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Abstract

This document is the first volume of a three-volume report to provide generic and site-specific estimates of radiation
dose for exposures to residual radioactive contamination after the decommissioning of facilities licensed by the U.S.
Nuclear Regulatory Commission (NRC). This first volume provides the details of the generic scenario and pathway
modeling analysis. The level of detail included in this volume serves as the basis for user-friendly computer software to
be developed under strict quality-assurance procedures. This volume is intended to be used as a reference to Vol-

ume 2, a full description of the computer software. Included in Volume 1 are descriptions of the scenarios, models,
mathematical formulations, assumptions, and justifications of parameter selections. Volume 1 was produced after
consideration of public comments received on the January 1990 review draft. The generic modeling addresses residual
radioactive contamination inside buildings and in soils. For buildings, two scenarios are presented to relate volume
and surface contamination levels to estimates of the annual total effective dose equivalent (TEDE) or the TEDE (as
defined in 10 CFR 20) received during a year of exposure with the conditions defined in the scenarios. Because of
concerns regarding potential ground-water contamination from residual radioactive contamination in soil, a generic
water-use model was developed to permit evaluation of the annual TEDE for drinking water from wells. The generic
water-use model was also used in the evaluation of multiple pathways associated with contaminated soil. The generic
treatment of potentially complex ground-water systems used here provides a conservative analysis that may only indi-
cate that additional site data and more sophisticated modeling are warranted. The scenarios, models, mathematical
formulations, and selected parameter values in this volume are intended to serve as the technical basis for the NRC’s
derivation of screening values supporting its development of policy applied to residual radioactive contamination from
decommissioning.
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Executive Summary

The three volumes of this document describe a generic modeling analysis of the potential radiation doses resulting
from unrestricted release of slightly radioactive material in buildings and soil following decommissioning of licensed
facilities. This first volume contains detailed information on the generic scenario and modeling analysis as the basis
for user-friendly computer software to be developed under strict quality-assurance procedures. This document is
intended to be used as a reference to the user’s manual for the software (Volume 2) and has been revised in light of the
public comments received on the January 1990 draft. The information in this document is intended to serve as the
technical basis for the U.S. Nuclear Regulatory Commission’s (NRC’s) derivation of screening values supporting its
development of policy on residual radioactive contamination from decommissioning. A user’s manual for the software
version of the modeling analysis and a sensitivity analysis of parameter values used in the analysis will be documented
and distributed as two additional volumes.

The radiation exposure scenario analysis addresses the major exposure pathways of direct exposure to penetrating
radiation, and inhalation and ingestion of radioactive materials. The modeling analysis is used to estimate the annual
total effective dose equivalent (TEDE), or the TEDE (as defined in 10 CFR 20 [56 FR 23360-23474, 1991]) received
during a year of scenario exposure, to an average individual in a population group exposed to residual radioactive
material after decommissioning. The input parameters for each exposure pathway and scenario are selected in a
prudently conservative (not worst-case) manner to estimate the likely radiation dose to an individual in a limited
population group exposed to residual radioactive contamination. A prudently conservative generic approach is
necessary so that it is more likely that the calculations will produce overestimates than underestimates of the potential
dose an individual in the general public may receive.

For unrestricted release of buildings, two independent scenarios are provided: building renovation for volume sources
of residual radioactive contamination and building occupancy for surface sources of residual radioactive contamina-
tion. In order to accommodate site-specific conditions, the computer software containing the modeling analysis will be
designed to permit simple modifications of the scenario assumptions, including the exposure durations, intake rates, or
concentrations in various pathway media.

For unrestricted use of land, two scenarios are included that rely on a generic water-use model. The first scenario con-
siders drinking water from a well and accounts for the total radionuclide inventory at the site, in the soil, and in build-
ing materials that potentially may be demolished and disposed of onsite as buried rubble. The drinking water scenario
relates the annual TEDE to the total inventory of residual radioactivity in soil. The second scenario considers residen-
tial use of land, including use of ground water for drinking and irrigation of farm products. The residential scenario
includes a combination of the following exposure pathways: inhalation, external exposure, drinking water ingestion,
soil ingestion, and agricultural food product ingestion.

Because of the generic treatment of potentially complex ground-water systems, the water-use modeling and parameter
selection are intentionally conservative. This means that the estimated annual TEDE for the drinking water and resid-
ential scenarios may only indicate when additional site data or more sophisticated modeling are warranted. Modifica-
tions can be made to the scenarios for contaminated land to better account for site-specific soil contamination using
the software developed for this effort.

Finally, appendixes are provided to this report to summarize the general responses to comments received on the

January 1990 (Kennedy and Peloquin 1990) draft version of this final report, and to support information and databases
in the modeling analysis.
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Foreword

by
Nuclear Regulatory Commission (NRC) Staff

NRC licensees who need to decontaminate lands and structures to acquire unrestricted use of their property must have
criteria to determine "how clean is clean enough” in the process of decommissioning. In making such an ascertain-
ment, the NRC must first determine that public health, safety, and the environment are protected by ensuring that the
total dose to an individual in the public from licensed operations is less than the public dose limit of 100 mrem/y.
However, the NRC has set the goal for public doses attributable to residual contamination after decommissioning at a
fraction of the public dose limit. In practice, decommissioning costs (as measured in terms of the cost of returning the
lands and structures to unrestricted use) are balanced against the benefits of averting adverse health effects (as
measured by dose reduction resulting from decontamination). The estimate of dose reduction is accomplished by first
judging the potential future uses of the lands and structures as described by scenarios and then evaluating associated
levels of radioactivity through modeling equations to arrive at a reasonable expectation of doses. The modeling and
scenarios can become extremely complicated, depending on the level of detail required. Detailed modeling may often
be beyond the technical and financial capabilities of a large number of licensees--especially for those licensees with
limited scope and budgetary resources.

The purpose of this three-volume report is to provide generic and site-specific dose conversion factors for residual
radioactivity that may be applied to a screening analysis to determine whether more detailed cost-benefit analyses must
be performed. Briefly, Volume 1 presents the scenarios, models, mathematical formulations, assumptions, justifica-
tion of parameter choices, and responses to comments from the January 1990 draft report published for comment.
Volume 2 of this report is a micro-computer-based program, complete with a user’s manual, tables of the generic dose
conversion factors, example calculations developed to facilitate analyses, and computer code listing. The NRC staff
plans to have the computer software distributed by the Energy Science and Technology Software Center, Oak Ridge
National Laboratory, P.O. Box 1020, Oak Ridge, TN 37831-1020, telephone (615) 576-2606. Availability and instruc-
tions for procurement of the computer software will be announced in the Federal Register. Volume 3 is composed of
sensitivity analyses of parameters used in the modeling and a comparison with previously used guidance, e.g.,
Regulatory Guide 1.86 (NRC 1974). These volumes will be published sequentially as they are developed.

All of over 22,000 NRC and NRC Agreement State licensees may use these dose conversion factors. In preparation
for the development of release criteria to be used for decontamination of decommissioned lands and structures, the
NRC has contracted the work in this report. This report will provide much of the technical basis for translating resi-
dual radioactivity into annual dose--measured in total effective dose equivalent.

The scenarios used are prudently conservative but not necessarily bounding or "worst case.” Selection of a prudently
conservative scenario requires a great deal of professional judgment and common sense. The intent is to account for
the vast majority of potential uses of lands and structures and to overestimate the most probable annuai dose while dis-
counting a small fraction of highly unlikely uses that would result in higher doses. For example, a small fraction of
higher doses could be imagined because of aberrant behavior or unpredictable and highly unlikely circumstances. The
alternative was to use scenarios that would yield an upper limit on doses (i.e., bounding or "worst case”) and would
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unnecessarily limit the usefulness of the resulting release criteria without providing significantly increased benefits to
the public health, the public safety, or the environment. Hence, the dose conversion factors in this report are judged to
be higher than (i.e., overestimate) the most probable annual dose but may be lower than (i.e., underestimate) the
bounding annual dose.

There is flexibility in the application of the modeling contained in this report. For example, if increased accuracy or
realism of the screening dose conversion factors are desired, then with adequate justification the generic (default)
parameter values may be replaced with site-specific parameters. Within the modeling framework of this report, such a
substitution of parameters would lead to site-specific derived dose conversion factors. The site-specific dose conver-
sion factors may then replace the generic dose conversion factors in the screening analysis.

Beyond the modeling and scope of this report, it is possible that a licensee may find it necessary to provide customized,
site-specific modeling and optimization of radiation protection in accordance with the principles of maintaining expo-
sures as low as reasonably achievable (ALARA) for decommissioning or the termination of a license. In such cases,
some to none of the modeling framework in this report may be applicable. The hierarchy of the approaches for estab-
lishing dose conversion factors applied to residual radioactive contamination is illustrated in the following figure

(page xvii).

As mentioned above, a draft of this report was issued for comment in early 1990. The summary of comments received
on that draft and the NRC staff responses and resolutions are presented in Appendix A of this final report. This
report is one part of a larger program the NRC staff has underway to provide information and guidance for the imple-
mentation of release criteria for the decommissioning of lands and structures. For example, NUREG/CR-5849,
"Manual for Conducting Radiological Surveys in Support of License Termination” (Berger 1992), provides informa-
tion on acceptable measurement and survey techniques and procedures. It is emphasized that the information in this
report was developed for a screening application to the decommissioning of lands and structures and was not intended
for other uses.

The NRC staff anticipates the need may arise to revise this report from time to time. Accordingly, comments noting
suggested changes within the intended scope of this report are welcome and should be submitted in writing to the NRC
Project Manager. The NRC Project Manager for this report may be contacted at the following address:

Dr. Robert A. Meck, Section Leader
Environmental Policy Section, RPHEB
Office of Nuclear Regulatory Research
U.S. Nuclear Regulatory Commission
Washington, D.C. 20555

(301) 492-7000
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Hierarchy of Modeling Approaches

Screening Models

Generic Screening Factors

v

Site-Specific Screening Factors

T

Realistic Models*

Site-Specific Derived Factors

*Site-specific modeling in this box is outside the framework of
modeling in this report.

NUREG/CR-5512 Modeling
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1 Introduction

The U.S. Nuclear Regulatory Commission (NRC) currently regulates the release of slightly radioactive property for
unrestricted use through existing staff criteria. These NRC staff criteria are in two forms: 1) acceptable volumetric
concentrations of source material in soil, provided in pCi/g first reported in the Federal Register in 1981

(46 FR 52061-3, 1981), and 2) acceptable levels of surface contamination, provided in units of dpm/100 cm? for aver-
age, maximum, and removable contamination conditions defined in Regulatory Guide 1.86 (NRC 1974). Both of these
NRC staff criteria for release of slightly radioactive material have limitations. The criteria for volumetric concentra-
tions in soil, for instance, are limited to the uranium and thorium chains of radionuclides and are applicable only to
current contamination resulting from past operations. The NRC staff criteria governing surface contamination,
although appropriate for all radionuclides, are often difficult to apply because of the wide variation in surface and
volumetric contamination conditions and the varying mixture of radionuclides usually found in many licensed facilities.
In addition, the values found in both sets of criteria are not consistent with the revised dosimetry system recommended
by the International Commission on Radiological Protection (ICRP) in Publications 26 (1977), 30 (1979-1988), and

48 (1986), and provided by the U.S. Environmental Protection Agency (EPA) in Federal Guidance Report No. 11
(Eckerman, Wolbarst, and Richardson 1988).

To alleviate this situation, the NRC is developing a revised license termination policy to ensure an adequate and con-
sistent level of protection for the public. As described in the Foreword, the revised policy will use models to form the
basis for a screening analysis of the potential public doses from decommissioned lands and structures.

As a contribution to the development of revised guidance by the NRC, staff at the Pacific Northwest Laboratory (PNL)
began the development in 1987 of a radiation exposure scenario/pathway modeling analysis to translate residual radio-
active contamination levels into potential radiation doses to the public. The use of computerized models to conduct
public dose assessments is typically necessary because of an inability to directly determine doses from numerous poten-
tial environmental pathways over long periods of time. The use of generic models and relatively simple data sets has
become common for setting standards and regulations. For example, the NRC low-level radioactive waste regulations
in 10 CFR 61 (1990) were developed with the use of generic models and data (Oztunali et al. 1981).

Historically, environmental-transfer and pathway-assessment models have been developed to consider a variety of dif-
ferent situations involving radioactive materials. Pathway-assessment models are commonly applied for radioactive
waste management, accident assessment, and environmental impact statements. Example references involving various
aspects of environmental radiological assessment include publications by Soldat and Harr (1971), the NRC (1977), the
International Atomic Energy Agency (IAEA 1982), Till and Meyer (1983), Kennedy and Napier (1983), the National
Council on Radiation Protection and Measurement (NCRP 1984), McKenzie et al. (1985), Kennedy et al. (1987),
Strenge, Bander, and Soldat (1987), Napier et al. (1988), T. L. Gilbert et al. (1989), and O’Neal and Lee (1990). This
report is largely based on these and numerous other previous pathway-assessment and data-collection efforts.

The development of models for screening to demonstrate compliance with environmental standards is the subject of
Commentary No. 3 published by the National Council on Radiation Protection and Measurements (NCRP 1986). The
NCRP presented three levels of screening for determining compliance with the regulations of the Clean Air Act,

40 CFR 61, National Emission Standards for Hazardous Air Pollutants; Standards for Radionuctides (50 FR 5190,
1985). In the NCRP approach, Level I applies the simplest models, including a high degree of conservatism with few
parameter or data requirements. Levels II and III require additional site-specific data to reduce the modeling con-
servatism. If the user of the NCRP method shows compliance using the Level I models and data, then no further cal-
culations are necessary. If the Level I results exceed the standards, the model user must apply the Level 1T and 111
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Introduction

models until compliance is determined. If the efforts fail at all levels, the NCRP recommends the use of professional
assistance in radiological assessment to determine how to proceed (NCRP 1986).

This three-volume report provides information on the generic pathway/scenario analysis model used to derive the
potential annual total effective dose equivalent (TEDE), or the TEDE as defined in 10 CFR 20 (56 FR 23360-23474,
1991) received during a year of scenario exposure, by an average individual in a given population group exposed to
residual radioactive contamination. Volume 1 presents the detailed scenarios, models, mathematical formulations,
assumptions, selected parameter values, and general responses to comments from the January 1990 comment draft.
Volume 1 contains the level of detail needed to develop microcomputer-based, user-friendly software under strict
quality-assurance procedures and is intended to be used as a reference to Volume 2. Volume 2 describes the software,
including a user’s manual, tables of generic unit-concentration annual TEDES, example calculations developed to
facilitate analyses, and the computer code listing. Volume 3 contains the results of a sensitivity analysis of parameter
values used in the modeling and a comparison of the results with previously used guidance, e.g., Regulatory Guide 1.86
(NRC 1974). Volumes 2 and 3 will be published sequentially.

The methodology described in this report to calculate doses is consistent with the recommendations of the ICRP in
Publication Nos. 26 (1977), 30 (1979-1988), and 48 (1986). The mathematical models described in this report are
intended to be used for two levels of screening. The first level of screening relies on the use of default values for all
parameter values and is intended to produce generic dose estimates that are unlikely to be exceeded at real sites. The
degree of conservatism associated with the models and data is difficult to determine for a generic analysis. For the first
level of screening, efforts have generally been made to select models that represent a variety of generic conditions and
parameter values that lie within the distributions of reported or expected values (i.e., parameter values that are not at
the extremes of the ranges). When this approach applies, the model and data selections are referred to as being
"prudently conservative.” The exceptions to this general approach are the model and data selections associated with
the water-use model to account for potential ground-water contamination. For the water-use model, the model and
parameter selections have been made in an intentionally conservative manner and are so noted in the text. For the
first level of screening, portions of the modeling analysis are intentionally conservative. As a result, the annual TEDEs
calculated using the default parameter values should provide an overestimate of the actual dose that individuals might
receive. The second level of screening is accomplished using the computer software described in Volume 2, with the
input of site-specific data to reduce the conservatism of the result and produce a more realistic estimate of site-specific
conditions. This approach should produce results that will serve as an adequate basis for the development of generic
screening criteria and should also be useful in determining when more detailed site-specific assessments or modifica-
tions to the generic scenarios are required. The models, pathways, scenarios, and parameters given here will be doc-
umented as a computer program in the next volume in this series. The computer program will enable the users to
make simple modifications to the analysis to better consider site-specific conditions.

As with the NCRP screening models, the NRC will allow the application of a third level of screening to produce a
more site-specific result. This third level would employ models and data that are carefully chosen to maich the
complex conditions at a specific site. Further discussion of this third level of screening is beyond the scope of this
study.

To support the first two levels of this screening analysis, decisions have been made to define the scenarios, pathways,
and default parameter values. Although these decisions are intended to focus the use of the models to address residual
radioactive contamination in buildings and on land, they also limit the broader application of the models to more com-
plex situations. These complex situations include sites with buried sources (as would be found at waste disposal sites),
sites with existing ground-water plumes, sites with complex ground-water systems, and sites with the potential for high
concentrations of indoor radon. For these situations, a more comprehensive site-specific modeling analysis should be
performed within the third level of screening.
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Introduction

Two scenarios for residual radioactive materials in buildings are needed to adequately describe the potential contami-
natjon conditions found at actual facilities. These two scenarios account for 1) building renovation (subsurface or
volume sources) and 2) normal building occupancy (surface contamination sources). Estimates of the potential dose
from a subsurface inventory in the building renovation scenario are important to acgount for residual inventories of
difficult-to-measure alpha-emitters or beta-emitters. The building occupancy scenario is intended to depict the situa-
tion where the residual inventory is present as a layer of surface contamination.

Two scenarios that rely on a generic water-use model are included for unrestricted use of land. The first scenario only
considers drinking water from a ground-water source and accounts for the total radionuclide inventory at the site, in
the soil, or in building materials that potentially may be demolished and disposed of onsite as buried rubble. The
drinking water scenario is included to permit a comparison with the EPA drinking water standards. The drinking
water scenario relates the annual TEDE in mrem per pCi (and pSv per Bq) of residual radioactive materials in soil.
The second scenario considers residential use of land, including use of ground water for drinking and irrigation of farm
products. The residential scenario relates the annual TEDE in units of mrem per pCi/g (and pSv per Bg/g) of soil.
Because of the generic treatment of potentially complex ground-water systems, the water-use modeling is intentionally
conservative. This means that the annual TEDE for the drinking water and residential scenarios may only indicate
when additional site data or more sophisticated modeling are warranted. Using the software developed for this effort,
again, modifications can be made to the scenarios for contaminated land to better account for site-specific soil
contamination.

The purpose of this volume is to describe fully and document the scenarios, pathways, mathematical formulations,
assumptions, and parameter values included in the generic analysis. Section 2 describes the basic methodology and
nomenclature, including basic dosimetry definitions and listings of the notation used throughout the report. Section 3
describes the building renovation and building occupancy scenarios with a description of the conceptual models, time
frames, and exposure pathways included and excluded from the analysis. Section 4 describes the generic water-use
model and its application to the drinking water scenario. Section 5 describes the residential scenario, with a detailed
description of the numerous agricultural pathways included in the analysis. Section 6 describes the selected parameter
values used as defaults in the scenario analysis, including the basic dosimetry, radioactive decay, ground-water, and
agricultural pathway parameters and data. Section 7 briefly describes the application of the information in this volume
as it relates to Volumes 2 and 3 in the series. Finally, a series of appendixes are provided that include a summary of the
comments received on the January 1990 draft version of this final report, extended nomenclature and methodology, the
special 14C and 3H agricultural pathway models, and supplemental data.
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2 Methodology and Nomenclature

This section contains information needed to understand the mathematical notation used in the building and soil scen-
ario models. Definitions of dose and dose rate terms are provided in Section 2.1. The standard mathematical and
operator notations used throughout the report are provided in Section 2.2. Appendix B contains extended nomen-
clature and methodology supporting this section, including the methods used for radioactive decay calculations.

2.1 Dosimetry Definitions

Because the purpose of this report is to provide the mathematical models and formulations needed to estimate radia-
tion doses from residual radioactive contamination, it is important to understand the dosimetry terminology used. In
most cases, terminology consistent with 10 CFR 20 (56 FR 23360-23474, 1991) is used. Additional definitions are
supplied in the Glossary.

Dose or "radiation dose" - A generic term that means absorbed dose, dose equivalent, effective dose equivalent, commit-
ted dose equivalent, committed effective dose equivalent, or total effective dose equivalent, as defined below.

Absorbed dose - The energy imparted by ionizing radiation per unit mass of irradiated material. The units of absorbed
dose are the rad and the gray (Gy).

Dose equivalent (Hy) - The product of the absorbed dose in tissue, quality factor, and all other necessary modifying
factors at the location of interest. The units of dose equivalent are the rem and sievert (Sv).

Effective dose equivalent (Hg) - The sum of the products of the dose equivalent to the organ or tissue (Hy) and the
weighting factors (w.) applicable to each of the body organs or tissues that are irradiated (Hg = ZwHr).

Committed dose equivalent (HTSO) The dose equivalent to organs or tissues of reference (T) that will be received from
an intake of radioactive material by an individual during the 50-year period following intake.

Committed effective dose equivalent (Hp, 55) - The sum of the products of the weighting factors applicable to each of the
body organs or tissues that are irradiated (by internally deposited radionuclides) and the committed dose equivalent to
these organs or tissues (Hg 59 = Zwp Hrgp).

Total effective dose equivalent (TEDE) - The sum of the deep dose equivalent (for external exposures) and the commit-
ted effective dose equivalent (for internal exposures).

Deep dose equwalent (H,) - Applied to external whole-body exposure, H is the dose equivalent at a tissue depth of
1 cm (1000 mg/cm?). (Note: for this generic application, the TEDE is calculated using the external effective dose
equivalent, provided in dose conversion factors from EPA, as described in Section 6.)

Annual total effective dose equivalent (annual TEDE) - The total effective dose equivalent (TEDE) received during a

year of scenario exposure. The duration of exposure for each pathway is determined by the scenario considered and

need not be 8766 h/y. For example, an individual may reside or work at a contaminated site for only a fraction of the
year.
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Nomenclature

In general, the results produced by the scenarios considered in this report are expressed as annual TEDES to denote
that a year of scenario exposure has been considered. This notation is used to ensure the definition and use of consis-
tent units for all of the scenario and pathway equations in this report.

2.2 Symbol Nomenclature

The mathematical models described in this report involve many equations with numerous parameters. Because of the
complexity of the equations, a system of nomenclature has been developed to represent symbols used for the parame-
ters. This system of nomenclature is summarized in this section for ease of reference to understand the mathematical
formulations that follow. Parameters are defined again when they are first used within each section. The system of
nomenclature includes a definition of units used to permit a full dimensional analysis.

The parameter definitions are divided into three parts: dosimetric parameters (Table 2.1), subscripted parameters
(Table 2.2), and parameters without subscripts (Table 2.3). In general, terms beginning with "D" are dose or dose rate
factors; "TEDE" are annual total effective dose equivalents; "AF" are ingestion-pathway committed effective dose equi-
valent factors; "C" are concentrations (per unit mass, volume, or area), or total activity of a radionuclide, as approp-
riate; and "A" are radioactive decay rate constants. General subscripts encountered include "i" or "j" for parent or
decay-chain-member radionuclides; "s" for soil; "w" for water; and "v" for food crops (agricultural pathways).

In addition to the parameters listed in the tables, a special notation is used for radioactive decay calculations. Decay
operators are represented by A{}, S{}, R{}, and G{}, as defined in Appendix B:

A{}

changes in parent and progeny activities or concentrations over time (i.e., radioactive decay and ingrowth)
S{} = time integrals of activity or concentration
R{} = accumulation of deposited activity over a time period

G{}

]

deposition, accumulation, and time-integration of a constant deposition rate (used for deposition from
irrigation water onto plants).

The operations are performed on an initial array of chain member activities or concentrations for a specific time
period. For example, the decay calculation is represented as follows:

A{C,1} 21

where A{} = the operation of decay calculation (in appropriate units)

C.

i

the array of chain member activities or concentrations (in appropriate units)

ta

I

time period over which the decay occurs (in time units).
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Table 2.1 Dosimetry parameters

Symbol Definition

Agricultural water-use dose factors

AFy Dose contribution from drinking water contaminated by radionuclide j, expressed as committed effec-
tive dose equivalent per unit average concentration of radionuclide j in water (mrem per pCi/L for a
year of residential scenario)

AFy Dose contribution from aquatic food products contaminated by radionuclide j in water, expressed as
committed effective dose equivalent per unit average concentration of radionuclide j in water (mrem
per pCi/L for a year of residential scenario)

AF Dose contribution from agricultural products contaminated by radionuclide j in soil, expressed as com-
mitted effective dose equivalent per unit initial concentration of radionuclide j in soil at the start of a
growing season (mrem per pCi/g for a year of residential scenario)

AF,, Dose contribution from agricultural products contaminated by irrigation with ground water for radio-

nuclide j, expressed as committed effective dose equivalent per unit average concentration of
radionuclide j in water (mrem per pCi/L for a year of residential scenario)

Dose factors for building renovation scenario

DEXB; External dose for parent radionuclide i for one renovation work period in 1 year (mrem)

DGB; Committed effective dose equivalent from ingestion for parent radionuclide i for one renovation work
period in 1 year (mrem)

DHB; Committed effective dose equivalent from inhalation for parent radionuclide i for one renovation work
period in 1 year (mrem)

TEDEB; Annual total effective dose equivalent for parent radionuclide i (mrem for renovation work in a year,

with an initial inventory in units of pCi/g)

TEDEB;5;  Annual total effective dose equivalent for parent radionuclide i (uSv for renovation work in a year, with
an initial inventory in units of Bq/g)

TEDEB,, Annual total effective dose equivalent for the mixture of radionuclides (mrem for renovation work in a
year, with an initial inventory in units of pCi/g)

Dose factors for building occupancy scenario

DEXO; External dose for parent radionuclide i for 1 year of building occupancy (mrem)
DGO, Committed effective dose equivalent from ingestion for parent radionuclide i for 1 year of building
occupancy (mrem)
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Table 2.1 Dosimetry parameters (Continued)

Symbol Definition
DHO, Committed effective dose equivalent from inhalation for parent radionuclide i for 1 year of building
occupancy (mrem)
TEDEO; Aunnual total effective dose equivalent for parent radionuclide i (mrem for a year of building occupancy,

with an initial inventory in units of dpm/100 cm?)

TEDEO,; Annual total effective dose equivalent for parent radionuclide i (pSv for a year of building occupancy,
with an initial inventory in units of Bq/100 cm?)

TEDEO,, Annual total effective dose equivalent for a mixture of radionuclides (mrem for a year of building occu-
pancy, with an initial inventory in units of dpm/100 cm?)

