR (2 I)ancidénhlighkwas proviged Byttvd dalogen lamps (Pamp, 14.5 V,
50W, P/N 145378, ASD, Boulder, CO) angled at 30 degrees from horizontal. The lights vapar180
at 30.5 cm from the center of pot on the horizontal an@.2cm (high) or 59 cm (low) above the table
surface. The fore optics probe wastared between the lights at 66.7 cm (high) or 36.8 cm (low)

above the plane of the pot surfa¢Bigured.4 andFigure4.5).

Fore optics
29.2cm o) 29.2 cm

m Ligh 23.3cm 23.3cm Ligh/
66.7 cm

76.2 cm 76.2 cm

Spot sized=9.32 cm

Potte
plant

30.5 cm 30.5cm

Figure44Y 91j dzA LIYSy i &S8d dzldy GKAIKe FASER 2F OASs
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29.2cm 29.2cm

Ligh 23.3cm _ 233cm Ligh/

//\ Fore optics F A

36.8 cm
59 cm 59 cm

Spot sized=5.15 cm

Potte
plant

30.5cm 30.5cm
Figure45Y 9 1j dzA LIYSy (i aSG .dzlly aft26¢ FASEIR 2F OASo

The high(HFOV)and low (LFOV)set ups hd spot size diameters of 9.32 cm and 5.15 cm
respectively. Reflective surfaces were covered with absorbent material to minimize nalsguas
variability in spectra, and dark room conditions were approximated by surrounding the lights and fore

optics with a black felt canop{rigure4.6).

Figure4.6: Front and rear of "dark room" set up

Tripod surfaces were also wrapped in black felt.  The white reference was a edlibrat

Spectralon(25.4 x 25.4 cm, LabSphere, North Sutton, patel of 99% reflectance that was elevated to
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a height equivalent to a grow pot. Grow pots were placed on black paper plates when collecting spectra
and the table top was lined with Bght-absobent black rubber. Four spectra, each collected at a
different arbitrary rotation of the potto get an overall assessment of the reflectance of the sample
were saved for each FOV session. B@attra werealways acquired prior t&€Pbecause it is possibl
for the CPto injure the plant and therefore affect subsequent FOV readings.
2.3.Collection of physicaineasures

2.3.1. Relative water content

As metal stress is known to mimic drought stréBsenkabail et al2012), plants were harvested
after spectra collectin each weektio determine relative water content and chlorophyll contentTo
determine relative water content, sufficient leaves were removed to obtain between 1000 and 2000 mg
of fresh mass for each replicate (i.e. pot). Samples were placed in weidh, bash massvas
obtained samples weralried to a constant mass, and dry magss obtained I al YLX SQa NBf I
content was then expressed &sjuation 41:

dry mass
fresh mass (4-1)

RWC=1 -

2.3.2. Chlorophylicontent

The concentrations ofhlorophylla (Chla) and chlorophyllb (Chlb) were determinedfor each
replicate (i.e. pot\Knudsoret al. 1977; Liet al. 2009 Papista et a002) Four circular leaf subsamples
were collected from representative leaves of the plants in a pot using a #3 cork borer (Fisher Scientific
Pittsburgh, PA Leaf samples were stored in the dark at 4°Gapped 20 mL vialKG33 borosilicate
glassiKimble ChaseVineland, New Jersggontaining2 mL 100% ethanol fahree days(at which point
disks were whitepefore absorbanc¢A) at 665 nm, 649 nm, 629 nm, and 696 nm, with an offset at 750

nm, was deterrnmed for 1.5 mL subsamples for each vial using a Naw 2000c UWis

spectrophotometer (ThermoSientificc, Wilmington, DE Disposable methacrylate cuvettes with
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transmission from 300 t800 nm > 80% were used with the 1.5 mL subsample (Cole Palmer, Vernon
Hills, lllinois). Chlorophyll content was determined using appropriate, previously published equations
(Ritchie 2006Equation 4 and Equation B8):
Chla(e g Mk - 5. 207+ A3 (4-2)
Chib(edg M 22.8,327 Al (4-3)
2.3.3. Visualassessment
A visual assessment of the proportion of a plot covered by any plant material and any existing
chlorotic plant material was performed by overlayiag 8 x 8 (13.5 x 13.5 mmyrid on a computer
display oftop-down photos of each treatment group at each dirée time points forming 64 squares
with 81 evenlyspacedpoints (grid intersections)Photographs were taken immediately prior to spectra
collection, directly above each gt treatment group in the same manner each week. However, to
account for anypotential change in magnification alignment gridlines were laid based on pot
dimensions, which were definitively consistent. Using the grid intersectibinge addtional endpoints
were defined:
9 Coarse Leaf Area Index (CLAI) provides an approxinditation of how much of the pot
surface is covered by plant material.