Dose factors for drinking water scenario (for year of highest TEDE)

HOCDE, Highest annual organ committed dose equivalent for parent radionuclide i from ingestion of drinking
water (mrem for a year of drinking water with an initial inventory in units of pCi)

HOCDE,;q;  Highest annual organ committed dose equivalent for parent radionuclide i from ingestion of drinking
water (pSv for a year of drinking water with an initial inventory in units of Bq)

HOCDE,, Highest annual organ committed dose equivalent for a mixture of radionuclides m from ingestion of
drinking water (mrem for a year of drinking water with an initial inventory in units of pCi)

HOCDE,_; Highest annual organ committed dose equivalent for a mixture of radionuclides m from ingestion of
drinking water (pSv for a year of drinking water with an initial inventory in units of Bq)

TEDED; Annual total effective dose equivalent for the drinking water scenario for parent radionuclide i (mrem
for a year of drinking water, with an initial inventory in units of pCi)

TEDED,5;  Annual total effective dose equivalent for the drinking water scenario for parent radionuclide i (uSv for
a year of drinking water, with an initial inventory in units of Bq)

TEDED, Annual total effective dose equivalent for the drinking water scenario for a mixture of radionuclides m
(mrem for a year of drinking water, with an initial inventory in units of pCi)

Deose factors for residential scenario (for year of highest annual TEDE)

DAR; Committed effective dose equivalent from ingestion of aquatic foods for parent radionuclide i (mrem
for a year of residential scenario)

DEXR External dose for parent radionuclide i (mrem for a year of residential scenario)

1

DGR;

; Committed effective dose equivalent from ingestion for intake of home-grown food and animal

products for parent radionuclide i {(mrem for a year of residential scenario)
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DWR,;

TEDER,;

TEDER;

TEDER,

Nomenclature

Table 2.1 Dosimetry parameters (Continued)

Definition

Committed effective dose equivalent from inhalation of airborne soil and house dust for parent
radionuclide i (mrem for a year of residential scenario)

Committed effective dose equivalent from ingestion of soil for parent radionuclide i (mrem for a year of
residential scenario)

Committed effective dose equivalent from ingestion of drinking water and irrigated food for parent
radionuclide i (mrem for a year of residential scenario)

Annual total effective dose equivalent for parent radionuclide i (mrem for a year of residential scenario,
with an initial inventory in units of pCi/g)

Annual total effective dose equivalent for parent radionuclide i (uSv for a year of residential scenario,
with an initial inventory in units of Bq/g)

Annual total effective dose equivalent for a mixture of radionuclides m (mrem for a year of residential
scenario with an initial inventory in units of pCi/g)

General dose factors for description of implicit progeny handling

DE;

1

DF;

DFC,

i

Internal or external factor for the parent radionuclide i as taken from the database (in appropriate units
for the dose factor type)

Internal or external dose factor for the short-lived radionuclide j as taken from the database (in
appropriate units for the dose factor type)

Internal or external combined dose factor for the parent radionuclide i (in appropriate units for the
dose factor type)

Basic dose factors from database (after units conversion)

DFER; External dose rate factor for radionuclide j from contamination uniformly distributed in the top 15 cm
of residential soil or building material (mrem/h per pCi/g)

DFES; External dose rate factor for radionuclide j from contamination uniformly distributed on surfaces
(mrem/h per dpm/100 cm?)

DFG; Committed effective dose equivalent from ingestion of radionuclide j (mrem per pCi ingested)

DFH; Committed effective dose equivalent from inhalation for radionuclide j from contaminated air (mrem
per pCi inhaled)

DFO;, Committed dose equivalent to organ o from ingestion of radionuclide j (mrem per pCi ingested)
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Table 2.2 Subscripted parameter summary

Parameter

A

Number of Order of
subscripts subscripts Description

3 Concentration of radionuclides for the current year per initial unit
concentration of parent radionuclide i in soil
1 s -soil (pCi/g per pCi/g)
w -water (pCi/L per pCi/g)
2 t - current year
3 i -parent
j -chain member (1 for parent, >1 for progeny)

1 Area of land contaminated in the drinking water scenario (mz)

1 Activity of radionuclide j (pCi)

1 Area of land contaminated in the residential scenario (mz)

2 Concentration of radionuclide j present at the beginning of the current

1-year exposure period, t, per initial concentration of parent radionuclide i
(pCi/g per pCi/g in soil)

AF (sec Table 2.1)

B

BA

2 Concentration factor for uptake of a radionuclide from soil to edible parts

of a plant (pCi/kg dry-weight plant per pCi/kg dry-weight soil)

1 i - parent radionuclide
j -chain member (1 for parent, >1 for progeny)

2 f -forage crop
g -stored grain crop
h - stored hay crop
v -food crop

2 Bioaccumulation factor for transfer of activity from water to edible parts
of fish (pCi/kg wet-weight fish per pCi/L water)
1 i - parent radionuclide
j -chain member (1 for parent, >1 for progeny)
2 f -aquatic foods (fish)
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Table 2.2 Subscripted parameter summary (Continued)

Number of Order of
Parameter subscripts subscripts

C 2
1
2
C 4
1
2
3

Description

Activity or concentration in a medium

- medium is building renovation material (pCi/g)

- medium is box k of water-use model

- medijum is building surface material (dpm/100 cm?)
- medium is residential soil (pCi/g)

- medium is soil (pCi/g)

- total activity in soil (pCi)

- medium is water (pCi/L)

- medium is vegetation (pCi/g dry-weight plant)

<gmwmoro

- total activity in box 1 of water-use model (pCi)
- total activity in box 2 of water-use model (pCi)
- total activity in box 3 of water-use model (pCi)
- parent radionuclide

j -chain member (1 for parent, >1 for progeny)
C - carbon-14

H - tritium

[tV R S YR

Activity or concentration factor for transfer from a contaminating medium
(e.g., soil or water) to a receiving medium of consumption (e.g., soil, food,
or water)

Contaminating medium (units of denominator of C)

s - medium is soil (pCi/g or total pCi for the drinking water scenario)

1 -root uptake from irrigation to the soil path (pCi/L)

w - medium is water (pCi/L)

Recieving medium (units of numerator of C)

- animal product (pCi/kg wet weight)

- forage crop (pCi/kg wet weight)

- stored grain crop (pCi/kg wet weight)

- stored hay crop (pCi/kg wet weight)

- soil (pCi/kg dry-weight soil)

- food crop (pCi/kg wet weight)

- drinking water (pCi/L)

i - parent radionuclide

j - chain member (radionuclide, parent or progeny)

C - carbon-14

H - tritium

€ < ¥ Dom
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Tuble 2.2 Subscripted parameter summary (Continned)

Number of Order of
Parameter subscripts subscripts

C 4 4
Csoil

CR,

dpj 2

d 1

s

DEXB, DEXO, DEXR (see Table 2.1)

Description

¢ - evaluated at time of general feed consumption by animals

d - animal ingestion of dirt (soil) at time of forage consumption
f -evaluated at point when animals begin consuming forage

h - evaluated at point when harvesting of food begins

p - evaluated at point when people start consuming the food

s -evaluated at point when animals start consuming stored food
t -evaluated for the year t, or at any time t

w - evaluated over time of water consumption by animals

y - evaluated for a 1-year time period

Ratio of the 14C concentration in soil eaten by animal to the initial
concentration of 14C in the soil, with units conversion from grams to

kilograms (g/kg)

Effective concentration ratio between soil and plant type v (pCi/g dry-
weight plant per pCi/g dry-weight soil)

Fraction of radionuclide p transitions that result in production of
radionuclide j (dimensionless)

Density of agricultural soil (g/cm®)

DF, DFC, DFER, DFES, DFEV, DFG, DFH (see Table 2.1)

DGB, DGO, DGR (see Table 2.1)
DHB, DHO, DHR (see Table 2.1)
DSR, DWR (sec Table 2.1)

F 2

NUREG/CR-5512

Transfer coefficient relating daily intake in animal feed or ingested soil to
concentration in edible animal product

a - food type (animal product)

j - chain member (radionuclide, parent, or progeny)
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Parameter

Kd

Number of
subscripts

1

Nomenclature

Table 2.2 Subscribed parameter summary (Continued)

Description

Fraction of water removed from Box 3 that is deposited on the surface
layer by irrigation

1 - surface-soil layer, box 1
2 - unsaturated-soil layer, box 2

Fraction, by weight, of carbon or hydrogen in a medium (dimensionless)
C - carbon

H - hydrogen

a - medinm is an animal product

d - medium is soil (dirt)

f - medium is fresh forage

g - medium is stored grain

h - medium is stored hay

v - medium is food crop

Assumed thickness of soil layers for water-use model(m)
1 - surface-soil layer, box 1
2 - unsaturated-soil layer, box 2

Number of radionuclides in decay chain for parent radionuclide i

Coefficient in chain decay equations (pCi+d)

n - precursor chain members

j - current chain member

j - current chain member

Partition coefficient for radionuclide i, defined by element and box (mL/g)
Water-use model box

1 -surface-soil, box 1

2 - unsaturated layer, box 2

Radionuclide index

i - parent radionuclide

j -chain member radionuclide (parent or progeny)

Rate constant for movement of radionuclides between boxes of the water-
use model (d'1)

1 - transfer from box 1

2 - transfer from box 2

2 - transfer to box 2

3 - transfer to box 3

i - parent radionuclide

j -chain member radionuclide (1 for parent or >1 for progeny)

29 NUREG/CR-5512



Nomenclature

Number of
Parameter  subscripts

ML

PPTF

PF

NUREG/CR-5512

1

Table 2.2 Subscribed parameter summary (Continued)

Order of
subscripts

W

Description

Plant soil mass-loading factor for transfer from soil to plants (pCi/kg dry-
weight plant per pCi/kg dry-weight soil)

f - forage crops

¢ - stored grain crops

h - stored hay crops

v -food crops

The porosity of the soil layers (dimensionless)
1 -surface-soil layer, box 1
2 - unsaturated-soil layer, box 2

Number of short-lived progeny for which contributions are to be included
with the parent radionuclide dose factors

Total number of food products considered in the diet

Soil areal density
s - areal soil density in agricultural areas (kg dry-weight soil/m?)
d -floor dust-loading for residential scenario (g/mz)

Partial pathway transfer factors (PPTFs) providing activity time integral in
a food type (pCiey/unit receiving medium per unit initial activity in a
contaminating medium)

Receiving medium

a - animal product type

v -food crop type

Contaminating medium

s -soil

w - water

Parent radionuclide index

i - parent radionuclide

C - carbon-14

H - tritium

Progeny radionuclide index

j -chain member (1 for parent, >1 for progeny)

"blank” - 4th subscript not used for carbon-14 or tritium

Pathway transfer factors (PFs) providing intake (pCi) by humans per unit
initial concentration in a medium

s - medium is soil

w - medium is water

i - parent radionuclide

j -chain member (1 for parent, >1 for progeny)
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Table 2.2 Subscripted parameter summary (Continued)

Number of Order of

Parameter  subscripts  subscripts Description
Q 1 Consumption rate by animal
1 d - animal ingestion of soil (dirt) (kg dry-weight soil per kg dry-weight
‘ forage)

f -forage crop (kg wet-weight forage/d)
g -stored grain crop (kg wet-weight grain/d)
h - stored hay crop (kg wet-weight hay/d)
w - water (L/d)
2 Amount of radionuclide present (units proportional to atoms)
1 1 - medium is surface-soil (box 1)
2 - medium is unsaturated zone (box 2)
3 - medium is ground-water aquifer (box 3)
m - general medium
2 1 - parent radionuclide
2 - first progeny radionuclide (chain member 2)
3 -second progeny radionuclide (chain member 3)
i - parent radionuclide
j -chain member (1 for parent, >1 for progeny)

r 1 Fraction of initial deposition retained on the plant from irrigation water
1 f -forage crop
g - stored grain crop
h -stored hay crop

v -food crop
R 4 Deposition rate from irrigation water to a medinm
1 Deposition pathway
w - water to plant surfaces or soil
2 Medium receiving deposition

f - forage crop type
g - stored grain crop
h - stored hay crop

s -soil
v -food crop
3 Radionuclide index

i - parent radionuclide

j -chain member (1 for parent, >1 for progeny)
4 Period of deposition

g - crop-growing period

f -animal-foraging period
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Table 2.2 Subscripted parameter summary (Continued)

Number of Order of

Parameter subscripts  subscripts Description
RF 1 Resuspension factor (m™)
1 o - building occupancy scenario

r - indoor activity for residential scenario

R, 2 Retardation factor (dimensionless)
1 1 - surface-soil layer, box 1
2 - unsaturated-soil layer, (box 2)
2 j -current chain member
SA 3 Specific activity equivalence factors for carbon and tritium
1 § - medium is soil

T - normalized to total activity
w - medium is water

2 a - animal product
v -crop

3 C - carbon-14
H - tritium

t 1 Time period (d)

1 b - time spent in building renovation work
d - water intake period for drinking water scenario
f - fishintake period for residential scenario
g - time spent gardening for residential scenario
i - time spent indoors for residential scenario
o - time spent in building occupancy
r - time of residential scenario
x - time spent outdoors for residential scenario
y -1year
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Table 2.2 Subscripted parameter summary (Continuned)

Number of Order of

Parameter  subscripts  subscripts Description
t 2 Time period (d)
1 ¢ - consumption period by humans

f - feeding period for animals producing animal product a
g - crop-growing period

h - time between harvest and consumption by humans

- total elapsed time for a period

w - consumption period for animals drinking contaminated water
- animal product

- building renovation scenario

- drinking water scenario

- forage crop

- gardening period (used only with first subscript t)

- stored grain crop (used only with first subscript g or f)
- stored hay crop

- building occupancy scenario

- residential scenario

- stored feed (hay or grain)

- food crop

=2l s ST T T W o V) -

< v oo

T 1 Translocation factor of activity from plant surfaces to edible parts of the
plant (dimensionless)
1 f - forage crop
g - stored grain crop
h - stored hay crop
v -food crop

TEDEB, TEDED, TEDEO, TEDER (see Table 2.1)

U 1 Ingestion rate of foods or water by humans
1 a - animal product (kgfy)
f - aquatic food, fish (kgfy)
v -food crop (kghy)
w - drinking water (L/d)

\% 1 Volumetric breathing rate (m>/h)
1 b - building renovation scenario
g - residential scenario, gardening
r -residential scenario, indoors
O - building occupancy scenario
s -standard rate used as the basis for the inhalation dose factors (DHF))
X - residential scenario, outdoors
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Table 2.2 Subscripted parameter summary (Continued)

Number of Order of
Parameter subscripts subscripts

NUREG/CR-5512

Description

Volume of water used for domestic purposes during a year of drinking
water scenario (L)

Volume of water used for domestic purposes during a year of residential
scenario (L)

Volume of water infiltrating through contaminated area in a year for the
drinking water scenario water-use model (L)

Volume of water infiltrating through contaminated area in a year for the
residential scenario water-use model (L)

Volume of water used for irrigation during a year of residential scenario

@0

Volume of water in the surface-water pond used in production of aquatic
foods (L)

Total aquifer volume for the drinking water scenario (L)
‘Total aquifer volume for the residential scenario (L)

removal rate constant for the water-use models (d!)
d - drinking water scenario
r - residential scenario

Factor to convert plant concentrations from a dry-weight basis to a wet-
weight basis (kg dry-weight plant per kg wet-weight plant)

f - forage crop

g - stored grain crop

h -stored hay crop

v -food crop

Fraction of animal feed or water intake that is contaminated, defined for
each animal type

f -forage

g -stored grain

h -stored hay

w - water
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Table 2.2 Subscripted parameter summary (Continued)

Number of Order of

Parameter  subscripts subscripts Description
Y 1 Yield of crop (kg wet weight per m?)
1 f - forage crop

g - stored grain crop
h - stored hay crop

v - food crop
8 1 Volumetric water content for a soil layer (dimensionless)
1 1 - surface-soil layer

2 - unsaturated-soil layer

p 1 Bulk density for a soil layer (g/mL.)
1 1 - surface-soil layer
2 - unsaturated-soil layer

A Decay rate constant for transition of radionuclide n to radionuclide j (d‘l)
A 2 Rate constant (d)
1 w - removal by weathering from plant surfaces

e - effective (sum of removal and decay rate constants)
r - radiological decay
2 i - parent radionuclide
j -chain member (1 for parent, >1 for progeny)
n - chain member
"plank” - not dependent on radionuclide
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Table 2.3 Unsubscripted parameters

Symbel

CDB

CDG

CDI

CDhO

DIET

DL

GB

GO

GR

IR

QT

Definition

Area of land under irrigated agricultural production (mz)

Dust-loading for building renovation work (g/m3)

Dust-loading for gardening activities (g/m3)

Dust-loading for indoor exposure periods (g/m3)

Dust-loading for outdoor exposure periods (g/m>)

Fraction of annual diet derived from home-grown foods (dimensionless)
Annual dose limit for evaluation of the potential for adverse impacts (mrem)
Dilution flow in the ground-water aquifer (L)

Effective transfer rate for ingestion of loose dust transferred from building surfaces to hands and mouth
during building renovation work (g/h)

Effective transfer rate for ingestion of removable surface activity transferred from surfaces to hands and
mouth during building occupancy (m?/h)

Effective transfer rate for ingestion of soil and dust transferred to the mouth during the residential
scenario (g/d)

Absolute humidity (L/m?)
Index of parent radionuclide
Index of current chain member position in decay chain

Proportionality constant to convert from activity units to atom units, dependent on the activity units used,
equal for all radionuclides (k = 1 when activity is given in Bq and ).rj in inverse seconds)

Infiltration rate (mfy)
Annual average application rate of irrigation water (L/mz'd)
Number of parent radionuclides in the mixture

Total activity factor for irrigated land (pCi per pCi/g)
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‘Table 2.3 Unsubscripted parameters (Continued)

Symbol Definition

SF1 Shielding factor by which external dose rate is reduced during periods of indoor residence (dimensionless)

SFO Optional shielding factor by which external dose rate is reduced during periods of outdoor residence
(dimensionless)

SH Moisture content of soil (L/kg)

The units of the decay operator are the same as those of the initial activity or concentration array. The asterisk sub-
script represents possibilities defined for activities or concentrations (parameters C in Table 2.2) and time (param-
eter t in Table 2.2). The time integral of activity or concentration, S{}, must be evaluated in several of the models.
The nomenclature of this operator is the same as that for the decay operator, A{}:

S{C,yt,} (22)

where S{} = the operation of time-integration calculation (in appropriate units)

G,

|

the array of chain member activities (in appropriate units)
t, = time period over which the integration is performed (in time units).

Units of the resulting operation are the product of the activity or concentration units and the time units. For example,
evaluation of a time integral of activity in pCi for a time period in days would provide results in units of pCi«d.

The operator for evaluation of the concentration in a medium after accumulation of constantly depositing activity is
represented as

R {R,t} (2:3)

where R{} = the operation of the deposition, accumulation calculation (in appropriate units)

R.

the array of chain member constant deposition rates (in appropriate units per unit time)

[

]

time period over which the deposition at a constant rate occurs (in time units).

Units of the resulting operation are the same as the receiving medium units, which are the units of the deposition rate
multiplied by time. For example, if the deposition rate is defined as pCi/d per kg of plant and time units are in days,
then the resulting units are pCi/kg of plant. Note that the time units for the deposition rate and the time parameter
must be the same (or a time units conversion factor must be applied to the result).

The deposition, accumulation, and time-integration operator is needed for processes involving deposition (via
irrigation water) for the residential scenario. This operator is used to evaluate the activity or concentration in a
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medium after deposition for a period of time. The deposition, accumulation, and time-integration operator is
represented as:

G{R,t,} 24

where G{} = the operation of the deposition, accumulation, and time-integration calculation (in appropriate units)

il

R« = the array of chain members with constant deposition rates (in appropriate units per unit time)
t, = the time period over which the deposition, accumulation, and time-integration calculation is per-
formed (in time units).

Units of the resulting operation are the product of the activity or concentration-per-time units and the square of the
time units. For example, evaluation of a time integral of deposition rate in pCi/day for a time period in days would
provide results with units of pCied. Note that the resulting units are the same as those for the single time-integral of
activity or concentration. The deposition, accumulation, and time-integration operator results may be divided by the
integration time period to give an average concentration or activity over the period.

A summary of the various uses of the decay and time-integral operators used in this report is given in Table 2.4. The
table provides references 1o specific equations in Appendix B and to the form of the exponential term in.the equations.
Each application involves use of a summation equation that includes the product of coefficients multiplied by an
exponential term as follows:

J
(Operator Value), =} (Coefficient), (Exponential Term), (2:5)

n=1

Where the subscript, j, refers to a chain member and the subscript, n, refers 1o all precursor radionuclide positions in
the decay chain. The form of the exponential term depends on the application (as indicated in Table 2.4).

Using the indicated equations, specific equations for the operators can be developed. Examples of generation of
specific equations from the general equations are given in Appendix B.

The drinking water scenario involves a special application of the decay and time-integral operators. This application
involves generation of a solution to the three-box water-use model. Details of the water-use model applications are
provided in Section 4 (drinking water scenario) and Section 5 (residential scenario). A summary of the operator nota-
tion for the water-use model is given in Table 2.5. The drinking water scenario application uses the basic equations
including removal terms in Equations (B.15 to B.18). The residential scenario application is described in Section B.7.
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Table 2.4 Summary of operator notation equations

Summation  Coefficient

Operator Equation Equations Exponential Term Calculation

A{C, L} B2 B.3-B.5 exp(-A ts) Decay for a time period

A{C.te} B.15 B.16-B.18  exp(-i;1t+) Decay with removal for a time period

S{C.,ts} B.2 B.3-B.5 [1-exp(-Ay t)V/A Time integral over a time period

S{Cete} B.15 B.16-B.18  [L-exp(-A te)}/A Time integral with removal over a time
period

R{R,,t.} B.2 B.3-B.5 [1-exp(-Ag t))/Ag Deposition and accumulation of a con-
stant deposition rate over a time period

R {R4,te} B.15 B.16-B.18  [l-exp(-A; t)}/Ag Deposition and accumulation of a con-
stant deposition rate with removal over a
time period

G{R.,t.} B2 B.3-B.S {t-[1-exp(-25 t.)}/Aq}/).q. Deposition, accumulation, and time-
integration of a constant deposition rate
over a time period

G {R4,te} B.15 B.16-B.18 {t-[1-exp(-2 t.)]/l,ej}/),ej Deposition, accumulation, and time-

integration of a constant deposition rate
with removal over a time period

As an example of the use of the decay operator, the concentration of radionuclide j in building materials after decay

during the renovatio

written

A{Cy,t iy}

n work period, t,,, is calculated from the initial concentration in building materials, ij, and is

(2.6)

The time integral of the concentration in building material of radionuclide j over this period is written

${Chy 1y}

2.19
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Table 2.5 Summary of water-use model operator notation equations

Summation  Coefficient
Operator Equation Equations Exponential Term Calculation

Ay lCete} B.15 B.16-B.18 exp(-Ae ts) Decay for a time period in drinking water scenario
water-use model box k

AL{C. L} (see Section B.7) Decay with removal for a time period in residential
scenario water-use model box k

Sgi{Cets} B.15 B.16-B.18 [1-exp(-A¢; t))/A;  Time integral over a time period in drinking water
scenario water-use model box k

Si{Cate} (see Section B.7) Time integral with removal over a time in residen-
tial scenario water-use model box k

Multiple applications of the decay or time-integral operations are represented as nested symbols. For example, the
decay of radionuclide j concentration in soil, for a time t,,, followed by a time integration for a period 1, is represented
as follows:

S{A{CSJ’ttb}’ ty} (2'8)

The decay operator notation can be expanded using equations given in Appendix B. The expansion will result in one
equation for each chain member, giving the desired parameter value as indicated for the specific operator. For
example, Equation (2.6) can be written for a two-membered decay chain as two equations, one for the parent and one
for the first progeny.

The explicit equations are as follows:

for the parent,
cbl(t(b) - Cbl(o) e"}‘rlllb (2.9)
and for the first progeny,
Coplty) = 2ot O Cpp(0) - 2tizCor O At (2.10)
Ao - Ay Ay - Ay
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where Cy;(,,) = concentration of parent radionuclide in building material evaluated at time t,, (activity units)

Ceo(ty,) = concentration of first progeny radionuclide in building material evaluated at time t,;, (activity units)

Cy,1(0) = initial concentration of parent radionuclide in building material (activity units)

Cy2(0) = initial concentration of first progeny radionuclide in building material (activity units)

A, = radioactive decay rate constant for the parent radionuclide (d%)

A, = radioactive decay rate constant for the progeny radionuclide @h

dy, = the fraction of parent radionuclide transitions that result in production of progeny radionuclide

(dimensionless)
t, = duration of the renovation period

and other terms are as previously defined.

The time-integral operator notation can also be expanded directly from Equations (2.9) and (2.10) by integrating the

expressions over time between 0 and t,. Noting that, for any radionuclide j,

Ly At

th
fott ao - 1€
o )'rj

the results are as follows for the parent radionuclide:

t

J Cp( dt = Gy (0) [1 - eulnltb} /Ay

and for the first progeny,
Ly
Ar0d1Co1(0) A 22412C61(0)
J- Coa(t) dt = o [1 - e “b] |+ G2(0) - '"ri—’——)'._‘
o 2 rl T2 rl

(2.11)

(2.12)

{1 _ e—krztw] fa, @13)
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3 Scenario Descriptions for the Release of Buildings

Currently, there are estimated to be over 22,000 NRC and NRC Agreement State licensees that will eventually apply
for license termination. There is a significant diversity in the types of buildings and building materials to be released
after decommissioning. For example, licensed facilities range from commercial nuclear power reactors to research
laboratories at universities and industrial plants. Because licensed facilities are in commercial use, it is unlikely that
continuous exposure (i.e., 24 h/d) could occur after license termination. Therefore, the conceptual basis of the generic
scenarios identified for the release of buildings assumes continued commercial use of a building (not residential use).
This assumption is considered to be prudently conservative, while continuous exposure would be the worst case.

Two exposure scenarios are defined for buildings: building renovation and normal building occupancy. The building
renovation scenario, in Section 3.1, accounts for an average volume (subsurface) concentration of radionuclides in
building walls, floors, and ceilings. The building occupancy scenario, in Section 3.2, accounts for radionuclides in a
thin surface layer, with a small fraction being removable. Building renovation represents relatively short-term expo-
sures to disturbed sources, while building occupancy represents long-term chronic exposure to low levels of loose con-
tamination. This dual-scenario approach permits the calculation of generic annual TEDEs for volume and surface
sources of residual radioactive materials. This approach should help develop screening levels for well-defined situa-
tions, permit consideration of site-specific conditions using alternative parameter assignments, and assist in determin-
ing when more detailed site-specific data, models, and assessments are required. Additional information regarding
specific parameter values used for the analysis is provided in Section 6.

3.1 Building Renovation Scenario

At the time of license termination, it is likely that decontamination operations will have effectively eliminated (or sig-
nificantly reduced) removable surface sources of residual radioactive contamination. It is also likely that, at some
point, buildings will require renovation and, ultimately, they will be demolished. During renovation or demolition,
surface and volume sources will be disturbed, creating loose contamination. This loose contamination can produce
higher concentrations of radionuclides in the air or on surfaces than the levels in an undisturbed building.

Renovation conditions serve as the prudently conservative basis for this scenario analysis. The differences between
renovation and demolition are difficult to predict, but both can likely be represented by the same conceptual model.
For some conditions, demolition may represent a worst-case situation; in others, renovation may be the worst case.
For example, the exposure duration for demolition may exceed the duration of renovation. Whereas demolition may
be rather remote, involving the use of heavy wrecking equipment, renovation may involve work indoors with direct
contact with residual radioactive materials.

The work activities associated with building renovation will likely be quite varied, ranging from heavy construction to
light finish work. Figure 3.1 shows a variety of expected activities, including removal of a portion of a concrete struc-
ture, creating loose surface contamination. Other renovation activities, such as carpentry, plumbing, or painting, will
likely be less rigorous, but they are assumed to occur with an elevated amount of loose surface contamination. Fig-
ure 3.1 illustrates the modeling basis for the renovation scenario pathways, which account for all four expected activi-
ties. The following sections describe the scenario time frame, the potential exposure pathways (describing both those
that are included and excluded from the analysis), and the mathematical formulations needed to describe the renova-
tion scenario exposure pathways.
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Building Scenarios

Figure 3.1 Potential activities within the building renovation scenario

3.1.1 Time Frame for Building Renovation Scenario

The time frame for exposure for the building renovation scenario is illustrated in Figure 3.2. Although building reno-
vation may occur at any time after license termination, this study assumes that it occurs immediately after release of
the building, before additional radioactive decay takes place. The workers are assumed to be involved in only one reno-
vation operation during the year.

The top portion of Figure 3.2 shows an exact description of exposure to a decaying source during renovation. The dark
lines indicate exposure for 8 h/d, 5 d/wk over the total exposure period. The lower part of Figure 3.2 shows the mathe-
matical representation of the exact solution using the exposure duration and the mean activity level. The mean activity
level is evaluated using the activity time-integral, S{} (discussed in Section 2), divided by the duration of the renova-
tion. This formulation of mean activity level is used in each of the exposure pathway mathematical formulations.
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Figure 3.2 Building renovation time frame

3.1.2 Exposure Pathways for Building Renovation Scenario

As can be inferred from Figure 3.1, numerous potential exposure pathways can be identified during building renova-
tion. Although the potential pathways may be quite numerous, some will produce greater radiation dose than others.
The potential pathways are shown in the following list, with those selected for analysis shown in bold type.

+ external exposure to penetrating radiation from volume sources

¢ inhalation of airborne radioactive dust

+ inadvertent ingestion of loose surface contamination

* external exposure from submersion in airborne radioactive dust

+ internal contamination from puncture wounds during building renovations
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¢ dermal absorption of radionuclides
< inhalation of the indoor radon aerosol.

The exposure pathways selected for analysis in the building renovation scenario include external exposure to penetra-
ting radiation from volume sources, inhalation of airborne dust, and inadvertent ingestion of dust. The selection of
these pathways, along with the selection of prudently conservative parameter values, provides a balanced analysis for
each of the following:

* photon-emitters, through the external exposure pathway
* alpha-emitters, through the inhalation exposure pathway
¢ Dbeta-emitters, through inadvertent ingestion of "loose" surface contamination.

The four potential pathways identified above but not included in this analysis are external exposure during submersion
in airborne radioactive dust, internal contamination from puncture wounds, dermal absorption, and inhalation of
radon aerosol. Reasons for excluding these four pathways are provided below.

Air submersion can be an important pathway to consider when evaluating the potential consequences of airborne
plumes from accidents at nuclear facilities. However, numerous previous studies for decommissioning have concluded
that external doses from air submersion are trivial compared with external doses from surface or volume sources
(Schneider and Jenkins 1977; Smith, Konzek, and Kennedy 1978; Oak et al. 1980). Thus, air submersion doses are not
included in the scenarios considered in this study.

Similarly, internal exposures from puncture wounds or from dermal absorption may be important when evaluating
sources of exposure to workers in licensed nuclear facilities. But most dose assessments using these pathways are
retrospective (after-the-fact) and rely on bioassay results to help establish the magnitude of internal deposition that
occurred for a specific situation. The frequency of occurrence of puncture wounds, although unpredictable, is assumed
to be low considering the exposure pathways involved. Dermal absorgtion may be important for only a few radio-
nuclides, most notably M. D help account for dermal absorption of “H, the ICRP increased the inhalation dose fac-
tors by 50%. The doses that could result from dermal absorption for other radionuclides are assumed to be low
compared with inhalation and ingestion. Thus, internal doses from puncture wounds and dermal absorption are not
included in this scenario.

Under some conditions, inhalation of radon aerosol from the uranium decay chain can be a significant pathway. The
concentration of indoor radon is a complex function of the quantity of uranium and decay chain members present, the
building design, and the air exchange rate with outdoor air. In addition, indoor radon may be present from naturally
occurring concentrations of uranium decay chain members, not just residuval radioactive contamination from licensed
activities. Because of the site-specific nature of the indoor radon aerosol and because the EPA has developed separate
regulations for indoor radon, no attempt is made to model exposure from the indoor radon aerosol for this study.

A further justification for excluding these four pathways stems from the intent to produce a set of prudently conserva-

tive (not worst-case) generic screening scenarios. Additional pathways can be included, as necessary, in site-specific
ALARA evaluations using site-specific data.
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3.1.3 External Dose

The external dose is evaluated for renovation work lasting for a specified exposure duration (t,) in the year, occurring
over a specified renovation work period (t,,). The concepts involved in the external dose calculation for the building
renovation scenario are described in the following word equation:

[External Dose] = [Exposure Duration for Renovation]
x [Volume Source Dose Rate Factor] 3.1)
x [Average Concentration of Radionuclides
in Building Material]

The external dose calculation involves evaluation of the average concentration of radionuclides in building material
over the period of exposure. The amount of a radionuclide present at any time is evaluated as the solution to the
following differential equation (quantities expressed in atoms):

dc,. i-1
-—;—tﬁ = Z;l dyj A Con = A Gy G-2)

where ij = concentration of radionuclide j present in building material at time t (pCi/g)

C,, = concentration of precursor radionuclide n present in building material at time t (pCi/g)
dy; = fraction of radionuclide n transitions that result in production of radionuclide j.
X, = radioactive decay constant for radionuclide j @h.

The average concentration of a radionuclide in building material is evaluated as the time integral of the solution to
Equation (3.2) as follows:

-1 (3.3)
Lp

where 61) is the average concentration of radionuclide j in building material over the period of renovation work
(pCi/g), and t, is the duration of the renovation period (d).

The mathematical formulation for calculating external dose for the building renovation scenario is given by the
following equation:
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J

DEXB, = 24 t, zlj (DFERj S{ij,ttb}/ttb) G4
1=

where DEXB, = external dose from the specified renovation work duration for the decay chain with parent
radionuclide i (mrem for renovation during 1 year)

DFER; = external dose rate factor for exposure to a volume source of radionuclide j, compatible with the
volume source intent of the building renovation scenario, as described in Section 6 (mrem/h per

pCi/g)
t, = exposure duration for renovation period (d)

S{Cy; ty,} = time-integral operator used to develop the average concentration of radionuclide j in building
material over the renovation period (pCied/g for renovation during 1 year)

ij = initial concentration of radionuclide j in building material (pCi/g)
t, = duration of the renovation period (d)

J, = number of radionuclides in the decay chain for parent radionuclide i
24 = unit conversion factor (h/d).

The time integral of concentration in building material is evaluated for each chain member. For the parent
radionuclide of a decay chain, the time integral is equivalent to the following expression:

${Cop L} = {Cm(O) [1 —e ‘“’} / Aﬂ} (3.5)

where 1, is the radioactive decay constant for the parent radionuclide (first chain member) (d™1), C,,;(0) is the initial
concentration of parent radionuclide in building material (pCi/g), and other terms are as previously defined.

When the decay chain contains progeny radionuclides, the decay operator provides an array of results, one value for
each chain member. The time-integral value for the parent radionuclide is given by Equation (3.5). The value for the
first progeny is given by the following equation:

Cbl (O)dlz A’I‘Z {1 _e‘lrltlb)

R freerw

! A
(3.6)

41242C1 (0) (1
Az -y
where A, is the radioactive decay constant for the first progeny radionuclide (second chain member), Cy, is the value

of C,, for the second chain member, and other terms are as previously defined. See Section 2 and Appendix B for a
discussion of the decay operator notation and example generation of equations corresponding to Equations (3.5)

‘}'rztzb)
-¢€ / ra

+ (‘1)2(0) -
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and (3.6) for additional progeny. A detailed discussion of the selection of parameter values for calculating the external
dose during building renovation is provided in Section 6.

3.1.4 Inhalation Dose for Renovation

The concepts involved in calculating the committed effective dose equivalent (CEDE) for inhalation for the building
renovation scenario are described in the following word equation:

[CEDE for Inhalation] = {Exposure Duration for Renovation]
x [Volumetric Breathing Rate]
x [Airborne Dust-Loading Factor] €))
x [Inhalation Dose Factor]

x [Average Concentration of Radionuclides in BuildingMaterial]

The mathematical formulation for calculating inhalation dose for the building renovation scenario is given by

J

‘ 3.8
DHB, = 24 t, V, CDB 2; DFH, S{Cyy, tp}/tip 38)
i=
where DHB, = CEDE for inhalation for parent radionuclide i for the specified renovation work period (mrem for
renovation work in 1 year)
CDB = dust-loading factor in air for renovation work (g/m3)
DFH. = inhalation CEDE factor for radionuclide j (mrem per pCi inhaled)

J

V,, = volumetric breathing rate for building renovation work (m3/h)

and other terms are as previously defined. A detailed discussion of the airborne dust model and parameter values
selected for calculating the inhalation dose during building renovation is provided in Section 6.

3.1.5 Ingestion Dose for Renovation
The final pathway considered for the building renovation scenario is inadvertent ingestion of dust generated during

renovation activities. The concepts involved in calculating the CEDE for the inadvertent ingestion are described in the
following word equation:
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[CEDE for Ingestion] = {Exposure Duration for Renovation]
x [Effective Transfer Rate for Ingestion] (3.9)
x [Ingestion Dose Factor]

x [Average Concentration of Radionuclides in Loose Dust]
The mathematical formulation for calculating ingestion dose for the building renovation scenario is given by

1

DGB, = 24 t,, GB Y DFG; S{Cy;, t;,}/ty (3.10)
j=1

where DGB; = ingestion CEDE for parent radionuclide i for renovation work (mrem for renovation work in 1 year)

GB = effective transfer rate for ingestion of loose dust transferred from building surfaces, to hands, to
mouth (g/h of work)

DFGj

ingestion CEDE factor for radionuclide j (mrem per pCi ingested)

and other terms are as previously defined. A detailed discussion of the parameter values selected for calculating
ingestion dose during building renovation is provided in Section 6.

3.1.6 Annual TEDE for the Building Renovation Scenario

The annual TEDE for the building renovation scenario is evaluated as the sum of the contributions from the three
exposure pathways, as shown in the following word equation:

[Annual TEDE for Renovation] = [External Dose]
+ [CEDE for Inhalation] (3:11)

+ [CEDE for Ingestion]

The mathematical formulation for calculating the annual TEDE for the building renovation scenario is

TEDEB; = DEXB, + DHB, + DGB, (3.12)

where TEDEDB,; is the TEDE for parent radionuclide i (in mrem for renovation work in 1 year) and other terms are as
previously defined.

When mixtures of radionuclides are considered, the total dose for the building renovation scenario is evaluated as the
sum of the dose from each decay chain:

M

TEDEB,, = ¥ (DEXB, + DHB, + DGB)) (3.13)
1=1
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where TEDEB,, is the TEDE for the mixture of radionuclides (in mrem for renovation work in 1 year), M is the
number of parent radionuclides in the mixture, and other terms are as previously defined.

When the initial concentration is expressed in Bq/g and the result is expressed in uSv, the evaluation is performed as
above, except that the unit conversion factor is required, as follows:

TEDEB, = 270.3 TEDEB; (3.14)

where TEDEB;g; is the annual TEDE for parent radionuclide i (in pSv for renovation work in 1 year), and the constant
270.3 is a unit conversion factor, relating pSv/Bq to mrem/pCi.

3.2 Building Occupancy Scenario

At many facilities, the residual radioactive inventory will be associated with surface sources. Because surface decon-
tamination operations may not remove all of the surface sources, a scenario describing surface contamination must be
considered. For this analysis, the building occupancy scenario accounts for potential exposure to both fixed and
removable thin-layer or surface-contamination sources. This assumption is a conservative representation of residual
radioactive contamination that will bound the dose rates from volume sources, when equal initial activities are
assumed. That is, for an equal activity in surface and volume sources, the dose rate from surface sources will exceed
the dose rate from volume sources because of seif-shielding. A further discussion of the selection of external dose rate
factors is provided in Section 6.2.1. This scenario is used to derive the surface contamination annual TEDE.

The conceptual model used for the building occupancy scenario defined for this study is shown in Figure 3.3. Quite
simply, an individual is assumed to occupy a commercial facility in a passive manner without deliberately disturbing
surface sources of residual contamination. This means that the levels of "loose” contamination are likely to be substan-
tially less than those encountered in the building renovation scenario. The following sections describe the scenario
time frame, the potential exposure scenarios (those that are included and excluded from the analysis), and the mathe-
matical formulations needed to describe the exposure pathways in the building occupancy scenario.

3.2.1 Time Frame of Building Occupancy Scenario

The building occupancy scenario involves chronic exposure to an individual for a full work year in a commercial facil-
ity. The time frame for exposures is shown in Figure 3.4. Although occupancy of a building may occur at any time
after license termination, for this study occupancy is assumed to begin immediately after release of the building, before
significant radioactive decay occurs. Except for exposure duration, Figures 3.2 and 3.4 are identical, showing both the
exact and mathematical representation of exposure to a radioactive source. For building renovation, the exposure
duration will likely be a fraction of a work year, and for building occupancy, it will likely be a full work year. Asin the
building renovation scenario, the average activity per unit area is evaluated using the time-integral operator, S{} (dis-
cussed in Section 2 and Appendix B), divided by the duration of the building occupancy period.

3.2.2 Exposure Pathways

As with the building renovation scenario, numerous potential exposure pathways can be identified during building
occupancy. The potential pathways are shown in the following list, with those selected for analysis shown in bold type:

* external exposure to penetrating radiation from surface sources
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Figure 3.3 Potential activities within the building occupancy scenario

* inhalation of resuspended surface contamination

* inadvertent ingestion of surface contamination

* external exposure during submersion in airborne radioactive dust

+ internal contamination from puncture wounds inflicted by contaminated surfaces

» dermal absorption of radionuclides

* inhalation of indoor radon aerosol.

The exposure pathways selected for analysis in the building occupancy scenario include external exposure to penetrat-
ing radiation from surface sources, inhalation of resuspended surface contamination, and inadvertent ingestion of sur-

face contamination. The selection of these pathways, with prudently conservative parameter values, provides a
balanced analysis for
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Figure 3.4 Building occupancy time line

+ photon-emitters, through the external exposure
 alpha-emitters, through the inhalation exposure pathway

» beta-emitters, through the inadvertent ingestion pathway.

The potential pathways identified above but not included in this analysis are external exposure during submersion in
airborne radioactive dust, internal contamination from puncture wounds, dermal absorption, and inhalation of the
indoor radon aerosol. The justification for eliminating these pathways is the same as provided in Section 3.1.2 for the
building renovation scenario. In addition, airborne contamination levels for air submersion are likely to be quite low
during occupancy compared with renovation, further reducing the potential importance of air submersion. Puncture
wounds from contaminated surfaces are even less likely for building occupancy because there are no construction-
related activities. As with the building renovation scenario, additional pathways can be included, as necessary, in site-

specific ALARA evaluations using site-specific data.
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3.2.3 External Dose for Building Occupancy

The concepts involved in the external dose calculation for the building occupancy scenario are described in the
following word equation:

[External Dose] = [Exposure Duration for Occupancy]
x [Surface Source Dose Rate Factor] (315

x [Average Surface Activity per Unit Area]
The mathematical formulation for calculating external dose for the building occupancy scenario is given by

T

DEXO, = 241, ¥~ DFES; ${Cyt, o}ty (3.16)
j=1
where DEXO,; = external dose for parent radionuclide i (mrem for 1 year of building occupancy)

DFES; = external dose rate factor for radionuclide j, for exposure from contamination uniformly distributed
on surfaces, compatible with the surface-source mtem of the building occupancy scenario, as
described in Section 6 (mrem/h per dpm/100 cm )

Coj = initial activity per unit area for radionuclide j on building surfaces (dpm/100 cm?)

8{Cy 1} = time-integral operator used to develop the radionuclide j activity over the exposure period t,
(dpm+d/100 cm )

t,, = length of the occupancy period (d)

t, = time that exposure occurs during the 1-year building occupancy period (d)

24 = unit conversion factor (h/d).
The formulation is similar to the external dose formulation in Equation (3.4), with the exception that for the building
occupancy scenario, surface sources instead of volume sources are considered. The time-integral of activity, S{Ct,,},
is evaluated for parent radionuclides, as discussed in Section 2 and Appendix B and illustrated in sample equauons for
parent and first progeny for the building renovation scenario (see Equations [3.5] and [3.6]). A detailed discussion of
parameter values for calculating the external dose during building occupancy is provided in Section 6.

3.2.4 Inhalation Dose for Building Occupancy

Inhalation exposure is evaluated for residual material resuspended from building surfaces. The concepts involved in
calculating the inhalation CEDE are described in the following word equation:
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[CEDE for Inhalation] = [Exposure Duration for Occupancy]
x [Resuspension Factor for Surface Contamination]
x [Volumetric Breathing Rate] (317)
x [Inhalation Dose Factor]

x [Average Surface Activity per Unit Area].

The mathematical formulation for calculating inhalation dose for the building occupancy scenario is given by

3

DHO; = 45.05 [24 to] RE, V, zlj DFH, ${Cy;» tio} o (3.18)
]=

where DHO; = CEDE for inhalation for parent radionuclide i (mrem for 1 year of building occupancy)

RF, resuspension factor for building occupancy (m'l)

i

DFH; = inhalation CEDE factor for radionuclide j, as described in Section 6 (mrem per pCi inhaled)

45.05 = unit conversion factor (pCi/m? per dpm/100 cm?)
24 = unit conversion factor (h/d)
V, = volumetric breathing rate for building occupancy (m3/h)p 12000

(¢}

and other terms are as previously defined. A detailed discussion of the resuspension model and the parameter values
selected for calculating the inhalation dose during building occupancy is provided in Section 6.

3.2.5 Ingestion Dose for Building Occupancy
The concepts involved in calculating the CEDE for inadvertent ingestion are described in the following word equation:

[CEDE for Ingestion] = [Exposure Duration for Occupancy]

x [Effective Transfer Rate for Ingestion]
(3.19)
x [Ingestion Dose Factor]

x [Average Surface Activity per Unit Areal.
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The mathematical formulation for calculating ingestion dose for the building occupancy scenario is given by

J

DGO; = 4505 [241,] GO y DFG; S {Cpr tio} My (3.20)
j=1

where DGO; = CEDE for ingestion for parent radionuclide i (mrem for 1 year of building occupancy)

GO = effective transfer rate for ingestion of removable surface contamination transferred from surfaces,
to hands, then to mouth for the building occupancy scenario (mzlh)

DFG;

it

ingestion CEDE for radionuclide j, as described in Section 6 (mrem per pCi ingested)
45.05 = unit conversion factor (pCi/m? per dpm/100 cm?)
24 = unit conversion factor (h/d)
and other terms are as previously defined.

A discussion of the parameter values selected for calculating ingestion dose during building occupancy is provided in
Section 6.

3.2.6 Annual TEDE for the Building Occupancy Scenario

The annual TEDE for the building occupancy scenario is evaluated as the sum of the contributions from the three
exposure pathways, as shown in the following word equation:

[Annual TEDE for Occupancy] = [External Dose]
+ [CEDE for Inhalation] (3:21)

+ [CEDE for Ingestion].

The mathematical formulation for calculating the annual TEDE for the building occupancy scenario is

TEDEO; = DEXO, + DHO; + DGO, (3.22)

where TEDEO,; is the annual TEDE for radionuclide i (in mrem for 1 year of building occupancy) and the other terms
are as previously defined.

When mixtures of radionuclides are considered, the annual TEDE for the building occupancy scenario is evaluated as

the sum of the annual TEDE from each decay chain:

M
TEDEO,, = }; (DEXO, + DHO; + DGO, ) (323)
=
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where TEDEQ,, is the annual TEDE for the mixture of radionuclides (in mrem for 1 year of building occupancy) and
other terms are as previously defined.

When initial activity per unit area is defined in units of Bq/100 cm?, the following equation is used to evaluate the
annual TEDEO values in uSv:

TEDEOg, = 600 TEDEO, (3.24)

where TEDEO; is the annual TEDE for the parent radionuclide i (in pSv for a year of building occupancy), and the
constant 600 is a unit conversion factor (uSv/Bq per mrem/dpm).
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4 Drinking Water Scenario

The drinking water scenario (presented schematically in Figure 4.1) models the dose to persons whose sole exposure is
from drinking ground water that contains radionuclides leached from surface soil, as determined by a generic water-use
model. This scenario is included to permit a comparison with the drinking water standards of the EPA. The individual
exposed via drinking water is assumed to obtain all of his or her drinking water from the contaminated aquifer over a
period of 1 year, with a constant ingestion rate. The concentration of radionuclides in the ground water is taken as an
annual average value based on the total activity of a radionuclide, or mixture of radionuclides, that is in the ground
water during the year of exposure. The time frame for the drinking water scenario is shown in Figure 4.2. The concen-
tration of a radionuclide or mixture of radionuclides in ground water will conceptually be a function of the physical
and chemical properties of the radionuclides, soil, and ground-water system. Figure 4.3 is a simple representation of
how the concentration of two radionuclides (shown as "a” and "b") in ground water may vary with time. It is important,
therefore, to account for time-dependent behavior in the generic water-use model.

Soil
Human

l Exposure

Ground-Water >
Aquifer

Figure 4.1 Drinking water dose pathway

Water Concentration

Average Concentration

Concentration

0 1y

Figure 4.2 Time frame for drinking water scenario
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Figure 4.3 Example of time dependence of ground-water concentration

This section discusses the three-box water-use model used to estimate time-dependent ground-water concentrations
and the methods used to calculate annual TEDE for the drinking water scenario.

4.1 Water-Use Model

This section describes the method used to evaluate the ground-water concentration as a function of time in order to
determine the maximum dose (and year of maximum dose) for the drinking water scenario. The initial activity in sur-
face soils or in buildings that may be left as buried rubble onsite is defined at the time the land is released for public
use.

4.1.1 Characteristics of Water-Use Model Suitable for Screening

Residual radioactive contamination in soil has the potential to contaminate ground water in either the saturated or
unsaturated zones. The primary mechanisms controlling potential ground-water contamination include infiltration
and leaching, transport through the unsaturated zone, and transport through the saturated zone. Many additional
characteristics of the site influence these mechanisms, including precipitation rates, the land’s surface properties, soil
properties, the chemical nature of the radioactive contamination, spatial distributions of the contamination, and
advection/retardation in the aquifer. More complete discussions of ground water can be found in Freeze and Cherry
(1979), Isherwood (1981), and Wilson and Miller (1979). Previous efforts by the NRC have established a family of
models that have fairly broad application to matters related to waste management. These models include those by
Goode et al. (1986); Konikow and Bredehoeft (1978); Tracy (1982); Codell, Key, and Whelan (1982); and Codell
(1984).

The wide variability of physical and chemical conditions that potentially influence ground water, and the dependence
on many parameters that may have a coupled dependency, make it difficult to model ground-water systems. In
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addition, a conceptual model of a ground-water system is only an approximation of reality and may not represent all of
the behavior of that system. The cost of site characterization, model selection, and model validation may be prohibi-
tive if a trivial source of contamination exists. Because of the system’s potential variability, its modeling uncertainty,
and the costs of collecting and modeling the data, generic modeling generally encourages the use of worst-case (overly
conservative) predictions of the ground-water system’s responses. The existence of site data may allow the use of more
realistic and sophisticated models, but the data may be point values (in both location and time) and may still not
appropriately represent the actual system being modeled.

A middle ground between costly site-characterization and overly conservative generic modeling may be the use of sim-
ple, generic screening models for estimating drinking water concentrations with the use of data and assumptions that
should be readily available for any site. The purpose of the generic screening modeling conducted for this document is
to derive concentration values in an aquifer from residual radioactive materials in soil in a conservative manner that
will indicate when additional site-specific data or modeling sophistication are warranted. It is recognized that the
results may be prohibitive for all but trivial cases. However, it is also recognized that the types of data and assumptions
used in the generic screening approach should be easily obtained for any given site so that some site-specific
modifications may be possible.

The modeling approach developed for the onsite disposal of radioactive wastes (Goode et al. 1986) is potentially appli-
cable to residual radioactive soil contamination. Goode et al. (1986) provide a discussion of a methodology for esti-
mating the potential contamination of ground water by materials disposed in soils by licensees. Their methodology
includes the formulation of a conceptual model, representation of the conceptual model mathematically, estimation of
conservative parameters, and prediction of receptor concentrations. Conservative models, assumptions, and para-
meter selections (i.e., those that are likely to overestimate the receptor concentration) are used for their methodology
because of the need to ensure that underestimates of the potential consequences do not occur. When valid site data
exist, they recommend that more realistic parameters and models should be used to refine the predictions. In an
appendix, Goode et al. (1986) provide an overview of the types of mathematical models that should be considered
when developing a detailed evaluation of potential waste disposal impacts on ground-water resources.

4.1.2 Three-Box Water-Use Model

For the soil scenarios, a conservative method of estimating the concentration of radionuclides in a ground-water aqui-
fer is to use a simple leach-rate model accounting for total water use. Leach rates are dependent on the chemical prop-
erties of the radionuclides and soil and the rate of local water movement. For this water-use model, it was assumed
that radionuclides would be transferred to the ground water because of contact with infiltrating water (i.e., as a func-
tion of the solubility of material in water with no retardation in soils). To account for potential saturated and unsatur-
ated conditions, a three-box compartmental model is used for this study to estimate the transfer of activity from the
surface to the ground-water aquifer over time.

A conceptual representation of the three-box water-use model for the drinking water scenario is shown in Figure 4.4.
This figure shows the three boxes and indicates the flow of water through the system with infiltration being the driving
force for transfer from the surface soil to the ground-water aquifer. The following assumptions are implied by the
model:

» Initial radioactivity is contained within the top layer (box 1).