Number of points on leaf materi
Total number of points

CLAE (4-4)

1 Green Factor (GF) provides an approximate indication of the proportion of pot surface that is

covered with green plant material.

(Number of points on leaf materiad ( Numbef points on leaf with visible chlorogi

GF= '
Total number of points

(*5)

1 Chlorosis Factor (CF) provides an approximate indication of the proportion of plant material that

has visible chlorosis.
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CE= Number of points on leaf with visible lohnosis (4-6)
Total number of points

2.4.Dataanalysis
FourteenVI (Table4.1) are considered foapplicable spectra acquisition technique(s) (i.e. FOV
and/or CP) including indicedrom the literature as well as indices selected by the authibm®ugh
scientificjudgment and visual consideration of spectra
Table4.1: List of vegetation indices considered, including name and abbreviation if applicable, the

relevant acquisition technique(s), formulation, and either patmiredictive characteristics along with
the corresponding reference or indication that the listed index is newly considered by the .authors

Relevant Potential indicator
Abbreviation/Name acquisition Formulation of: Reference
technique '
NORMALIZEDIFFERENCES
Non-destructive Rio = R Green biomass; leaf Rouseet al.
NDVI L FOvV e —
vegetation index Rt Roo area (1974)
Photochemical FOV Riai- Ry Photosynthetic Gamon
PRI reflective index cp B TR radiationruse Pefiuelas, and
R * Rio efficiency Field(1992)
Structural FOV Rioo = Rus Carotenoid to Pdiuelas Baret,

SIPI independent = 5 and Filella

pigment index cpP R~ Reo chlorophyll a ratio (1995)
Pigment specific .
PSND normalized Fc(:)PV @ Chlorophyll content  Serrano (208)
difference Rioo * Reo
SIMPLE RATIOS
. FOV R Pdiuelaset al.
wi Water index cp R Plant water content (1997)
B B FOV R Some correlation  Davidsand Tyler
CP Rso with metal content  (2003)
- - FOV Run Metal stress Maruthi-Sridhar
CP Rio et al.(2007a)
Some correlation
FOV R with chllorophyll Davidsand Tyler
-- -- cP content; appeared (2003)
Rors independent of soil
moisture
FOV Riso
-- -- e Selected by author -
CP R750
- - FOvV R Selected by author ~ --
CP Rl454
FOV Rz
-- -- — Selected by author -
CP R1933
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DERIVATIVE ANALYSIS

o Adams Philpot,
-2 +
YI Yellowness index FCOF:/ - 0.1*29%8"+W Chlorosis and Norvell
¢ (1999)
. . Horler, Dockray,
REP Red edge position FOvV Wa\{elength ofnflection Chlorophyll content and Barber
CP point from red to NIR
(1983)
Slope at red edge FOV Firstderivative value at the Chlorop.hyll Filella and
SREP . . content; leaf area ~
position CP red edge position index Pefiuelag1994)

First, twoway ANOVAs wer@tilized to test whether meanswere significantly different by
treatment level or week or interactiowas presenbetween the treatment level and week. Box plots by
time and treatment level for relative water content, chlorophyll content, and visual assessment factors
were generated Oneway ANOVASs on treatment level for each time poietre usedo determine how
much variability was accounted forqRby the selected VI at each wedRearson correlation coefficients
were calculated for eacH| (calculated separately at each vieamd the aforementioned endpoints. The
highest (absolute value) correlation coefficienvere used to determin®1for which to perform a linear
regression. Linear regression was used to determine the applicability of the se\dabepredicting the
corresponding endpoint, and was also used to compare spectra collection metHdidsisics were
performed using Minitab version 16 (Minitab Inc., State College, PA).

3. Results
Photographs of each treatment group of plants are shown for each wedékgime4.7, and

reflectance spectra for each treatment group is are shown for each weelFigure 4.8.
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Figured.7: Pic ures of samples by week and treatment grroup
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Figure4.8: Reflectance spectifar Arabidopsis CsCl treatments, where red is 5 mM CsCl, green is 0.5 mM CsCl, and blue is the control
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