« The unsaturated-soil layer (box 2) and the aquifer (box 3) are initially free of contamination.

+ The vertical saturated hydraulic conductivity is greater than the infiltration rate.
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Figure 4.4 Conceptual representation of the drinking water scenario water-use model

* There is no retardation in the aquifer.

* The activity in the aquifer is diluted by the volume of water in the aquifer.

* The volume of water in the aquifer volume is considered to be the greater of the following: 1) the volume of infil-
trating water or 2) the volume of water used for domestic purposes.

* The infiltration volume is the product of the infiltration rate and the area of land contaminated.

* Water is removed from the aquifer at a constant rate during all years of interest in the analysis.

The initial activity is assumed to be contained within the first soil layer as a reasonable approach for a generic water-
use model. While some sites may exist that have contamination spread through all layers and even into the aquifer,
these cases should be evaluated on a site-specific basis, rather than by using this generic model.

The annual volume of water in the aquifer is defined as the greater of two volumes: 1) the volume of water pumped
annually for domestic uses or 2) the volume of water infiltrating through the surface-soil layer during one year. This
definition is used to avoid the unrealistic case that can result when the area of contaminated land is large. For cases
involving large areas of contamination, the annual volume of infiltrating water can exceed the annual volume of water
required to meet domestic water demands. Without the above definition of aquifer water volume, the concentration in
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the aquifer would unrealistically increase over the concentration in the unsaturated-soil layer because the volume of
water delivering the contaminant to the aquifer (i.e., the volume of infiltrating water) would be greater than the vol-
ume of the water in the aquifer.

The assumption regarding the vertical saturated hydraulic conductivity means that the soil conditions will allow water
to move vertically downward at least as fast as the infiltration rate (expressed as distance per year).

Figure 4.5 represents the movement of material in the simple three-box leach model. Box 1 in the figure represents
the initial inventory in a surface layer, with removal of material by either radioactive decay (A parameters) or leaching
(L parameters) into box 2, an unsaturated zone. The initial quantity of material in box 1, C;(0) is defined for each
radionuclide of interest in total activity, pCi. The initial quantity of material in boxes 2, C,;(0), and 3, C5;(0), are both
zero. The material in box 2 is transferred to the aquifer (box 3). The material in box 3 is removed by pumping to
provide domestic water for an individual. The material in box 3 is used to determine the annual average concentration
in the ground-water system. The ground-water concentration is evaluated for the year in which the dose via a scenario
reaches a maximum, with consideration of the ingrowth of decay progeny.

The human exposure pathway from the three-box water-use model for the drinking water scenario is illustrated in Fig-
ure 4.1. Exposure via ingestion of drinking water originates directly from box 3 of the three-box water-use model (the
ground-water aquifer). The concentration of radionuclides in the aquifer (box 3) is evaluated as the quotient of the
activity in box 3 (the aquifer) and the annual volume of water in the aquifer.

4.1.3 Equations for Radionuclide Transfer in Soil Using the Water-Use Model

Figure 4.5 includes a simple representation of a three-member radionuclide decay chain. In this representation, each
radionuclide has its own radioactive decay constant and transfer rate constant between boxes. Evaluation of the year in
which the maximum annual TEDE occurs requires that annual TEDES be calculated over a number of years until all
radionuclides have reached a maximum annual activity in the third box. The following discussion gives the mathe-
matical description of the three-box water-use model for the drinking water scenario where no irrigation recycling
occurs; the irrigation recycling is included in the water-use model for the residential scenario, as described in

Section 5.6.6.

The equations consider decay chain members produced in each of the boxes from precursor radionuclides. The
amounts of each chain member (parameter C) are represented as the total activity present. This representation is
made for consistency with the operation of the chain decay equations described below and in Appendix B. The
concepts involved in accounting for the quantity of radionuclide j in box 1 at time t are described in the word equation
below:

[Rate of Change of j in Box 1 at Time t] = [Production of j from Decay of Precursor n at Time t]
- [Removal of j from Box 1 by Decay at Time t] (4.1)

- [Removal of j from Box 1 by Leaching at Time t].
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Figure 4.5 Three-box water-use model for the drinking water scenario
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The basic differential equation for box 1 has the following form, accounting for original quantities and for radioactive
decay (A terms), and the rate of leaching (L term):

.d—cﬁ=lr-j§d-c - (i + Lyy) € 42)
dt j & "njTin i %/ Y
where C); = activity of radionuclide j in box 1 at time t (pCi)
Cyy = activity of precursor radionuclide n in box 1 at time t (pCi)
j = index of current chain member position in decay chain
n = index of precursor chain members in decay chain (n < j)

L;9 = rate constant for movement of radionuclide j from box 1 to box 2 (@h

Ay

A

fraction of radionuclide n transitions that result in production of radionuclide j (dimensionless)

I

decay rate constant for decay of radionuclide j (d}).

For box 2, the concepts involved in accounting for the quantity of radionuclide j at time t are described in the word
equation shown below:

[Rate of Change of j in Box 2 at Time t] = [Production of j from Decay of Precursor n at Time t]
+ [Transfer of j by Leaching from Box 1 at Time t] 4.3)
- [Removal of j from Box 2 by Decay at Time t]

- [Removal of j from Box 2 by Leaching at Time t].

For box 2, the basic differential equation accounts for not only original quantities, radioactive decay, and leaching, but
also for quantities entering from box 1:

dc, i1 '
%4 . - 44
wal A ?_;1 4y Con * L1 Gy (}“rj * L’23j> G “4)
where Cy = activity of radionuclide j in box 2 at time t (pCi)
C,, = activity of precursor radionuclide n in box 2 at time t (pCi)
l%j = rate constant for movement of radionuclide j from box 2 to box 3 (d"})

and other terms are as defined above.

For box 3, the concepts involved in accounting for the quantity of radionuclide j at time t are described in the word
equation shown below:
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[Change in j in Box 3 at Time t] = [Production of j from Decay of Precursor n at Time t]

+ [Transfer of j by Leaching from Box 2 at Time t]

(4.5)
- [Removal of j from Box 3 by Decay at Time 1]
- [Removal of j from Box 3 by Pumping at Time t].
The differential equation for box 3 is similar to box 2:
dC,, i1
= - 4.6
-—at—!—lr,-)_“i i Can * Loaj Cpj — 4 Cyj - Wy G (46)
n=
where Cy; = activity of radionuclide j in box 3 at time t (pCi)
C,, = activity of precursor radionuclide n in box 3 at time t (pCi)

w, = rate constant for pumping of water from the aquifer for the drinking water scenario (d'l)

and other terms are as defined above. The summation term in each of the above equations is evaluated for only those
terms for which a transition occurs.

The rate constants for movement between compartments are evaluated as follows. The leach rate from the surface
layer is

I
L, = 4.7)
' H; 8; Ry;;365.25

where I = the infiltration rate (mfy)
H, = the assumed thickness of the surface-soil layer containing the residual radioactive material (m)
6, = volumetric water content of the surface-soil layer (dimensionless)

Ry; = retardation factor for movement of radionuclide j from the surface-soil layer to the unsaturated-soil
layer (dimensionless)

365.25 = unit conversion factor (dfy). (Note: a year is represented in this study as 365.25 d to include a
correction for leap year so that exact hand calculations may be performed.)

The volumetric water content for the surface-soil layer can be expressed in terms of the total porosity and saturation
ratio as follows:
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where n, is the total porosity of the surface-soil layer (dimensionless) and f; is the saturation ratio for the surface-soil
layer (dimensionless).

The retardation factor is calculated from the partition coefficient for the radionuclide in the surface-soil layer, the bulk
density of the surface-soil layer, and the total porosity as follows:

Kd,.
. 1j 51
ny

Rtlj =1 (4.9)

where Kd,; is the partition coefficient for radionuclide j in the surface-soil layer (mlL/g) and p, is the bulk density of
surface-soil layer (g/mL). Evaluation of the retardation factor is based on the total porosity, n,, rather than the
volumetric water content, 8,, for conservatism because the total porosity, and thus all sorption sites, comes into play as
the pulses of moisture move through the surface and the unsaturated layers.

The leach rate from the second layer is defined as follows:

I

L2 = 1, Ri,; 36525 (4.10)

where 6, = volumetric water content of the unsaturated-soil layer (dimensionless)
Rty; = retardation factor for movement of radionuclide j from the unsaturated-soil layer to the aquifer
(dimensionless)
H, = the assumed thickness of the second layer (m)
and the other parameters are as previously defined.
The volumetric water content for the unsaturated-soil layer can be expressed in terms of the total porosity and
saturation ratio as follows:
6, =1, f; (411)

where n, is the total porosity of the unsaturated-soil layer (dimensionless) and £, is the saturation ratio for the
unsaturated-soil layer (dimensionless).

The retardation factor is calculated from the partition coefficient for the radionuclide in the unsaturated-soil layer, the
bulk density of the unsaturated-soil layer, and the volumetric water content, as follows:

Kdyj P2 (4.12)

Rt,. =1 +
2
3 n,
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where Kd,; is the partition coefficient for radionuclide j in the unsaturated-soil layer (mL/g) and p, is the bulk density
of unsaturated-soil layer (g/mL).

The annual average water concentration taken from the ground-water aquifer is evaluated assuming that all of the
radionuclide activity that reaches the aquifer is diluted in the total volume of water in the aquifer. This calculation is

represented by the time integral of activity in box 3 divided by the dilution volume and the time period. For the first
year after release of the site, the average water concentration of a radionuclide in a decay chain is given as follows:

t
Comjt = v;l;ry [ Cyi0at = $45{Cp 4}/ [Vraty) (4.13)

where CW,jt = average annual water concentration factor for radionuclide j for the year of exposure, t, per unit
activity of parent radionuclide i in soil at time zero (pCi/L per pCi in soil)

S&{ij,ty} = time-integral operator notation for the drinking water scenario used to develop the time integral of
activity of radionuclide j in the aquifer (box 3) over a time period &y of 365.25 d per unit activity of
parent radionuclide i in soil at time zero (pCi+d per pCi in soil)

Gy = array of activities of each radionuclide j in each box k at the start of the current year t per unit activity
of parent radionuclide i in soil at time zero (pCi per pCi in soil)

G(t) = array of activities of each radionuclide j in the aquifer (box 3) as a function of time over the period of
integration (pCi per pCi in soil)

k = index on bozxes in the three-box water-use model
ty = averaging time period over 1 year (d)

V.4 = total volume of water in the aquifer, constant during a 1-year period (L).

it

The total water volume in the aquifer or dilution volume, Vi, is taken to be the greater of the volume pumped for
domestic uses during a year or the annual volume of infiltrating water. The annual volume of infiltrating water is
related to the infiltration rate and the contaminated area as follows:

Vig =1 A4 1000-1 (4.14)

where Vy = annual infiltration volume through the contaminated area (L)

area of contaminated land defined for the drinking water scenario (mz)

&
I

1000 = unit conversion factor (L/m>)

1 = time period for infiltration (y)
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and other terms are as previously defined. The dilution volume (V.py) must be no less than the infiltration volume.
Use of a smaller volume would represent concentration of radionuclides between the surface layer and the aquifer,
which is unrealistic.

The pumping rate constant, w,, is evaluated as a fractional removal rate with the total volume removed during a year
being set to the volume of water pumped for domestic uses, V44 (L). The pumping rate constant can be expressed as
foliows:

W = Fractional Removal y (4.15)
d y 365.25 d

where 365.25 is the units conversion factor (dfy). The fractional removal is the fraction of the total water volume, Vi,
removed per year. The fractional removal can be expressed as follows:

v
Fractional Removal = —°¢ (4.16)
Td

where V4, = volume of water used for domestic purposes during a year (y) and other terms are as previously defined.
Note that when the total volume is equal to the pumping volume (i.e., the infiltration volume is less than the pumping
volume}, then the fractional removal is 1.

The evaluation of average radionuclide concentration in ground water for time periods beyond the first year is made by

application of the decay equations as described in Appendix B. Explicit equations for the decay operator notation,
Sq31}, are presented in Section B.6.

4.2 Calculation of Annual TEDE

Calculation of the annual TEDE involves multiplying the ingestion rate by the ingestion dose rate factor, and then
multiplying that product by the average concentration of radionuclides in ground water for 1 year:

[TEDE for Drinking Water] = [Water Ingestion Rate]
Ingestion Period
* [Ingestion Periad] (4.17)
x [Ingestion Dose Factor]

x [Average Concentration of Radionuclides in Water for 1 Year].

4.11 NUREG/CR-5512



Drinking Water

In mathematical notation, this equation is

J.

]
418
TEDED; = U, t, cﬁz; Cywjt DFG; (4.18)
}=

where TEDED,; = TEDE for radionuclide i for the drinking water scenario (mrem for a year of drinking water sce-
nario with inventory in pCi in soil)
C,; = total activity of parent radionuclide i in soil at time zero (pCi)
Cswjt = average annual water concentration factor for radionuclide j for the year of exposure, t, per unit
activity of parent radionuclide i in soil at time zero (pCi/L per pCi in soil)
DFGJ- = CEDE for ingestion of radionuclide j (mrem per pCi ingested)
U,, = amount of contaminated drinking water ingested during the drinking water exposure period (L/d)

ty = period over which drinking water is consumed (days for a year of drinking water scenario).

The average concentration of a radionuclide in water for the year of interest is represented in Equation (4.18) as the
product of C; and C,.;,. The average annual water concentration factor (Cgwyy) is evaluated as described below in this
section and in Appexsl‘fi)ix B.

For periods longer than 1 year, the annual average concentration of radionuclides in the ground water is evaluated
using the three-box model for each year of the analysis until the maximum value of TEDED; is found. For radio-
nuclide decay chains, the analysis is continued until all members of the chain have reached a peak concentration and
have begun to decrease.

For mixtures of radionuclides, the annual TEDE is evaluated for the year in which the sum of doses from all
radionuclides in the inventory is a maximmum. This calculation is as follows:

M
TEDED = 51‘ TEDED; (4.19)
f=

The year in which the maximum dose is obtained will vary by parent radionuclide. For a mixture of radionuclides, the
year of the maximum dose may be different than the year of maximum dose for individual radionuclides. It is, there-
fore, necessary to evaluate Equation (4.19) for the mixture for each year rather than simply using the TEDED, values
for the maximum years of individual decay chains.

When the activity is in units of Bq, the following equation is used to evaluate the TEDED value in uSv:

TEDED,, = 270.3 TEDED; (4.20)
where TEDED,q; is the annual TEDE for radionuclide i (uSv for a year of drinking water scenario with initial inven-
tory in units of Bq in soil) and 270.3 is a unit conversion factor (to convert from mrem/pCi to uSv/Bq).
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In addition to evaluation of the annual TEDE from drinking water, the highest committed dose equivalent to any
organ is determined. The highest organ committed dose equivalent (HOCDE) is evaluated for the year in which the
annual TEDE is a maximum value. The calculation of the highest organ committed dose equivalent is performed by
repeated application of the following equation for each organ (based on Equation [4.18]) and selection of the highest
value that results:

J.

1

421
HOCDE, = U, t; Cy; 21 Cywjt DFO;,, (421)
J:

where HOCDE,; = highest organ committed dose equivalent for radionuclide i from ingestion of drinking water
(mrem per year of drinking water scenario for inventory in pCi)

DFQ;, = comm;g)ed dose equivalent to organ o from radionuclide j from ingestion (mrem per pCi
ingest

and other terms are as previously defined. Equation (4.21) is evaluated for all organs (subscript 0) and the highest .
value for HOCDE,; represents the result of the analysis.

The highest organ dose for a mixture is calculated by summing the contributions from all parent radionuclides and
chain members contributing to each organ dose. The highest dose is not evaluated from the previously calculated
HOCDE, values because each radionuclide will likely have a different organ associated with its highest organ com-
mitted dose equivalent. It is necessary, therefore, to sum all dose contributions across radionuclides in the mixture
before the organ receiving the highest dose can be determined. The highest effective organ dose for a mixture of radio-
nuclides is evaluated by repeated application of the following equation and selection of the highest dose result:

M ]
HOCDE, = U, t, C; Y. ¥ C

DFO. (4.22)
J
i=1 j=1

swijt o

where HOCDE,, is the highest organ committed dose equivalent for a mixture of radionuclides (mrem per year of
drinking water scenario for inventory in pCi) and other terms are as previously defined.

Conversion of HOCDE values to units of pSv/y of drinking water scenario for initial activity in Bq in soil is performed
using Equation (4.20) with HOCDE values in place of the corresponding TEDED value.

Criteria and algorithms for finding the year of maximum dose will be established during the software development and
reported in Volume 2.
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5 Residential Scenario

As with residual radioactive materials in buildings, contaminated soil from licensed operations can exist in a wide
diversity of conditions. For example, radionuclides in soil can originate from intentional disposal, accidental spills, or
long-term accumulation of material deposited from airborne releases during plant operation. The complexity of the
environmental setting also influences the potential pathways and components that may need to be considered in
modeling human exposures. Therefore, the conceptual model for residual soil contamination must be broad enough to
account for many different, and potentially complex, pathways and conditions. Figure 5.1 shows a variety of potential
exposure situations that can result from soil contamination. These potential situations range from simply inhaling air
that contains resuspended contaminated soil to ingesting drinking water from a contaminated well or fish from con-
taminated surface water, or a variety of plant and animal products that may be grown in the contaminated soil. For
this generic screening analysis, the radiation doses resulting from contaminated soil are described by the residential
scenario. The following sections introduce the concepts used in the residential scenario, the approach for evaluating
doses from complex agricultural pathways, the mathematical formulations needed to model concentrations and radio-
nuclide transfer in the agricultural pathways, and the calculation of the annual TEDE for the residential scenario.

Figure 5.1 Potential activities within the residential scenario
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5.1 Residential Scenario: Concepts and Assumptions

The residential scenario defines the potential pathways that can be used to estimate human radiation exposures result-
ing from residual radioactive contamination in soil. For this scenario, the residual radioactive materials are assumed
to be contained in a surface-soil layer on property that can be used for residential and light farming activities. The fol-
lowing sections describe the scenario time frame, the potential exposure pathways (describing both those that are
included and those excluded from the analysis), and the radionuclide inventory and transfer associated with agricul-
tural pathways.

5.1.1 Time Frame for the Residential Scenario

The time frame for the residential scenario must potentially account for continuous exposure to multiple exposure
pathways during a year; however, the time frame for each pathway during the year can vary significantly. For example,
ingestion of agricultural foods may be dependent on the growing season, and the duration of external and inhalation
exposure may be limited to account for time spent away from home. For the agricultural pathways, the time frame
must account for the change in radionuclide concentrations in various media during holdup and consumption periods
after harvest. More complete descriptions of the time frames for the agricultural pathway are given in Sections 5.3 and
5.4. As with the scenarios for release of buildings, the time-dependent concentrations of residual radioactive contam-
ination are evaluated using exposure durations and average concentrations, as appropriate for each pathway. Again,
the average concentrations are described using the concentration time-integral operator, S{} or 5, {} (as discussed in
Section 2 and Appendix B), divided by the duration of the exposure period. A detailed discussion of the selection of
parameter values for calculating dose from residual soil contamination is provided in Section 6.

5.1.2 Exposure Pathways for the Residential Scenario

As can be inferred from Figure 5.1, numerous potential exposure pathways can be identified for residual radioactive
contamination in soil. The potential importance of these pathways depends on several factors, including the nature
and distribution of the contamination (i.e., surface or subsurface sources), the radionuclides (i.e., their chemical and
physical properties), and the environmental setting (i.e., a humid or arid, warm or cold climate). The potential path-
ways for human exposure are shown in the following list, with those selected for analysis shown in bold type:

» external exposure to penetrating radiation from volume soil sources while outdoors

« external exposure to penetrating radiation from volume soil sources while indoors

» external exposure to soil tracked indoors (surface source)

 external exposure to penetrating radiation from submersion in airborne radioactive soil

» external exposure from swimming and shoreline activities associated with a contaminated surface-water source
« inhalation exposure to resuspended soil while outdoors

+ inhalation exposure to resuspended soil while indoors

» inhalation exposure to resuspended surface sources of soil tracked indoors

« inhalation of the radon aerosol while outdoors
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* inhalation of the radon aerosol while indoors

* direct ingestion of soil

* inadvertent ingestion of soil tracked indoors

* ingestion of drinking water from a ground-water source

¢ ingestion of plant products grown in contaminated soil

* ingestion of plant products irrigated with contaminated ground water

* ingestion of animal products grown onsite (i.e., after the animals ingest contaminated drinking water, plant
products, and soil)

* ingestion of drinking water from a contaminated surface-water source
* ingestion of fish from a contaminated surface-water source

* internal contamination from puncture wounds

+ dermal absorption of radionuclides.

In addition, within these major pathways there may be several mechanisms for establishing a concentration of radio-
nuclides in a specific medium. For example, food crops can be contaminated by direct root uptake from soil, depos-
ition of resuspended soil on plant surfaces, deposition of radionuclides in irrigation water on plant surfaces, and "rain-
splash” (deposition of soil on plant surfaces splashed from rainfall or irrigation). This screening analysis includes
direct root uptake, deposition of resuspended radionuclides from soil, and deposition of radionuclides in irrigation
water. Rainsplash is not included. The potential importance of rainsplash is related to the type of crop, soil prop-
erties, and intensity of the rainfall (or irrigation) events. For some situations, the quantity of material on plant leaves
from rainsplash may equal or exceed deposition by other mechanisms. Although rainsplash is not included in this
analysis, it is compensated for by assuming that there is no removal of deposited material from plant surfaces during
food preparation and through inclusion of a direct soil-ingestion pathway. These assumptions form the prudently con-
servative basis for the agricultural pathways of the residential scenario. Figure 5.2 shows the relationship of soil con-
tamination to plant and animal products in the agricultural pathways. Note that Figure 5.2 accounts for resuspension
of soil contamination in the air and migration of radionuclides in soil to a ground-water source used for irrigation of
land and drinking by animals.

The exposure pathways selected for analysis in the residential scenario (shown in bold type in the list above) include
external exposure to volume soil sources (for exposures outdoors and indoors), inhalation of resuspended soil (for
exposures outdoors and indoors), inhalation of resuspended surface sources of soil tracked indoors, inadvertent inges-
tion of surface sources of soil (indoors and outdoors, based on the total quantity of soil ingested), ingestion of drinking
water from a ground-water source, ingestion of plant products grown in contaminated soil (using irrigation water from
the ground-water source), ingestion of animal products grown onsite (after the animals ingest contaminated drinking
water, plant products, and soil), and ingestion of fish from a contaminated surface-water source. This set of pathways,
along with the selection of prudently conservative parameter values, provides a balanced analysis for

* photon-emitters, through the external exposure pathway
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Figure 5.2 Relationship of soil contamination to agricultural pathways

» alpha-emitters, through the inhalation exposure pathway, and
* beta-emitters, through ingestion.

As described in Section 4 and Appendix B, time-dependent concentrations of radionuclides in ground water from
surface-soil sources are estimated using a generic three-box water-use model that accounts for leaching of
radionuclides.

It should be noted that there are numerous potential exposure pathways that are not included in this generic analysis,
although they may be important under some circumstances. Air submersion, internal exposure from puncture wounds,
dermal absorption, and inhalation of the radon aerosol are eliminated for the same reasons described in Sections 3.1.2
and 3.2.2 for buildings.

Although direct ingestion of soil is often considered by the EPA in generic situations (EPA 1989), it is an activity
typically associated with children and constitutes a worst-case assessment. For purposes of this generic study, it is
assumed that everyone inadvertently ingests some soil using assumptions about the total quantity of soil that may be
ingested. Additionally, direct soil ingestion by animals is included in the pathway analysis.

Several of the pathways associated with surface-water runoff (i.e., drinking by man and farm animals, irrigation, and
external exposure from swimming or shoreline activities) are not included in this study. As with the ground-water
pathway, migration of radionuclides from surface soil to surface water is dependent on many conditions that are
difficult to capture in a generic model. These conditions include the climate (amount of rainfall), features of the
surrounding terrain (distance to the affected surface water and land use), leachability (or solubility) of specific radio-
nuclides, surface-soil erosion rates, and sediment formation. In arid parts of the country, rainfall may move large
amounts of soil in a short amount of time (through flash floods). However, evaluation of flash flood events would
likely provide a worst-case, not a prudently conservative, analysis. In general, increased ditution occurs with increased
distance from an environmental source; therefore, exposures to materials at the contaminated site are likely to exceed
those that result from radionuclide migration to the nearby vicinity. Furthermore, the water-use model used in this
study does not account for removal of radionuclides through surface runoff and assumes limited dilution in an aquifer
of limited size (as described in Section 6). Thus, the water-use model is considered to be a conservative and simple
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model when compared with a real situation. Finally, because of the poor quality of most surface water in the United
States, it is rarely used directly (without treatment) for drinking by humans. Treating drinking water lowers the
concentrations of certain radionuclides. Thus, the potential doses resulting from drinking surface water are assumed
to be generally bounded by the drinking water pathway and the water-use model included in this screening analysis.

To produce a more complete set of pathways for the first and second levels of screening, ingestion of fish raised in con-
taminated water is included in the residential scenario. The concentrations of radionuclides in the fish are determined
using a simple bioaccumulation factor and the time-dependent concentration of radionuclides in the surface water.
Rather than developing a special surface-water concentration model, the surface-water concentration is determined
from the overall water-use model applied to the residential scenario.

The modeling details for the residential scenario exposure pathways are shown in Figure 5.3. This figure serves as a
master figure and shows each of the environmental media, exposure pathway models, unit dose factors, and pathway
doses used to construct the annual TEDE for the residential scenaric. The major media are air (from resuspended
soil), soil, and water. The water concentrations and soil concentrations for each year of the model analysis are deter-
mined using the water-use model. Boxes are included in Figure 5.3 showing the exposure pathways with a reference to
the sections of this report that contain descriptions of the model formulations. The exposure pathways shown in
double boxes are described by additional figures that show the details of the pathway analysis and linkages to this
master figure. Finally, specific equation numbers are shown in Figure 5.3 to help identify the mathematical
formulations used at key points in the exposure pathway analysis.

5.2 Steps for Calculating Annual Dose from Agricultural Pathways

As discussed in the previous section, agricultural pathways for estimating doses from residual radioactive contamina-
tion in surface soil are quite complex. In addition to direct uptake by the roots of plants, radionuclides deposited from
resuspended soil in air and those deposited in irrigation water can provide additional mechanisms for establishing
radionuclide concentrations in plant and animal products. As Figure 5.4 shows, the process of estimating the annual
TEDE for the agricultural pathways can be broken into seven steps. The first three steps are used to estimate radio-
nuclide concentrations per unit concentration in soil (dry weight) or water, in plant or animal material, and in food
products (using partial pathway transfer factors [PPTFs]). The fourth step is used to estimate the intake of activity
from all agricultural pathways as a function of unit concentration in soil (using pathway factors [PFs]). The fifth step is
used to account for the dose per unit concentration in soil for root uptake, resuspension or irrigation (using agri-
cultural dose factors [AFs]). The sixth step is used to account for the radionuclide inventory and the CEDE for inges-
tion of all agricultural foods, and the seventh step is used to account for the annual TEDE by summing over all
exposure pathways considered in the residential scenario.

The equations in the following sections describe calculation of the PPTFs for initial unit activity of a parent radio-
nuclide in soil or water. For these calculations, all progeny radionuclides are assumed to have zero initial activity.
This convention provides an estimate of PPTFs related 1o the initial activity of the parent (independent of any assump-
tions about progeny activities) that can be used in conjunction with measured or estimated activities for a particular
site. By calculating PPTF values normalized to the activity present at the beginning of a year, the PPTF values can be
applied to any year in the future by multiplying the PPTF values by the activities of the parent and progeny radio-
nuclides present at the beginning of the future year. Contributions from progeny that may be present at the site
initially and for each year in the calculation are evaluated using PPTF values for a series of decay chains, each starting
with a progeny in the chain as the parent. This is shown by the double-lined boxes in Figure 5.5, which shows the cal-
culations for a decay chain with four members. The example analysis shows a series of four decay chains, one for each
chain member as the parent of a shorter chain. In each chain, the decay and progeny in-growth calculations for each
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Figure 5.4 Process for estimating annual TEDE:s for the agricultural pathways
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Figure 5.5 PPTF analysis for decay chain radionuclides

year of analysis result in an estimate of the activity of each chain member. Progeny in-growth is shown in Figure 5.5 by
the single boxes. The total activity of each chain member at the end of a year is found by summing the activities of each
chain member over each of the shorter chains. For example, the activity of radionuclide C present at the end of a year
of analysis is the sum of the activity produced by decay of parent B in the decay chain with parents A and B, plus the
activity of radionuclide C as a parent remaining after the year of radioactive decay.

Special cases for selected radionuclides are also considered for evaluation of unit TEDE values when secular
equilibrium is assumed to occur. The progeny activities for the secular equilibrium cases are determined from the
decay chain branching data.

The PPTF evaluations in the following sections relate initial activities in each medium (or average activity in ground
water) to the human intake of radionuclides. These analyses are performed for a "current” 1-year period. The doses
for future years are evaluated from these "current” year PPTF values, using estimates of initial activity in each medium
for the future year. This process is discussed in Section 5.6.6.

The following sections describe the comprehensive models and mathematical formulations used to calculate doses for
the agricultural pathways associated with air deposition of resuspended soil, root uptake, and deposition in irrigation
water. The transfer of activity from soil to plants includes two pathways: deposition of resuspended particles onto
plant surfaces and uptake of activity directly from soil via roots. Both of these transfer mechanisms are included in the
models to estimate radionuclide concentrations in plants grown in contaminated soil. The uptake via roots is based on
use of concentration ratios between plant and soil. A similar model is used for the resuspension pathway. A plant soil
mass-loading parameter is defined that relates the transfer of activity deposited from resaspended soil onto the plant.
This approach eliminates the need to define dose parameters based on unit activity in air, as was done in the January
1990 issue of NUREG/CR-5512 (Kennedy and Peloquin 1990). The models used for this pathway are defined in
Section 5.3.
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5.3 Concentrations and Transfer Factors for Resuspension and Root Uptake
From Soil

This section discusses evaluation of PPTFs for the following three pathways: the soil-plant-human pathway, the soil-
stored feed-animal-human pathway, and the soil-forage feed-animal-human pathway.

53.1 Soil-Plant-Human Pathway

An overview of the modeling processes included in the soil-plant-human pathway is shown in Figure 5.6. The bold box
in this figure relates to the double-lined box in master Figure 5.3, showing the overall modeling details for the residen-
tial scenario. As shown in Figure 5.6, three significant processes are accounted for in this pathway: 1) calculation of
the concentration of radionuclides in plants at the time of harvest (accounting for root uptake and deposition from
resuspended soil), 2) calculation of the concentration at the start of the consumption period (accounting for radio-
active decay during holdup), and 3) calculation of the time integral of activity in consumed food (calculation of the
partial pathway transfer factor for the soil-plant-human pathway). Equation numbers are included in Figure 5.6 to
help identify the specific mathematical formulations used in the models. Figure 5.6 also shows linkages to the other
significant processes needed to estimate the annual TEDE for the residential scenario. The double-lined boxes in Fig-
ure 5.6 show linkages to the other pathways considered in the residential scenario.

The transfer of radionuclides from soil to plants is evaluated for an initial unit concentration of a parent radionuclide
in the soil at the start of the growing period. The assumptions for the soil-to-food-crop pathway are as follows:

* Parent radionuclide concentration in soil is defined at the start of the crop-growing period.

*  The plant concentration for each decay chain member radionuclide is in equilibrium with the soil concentration at
all times.

* The concentration of radionuclides in edible parts of the plant at the end of the first growing period (i.e., first
crop) is used as the harvest concentration. Multiple harvesting of plant crops is not addressed.

* The harvested crops are held for a short holdup time before being consumed by humans. The concentration at
harvest is reduced by radioactive decay during the holdup time.

*  The consumption period by an individual for plant food crops is taken to be 1 year. Radioactive decay during the
consumption period is accounted for in the intake calculation.

Figure 5.7 illustrates the change in relative concentration in soil and plants (v) as a function of time. The concentra-
tions of parent radionuclides in soil and food decrease with time because of radioactive decay. The relative concentra-
tions in Figure 5.7 have similar shapes because the plant concentration is assumed to be in constant equilibrium with
the soil concentration.
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Figure 5.6 Soil-plant-human pathway
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Figure 5.7 Change in relative concentrations over time for soil and plant crops from root uptake

The differential equation defining the change of radionuclide concentration in soil is represented as follows:

ac, i1
- - . 5.1
di _nz=:1 dnj )‘rjcsn )'erSj G-
where Csj = concentration of radionuclide j in soil during the growing period (pCi/g dry soil)
C,, = concentration of radionuclide n in soil during the growing period (pCi/g dry soil)
dy; = decay branching fraction for transitions of radionuclide n to radionuclide j (dimensionless)
Ay = decay rate constant for radionuclide j ().

The solution to the above equation is evaluated using the decay equations described in Appendix B. The solution to
Equation (5.1) can be written as follows:

for the parent (j=1),

C (1) = G, (0) " (5:2)

511 NUREG/CR-5512



Residential

and for the first progeny (J=2),

koG @ e gy - 222 Ca O oan (53)
Az - A *2 Ay~ Ay

where C;(0), C»(0), C,; (1), and C,(1) represent the initial concentration of a radionuclide in soil and the concentra-
tion at time t, respectively.

Cia () =

The solutions shown by Equations (5.2) and (5.3) can be represented in decay operator notation as follows:

A{C_, t} (54)

sy

where  A{C,t} = decay operator notation for evaluation of chain member radionuclide concentrations in soil after
decay for a time period t (pCi/g dry soil).

This notation is used extensively in the following presentation of models for the agricultural pathways. Details of the
decay operator equations are given in Appendix B with a sample application showing the generation of Equations (5.2)
and (5.3) in Section B.2.2.

The concentration factors for parent and progeny radionuclides in edible parts of the plant at the time of harvest are
evaluated by the following equation:

C

win = 1000 (ML, + B, ) W, A{C

5§’ tgv

}/¢,; 0 (5-5)

where Cg. = concentration factor for radionuclide j in plant v at harvest from an initial unit concentration of
parent radionuclide i in soil (pCi/kg wet-weight plant per pCi/g dry-weight soil)

B, = concentration factor for uptake of radionuclide j from the soil in plant v (pCi/kg dry-weight plant per
pCi/kg dry-weight soil)

ML, = plant soil mass-loading factor for resuspension of soil to plant type v (pCi/kg dry-weight plant per
pCi/kg dry-weight soil)

W, = dry-weight-to-wet-weight conversion factor for plant v (kg dry-weight plant per kg wet-weight plant)

A{C t,,} = decay operator notation used to develop the concentration of radionuclide j in soil at the end of the
crop-growing period, t,, (pCi/g dry weight soil)

C,, = concentration of radionuclide j in soil during the growing period (pCi/g dry-weight soil)
C;(0) = initial concentration of parent radionuclide i in soil (pCi/g dry-weight soil)
t,, = growing period for food crop v (d)

1000 = unit conversion factor (g/kg).
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The plant soil mass-loading factor represents transfer of activity from soil to plants via resuspension and deposition.
This approach has been suggested by Martin and Bloom (1980) and Pinder and McLeod (1989) for estimating radio-
nuclide concentrations in plants for cases in which the root uptake pathway is not significant. Numerical values for the
plant soil mass-loading factor are discussed in Section 6.

Equation (5.5) contains the ratio of two concentration parameters: C in the decay operator and C;(0) in the denom-

inator. This ratio represents normalization of plant concentration to umt initial concentration of parent radionuclide

in soil. The concentration of decay-chain-member radionuclide j (C ) is evaluated from the initial concentration of

parent radionuclide i using decay equations given in Appendix B and represented in Equation (5.5) by the decay
operator, A{}.

The radionuclide concentration in the plant undergoes radioactive decay during the holdup period following harvest
according to the following equation:

Csv 1P =A {Csvj b thv} (5'6)
where Cg,, = concentration factor for radionuclide j after decay during the holdup period (to the start of the con-

sumption period) for plant v, for initial unit concentration of parent radionuclide i in soil (pCi/kg
wet-weight plant per pCi/g dry-weight soil)

A {Cgjptpy} = decay operator notation used to develop the concentration factor for radionuclide j after decay during
the holdup period (to the start of the consumption period) for plant v, for initial unit concentration
of parent radionuclide i in soil (pCi/kg wet-weight plant per pCi/g dry-weight soil)

t,, = holdup time between harvest and human consumption of food crop v (d).

Equation (5.6) may be expressed for the parent radionuclide (j=1) as follows:

~hey oy 5.7
Csvlp = Csvlh e " (57

where Csvlp = concentration factor for the parent radionuclide (first member of the decay chain) after decay during
the holdup period for plant v, for an initial unit concentration of parent radionuclide i in soil (pCi/kg
wet-weight plant per pCi/g dry-weight soil)

Cqin = concentration factor for the parent (first member of the decay chain) in plant v at harvest for an ini-
tial unit concentration of the parent radionuclide in soil (pCi/kg wet-weight plant per pCi/g dry-
weight soil)

and other terms are as previously defined.
Consumption is assumed to occur over an extended time period, t,. The time integral of concentration in the food
crop, S{ Coyi t,}, is evaluated between the start of consumption, defined by the growing period and minimum holdup

time, and the end of consumption, as defined for each type of plant. The time integral of radionuclide concentration in
a plant over the consumption period t_, which is equivalent to the PPTE, is evaluated as follows:
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PPTF /365.25 (5.8

vsij

=S {Csvjp’ tcv}

where PPTF,y; = partial pathway transfer factor for plant v, for radionuclide j as a progeny of radionuclide i, for

unit initial concentration of parent radionuclide i in soil (pCi*y/kg wet-weight plant per pCi/g
dry-weight soil for a year of residential scenario)
${Cyjplte = time-integral operator used to develop the concentration time-integral factor for radionuclide j
over the consumption period of plant v for the soil pathway, for initial unit concentration of
parent radionuclide i in soil (pCi»d/kg wet-weight plant per pCi/g dry-weight soil for a year of
residential scenario)
t, = consumption period of plant v by humans (d for a year of residential scenario)
365.25 = unit conversion factor (dfy).

The PPTF expression in Equation 5.8 can be expanded using expressions for the time-integral operator notation as
follows:

for the parent,

“Aestey
PPTF,,,, - fzv.@..[i_ﬁ“] 59)
36523 iy

and for the first progeny (j=2),

PPTE .. - L dlzlﬁcswp( 1~¢ Ml
W 36525 | OpA) | Pa
(5.10)
d12"’1’2(:sv1p [1—6—1‘2‘“]
+ Csv2p -
Ao~ Ay Ao

where  PPTF,,, = PPTF value for the parent radionuclide, i=j=1 (pCi® y/kg wet-weight plant per pCi/g dry-

weight soil for a year of residential scenario)

PPTF,, = PPTF value for the first progeny (j=2), for unit initial concentration of parent radionuclide,
i=1 (pCie y/kg wet-weight plant per pCi/g dry-weight soil for a year of residential scenario)

and other terms are as previously defined. The time-integral operator notation is defined in Section B.1.1 and derived
in Section B.3.

5.3.2 Animal Products Contaminated by Soil Sources

This section describes the calculation of the PPTF values for the soil-stored feed-animal-human pathway and the soil-
forage feed-animal-human pathway. An overview of the modeling processes included in the soil-plant-animal-human
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pathway is shown in Figure 5.8. The bold box in this figure relates to the double-lined box in master Figure 5.3, show-
ing the overall modeling details for the residential scenario. As shown in Figure 5.8, three significant processes are
accounted for in this pathway: 1) calculation of the concentration of radionuclides in plants used for animal forage,
hay, or grain at the time of harvest (accounting for root uptake and deposition from resuspended soil), 2) calculation
of the concentration in forage, stored hay, stored feed, and soil at the start of the animal feeding period (accounting for
radioactive decay), and 3) calculation of the time integral of activity over all animal intake routes (calculation of the
PPTF for the soil-plant-animal-human pathway). Equation numbers are included in Figure 5.8 to help identify the
specific mathematical formulations used in the models. Figure 5.8 also shows linkages to the other significant
processes needed to estimate the annual TEDE for the residential scenario. The double-lined boxes in Figure 5.8 show
linkages to the other pathways considered in the residential scenario.

The assumptions for the pathways are as follows:
* Parent radionuclide concentration in soil is defined at the start of the crop growing period.

* Fresh forage crops are eaten by the animal continuously (starting at time zero) over the entire feeding period of
the animal.

* Stored feed crops are eaten continuously during a feeding period offset by the stored feed crop’s growing period
(i.e., feeding begins at crop harvest).

* The harvested crops (fresh and stored) are immediately available for feeding to animals. (No holdup period is
used.)

*  Arepresentative mix of fresh and stored feeds is assumed for each type of animal product, constant over the
feeding period. These are described in Section 6.

» Stored feeds may consist of hay and/or grain.

* Instantaneous equilibrium occurs between the radionuclide concentration in the soil and the concentration in the
plants (fresh forage and stored feed plants).

* Instantaneous equilibrium occurs between daily intake in the feed and radionuclide concentrations in the animal
products.

* Animal products are harvested (e.g., milked, slaughtered, or eggs gathered) continuously over the feeding period
and then distributed for human consumption.

* The human consumption period is equal in length to the feeding period for each animal product type, offset by the
time between harvest and consumption.

* Decay during the holdup time between animal product harvest and consumption by humans is evaluated.
5.3.2.1 Soil-Stored Hay-Animal-Human Pathway
Figure 5.9 illustrates the variation of the relative parent radionuclide concentration in soil, stored hay plants, and ani-

mals as a function of time. In this pathway, the stored hay plants are contaminated by resuspension and root uptake
from soil. Radionuclide concentrations in stored hay plants from soil uptake are evaluated using Equation (5.7). The
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appropriate stored hay crop parameters are used. The radionuclide concentration in stored hay from resuspension and
root uptake from soil is evaluated as follows based on equilibrium with the concentration in soil:

s

Cypje = 1000 (ML, + B, ) Wy A{Cyptp}/Ci(0) » (5.11)

where C

shic = concentration factor for radionuclide j in stored hay crop h at time of initial feeding to animals from

an initial unit concentration of parent radionuclide i in soil (pCi/kg wet-weight plant per pCi/g dry-
weight soil)

th = concentration factor for uptake of radionuclide j from the soil in stored hay crop h (pCi/kg dry-weight
plant per pCi/kg dry-weight soil)

ML, = plant soil mass-loading factor for resuspension of soil onto hay plant h (pCi/kg dry-weight plant per
pCi/kg dry-weight soil)

W, = dry-weight-to-wet-weight conversion factor for stored hay crop h (kg dry-weight hay per kg wet-weight
hay)

A{Cgty} = decay operator notation used to develop the concentration of radionuclide j in soil at the end of the
hay-crop growing season, t,y, (pCi/g dry-weight soil)

Cy = concentration of radionuclide j in soil during the growing period (pCi/g dry-weight soil)
C,(0) = initial concentration of parent radionuclide i in soil at start of growing period (pCi/g dry-weight soil)

top = growing period for stored hay crop h (d)

1000

I

unit conversion factor (g/kg)
and other terms are as previously defined.

For stored hay, the concentration is defined at the time of crop harvest (see Equation [5.11]), which is also assumed to
be the time at which feeding to animals begins (i.e., there is assumed to be no holdup between feed harvest and start of
feeding). :

5.3.2.2 Soil-Stored Grain-Animal-Human Pathway

The evaluations for radionuclide concentrations in stored grain are analogous to those for stored hay, as defined in the
previous section. The equation for radionuclide concentration at the beginning of the feeding period is evaluated
using Equation (5.11) with the subscript "h” (for hay) replaced by "g" (for grain). The resulting equation for radio-
nuclide concentration in stored grain from resuspension and root uptake from soil is evaluated as follows, based on
equilibrium with the concentration in soil:

C

egje = 1000(ML, + B} W, A{Cte} / Cu@ (5.12)
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where ngi = concentration factor for radionuclide j in stored grain crop g at time of initial feeding to animals
from an initial unit concentration of parent radionuclide i in soil (pCi/kg wet-weight plant per pCi/g
dry-weight soil)
ng = concentration factor for uptake of radionuclide j from the soil into stored grain crop g (pCi/kg dry-

weight plant per pCi/kg dry-weight soil)

MLg = plant soil mass-loading factor for resuspension of soil onto grain plant g (pCi/kg dry-weight plant per
pCi/kg dry-weight soil)
W, = dry-weight-to-wet-weight conversion factor for stored grain crop g (kg dry-weight grain per kg wet-
weight grain)
A{Csj,tgg} = decay operator notation used to develop the concentration of radionuclide j in soil at the end of the
crop-growing season, tog (pCi/g dry-weight soil)
ty;, = growing period for stored grain crop g (d)
1000 = unit conversion factor (g/kg)

and other terms are as previously defined.

For stored grain, the concentration is defined at the time of crop harvest (see Equation [5.12]), which is also assumed
to be the time at which feeding to animals begins (i.e., there is assumed to be no holdup between feed harvest and start
of feeding).

5.3.2.3 Soil-Forage Feed-Animal-Human Pathway

Figure 5.10 illustrates the variation of the relative parent radionuclide concentration in soil, fresh forage plants, and
animals as a function of time. In this pathway, fresh forage consumed by animals is contaminated by resuspension and
root uptake from soil. The animal product activity from the forage crop pathway is proportional to the soil concentra-
tion at all times during the feeding period. This is because of the assumptions of equilibrium between soil and forage
plant and between forage plant intake and animal product. The animal is assumed to consume the fresh forage contin-
uously over the grazing period with no delay time between harvest and feeding.

The concentration in forage consumed by the animal (at any time) is evaluated as follows:

C

stjr = 1000 (MLf + B}-f) We A{Csy t}/CSI(O) (5.13)

where Cg = concentration factor for radionuclide j in fresh forage crop f at time t, from an initial unit concentra-
tion of parent radionuclide i in soil (pCi/kg wet-weight plant per pCi/g dry-weight soil)

By = concentration factor for uptake of radionuclide j from the soil in fresh forage crop f (pCi/kg dry-

weight plant per pCi/kg dry-weight soil)

ML, = plant soil mass-loading factor for resuspension of soil onto forage plant f (pCi/kg dry-weight plant per
pCi/kg dry-weight soil)
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£
|

= dry-weight-to-wet-weight conversion factor for fresh forage crop f (kg dry-weight forage per kg wet-
weight forage)

A{Ct} = decay operator notation used to develop the concentration of radionuclide j in soil at time t during the
feeding period for fresh forage crop f (pCi/g dry-weight soil)

t = any point in time during the fresh-forage feeding period (d)
and other terms are as previously defined. Equation (5.13) provides the fresh forage concentration as a function of
time during the fresh forage feeding period, t;. The integral of this equation divided by the feeding period provides the

average plant concentration over the feeding period. The integral of the forage plant concentration over the feeding
period can be expressed in operator notation as follows:

e -
[Cigt = [A{C 1t = S{Cty) (5.14)
o [+3

where terms are as previously defined. Using this expression and dividing by the feeding period, ty, the average plant
concentration is evaluated as follows:

Cyje = 1000 (ML, + B,) W, s{csj,tff}/[tff Csi(O)] (5.15)

sfjc

where Cgp. = average concentration factor for radionuclide j in fresh forage crop f over the feeding period at time of
animal consumption of forage from an initial unit concentration of parent radionuclide i in soil
(pCi/kg wet-weight plant per pCi/g dry-weight soil)

S{C; iy} = concentration time-integral factor for radionuclide j in soil over the feeding period, ty; (pCi*d/g dry-
weight soil)

te; = feeding period for forage crop f (d)
and other terms are as previously defined.
5.3.2.4 Calculation of PPTFs for Animal Products Contaminated by Soil

The animal product concentration factor is proportional to the plant concentration factor. The animal product con-
centration factor for stored hay intake is

CSﬁJ'S(hay) = Faj Qy %y Cshjc (5.16)
For stored grain the animal concentration factor is
Csajs(grain) = Fa) Qg Xg ngjc 5.17)

and for fresh forage the average animal product concentration factor is
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Csajf = Faj Q x¢ Csfjc (5-18)

where Csajs(hay) = concentration factor for animal product a, at initial time of feeding of stored hay for radionuclide
j for initial unit concentration of parent radionuclide i in soil (pCi/kg wet-weight hay [or pCi/L
for milk] per pCi/g dry-weight soil)

Caajs(grain) = concentration factor for animal product a, at initial time of feeding of stored grain for radio-
nuclide j for initial unit concentration of parent radionuclide i in soil (pCi/kg wet-weight grain
[or pCi/L for milk] per pCi/g dry-weight soil)

Cajf = average concentration factor for animal product a, over time period of feeding of fresh forage for
radionuclide j for initial unit concentration of parent radionuclide i in soil (pCi/kg wet-weight
animal product [or pCi/L for milk] per pCi/g dry-weight soil)

F,; = transfer coefficient that relates daily intake in animal feed and ingested soil to the concentration
of radionuclide j in an animal product a (pCi/L per pCi/d for milk or pCi/kg wet-weight animal
product per pCi/d for other animal products)

Q; = consumption rate of fresh forage by the animal (kg wet-weight plant/d)

Q, = consumption rate of stored grain by the animal (kg wet-weight plant/d)

Q, = consumption rate of stored hay by the animal (kg wet-weight plant/d)

x; = fraction of animal forage intake that is contaminated (dimensionless)
x, = fraction of animal stored grain intake that is contaminated (dimensionless)
x, = fraction of animal stored hay intake that is contaminated (dimensionless)

and other terms are as previously defined. Note that the concentration factors for stored feeds are evaluated at the

time of initial feeding to animals; for forage crops, the factor represents an average over the feeding (grazing) period.

This difference is important to the evaluation of the PPTF contribution from each pathway (see Equation [5.20]).

Animals on fresh forage may also take in soil while grazing. The amount of soil ingested is assumed to be a constant

fraction of the fresh forage intake rate, Q;, expressed per kg dry weight. The average concentration in animal products

from intake during the feeding period is evaluated in the same way as the average feed intakes of Equations (5.15) and
(5.18):

C

caja = 1000 E,; Qq Wp Q@ x; S{Cyp 1 } /[ty C,,(0)] (5.19)

55
where Cg,q = average concentration factor for animal product a, over the fresh forage feeding period for soil inges-
tion by animals for radionuclide j for initial unit concentration of parent radionuclide i in soil (pCi/kg

wet-weight animal product per pCi/g dry-weight soil)

Qg = soil intake as a fraction of forage intake for the animal (kg dry-weight soil per kg dry-weight forage)
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and other terms are as previously defined. The ratio of S{} to time represents the average concentration of soil-con-
taminated crops for plant material taken in by the animal over the feeding or grazing period.

To evaluate the PPTF from animal products for the soil pathway, the animal product concentration at time of human
consumption is estimated as the sum of contributions from the two feed types and soil. First, the decay between har-
vest and consumption by humans is evaluated for the average animal product concentration for each feed type, and
then the total intake by humans is evaluated. For the forage pathway and soil ingestion, the total intake is calculated
as the product of average concentrations multiplied by the time period of intake (consumption period). For the stored
feed pathways, the total intake is evaluated as a time integral using the time-integral operator:

PPTFasij = [S {A {Csajs(hay)’ tha }’ tca} * S{A{Csajs(grain)’ tha}’ tca} * A{Csajf’ tha}tca (5.20)

+ A{Coya tha}tca} /365.25

where PPTF,g = partial pathway transfer factor for animal product a, for radionuclide j as a progeny of radio-
nuclide i for an initial unit concentration of parent radionuclide i in soil (pCi*y/L for milk and
pCi*y/kg for other animal products per pCi/g dry-weight soil for a year of residential scenario)

A{Csajs(hay),tha} = decay operator notation used to develop the concentration factor for radionuclide j in animal
product a, from stored-hay intake after decay during holdup (t,,) for initial unit concentration of
parent radionuclide i in soil (pCi/kg wet-weight animal product per pCi/g dry-weight soil)

A{Csajs(gmm),tha} = decay operator notation used to develop the concentration factor for radionuclide j in animal
product a, from stored grain intake after decay during holdup (t,,,) for initial unit concentration
of parent radionuclide i in soil (pCi/kg wet-weight animal product per pCi/kg dry-weight soil)

A{Cgptya} = decay operator notation used to develop the concentration factor for radionuclide j in animal
product a, from fresh forage intake after decay during holdup (t,,,) for initial unit concentration
of parent radionuclide i in soil (pCi/kg wet-weight animal product per pCi/g dry-weight soil)

A{Cyjatya} = decay operator notation used to develop the concentration factor for radionuclide j in animal
product a, from soil ingestion while grazing, after decay during holdup (t,,) for initial unit
concentration of parent radionuclide i in soil (pCi/kg wet-weight animal product per pCi/g dry-
weight soil)

S{A{}, t,} = time-integral operator notation used to develop the concentration time-integral factor for radio-
nuclide j in animal product a, over the consumption period by humans for initial unit
concentration of parent radionuclide i in soil (pCi*d/kg per pCi/g dry-weight soil for a year of
residential scenario)

t, = consumption period for animal product a (d for a year of residential scenario)

ty, = holdup time for animal product a between harvest and consumption by humans (d)

365.25 = unit conversion factor (dfy).
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A description of nested operator notation (e.g., S{A{}}) is given in Section 2.2, and an example case is described in
Section 5.4.1.3.

5.4 Concentrations and Transfer Factors for Irrigation Water as the
Contaminating Medium

Use of contaminated water in sprinkler-type irrigation systems results in deposition of radionuclides directly onto
plant surfaces or to the soil with subsequent resuspension and plant uptake and transfer to edible parts of the plant.
The contaminated plant can then be eaten by humans or animals, resulting in the same exposure pathways as defined
above for air and soil. Material deposited on soil may also be ingested directly by animals while grazing. Using the
average water concentrations provided by the water-use model, evaluations are made for each year that doses are to be
evaluated.

5.4.1 Food Crops Contaminated by Irrigation Water

Two pathways are used for estimating radionuclide transfer from irrigation water to food crops: deposition directly
onto plant leaves (the irrigation water-plant-human pathway) and deposition onto soil with uptake via roots to food
crops (the irrigation water-soil-plant-human pathway). An overview of the modeling processes included in the water-
plant-human pathway and the water-soil-plant-human pathway is shown in Figure 5.11. The bold box in this figure
relates to the double-lined box in master Figure 5.3, showing the overall modeling details for the residential scenario.
As shown in Figure 5.11, three significant processes are accounted for in this pathway: 1) calculation of the deposition
of radionuclides onto plants and soil with calculation of the concentration at the time of harvest, 2) calculation of the
concentration in plants at the time of harvest (accounting for root uptake and for radioactive decay during holdup),
and 3) calculation of the time integral of activity over all food consumption routes (calculation of the PPTF for these
pathways). Equation numbers are included in Figure 5.11 to help identify the specific mathematical formulations used
in the models. Figure 5.11 also shows linkages to the other significant processes needed to estimate the annual TEDE
for the residential scenario. The double-lined boxes in Figure 5.11 show linkages to the other pathways considered in
the residential scenario.

The assumptions for evaluation of these pathways are as follows:

» The concentration of radionuclides in irrigation water is constant over the year of irrigation (i.e., an average water
concentration is used).

« Material deposited on plant surfaces is removed at a constant weathering half-time.

» Radionuclide concentrations in soil from deposition are immediately in equilibrium with radionuclide concentra-
tions in edible portions of the plants grown in the soil.

 Harvested plants are held for a short period of time (holdup time) before being consumed by humans.

5.4.1.1 Irrigation Water-Plant-Human Pathway

Figure 5.12 illustrates the variation over time of the relative parent radionuclide concentration in irrigation water,
growing plants, and consumed plants for the water-plant-human pathway. The concentration in water is constant over

the year of exposure. The concentration in plants increases as material is deposited onto plant surfaces and is incor-
porated into edible parts of the plant. After harvest of the food crop, the concentration decays during the holdup time
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Figure 5.11 Water-plant-human pathway and water-soil-plant-human pathway
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Figure 5.12 Changes in relative concentrations over time for irrigation water, plants, and human food from
deposition of irrigation water onto plant surfaces

before the crop is consumed. During the consumption period, t_,, the concentration continues to change. The PPTF
for the year is evaluated as the time integral of the radionuclide concentrations in the food crop over the consumption
period.

The change in radionuclide concentration in plants from irrigation deposition is described by the following general dif-
ferential equation for each chain member:

dCyyi, j-1
dv;v; = Ryyjg * 21 dpjArjCovnt ~ (’-rj + ) Comit (5.21)
=

where C.;; = concentration of radionuclide j in plant type v at time t during the growing period from application of
irrigation water per unit average concentration of parent radionuclide i in water (pCi/kg wet-weight
plant per pCi/L water)

Cywnt = concentration of radionuclide n in plant type v at time t during the growing period from application of

irrigation water per unit average concentration of parent radionuclide i in water (pCi/kg wet-weight
plant per pCi/L water)
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Ryyg = average deposition rate of radionuclide j to edible parts of plant v from application of irrigation water
per unit average concentration of parent radionuclide i in water (pCi/d *kg wet-weight plant per pCi/L.

water)
dy; = decay branching fraction for transitions of radionuclide n to radionuclide j (dimensionless)
Ay = decay rate constant for radionuclide j (d™)

A, = rate constant for loss of activity from plant surfaces due to weathering (d’l).

The constant average rate of deposition of radionuclide j to plants is evaluated as follows:
Ryvjg = R 1, T,/ Y, [Ci/ Coi] (5-22)

where R, = average deposition rate of radionuclide j to edible parts of plant v from application of irrigation
water per unit average concentration of parent radionuclide i in water (pCi/d *kg wet-weight plant
per pCi/L water)

C,; = average annual concentration of parent radionuclide i in irrigation water over the current annual
period (pCi/L water)

ij = average annual concentration of radionuclide j in irrigation water over the current annual period
(pCi/L water)

IR = average annual application rate of irrigation water (L/m?ed)
r, = fraction of initial deposition (in water) retained on the plant (pCi retained per pCi deposited)

T, = translocatjon factor for transfer of radionuclides from plant surfaces to edible parts of the plant (pCi
in edible plant part per pCi retained)

o
f

¢ = yield of plant v (kg wet-weight plant/mz).

The deposition rate to plants, , is constant over the irrigation period because the concentration in water is con-
stant (at the average value for C;). The evaluation of agricultural pathways is performed for 1 year of irrigation prac-
tice, normalized to initial unit concentration of the parent radionuclide in the irrigation water. All progeny are
assumed to have zero concentration in water (i.e., Cy, = 0.0, j+i). The contributions from the progeny radionuclides
are included in PPTF values calculated for each progeny as a parent of a decay chain. This convention is described in
Section 5.2. With use of this convention, the PPTF values can be applied to any year of irrigation, as indicated in Sec-
tions 5.5 and 5.6.4. The ratio of radionuclide concentrations in water is included to indicate the source of activity units
(pCi) and to provide consistency with other equations for radionuclide transfer to plants (e.g., Equation [5.5]).

The concentration factor for each radionuclide in edible parts of plants at the time of harvest is evaluated as the

solution to Equation (5.21). The concentration factors can be written as follows using the deposition, accumulation
with removal operator notation:
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vajh = Re {vajg’ (gv} (523)

where Cyuy = concentration factor for radionuclide j in plant v at harvest from deposition onto plant surfaces for
an average unit concentration of parent radionuclide i in water (pCi/kg wet-weight plant per pCi/L
water)

tev

i}

growing period for plant v (d)

Re{vajg,tgv} = deposition, accumulation operator used to develop the concentration factor for radionuclide j in
plant v at harvest from deposition onto plant surfaces for an average unit concentration of parent
radionuclide i in water (pCi/kg wet-weight plant per pCi/L water).

Equation (5.23) applies to all members of the decay chain including the parent.

The deposition, accumulation operator notation can be expanded using equations of Section B.1 and B.4 to give the

explicit equations for the parent and progeny radionuclide concentrations in the plant at harvest. The equations are as

follows:

for the parent,

1- e—lclt

Covin = valg[““;“rfl (5-24)

and for the first progeny (j=2),

A2 Rw1g [1 e hetly

vazh =[ (A'eZ'A'cl) )

(5.25)

\ -
Jr oo - d2heReg| [ 1-e e
& Aoy = A A2

where Gy, = concentration factor for parent radionuclide in plant v at harvest from deposition onto plant surfaces
for an average unit concentration of parent in water (i=j=1), (pCi/kg wet-weight plant per pCi/L
water)

Cuvan = concentration factor for the first progeny radionuclide (j=2) in plant v at harvest from deposition
onto plant surfaces for an average unit concentration of parent in water, (pCi/kg wet-weight plant per
pCi/L water)

A, = effective weathering and decay constant for the parent radionuclide (j=1) evaluated as the sum of the
weathering rate constant, A, and the radioactive decay constant, A , (@h

il

effective weathering and decay constant for radionuclide 2 (second chain member) evaluated as the

)'ez
sum of the weathering rate constant, ,,, and the radioactive decay constant, A, (@h
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and other terms are as previously defined for parent radionuclide (subscript 1) and first progeny (subscript 2)
radionuclide.

5.4.1.2 Irrigation Water-Soil-Plant-Human Pathway

Figure 5.13 illustrates the variation with time of the relative parent radionuclide concentration in irrigation water,
growing plants, and consumed plants for the water-soil-plant-human pathway. For this pathway, the concentration in
plants results from resuspension and root uptake of radionuclides in irrigation water applied to the soil. As before, the
radionuclide concentration in water is constant over the year of exposure. Radionuclides that enter the soil via irriga-
tion water accumulate with time and are assumed to be contained in the top 15-cm soil layer. This activity will
consequently be available for root uptake. The radionuclide concentration in plants is assumed to be in constant
equilibrium with the radionuclide concentration in soil. The radionuclide concentration in plants at harvest will
change during the holdup period before the plant is consumed by humans. The total radionuclide intake during the

A ) Average
Relative . Average Water Concentration | L~ Cw Concentration
Concentration in Irrigation
Water
0 1y
Growing
] Period
Relative Concentration
Ccncentration in Soil
I
0 tov 1y
Relative Concentration
Concentration in Plant
!
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otiod [*+——Consumption Period, t . — .
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Concentration in Consumed
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! ]
0 tgv 1 Yy tgv*i-thv‘f' tev

Figure 5.13 Change in relative concentrations over time for irrigation water, soil, plants, and human foods
from deposition of irrigation water on seil with subsequent root uptake
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consumption period is evaluated as the time integral of concentration in the plant over the consumption period,
starting with the plant concentration at the beginning of the period (after decay during holdup).

The transfer is modeled in a manner analogous to that for deposition directly onto plants, as described in

Section 5.4.1.1. The concentration in soil at the end of the growing period is evaluated as the solution to the following
differential equation for concentration of a radionuclide in soil. Because the concentration of radionuclides in plants
is assumed to be continuously in equilibrium with the concentration in soil, the concentration in crops at the end of
the growing season is proportional to the soil concentration at the end of the growing season,

The change in radionuclide concentration in soil from irrigation deposition is described by the following general dif-
ferential equation for each chain member:

dCy.:, i-1
“"(th‘!‘ = Rws;g + El dnj l’rj Cwsnt - )“rj Cwsjt (5‘26)
n=

where CWsjt = concentration of radionuclide j in soil at time t during the growing period for an average unit
concentration of parent radionuclide i in water (pCi/kg dry-weight soil per pCi/L water)

Cusmt = concentration of radionuclide n in soil at time t during the growing period for an average unit
concentration of parent radionuclide i in water (pCi/kg dry-weight soil per pCi/L water)

Rwsjg = average deposition rate of radionuclide j to soil from application of irrigation water onto soil during
the growing period for an average unit concentration of parent radionuclide i in water (pCi/d *kg dry-
weight soil per pCi/L. water)

and other terms are as previously defined.

The average deposition rate of radionuclide j to soil is evaluated as follows:
Rygjg = IR/P; [Cy/ Ci (5:27)

where R, = average deposition rate of radionuclide j to soil from irrigation water application onto soil during the
growing period for an average unit concentration of parent radionuclide i in water (pCi/d *kg dry-
weight soil per pCi/L water)

Cy; = average concentration of radionuclide j in irrigation water over the current annual period (pCi/L
water)

Cy, = average concentration of parent radionuclide i in irrigation water over the current annual period

(pCi/L. water)
IR = annual average application rate of irrigation water (L/m?+d)
P, = areal soil density (kg dry weight soil/m?).

The contribution from irrigation to radionuclide concentration in soil at the time of harvest of plant v is evaluated as
follows using the deposition, accumulation operator notation:
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Cuvjtgsoity = R{Rusjgr tov} (5-28)

where Cyuinsoiry = concentration factor for radionuclide j in soil at harvest time for plant v for an average unit
concentration of parent radionuclide i in water (pCi/kg dry-weight soil per pCi/L water)

R{Rwsjg,tgv} = deposition, accumulation operator used to develop the concentration factor for radionuclide j in
soil at the time of harvest of plant v for an average unit concentration of parent radionuclide i in
water (pCi/kg dry-weight soil per pCi/L water)

and other terms are as previously defined.
Equation (5.28) can be expanded using operator notation defined in Section B.1 and B.4 to give an explicit equation
for the parent and first progeny radionuclide concentration factors in soil at the end of the plant-growing season. The
equations are as follows:
for the parent,
At
1-¢ gy 9
Coningsoily = Rws1g{——[r-1—-—l (5-29)

and for the progeny (j=2),

C - dlZArlegfl- e-lrltg\r]
wv 2h(soil) ( )‘rz_krl) l lrl

dlzlrszslg][ 1- e”’“’ztsvn
Ao = A Ay

(5.30)

+ [Rwsi’.g -

where terms are as previously defined for parent radionuclide (subscript 1) and first progeny radionuclide
(subscript 2).

The concentration of radionuclides in edible portions of plants at the time of harvest is evaluated from the concentra-
tion of radionuclides in soil at the time of harvest. The evaluation is made using the soil-to-plant concentration factor
as follows:

Crvjh = (MI"V + ij) Wv CWV]h(soil) (5.31)

where C.; = concentration factor for radionuclide j in plant v at time of harvest resulting from resuspension and
root uptake for an average unit concentration of parent radionuclide i in water (pCi/kg wet-weight
plant per pCi/L water)

B, = concentration factor for uptake of radionuclide j from soil in plant v (pCi/kg dry-weight plant per
pCi/kg dry-weight soil)

531 NUREG/CR-5512



Residential

ML, = plant soil mass-loading factor for resuspension of soil to edible plant parts for plant v (pCi/kg dry-
weight plant per pCi/kg dry-weight soil)

W, = factor for conversion of mass of plant v from a dry-weight to a wet-weight basis (kg dry-weight plant
per kg wet-weight plant)

and other terms are as previously defined. Equations (5.28) and (5.31) apply to all members of the decay chain
including the parent.

5.4.1.3 Calculation of PPTFs for Food Crops Contaminated by Irrigation Water

The PPTFs for food crops are calculated starting with the radionuclide concentration in plants at harvest, as evaluated
using Equations (5.23) and (5.31). The harvest concentration first undergoes decay for a holdup time before initial
consumption by humans. The total intake by humans is then evaluated as the time integral of the radionuclide concen-
tration in food crops during the consumption period, t,. As a conservative assumption, removal of radionuclides by
washing during food preparation is not considered. The contributions from each pathway (direct deposition of irriga-
tion water onto plants and deposition onto soil with resuspension and root uptake) are summed to give a total PPTF:

(5.32)
PPTE wij = IS{A( Cuvinr ta }’ tc"} * S{A{Crvjh’ thy }’tcv}]/365'25

where PPTFy; = partial pathway transfer factor for the irrigation pathway for plant v, for radionuclide j as a
progeny of radionuclide i for an average unit concentration of parent radionuclide 1 in water
(pCiy/kg wet-weight plant per pCi/L in water for a year of residential scenario)

A{Cw‘,)h,thv} = decay operator notation used to develop the concentration factor for radionuclide j in plant v (as
a result of deposition onto plants) at time of human consumption after holdup (1) for an aver-
age unit concentration of parent radionuclide i in water (pCi/kg wet-weight plant per pCi/L
water)

A{Cyptpy} = decay operator notation used to develop the concentration factor for radionuclide j in plant v (as
a result of root uptake) at time of human consumption after holdup (t;,,) for an average unit con-
centration of parent radionuclide i in water (pCi/kg wet-weight plant per pCi/L water)

S{A{},t,} = time-integral operator notation used to develop the concentration time-integral factor for radio-
nuclide j over the consumption period of plant v for the irrigation water pathway for an average
unit concentration of parent radionuclide i in water (pCi*d/kg wet-weight plant per pCi/L water
for a year of residential scenario)

t,, = consumption period of plant v by humans (d for 1y of residential scenario)
tyy = holdup time between harvest and consumption of plant v (d)
365.25 = unit conversion factor (dfy).
The decay operator notation in Equation (5.32) can be expanded for specific radionuclides in the decay chain using the

formulas of Appendix B for radioactive chain decay. As an illustration of this expansion for nested operators, consider
the second term on the right side of Equation (5.32) for food crops contaminated by the root uptake and resuspension
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pathways. The starting point in the evaluation is the activity of each chain member in the plant at the time of harvest,
given by the parameter C rih of Equation (5.31). The concentration of the parent after decay during the holdup period
can be expressed as follows

Crv1 P (thV) = Cvin (tgv) ¢ ety (5-33)

where C,,(t,,,) is the concentration factor for the parent radionuclide in plant v at the start of the consumption
period (pCP /kg wet-weight plant per pCi/L water) and other terms are as previously defined. The activity of the first
progeny radionuclide (j=2) in the plant at the start of consumption is given by the following expression:

dip A rvm(‘gv) ety 41222 Crvtn (tgv) R (5.34)

Crap (thv) Ay - Ay | Crvzn (tgv) R

where Cpyyp(tyy) and Cppp(ty,) represent the initial concentrations of the parent and first progeny radionuclide in
plant v at the start of the decay period (holdup period), and C,,, (1) represents the concentrations after decay for the
holdup period. The integral evaluation, indicated by the time- mtegral operator S{}, is applied to the results of
Equations (5.33) and (5.34). The expression can be written as follows for the parent radionuclide:

o * fev 1 e'}’rl tey
J crvlp(t)d1 = Crvip(thv) {—""‘f‘“"‘“‘] (5-3)
r’hv rl

‘where the result is the time integral of the concentration factor for parent radionuclide i in plant v over the consump-
tion period (pCied/kg wet-weight plant per pCi/L water) and other terms are as previously defined. The time integral
for the first progeny radionuclide (j=2) in the plant over the consumption period is given by the following expression:

oot Loy
_ P "LrZCrvlp(thv) 1-¢ Retfev A2 42 Crv 1P(thv)
[ Covzpya = T * Crv2p(thv) -
. 12~ A Ary Ao - Ay

(5.36)

1- e'lﬂ‘cv
)

where the result represents the concentration time integral of the first progeny radionuclide in plant v over the
consumption period and other terms are as previously defined with subscripts 1 and 2 for parent and first progeny,
respectively.

5.4.2 Animal Products Contaminated by Irrigation Water
This section discusses seven pathways involving the consumption of animal products by humans, each beginning with

irrigation water as the source of radionuclides; three involve irrigation water directly applied to animal feed (stored
hay, stored grain, and fresh forage) and three involve irrigation water applied to soil and thence to plants (evaluated
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again for stored hay, stored grain, and fresh forage feed). The seventh pathway involves animals drinking the irrigation
water. An overview of the modeling processes included in the water-plant-animal-human pathway and the water-soil-
plant-animal-human pathway is shown in Figure 5.14. The bold box in this figure relates to the double-lined box in
master Figure 5.3, showing the overall modeling details for the residential scenario. As shown in Figure 5.14, four
significant processes, and numerous subprocesses, are accounted for in this pathway: 1) calculation of the deposition
of radionuclides onto plants used to feed animals and soil with calculation of the concentration at the time of feeding
or harvest, 2) calculation of the concentration in plants at the time of harvest, accounting for root uptake and for
radioactive decay during holdup, 3) calculation of the concentration in animal products from animal ingestion of
forage, stored hay, stored grain, and water, and 4) calculation of the time integral of activity for human ingestion of
animal products over the consumption period (calculation of the PPTF for these pathways). Equation numbers are
included in Figure 5.14 to help identify the specific mathematical formulations used in the models. Figure 5.14 also
shows linkages to the other significant processes needed to estimate the annual TEDE for the residential scenario.
The double-lined boxes in Figure 5.14 show linkages to the other pathways considered in the residential scenario.

The assumptions for evaluation of these pathways are as follows:

* The concentration of radionuclides in irrigation water (and animal drinking water) is constant over the year of
irrigation (i.e., an average water concentration is used).

* Material deposited onto plant surfaces is removed at a constant weathering half-time.

+ Radionuclide concentrations in soils are continuously in equilibrium with radionuclide concentrations in edible
portions of the plants grown in the soil.

*  Animals take in soil while grazing. The intake amount is a constant fraction of the forage intake rate, Q;.

« Stored feeds are used for animal feed as soon as they are harvested. Feeding continues after harvest during the
stored-feed feeding period.

¢ The concentration in animal products is immediately in equilibrium with the concentration in intake (feed, water,
and soil).

*  Animal products are harvested (e.g., milked, slaughtered, or eggs gathered) continuously over the feeding period
and then distributed for human consumption.

+ The harvested animal products are held for a short time before being consumed by humans.

Animal products may be contaminated when the animal eats crops (forage or stored feeds) produced using contam-
inated irrigation water. Each of these crop types may be contaminated by direct deposition of water onto leaves, or
from deposition onto soil with uptake via roots and resuspension. These routes of animal feed contamination are
described below.

5.4.2.1 Irrigation Water-Forage-Animal-Human Pathway

Figure 5.15 illustrates the variation with time of the relative parent radionuclide concentration in irrigation water,
forage plants, animal products, and consumed plants for the water-forage plant-animal-human pathway. As before, the
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Figure 5.15 Change in relative concentrations over time for irrigation water, forage, animal products, and human
foods from deposition of irrigation water on animal forage

water concentration is constant over the year of exposure. The differential equation defining the radionuclide concen-
tration in forage plants is the same as Equation (5.21) for food crops. The constant deposition rate of radionuclide j to
forage plants is evaluated according to Equation (5.22) with parameters defined for the forage crop:

Ruge = IR 1p Te/ Yy [Cw,/ Cwi] 637

where Ry = average deposition rate of parent radionuclide j to forage crop f from application of irrigation water
during the feeding period for an average unit concentration of parent radionuclide i in water
(pCi/d kg wet-weight plant per pCi/L water)
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Cw; = average annual concentration of parent radionuclide i in irrigation water over the current annual per-
iod (pCi/L water)

. = average annual concentration of radionuclide j in irrigation water over the current annual period
(pCi/L water)

IR = annual average application rate of irrigation water (L/m?«d)

r; = fraction of initial deposition of radionuclides in water retained on the plant (pCi retained per pCi
deposited)

T, = translocation factor for transfer of radionuclides from plant surfaces to edible parts of the plant (pCi
in edible plant part per pCi retained)

o
!

yield of forage crop f (kg wet-weight plant/mz).

The concentration of radionuclides in forage feed is evaluated as an average over the consumption period because the
animals are assumed to graze continuously over the consumption period. The evaluation of the average radionuclide
concentration in forage involves integrating the concentration in the plants over the time period, and then dividing the
result by the feeding period. This average value is then used to estimate the concentration of radionuclides in the ani-
mal product. Evaluating the radionuclide concentration in plants involves the solution to Equation (5.21) for
deposition, accumulation, and time integration of the resulting plant concentration, Cg.. The general solution is
indicated in operator notation as follows:

Catje = Ce {wajf’ tff}/ L (5:38)

where Cyp. = average concentration factor for radionuclide j in forage crop f at time of animal consumption from
direct deposition onto plant surfaces for an average unit concentration of parent radionuclide i in
water (pCi/kg wet-weight plant per pCi/L water)

ty = period of feeding of forage crop f (d)
G {Rygply} = operator notation used to develop the deposition, accumulation, and time integration of the
concentration of radionuclide j in forage crop f over the animal forage consumption period for an
average unit concentration of parent radionuclide i in water (pCi/kg wet-weight plant per pCi/L

water)

and other terms are as previously defined. The operator G, {} represents the deposition, accumulation, and time
~ integration of the concentration over the forage-feeding period with continuous deposition and weathering.

For parent and first progeny radionuclides, the concentrations in forage plants from direct deposition onto plant
surfaces are represented by the following two equations:

for the parent radionuclide,

Cone =R - B
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and for decay-chain-member radionuclides, noting that the average concentration and deposition rate for the progeny
in irrigation water are zero,

_ Y2t Rune| 1 - gttt [ Grted
f2c = e |tpp = ——— 1tee
whee Ay = A dey ¢
) (5.40)
dyp o Ryppe | 1 - e te'nr
e |E T ! (Xeater)
A=A | €2

where the terms are as previously defined with subscripts 1 and 2 referring to the parent and first progeny in the decay
chain, respectively.

As described above and in Section B.5, the deposition, accumulation and time-integral operator, G,, {}, involves two
steps: solution of the differential equation for plant concentration, Equation (5.21), followed by a time integration
over the period of interest. The solution to the differential equation is equivalent to the deposition-accumulation
operator, R.{}, for accumulation with removal. The solution can be written for a parent radionuclide for any time t as
follows:

1 -t
Cot1r = walf[—"‘r“‘"'] (>-41)

el

where C, g, = concentration factor for the parent radionuclide in forage crop f at any time t after beginning of
irrigation deposition for an average unit concentration of parent radionuclide in water (pCi/kg wet-
weight plant per pCi/L. water)

and other terms are as previously defined. The average concentration factor is evaluated as the time integral of plant
concentration divided by the forage-crop feeding period. This calculation can be represented in operator notation as
follows:

L

1 1 5.42

CijC = t—JRe{wajf’t}dt = ‘t‘f}Gc{wajf’tff} ( )
ff o

where terms are as previously defined. Evaluation of this equation for the parent and first progeny is shown above in
Equation (5.39) and (5.40).

5.4.2.2 Irrigation Water-Soil-Forage-Animal-Human Pathway

Figure 5.16 illustrates the time variation of the relative parent radionuclide concentration in water, soil, forage plants,
animal products, and food eaten by humans for the water-soijl-forage-animal-human pathway. Radionuclides that
enter the soil via irrigation water are assumed to be contained in the top 15-cm soil layer (i.e., the top box of the three-
box water-use model described in Section 5.6.6 and Appendix B). This activity will be available for immediate root
uptake and resuspension to forage plants. The differential equation describing the change in radionuclide concentra-
tion in soil from irrigation deposition is given by Equation (5.26). The average deposition rate to soil is evaluated as
follows (as in Equation [5.27]):
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Figure 5.16 Change in relative concentrations over time for irrigation water, soil, forage, animal products, and
human foods from deposition of irrigation water on scil with subsequent resuspension and
root uptake to forage plants
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Rwsjf = IR/Ps [ij/cwi] (5'43)

where R, = average deposition rate of radionuclide j to soil from irrigation water application onto the soil during
the feeding period for an average unit concentration of parent radionuclide i in water (pCi/dkg dry-
weight soil per pCi/L water)

Cwi = average concentration of parent radionuclide i in irrigation water over the current annual period
(pCi/L water)

i

average concentration of radionuclide j in irrigation water over the current annual period (pCi/L
water)

ij

i

IR = annual average application rate of irrigation water (L/m?d)

P, = areal soil density (kg dry-weight soil/m?).

The radionuclide concentration in forage plants (averaged over the animal feeding period) from irrigation-water
deposition and uptake from soil by forage plants is evaluated from the average soil concentration. The general
equation using the deposition, accumulation, and time integration notation is

C

wfjc(soil) G{Rwsjf’ tff}/tff (5.44)

where thjc(soil) = average concentration factor for radionuclide j in soil at time of animal consumption of forage
crop f for an average unit concentration of parent radionuclide i in water (pCi/kg dry- weight soil
per pCi/L water)

G{Rwsjf,tff} = operator notation used to develop the deposition, accumulation, and time integration of the
concentration of radionuclide j in soil over the animal consumption period of forage crop f for an
average concentration of parent radionuclide i in water (pCi/kg dry-weight soil per pCi/L water)

and other terms are as previously defined.

Explicit equations can be written for the parent radionuclide as follows:

“agyt 5.45
Cotrc oty = Rusit {‘ff‘ {1‘3 1“]/)'1'1}/()'1'1 tff) (>45)
and for the first progeny radionuclides,
dy2 ARy | ] - e ']
Cwtze(sonl) = pa—— tep - i I eqte)
~ ] (5.46)

i o
45 Ay Rygq 1 - ¢t
- —r—_‘i——" ff ~ ———A‘—_—” / (Arztff)
1 S T2
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where terms are as previously defined, with subscripts 1 and 2 referring to the parent and first progeny in the decay
chain, respectively.

The average concentration of radionuclides in forage during the forage-feeding period is evaluated from the average
concentration of radionuclides in soil over the feeding period. The evaluation is made using the forage plant concen-
tration factor as follows:

Crje = (MLf * ij) Wt Catje (soily (>-47)

where erc = average concentration factor for radionuclide j in forage crop fat time of forage feeding, resulting
from resuspension and root uptake from soil for an average unit concentration of parent
radionuclide i in water (pCi/kg wet-weight forage per pCi/L. water)

B; = concentration factor for uptake of radionuclide j from soil in forage crop f (pCi/kg dry-weight forage
per pCi/kg dry-weight soil)

ML, = plant soil mass-loading factor for resuspension of soil to forage plant f (pCi/kg dry-weight forage per
pCi/kg dry soil)

W; = factor for conversion of mass of forage crop f from a dry-weight to a wet-weight basis (kg dry- weight
forage per kg wet-weight forage)

and Cyp. is as previously defined. Equation (5.47) applies to all members of the decay chain including the parent.
5.4.2.3 Irrigation Water-Stored Hay-Animal-Human Pathway

Figure 5.17 illustrates the time variation of relative parent radionuclide concentration in irrigation water, stored hay
plants, animal products, and food eaten by humans for the water-stored hay-animal-human pathway. For this pathway,
the radionuclide concentration in stored hay is derived from radionuclides in irrigation water deposited on stored hay
plant surfaces. The concentration at stored hay harvest is evaluated for a constant deposition rate of radionuclides
from irrigation water onto the hay crop. Loss by weathering from plant surfaces is considered. The stored hay is fed to
the animal over a feeding period that begins immediately after harvest and continues for the feeding period. The
differential equation describing the change in radionuclide concentration in stored hay plants from irrigation
deposition is analogous to Equation (5.21). The average deposition rate of radionuclide j to stored hay plants is
evaluated as follows (per Equation [5.22]):

Rypye = R Ty T/ Yy [Cuj/ Cui] (5.48)

where R, = average deposition rate of radionuclide j to stored hay crop h from irrigation water application for an
average unit concentration of parent radionuclide i in water (pCi/d+kg wet-weight plant per pCi/LL
water)

C,; = average concentration of parent radionuclide i in irrigation water over the current annual period

(pCi/L water)
C,; = average concentration of radionuclide j in irrigation water over the current annual period (pCi/L.
water)
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Figure 5.17 Change in relative concentrations over time for irrigation water, stored feed, animal products, and
human food from deposition of irrigation water on stored feed plants
IR = annual average application rate of irrigation water (L/m2~d)

r, = fraction of initial deposition of radionuclides in water retained on plant h (pCi retained per pCi
deposited)

Ty, = translocation factor for transfer of radionuclides from plant surfaces to edible parts of the plant
(pCi in edible plant parts per pCi retained)

Y, = yield of stored hay crop h (kg wet-weight plant/m?).
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The concentration of radionuclides in stored hay crops from deposition onto plant surfaces at the time of animal initial
feeding is evaluated using Equation (5.23) with parameters defined for stored hay plants:

thjc = Re {Rwhjg 4 tgh} (5'49)

where  Cgyc = concentration factor for radionuclide j in stored hay crop h at initial time of consumption by animal,
from deposition onto plant surfaces for an average unit concentration of parent radionuclide i in
water (pCi/kg wet-weight plant per pCi/L water)

to, = growing period of stored hay type h (d)

R (Rpjten} = deposition, accumulation operator notation used to develop the concentration factor for
radionuclide j in stored hay crop h at the initial time of harvest, from irrigation water deposition
onto plants for an average unit concentration of parent radionuclide i in water (pCi/kg wet-weight
plant per pCi/L. water)

and other terms are as previously defined. Explicit equations for the parent and first progeny have the same form as
the example equations shown in Section 5.4.1.1 (Equations [5.24] and [5.25]. A detailed description of the operator
notation is given in Section 2 and Appendix B.

5.4.2.4 Irrigation Water-Soil-Stored Hay-Animal-Human Pathway

As with the water-soil-food crop-human pathway, the deposition from irrigation water is assumed to transfer to soil
with subsequent uptake via resuspension and through roots to plants. Figure 5.18 illustrates the time variation of rela-
tive parent radionuclide concentrations for this pathway. The differential equation describing the time rate of change
of radionuclide concentrations in soil is given by Equation (5.26). The constant deposition rate for a radionuclide to
soil is evaluated according to Equation (5.27) with parameters defined for stored hay plants. The deposition rate of
radionuclides to soil is evaluated as follows:

Rwsjg = IR/Ps [CW]/CWi] (5'50)

where R, = average deposition rate of radionuclide j to soil from irrigation water application onto the soil during
the crop-growing period for stored hay for an average unit concentration of parent radionuclide i in
water (pCi/d+kg dry-weight soil per pCi/L water)

C,, = average concentration of parent radionuclide i in irrigation water over the current annual period

(pCi/L water)
Cy, = average concentration of radionuclide j in irrigation water over the current annual period (pCi/L
water)
IR = annual average application rate of irrigation water (L/m?+d)

P, = areal soil density (kg dry-weight soil/m?).

s

The concentration of radionuclides in soil at the time of stored hay crop harvest (beginning of feed consumption by
animals) is evaluated as the solution to Equation (5.26) with the deposition rate defined by Equation (5.50) as follows:
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Figure 5.18 Change in relative concentrations over time for irrigation water, soil, stored feed, animal products,
and human foods from deposition of irrigation water on soil with subsequent resuspension and
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thjc(soil) = R{Rwsjg’ tgh} (5'51)

where thjc(soﬂ) = concentration factor for chain member j in soil at time of initial animal consumption of stored
hay crop h, for an average concentration of parent radionuclide in water (pCi/kg dry-weight soil
per pCi/L water)

1l

t,n = growing period of stored hay crop h (d)

R{Ryjpten} = deposition, accumulation operator used to develop the concentration factor for chain member j
in soil at time of initial animal consumption of stored hay crop h, for an average concentration
of parent radionuclide in water (pCi/kg dry-weight soil per pCi/L water)

and other terms are as previously defined. Explicit equations for the parent and first progeny can be written in a
similar manner as shown in the example equations of Section 5.4.1.2 (Equations [5.29] and [5.30]).

The concentration of radionuclides in stored hay plants at the time of harvest (initial feeding to animals) is evaluated
from the concentration of radionuclides in soil at the time of harvest. The evaluation is made using the stored hay
crop concentration factor as follows:

Conje = (MLn + Bjp) Wy Copje (soil) (>-52)
where Crhj = concentration factor for radionuclide j in stored hay crop h at time of initial feeding to animals (har-
vest), resulting from root uptake and resuspension for an average unit concentration of parent
radionuclide i in water (pCi/kg wet-weight plant per pCi/L water)
B;, = concentration factor for uptake of radionuclide j from soil in stored hay crop h (pCi/kg dry-weight

plant per pCi/kg dry-weight soil)

ML, = plant soil mass-loading factor for resuspension of soil to stored hay plant h (pCi/kg dry-weight plant
per pCi/kg dry-weight soil)

W}, = factor for conversion of mass of stored hay crop h from a dry-weight to a wet-weight basis (kg dry-
weight hay per kg wet-weight hay)

and other terms are as previously defined. Equation (5.52) applies to all members of the decay chain for parent radio-
nuclide i, including the parent.

5.4.2.5 Irrigation Water-Stored Grain-Animal-Human Pathway

This exposure pathway is analogous to the pathway involving stored hay described in Section 5.4.2.3. The time
variation of relative parent radionuclide concentration in irrigation water, stored grain plants, animal products, and
food eaten by humans for this pathway is as shown in Figure 5.17. The concentration of radionuclides in stored grain
plants at harvest is evaluated assuming a constant deposition rate of radionuclides from irrigation water onto the grain
crop during the growing season. Loss of activity from plant surfaces by weathering is considered. The stored grain is
fed to the animals over a feeding period that begins immediately after harvest and continues for the feeding period.
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The time rate of change of radionuclide concentration in stored grain plants is as described by Equation (5.21) for
deposition onto food crop plants. The average deposition rate of radionuclides from irrigation water to plants is
described by Equation (5.48) with subscript "h" for hay replaced by subscript "g" for grain, as follows:

- 5.53
Rygis = IR T, Ty/ Y, [Coi/ Ci (5:53)

where R, = average deposition rate of radionuclide j to stored grain crop g from irrigation water application for
an average unit concentration of parent radionuclide i in water (pCi/d *kg wet-weight plant per pCi/L.
water)

Cy; = average concentration of parent radionuclide i in irrigation water over the current annual period

(pCi/L. water)
Cyj = average concentration of radionuclide j in irrigation water over the current annual period (pCi/L.
water)

IR = annual average application rate of irrigation water (L/m?ed)

r, = fraction of initial deposition of radionuclides in water retained on grain plant g (pCi retained on
plants per pCi deposited)

T, = translocation factor for transfer of radionuclides from plant surfaces to edible parts of grain plant g
(pCi in edible plant parts per pCi retained on plant)

Y, = yield of stored grain crop g (kg wet-weight plant/m2 of land)

The concentration of radionuclides in stored grain crops from deposition onto plant surfaces at the time of animal
consumption is evaluated by using Equation (5.23) but with parameters defined for stored grain plants:

= 5.54
Cugre = Re {ngjg’ tgg} >4
where Ci = concentration factor for radionuclide j in stored grain crop g at initial time of animal consumption,
from deposition onto grain plant surfaces for an average unit concentration of parent radionuclide i
in water (pCi/kg wet-weight plant per pCi/L water)
ty, = growing period of stored grain type g (d)

R {Ryyprtee} = deposition, accumulation operator representing the concentration factor for radionuclide j in stored
grain crop g at the initial time of harvest, from deposition of irrigation water onto plants for an
average unit concentration of parent radionuclide i in water (pCi/kg wet-weight plant per pCi/L
water)

and other terms are as previously defined. Explicit equations for the parent and first progeny radionuclides can be
written as shown in the example equations in Section 5.4.1.1 (Equations {5.24] and [5.25]).
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5.4.2.6 Irrigation Water-Soil-Stored Grain-Animal-Human Pathway

This exposure pathway is analogous to the pathway involving stored hay described in Section 5.4.2.4. The time
variation of relative parent radionuclide concentration in irrigation water, soil, stored grain plants, animal products,
and food eaten by humans for this pathway is as shown in Figure 5.18. The differential equation describing the time
rate of change of radionuclide concentrations in soil is given by Equation (5.26). The constant deposition rate for a
radionuclide to soil is evaluated according to Equation (5.27) with parameters defined for stored grain plants:

Rygg = IR/P[Cyi/Cy (5:55)

where R, = average deposition rate of radionuclide j to soil from irrigation water application for an average unit
concentration of parent radionuclide i in water (pCi/d * kg dry-weight soil per pCi/L water)

C,; = average concentration of parent radionuclide i in irrigation water over the current annual period
(pCi/L water)

Cy; = average concentration of radionuclide j in irrigation water over the current annual period (pCi/L.
water)

IR = annual average application rate of irrigation water (L/m?sq).

The concentration of radionuclides in soil at the time of stored grain crop harvest is evaluated using Equation (5.51)
with parameters defined for the stored grain feed type as follows:

- 5.56
CWgJC(SOil) - R{Rwsw’tgg} (5-36)

where  Cypiciooily = concentration factor for radionuclide j in soil at time of initial animal consumption of stored
grain crop g, from irrigation water applied to soil for an average unit concentration of parent
radionuclide i in water (pCi/kg dry-weight soil per pCi/L water)

tg, = growing period of stored grain type g (d)

R{Rwsjg,tgg} = deposition, accumulation operator representing the concentration factor for radionuclide j in
soil at time of initial animal consumption of stored grain crop g, from irrigation water applied to
soil for an average unit concentration of parent radionuclide i in water (pCi/kg dry-weight soil
per pCi/L water)

and other terms are as previously defined.
The concentration of radionuclides in stored grain plants from resuspension and root uptake at the time of harvest

(initial feeding to animals) is evaluated from the concentration of radionuclides in soil at the time of harvest. The
evaluation is made using Equation (5.52) with parameters defined for the stored grain crop as follows:

- 5.57
Crgpe = {MLg * BJE] We Cwgie soit (>=>7)
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where C.. = concentration factor for radionuclide j in stored grain crop g at time of initial feeding to animals
(harvest), resulting from resuspension and root uptake for an average unit concentration of parent
radionuclide i in water (pCi/kg wet-weight plant per pCi/L water)

B;, = concentration ratio for uptake of radionuclide j from soil in stored grain crop g (pCi/kg dry-weight
plant per pCi/kg dry-weight soil)

ML, = plantsoil mass-loading factor for resuspension of soil to stored grain plant g (pCi/kg dry-weight
plant per pCi/kg dry-weight soil)
Wg = factor for conversion of mass of stored grain crop g from a dry-weight to a wet-weight basis (kg dry-

weight grain per kg wet-weight grain)

and other terms are as previously defined. Equation (5.57) applies to all members of the decay chain including the
parent.

5.4.2.7 Irrigation Water-Soil-Animal-Human Pathway

This pathway results from animal ingestion of soil while grazing on fresh forage. The differential equation for the soil
concentration given in Equation (5.26) applies to this pathway. Animal intake of soil while grazing is evaluated for a
constant deposition rate to soil. The amount of soil ingestion by the animal is evaluated as a constant fraction of the
animal intake of forage over the forage-feeding period. The deposition onto soil is evaluated as defined in Equa-

tion (5.43) and is represented as follows:

Rysje = IR/ Ps[cwj/cwi} (3-58)

where R is the average deposition rate of radionuclide j to soil from irrigation water application onto soil during
forage-feeding period for an average unit concentration of parent radionuclide i in water (pCi/d *kg dry-weight soil per
pCi/L. water) and other terms are as previously defined.

The average concentration in soil eaten by animals over the forage period is evaluated as the time integral of the soil
concentration over the forage-feeding period, divided by the feeding period. The average soil concentration is
evaluated according to Equation (5.44) using terms for ingestion of soil by animals:

Cetja = G{P\vsjf’ ‘ff}/ Lo (-59)

where  Cpy = average concentration factor for radionuclide j in soil eaten by animals during the forage period for
crop f for an average unit concentration of parent radionuclide i in water (pCi/kg dry-weight soil per
pCi/L water)

G{Rptr} = operator notation used to develop the deposition, accumulation, and time integral of the transfer ratc
to soil for radionuclide j over the forage-feeding period for an average unit concentration of parent

radionuclide i in water (pCi+d/kg dry-weight soil per pCi/L water)

and other terms are as previously defined. Explicit equations can be written for the parent and first progeny
radionuclides as shown in Section 5.4.2.2 (Equations [5.45] and [5.46]).
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5.4.2.8 Calculation of PPTFs for Animal Products Contaminated by Irrigation Water

The PPTFs for animal products involve summation of contributions for animal intake of forage crops (including soil
ingestion), stored feed crops, and water (feeding contaminated irrigation water directly to animals). The concentra-
tion of radionuclides in forage crops (determined by Equations [5.38], [5.47], and [5.59]) are average concentrations
over the feeding period. The radionuclide concentration in animal products is assumed to be in equilibrium with
animal intake of these plant concentrations at all times during the feeding period. The concentration in animal
products is, therefore, also constant (average) over the feeding period, evaluated as follows:

Cwajh(forage) = Faj Q; x; [wajc + Crfjc +Qy W; Crfjd} (5.60)

where Cwajh(fomge) = average concentration at time of fresh forage intake by animal product a, for radionuclide j, for
irrigation water pathway for an average unit concentration of parent radionuclide i in water
(pCi/kg wet-weight animal product per pCi/L water)

F,; = transfer factor that relates the concentration in an edible animal product a, to the daily intake
in animal feed (stored, fresh forage, soil, or water) (pCi/L per pCi/d for milk, and pCi/kg wet-
weight animal product per pCi/d for other animal products)

Q, = fractional soil intake of fresh forage intake (kg dry-weight soil per kg dry-weight forage)

Q; = consumption rate of fresh forage by the animal (kg wet-weight plant/d)

x; = fraction of forage intake that is contaminated
and other terms are as previously defined.
The concentration of radionuclides in stored feed crops (determined in Equations [5.49], [5.52], [5.54], and [5.57]) rep-
resents the concentration at the beginning of the animal feeding period. The concentration in animal product at the

beginning of the feeding period (instantaneous equilibrium between feed and animal product) is evaluated as the sum
of the contributions from the direct deposition to plants and the root-uptake pathways:

5.61
Cwajc(stored) = Faj lthh(CWhjC + Crhjc) * Qg xg (ngjc + Crg]c)] ( )

where Cgostoreqy = COnCentration factor at beginning of stored feed intake by animal product a, for radionuclide j,
for irrigation water pathway for an initial unit concentration of parent radionuclide i in water
(pCi/kg wet-weight animal product per pCi/L water)

Q, = consumption rate of stored hay by the animal (kg wet-weight plant/d)
Q, = consumption rate of stored grain by the animal (kg wet-weight plant/d)
X, = fraction of stored hay intake that is contaminated

x, = fraction of stored grain intake that is contaminated

8

and other terms are as previously defined.
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The animal product concentration at the beginning of the feeding period (time of harvest) is equal to Cuaje(storedy’

Cwajh (stored) = Cwa jc (stored) (5.62)

The radionuclide concentration at harvest in animal products will change during the holdup period between harvest
and consumption by humans. The change is represented as follows for the forage pathway:

Cwajp(foragc) = A{Cwajh(megc), tha} (5.63)
and for the stored-feed pathway,
Covayp stored) = A{Cwam (stored)? ‘ha} (5.64)

where Cwajp(fmge) = average concentration factor over the consumption period by humans of animal product a, for
radionuclide j, for irrigation water pathway via forage crops for an average unit concentration
of parent radionuclide i in water (pCi/kg wet-weight animal product per pCi/L water)

Cuajp(storedy = COnCentration factor at initial time of consumption by humans of animal product a, for radio-
nuclide j, for irrigation water pathway via stored feed crops for an average unit concentration
of parent radionuclide i in water (pCi/kg wet-weight animal product per pCi/L water)

A{Csin(forageythal = decay operator notation used to develop the average concentration factor over the consump-
tion period by humans of animal product a, for radionuclide j, for irrigation water pathway via
forage crops for an average unit concentration of parent radionuclide i in water (pCi/kg wet-
weight animal product per pCi/L water)

A{Cyjn(storedytna} = decay operator notation used to develop the concentration factor at initial time of consump-
tion period by humans of animal crop a, for radionuclide j, for irrigation water pathway via
stored feed crops for an average unit concentration of parent radionuclide i in water (pCi/kg
wet-weight animal product per pCi/L. water)

and other terms are as previously defined.

The contribution to animal product concentration from animal intake of irrigation water over the consumption period
is evaluated as follows:

Cuapw = Fay Qu %y [Cuy o] (5.65)

where C,,.. is the average concentration factor from animal ingestion of water at the time of harvest of animal
product v for animal ingestion of water for an average unit concentration of parent radionuclide i in water (pCi/kg wet-
weight animal product per pCi/L water), Q,, is the consumption rate of water by the animal (L/d), and x,,, is the fraction
of water intake that is contaminated.

The total PPTF for animal products is evaluated as follows:
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S{}
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Residential

PPTE (5.66)

awij = tea Cwajp (forage) + S{Cwajp (stored)’ tca} + A{Cwajw’tha}lms’zs

= partial pathway transfer factor for irrigation pathway for animal product a, for radionuclide j as a
progeny of radionuclide i, for an average unit concentration of parent radionuclide i in water
(pCi*y/kg wet-weight animal product per pCi/L water for a year of residential scenario)

= decay operator notation used to develop the concentration factor for animal product a for an
average unit concentration of parent radionuclide i in water from animal intake of water at the
time of consumption by humans for an average unit concentration of parent radionuclide i in
water (pCi/kg wet-weight animal product per pCi/L water)

= time-integral operator used to develop the concentration factor for radionuclide j concentration
in animal product v over the consumption period by humans for an average unit concentration of
parent radionuclide i in water (pCi+d/kg wet-weight animal product per pCi/L water)

= consumption period of animal product a by humans (d for a year of residential scenario)

and other terms are as previously defined.

5.5 Calculation of Pathway Transfer Factors

The PFs include the daily consumption rate of specific foods in an individual’s diet and the radionuclide concentration

in those foods as

determined by the PPTFs. The PFs are evaluated for unit concentration in soil at the beginning of

the growing season and unit concentration in irrigation water averaged over the year of exposure.

The PF for initial unit concentration of a parent radionuclide in soil is evaluated as follows:

where PFsij =

PPTF .. =

vsij

PPTF,. =

asij

NV Na

5.67

PF,, = 2; U, PPTE,;; + 21 U, PPTF,; (5:67)
= a=

agricultural pathway transfer factor for radionuclide j as a progeny of radionuclide i per unit initial
concentration of parent radionuclide i in soil (pCi ingested per pCi/g dry-weight soil for a year of
residential scenario)

partial pathway transfer factor for food crop type v, radionuclide j as a progeny of radionuclide i, for
unit average concentration of parent radionuclide i in soil (pCi=y/kg wet-weight food per pCi/g dry-
weight soil for a year of residential scenario)

partial pathway transfer factor for animal product type a, radionuclide j as a progeny of radionculide I,
for unit average concentration of parent radionuclide i in soil (pCi*y/kg wet-weight food per pCi/g
dry-weight soil for a year of residential scenario)

number of animal products considered in the diet

number of food crops considered in the diet
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U, = ingestion rate of animal product type a by an individual (kg wet-weight/y)

il

U, = ingestion rate of food crop type v by an individual (kg wet-weightfy).

A similar expression is used to evaluate the PFs for unit average concentration of a parent radionuclide in irrigation
water:

NV Na
s.
PF,; = g U, PPTF,,;, + );; U, PPTF,,; (5.68)
Vo= a=

where PFwij = agricultural pathway transfer factor for radionuclide j as a progeny of radionuclide i per unit average
concentration of parent radionuclide i in water (pCi ingested per pCi/L water for a year of residential

scenario)

PPTF,y;; = partial pathway transfer factor for food crop type v, radionuclide j as a progeny of radionuclide i, for
unit average concentration of parent radionuclide i in water (pCiey/kg wet-weight food per pCi/L
water for a year of residential scenario)

PP’I‘Fawij = partial pathway transfer factor for animal product type a, radionuclide j as a progeny of radionuclide i,

for unit average concentration of parent radionuclide i in water (pCi*y/kg wet-weight food per pCi/L
water for a year of residential scenario)

and other terms are as previously defined. The food types and annual consumption rates are given in Section 6.

5.6 Calculation of Total Dose From Pathways for the Residential Scenario

Computing the dose for the agricultural pathways (ingestion) involves using the information provided by computation
of the PPTFs and PFs. The TEDE for the residential scenario (designated as "TEDER?") is obtained by adding the
dose rates from the five primary pathways: external exposure, inhalation exposure, ingestion exposure without
irrigation, ingestion exposure with contaminated irrigation water, and secondary soil ingestion.

5.6.1 External Dose for the Residential Scenario

For external exposure, the residential exposure scenario involves an individual who spends time at home--receiving
exposure indoors, in leisure outdoors, and in gardening activities outdoors--and away from home, during which no
exposure is received. The starting time for the scenario (when the unit concentration in soil is defined) is assumed to
be at the start of the gardening season during the year of license termination. The external dose, designated "DEXR,"
involves the pathways to human exposure shown in Figure 5.19.

The external dose contribution is calculated as the sum of exposure during indoor and outdoor activities (i.e., garden-
ing exposure + indoor exposure + outdoor exposure):
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where DEXR;

DFER;

Agj

si

SF1

SFO

Residential

H20
Soil »{ Human
Gardening, Indoor, | Exposure
OQutdoor
Air

Figure 5.19 Residential scenario external dose pathway

Jl
DEXR; = (24 (t,/t,; ) SFO cﬂ; S{Agp tig}DFER;

Ji
+ |24 (txlttr> SFO C; 3):: S{Astj’ ‘tr}DFERJ'

L

(5.69)

J

+ |24 [t,/t,,) SFI C; )}; S{Ayj tir} DFER,

external dose from 1 year of residential scenario exposure to radionuclide i in soils (mrem for a
year of residential scenario)

external dose rate factor for radionuclide j for exposure to contamination uniformly distributed in
the top 15 cm of residential soil (mrem/h per pCi/g)

concentration factor for radionuclide j in soil at the beginning of the current annual exposure per-
iod per initial unit concentration of parent radionuclide i in soil at time of site release (pCi/g per

pCilg)
concentration of parent radionuclide i in soil at time of site release (pCi/g dry-weight soil)

shielding factor by which external dose rate is reduced during periods of indoor residence
(dimensionless)

shielding factor by which external dose rate is reduced during periods of outdoor residence and

gardening (dimensioniess)
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J; = number of explicit members of the decay chain for parent radionuclide i

S{Agjt,} = time-integral operator used to develop the concentration time integral of radionuclide j for
exposure over a 1-year period per unit initial concentration of parent radionuclide i in soil
(pCi+d/g per pCi/g dry-weight soil)

S{Aﬂj,ttg} = time-integral operator used to develop the concentration time integral of radionuclide j for
exposure outdoors over one gardening season during 1-year period per unit initial concentration
of parent radionuclide i in soil (pCi*d/g per pCi/g dry-weight soil)

t, = time during the gardening period that the individual spends outdoors gardening (d for a year of
residential scenario)

t; = time in the 1-year exposure period that the individual spends indoors (d for a year of residential
scenario)

t, = time in the 1-year exposure period that the individual spends outdoors, other than gardening (d for
a year of residential scenario)

t,; = total time in the gardening period (d)
t,, = total time in the residential exposure period (d)
24 = unit conversion factor (h/d).

The concentration time-integral factors, S{}, are evaluated for all radionuclides in a decay chain. The factors
represent the time integral of concentration during the exposure period of interest.

The concentration factor, Ay, defines the concentration of each radionuclide in soil in a decay chain at the beginning
of the current year of the dose evaluation. The concentration includes material initially present in the soil, plus
material that has migrated to ground water and been redeposited onto the farmland soil by irrigation with the contam-
inated water during the previous year. Evaluation of the concentration factor is described in Section 5.6.6.

5.6.2 Inhalation Dose for the Residential Scenario
Inhalation of resuspended soil dust (designated "DHR") also involves the three periods of exposure used for the
external dose pathway (above), i.e., gardening, outdoor activities, and indoor activities. The indoor component

includes contributions from material blown into the house (mass-loading method) and soil tracked into the house and
suspended (resuspension factor method), as indicated in Figure 5.20 and the following expression:
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Figure 5.20 Residential scenario inhalation dose pathways

J

Ji
+[24 V, (4 /1,) CDO C; § s{Ayy t, } DFH

DHR; = |24 V, (1,/1,,) CDG CSi?,; ${Ayp tig } DFH;

(5.70)

1

+ |24V, (1,)(CDI + BRE,) C; ¥ ${Ayy 1.} DFH,

i

inhalation committed effective dose equivalent from 1 year of residential activity (mrem for a year

of residential scenario)

volumetric breathing rate for time spent gardening (m3/h)

dust-loading for indoor exposure periods (g/m3)

volumetric breathing rate for time spent indoors (m>/h)

dust-loading for outdoor exposure periods (g/m3)

dust-loading for gardening activities (g/m3)

volumetric breathing rate for time spent outdoors (m>/h)

inhalation committed effective dose equivalent factor for radionuclide j for exposure to contami-
nated air (in units of mrem per pCi inhaled)
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P4 = indoor dust-loading on floors (g/m?)

RF, = indoor resuspension factor (m™!)

|

and other terms are as previously defined. A discussion of dust-loadings and resuspension is provided in Section 6. i
Evaluation of the concentration factor, Astj, is described in Section 5.6.6.

5.6.3 Ingestion Dose for the Residential Scenario

This section describes the calculation of ingestion dose from agricultural products grown in contaminated soil and
from secondary ingestion of soil. The pathway that involves ingestion of crops and animal products from deposition of
resuspended soils on plant surfaces and root uptake (designated "DGR") is shown in Figure 5.21. The contribution to
dose from this pathway is evaluated as follows:

J;
DGR, = C; DIET ¥ A,; AF G7)
j=1
where DGR, = ingestion committed effective dose equivalent from a I-year intake of home-grown food and animal

products (mrem for a year of residential scenario)

DIET

it

fraction of annual diet derived from home-grown foods (dimensionless)

AF; = committed effective dose equivalent factor for ingestion of agricultural product per unit concentra-
tion of radionuclide j in soil at the beginning of a growing season (mrem per pCi/g for a year of resi-

dential scenario)

C,j = initial concentration of parent radionuclide in soil at the time of release of the site, i.e., the start of
growing season for the first year (pCi/g)

and other terms are as previously defined.

H20

Soil ! Plants feamips

Human
‘ Exposure
Animals
Animal >
Air Products

Figure 5.21 Residential scenario ingestion dose pathway for plants and animal products contaminated from soil
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The agricultural product ingestion factor for soil (AFy;) is calculated from pathway transfer factors as follows:

1.

: 5.72
AF,; = }; PF,; DFG; (5.72)
J=

where PE; is the pathway transfer factor for agricultural products for soil for radionuclide j as a progeny of radio-
nuclide i (pCi ingested per pCi/g dry-weight soil for a year of residential scenario) and DFGj is the ingestion CEDE
factor for radionuclide j (mrem per pCi ingested). Equation (5.72) is written to be applied to parent radionuclides
(thus the subscript "i"). For progeny radionuclides of Equation (5.71), the AF; value is evaluated for progeny
radionuclides as if for a parent of its own decay chain.

The dose from secondary (inadvertent) ingestion of soil or house dust is included in the residential scenario analysis.
This pathway is shown in Figure 5.22. The individual is assumed to ingest soil at a constant rate over the duration of
the scenario, t,.. The dose is evaluated as follows:

J

DSR; = GR C EIDFGJ- S{ At} (5.73)
j=1

where DSR; = committed effective dose equivalent for radionuclide i from ingestion of soil (mrem for 1 year of resi-
dential scenario)

GR = effective transfer rate for ingestion of soil and dust transferred to the mouth (g/d)
S{Ag ,;} = time-integral operator used to develop the radionuclide j concentration in soil, over the residential
exposure period for a unit initial concentration of parent radionuclide i in soil at the time of site
release (pCie+d/g per pCi/g for 1 year of residential scenario)

I

and other terms are as previously defined.

H20
Soil » Human
Ingestion Exposure
Air

Figure 5.22 Residential scenario soil ingestion dose pathway
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5.6.4 Irrigation and Drinking Water Dose for the Residential Scenario

The contribution to the ingestion dose from the use of contaminated ground water (designated "DWR") is represented
in Figure 5.23. It is evaluated for drinking water and ingestion of irrigated foods, as follows:

J J

i ; (5.74)
£ J=

where DWR; = committed effective dose equivalent for radionuclide i for ingestion of drinking water and irrigated
food from a 1-year intake (mrem for 1 year of residential scenario)

C,; = initial concentration of radionuclide i in soil at the time of site release (pCi/g)

AFy; = committed effective dose equivalent factor for ingestion of drinking water per unit average concen-
tration of radionuclide j (as a parent radionuclide) in water (mrem per pCi/L for 1 year of residen-
tial scenario)

AF,; = committed effective dose equivalent factor for radionuclide j per unit average concentration of
radionuclide j (as a parent radionuclide) in ground water used for irrigation for the current 1-year
period (mrem per pCi/L for 1 year of residential scenario)

A, = average concentration factor for radionuclide j in water over the current 1-year exposure period per
initial unit concentration of parent radionuclide i in soil at time of site relcase (pCi/L. water per
pCi/g soil)

and other terms are as previously defined.

The average water concentration factor, A, , is evaluated according to the water-use model described in Section 5.6.6.

The water concentration is based on the initial radionuclide concentration in soil, Cg, as used in the inhalation and

external dose equations. Therefore, the ingestion dose is on the same concentration basis as the other dose values.

H»0 L

A\

Soil i Plants femmpp
\ Human

‘ Exposure
Animals

v

- Animal >
Air Products

Figure 523 Residential scenario ingestion dose from use of contaminated ground water
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The drinking water ingestion factor is calculated as follows:
= 5.75
AFdj =U I)F(}j (d((t ./C. ) ( )

where U, = daily intake of drinking water (L/d)
ty = duration of water intake period (d for 1 year of residential scenario)
and other terms are as previously defined. The concentration ratio, C\,,J/Cwj (equal to 1), indicates normalization to
unit average concentration in water over the year of the residential scenario. The concentration is defined for radio-
nuclide j as a parent radionuclide, consistent with the definition of AF,. The duration of water intake defines the
amount of the individual’s intake that comes from the ground-water well.
The agricultural product ingestion factor for irrigation of crops is calculated from pathway transfer factors as follows:
i 5.76
AF,; = 3 PRy DFG; (5.76)
)=

where PF.. is the pathway transfer factor for agricultural products for irrigation for radionuclide j as a progeny of
radionuclid‘e i (pCi ingested per pCi/L for 1y of residential scenario) and other terms are as previously defined.

5.6.5 Aquatic Food Ingestion Dose for the Residential Scenario

Ingestion of fish grown in contaminated surface waters is included as a potential exposure pathway for the residential
scenario as shown in Figure 5.24. The following assumptions are made in evaluation of the dose from this pathway:

* The fish are grown in a surface-water pond of constant volume,

* The concentration of radionuclides in the surface water is equal to the concentration in the ground-water aquifer.
* The volume of the aquifer (for dilution of activity) includes the volume of the surface-water pond.

* 'The fish are harvested and eaten continually during the year.

* The radionuclide concentration in the fish is proportional to the radionuclide concentration in water, as deter-
mined by the bicaccumulation factor.

The dose from this pathway is based on the average annual water concentration as defined for the water-use model
(see Section 5.6.6) and represented by the parameter ij for radionuclide j. The annual dose from ingestion of aquatic
foods is calculated as follows:

J

: 5.77
DAR; = C,, }_‘; Ay AFy G-77)
j=
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Figure 5.24 Residential scenario ingestion dose from use of contaminated ground water to grow fish in
a surface-water pond

where DAR; = ingestion committed effective dose equivalent from a 1-year intake of aquatic foods (mrem for 1
year of residential scenario)
C,; = initial concentration of parent radionuclide in soil at the time of site release (pCi/g dry-weight soil)

St

Ay, = average concentration factor for radionuclide j in water over the current 1-year exposure period per
initial unit concentration of parent radionuclide i in soil at time of site release (pCi/L. per pCi/g dry-
weight soil)

AF; = committed effective dose equivalent factor for ingestion of aquatic foods per unit average concen-
tration of radionuclide j (as a parent radionuclide) in water (mrem per pCi/L. for 1 year of the resi-
dential scenario)

and other terms are as previously defined.

The aquatic food ingestion factor for water (AFg) is calculated as follows:
- 5.78
AF; = U; i, DFG, BAJ.{(CWJ- /cwj)/sss.zs (5.78)

where U, = ingestion rate of aquatic foods produced in contaminated surface water (kgfy)

BA

i

bioaccumulation factor for radionuclide j in aquatic foods (pCi/kg wet-weight aquatic food per pCi/L.
water)

average annual concentration of radionuclide j (as a parent radionuclide) in water (pCi/L)

£

= duration of fish consumption period (d)

|
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365.25 = units conversion factor (dfy)

and other terms are as previously defined. The ratio of concentrations of radionuclide j (as a parent radionuclide of its
own chain) in water is included for consistency with representations given for other pathways, showing normalization
of the concentration to the average concentration of the parent for a decay chain.

5.6.6 Water-Use Model for the Residential Scenario

This section describes the water-use model for the residential scenario and methods for evaluation of the concentra-
tion factors for soil, Ay, and water, Ay Aconceptual repr&sentatlon of the water-use model for the residential
scenario is shown in Figure 5.25. R&sxdual radioactive contamination is assumed to be in a surface-soil layer (15-cm
thick) above an unsaturated-soil layer (1-m thick), which is above a water table that feeds a surface-water pond.
Activity in the surface-soil layer leaches through the unsaturated-soil layer to the aquifer. Water in the aquifer is
removed from a well for application to the surface-soil layer via irrigation and for domestic uses (i.e., drinking water).
The irrigation water application represents a recycling pathway from the aquifer to the surface-soil layer. The
concentration of radionuclides in the surface-water pond is assumed to be the same as the concentration in the aquifer
at all times. The water-use model is a three-box model similar to the water-use model described for the drinking water
scenario in Section 4. The primary differences between the two models are that the residential scenario model
includes a surface-water pond and recycling of activity from the aquifer to the surface-soil layer. Figure 5.25 shows the

Precipitation/Evaporation

Irrigation

—— ==-—Jp Domestic Use

|=Infiltration
. Ground-Water Well
. _ Surface-Soil
Thxckness-H1 Layer
Unsaturated-Soil
Thickness=H, Layer
Ground-Water Aquifer : Surface-Water Pond
:
\ J
Vv
Box 3

Figure 5.25 Concept representations of the residential scenario water-use model
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three boxes and indicates the flow of water through the system with infiltration being the driving force for transfer
from the surface soil to the ground-water aquifer. The model implies the following assumptions:

* Initial radioactivity is contained within the top layer (box 1).

* The unsaturated-soil layer (box 2) and the aquifer (box 3) are initially free of contamination.

* The vertical saturated hydraulic conductivity is greater than the infiltration rate.

* The infiltration volume is the product of the infiltration rate and the area of land contaminated.
» There is no retardation in the aquifer.

« The activity in the aquifer is diluted by the total volume of water in the aquifer.

* The radionuclide concentrations in all parts of the aquifer (including the surface-water pond) are the same:
radionuclides entering box 3 are immediately uniformly mixed with the total volume of water in the aquifer.

* The total volume of water in the aquifer is constant at all times during the year.

The volume of water in the aquifer is considered to be the greater of the following: 1) the volume of infiltration water
or 2) the sum of the volume of water removed annually for domestic uses and irrigation, plus the volume of the
surface-water pond. The volume of infiltrating water is considered to be the product of infiltration rate, area of land
irrigated, and infiltration period.

e The entire contaminated area is assumed 1o be irrigated and under cultivation.

* Water is removed from the aquifer at a constant rate during the year to meet the needs of irrigation and domestic
water uses. The water removed is immediately replaced with uncontaminated water.

*  Water is removed from the aquifer at a constant rate during all years of interest in the analysis.

* Radionuclides not removed during a year remain in the aquifer and contribute to the initial radionuclide
concentration for the next annual period.

* Activity in the irrigation water is assumed to be deposited in the surface-soil layer (box 1).

* The water infiltration rate is a fraction of the total water application rate (i.e., the sum of the irrigation application
rate and the annual precipitation rate).

+ Evaporative losses remove only water from the system (i.e., surface soil and surface-water pond): radionuclides
are not lost by evaporation.

Tb provide a realistic conceptual model, the volume of water in the aquifer is defined as the greater of two volumes:
1) the volume of infiltration water or 2) the volume in the surface water pond, plus the volume pumped annually for
domestic and irrigation uses. This definition avoids any unrealistic case in which the volume of infiltrating water
exceeds the total volume of water in the pond plus the volume of water pumped. Not using such a definition would
lead to an unrealistic increase of aquifer water concentration over the concentration of the water in the unsaturated-
soil layer (the source of the radionuclides reaching the aquifer).
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The assumption regarding the vertical saturated hydraulic conductivity means that the soil conditions will allow water
to move vertically downward at least as fast as the infiltration rate (expressed as distance per year).

Irrigation is assumed to occur continuously during a year, even during non-growing periods. This approach has been
selected for simplicity for the screening model and may or may not provide conservative results, depending on the
radionculides involved.

The residential scenario water-use model can be described mathematically as a three-box model shown schematically
in Figure 5.26. This figure is a diagram of the water-use model showing irrigation recycling and domestic use transfers
from the ground-water aquifer. The figure also includes representation of a three-member decay chain. Equations for
this water-use model are similar to the equations for the drinking water scenario, but are repeated here (with slight
modification for recycling) for completeness. Recycling occurs as a result of water being removed from box 3 and used
to irrigate surface soil (box 1), such as in a garden, for food production.

The water-use model is used in the residential scenario to determine the change in surface soil and aquifer concentra-
tion with time, starting with the initial activity of each radionuclide in soil at the time of site release. The process of
dose evaluation for food (farm products and fish) and water-ingestion pathways, as illustrated in Figure 5.27, is
evaluated sequentially, year-by-year.

The initial activity in the surface-soil layer is the starting parameter in the calculation. The dose from soil pathways is
evaluated using unit dose factors for soil multiplied by the initial activity for the initial year. Unit dose factors for soil,
AF, are evaluated using Equation (5.72). The average water concentration is evaluated using the water-use model.
The dose from water pathways (Equations [5.74] and [5.77]) is evaluated using the average water concentration over
the first year, multiplied by unit dose factors for water. The unit dose factors for water include the farm product dose
factors (AF,;, in Equation [5.76]), the drinking water unit dose factors (AFg;, in Equation [5.75]), and the aquatic food

unit dose factors (AFg, in Equation [5.78]).

The equations for the water-use model account for decay chain members produced in each of the boxes from precursor
radionuclides and the transfer of each chain member between boxes and from box 3 for domestic use (drinking) and
irrigation (recycling to surface soil of box 1). The amounts of each chain member are represented as the total activity
present. The concepts involved in accounting for the quantity of radionuclide j in box 1 at time t are described in the
word equation below:

[Rate of Change of j in Box 1 at Time t] = [Deposition of j from Irrigation Water]
+ [Production of j from Decay of Precursor n at Time t] (5.79)
- [Removal of j from Box 1 by Decay at Time t]

~ [Removal of j from Box 1 by Leaching at Time t].

The basic differential equation for box 1 has the following form, accounting for original quantities for irrigation
deposition (w term), radioactive decay (1 terms), and rate of leaching (L term):
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Figure 5.26 Residential three-box water-use model
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Figure 5.27 Annual sequence of analyses

G - 5.80
dtj =F. w C3] +A'rjnz”:1 dnj Cin "()‘rj +L12j) Clj (5.80)
where C,; = total activity of radionuclide j in box 1 at time t (pCi)
Cy; = total activity of radionuclide j in box 3 at time t (pCi)
F, = fraction of water removed from box 3 that is deposited on the surface layer (box 1) by irrigation
w, = removal rate constant for pumping of water from box 3 @h
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index of current chain-member position in decay chain

Il

n = index of precursor chain members in decay chain (n < j)
C,, = total activity of precursor radionuclide n in box 1 at time t (pCi)
lej = rate constant for movement of radionuclide j from box 1 to box 2 @h
dy; = fraction of transitions of radionuclide n that result in production of radionuclide j (dimensionless)
A = decay rate constant for decay of radionuclide j (d’l).

For box 2, the concepts involved in accounting for the quantity of radionuclide j at time t are described in the word
equation shown below:

[Rate of Change of j in Box 2 at Time t] = [Production of j from Decay of
Precursor n at Time t}
+ [Transfer of j by Leaching from Box 1 at Time 1] (5.81)
- [Removal of j from Box 2 by Decay at Time t]

- [Removal of j from Box 2 by Leaching at Time t}.

The basic differential equation for box 2 can be written as follows:

ac,, iy
2 - 5.82
& Ml 44;Can + Li2iCyj = (A * Lagy) (>82)
where Cy = activity of radionuclide j in box 2 at time t (pCi)
C,, = activity of precursor radionuclide n in box 2 at time t (pCi)

L,3; = rate constant for movement of radionuclide j from box 2 to box 3 @h
and other terms are as previously defined.

For box 3, the concepts involved in accounting for the quantity of radionuclide j at time t are described in the word
equation shown below:
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[Rate of Change of j in Box 3 at Time t] = [Production of j from Decay of
Precursor n at Time t]
+ [Transfer of j by Leaching from Box 2 at Time t] (5-83)
-~ [Removal of j from Box 3 by Decay at Time t]

- [Removal of j from Box 3 by Pumping at Time t].
The basic differential equation for box 3 can be written as follows:

dC i-1
3 84
"“”at] = ’~qE=1 dpi Cap *+ Lygi Gy = 4Gy - W Gy (5-84)

n

where C3j = activity of radionuclide j in box 3 at time t (pCi)

Can

and other terms are as defined above.

activity of precursor radionuclide n in box 3 at time t {(pCi)

The summation term in each of the above equations is evaluated for only those terms for which a transition occurs
(depending on the decay scheme for the decay chain). The rate constants for movement between compartments are
evaluated using the same equations as defined for the drinking water scenario water-use model (see Equations (4.7]
through [4.12}).

The recycling of activity from the aquifer to the surface soil is defined by the first term on the right side of
Equations (5.79) and (5.80). The pumping-rate constant, w,, is evaluated for complete removal of the irrigation and
domestic use water volume in a 1-year period. The rate constant is then the fractional removal of the total aquifer
volume per year and is expressed as follows:

w_ = Fractional Removal y (5.85)
y 365.254d

where 365.25 is the units conversion factor (d/y). The fractional removal is the fraction of total aquifer volume that is
removed during a year. The volume removed is that associated with irrigation water use plus domestic use; the water
in the farm pond is not removed. The fractional removal is then evaluated as follows:

Virr + Vdr

Ve

Fractional Removal = (5.86)

r

where V, = volume of water used for irrigation during a 1-year period (L)

Vi

i

, = volume of water used for domestic purposes during a 1-year period (L)
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where Vg = total volume of water in the aquifer for dilution of activity over a 1-year period for the residential
scenario (L).

The total volume of water in the aquifer is used as the dilution volume in determining the annual average water
concentration. The total water volume is taken as the greater of the infiltration water volume or the sum of the water

volumes used for irrigation, domestic purposes, and the surface-water pond. The infiltration volume is evaluated as
follows:

Vi =1 A 1000 - 1 (5-87)

where V. = annual infiltration and irrigation volume through the cultivated farmland area (L)

I = infiltration rate (m/y)

]

A = area of land under cultivation (m?)
1000 = unit conversion factor (L/m>)
1 = time period for infiltration and irrigation (y).

The total volume of water in the aquifer for the residential scenario is then evaluated as follows:

Vi, = greater of: Vy and V, + V, +V, (5-88)

s

where V= volume of water in surface-water pond used for growing fish during a 1-year period (L)
and other terms are as previously defined.

The fraction of removal water that is applied to the surface layer is evaluated from the water usage volumes for
irrigation and domestic uses as follows:

Fr = Virr/(virr * Vdr) (5.89)

The soil concentration factor for radionuclide j at the beginning of the current 1-year exposure period is represented in
terms of the residential scenario water-use model operator as follows:

Agy = A&l{ckj"} (5-90) .

where Ay, = concentration factor for radionuclide j in soil at the beginning of the current 1-year exposure period
per initial unit concentration of parent radionuclide i in soil at time of site release (pCi/g dry-weight
soil per pCi/g dry-weight soil)
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A {} = residential scenario water-use model decay operator notation used to develop the concentration factor
for radionuclide j in soil at the beginning of the current 1-year exposure period per initial unit
concentration of parent radionuclide i in soil at time of site release (pCi/g dry-weight soil per pCi/g
dry-weight soil)

G = concentration array of radionuclides (j) in box k at the time of site release (pCi/g dry-weight soil)
t = time between site release and the beginning of the current 1-year period (d).

The normalization of the concentration factor results from setting the initial concentrations in surface soil to unit
concentration (pCi/g of parent radionuclide). A detailed description of the water-use operator is given in Appendix B,
Section B.7).

To evaluate the water concentration factor, the total activity in the farmland soil must be determined. The initial
inventory for the residential scenario is given per gram of soil (box 1), unlike the drinking water scenario, in which the
initial inventory is defined as the total activity in soil. The water-use model equations involve activity independent of
any normalization by mass. Therefore, the total activity present in the surface layer must be determined in order to
evaluate the water concentration in the aquifer. For the first level of screening, the total activity in the soil layer (per
unit activity in soil, pCi/g dry-weight soil) is calculated from the total mass of soil using the irrigated area, soil depth,
and soil density as follows:

QT = A, H, d, 10° (5.91)

where QT = total mass of soil in the irrigated surface-soil layer (box 1) (g dry-weight soil)

area of land contaminated for the residential scenario (mz)

>
i

H, = thickness of surface-soil layer, i.e., plow depth (m)
d, = average density of surface-soil layer (g dry-weight soil/cm?)
10% = unit conversion factor (cm>/m>).

The average water concentration factor, A, is evaluated from the time integral of radionuclide activity in the aquifer
(box 3), Sﬂ{ck],ty} over the current year. Tl)le total activity in the aquifer is the product of the time integral and the
total soil mass, QT, divided by the time period (1 year). This total activity is divided by the total water volume to
obtain the average water concentration during the current year. The calculation of the average water concentration
factor is performed as follows:

- QT 8.5(Cyj» 4} (5.92)
! VTr ty
where A, = average concentration factor for radionuclide j in ground water during a year t per initial unit concen-
tration of parent radionuclide i at time of site release (pCi/L per pCi/g dry-weight soil)
Cy; = initial activity of chain member radionuclide j in water-use model box k per unit activity of parent

radionuclide i at the beginning of the current year (pCi/g dry-weight soil per pCi/g dry-weight soil)
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t, = l-year period of integration (d)
S3{} = time-integral operator used to develop the residential scenario water-use model total aquifer activity
for radionuclide j in ground water over a 1-year period per initial unit concentration of parent
radionuclide i at time of site release (pCied/g dry-weight soil per pCi/g dry-weight soil)

and other terms are as previously defined. A detailed description of the residential scenario water-use time-integral
operator is given in Section B.7.

5.7 Total Dose for Residential Scenario

The annual TEDE (designated "TEDER") for the residential scenario is evaluated as the sum of the contributions
from the six exposure pathways:

TEDER, = DEXR; + DHR, + DGR, + DWR; + DSR; + DAR; (5:93)

where TEDER,; is the annual TEDE for radionuclide i (mrem for a year of residential scenario) and other terms are as
previously defined. To obtain normalized annual TEDEs, the calculations are performed with a normalized source
term (i.e., 1 Bg/g or 1 pCi/g). The annual TEDE is evaluated for each year until a maximum is found.

The evaluation of the annual TEDE for the residential scenario for mixtures involves calculation of the annual TEDE
summed over all radionuclides in the inventory. The year of maximum dose is the year during which this summed dose
is maximum. The annual TEDE for a mixture can be represented as the sum of annual TEDES from individual
radionuclides:
M
TEDER, = ¥ TEDER, (5.94)

i=1

where TEDER  is the annual TEDE for the mixture of radionuclides, evaluated at the year in which the total is a
maximum value (mrem for a year of residential scenario), and M is the number of radionuclides in the mixture.

The corresponding annual TEDE:s in units of uSv, when inventory is given in units of Bq/g, are evaluated as follows:

TEDER, = 270.3 TEDER, (5.95)

where the constant 270.3 is a unit conversion factor (uSv/Bq per mrem/pCi).
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As described in the previous sections, the calculation of radiation doses for the generic screening scenarios and path-
ways established for residual radioactive contamination in buildings and soil rely on numerous parameters and data
values. These include radioactive decay data, basic dose conversion factors, media-specific concentration data, water-
use model data, and data used to describe the agricultural pathways. This section explains the selection of data used in
this study and justifies the selections made.

6.1 Radioactive Decay Data

Many of the models employed in the calculation of the annual TEDE require consideration of radioactive decay for
radionuclide decay chains. The most notable decay chains include the multiple radionuclides in the neptunium,
uranijum, actinium, and thorium series. A method for handling chain decay in preparation of dose factors has been
devised that is easy to implement in a computer program. This section describes the conventions developed for han-
dling radioactive decay chains, the method for evaluation of decay with time, and the radioactive decay database.

6.1.1 Conventions for Handling Radioactive Chain Decay

The following basic conventions for handling radioactive chain progeny are defined for the calculation of annual
TEDGE:s for residual radioactive materials:

1. Asingle master set of radionuclides (shown in Appendix E, Table E.1), with over 200 entries for single and multi-
ple member decay chains, was selected by the authors for this screening model. This master set is intended to
include the more significant radionuclides used by NRC licensees, including numerous short-lived radionuclides.

2. All dose values generated by the scenario analysis will be normalized to unit activity of the parent radionuclide.

3. 'The radiations included in the dose factor for a parent are those associated with decay of the parent, plus radia-
tions from progeny that are always in secular equilibrium (constant ratio of activity as a function of time). For this
study, radioactive decay chain members are assumed to be in secular equilibrium with parent radionuclides if they
have half-lives 1) less than 9 hours and 2) less than one-tenth the listed parent half-life. Radiations from decay
chain members that meet these criteria are included with the radiations from their parent radionuclides as implicit
progeny in the dose factor listings. Several implicit progeny may be defined under one parent. Progeny that are
not implicit are defined as explicir.

The 9-hour half-life cutoff value was selected as a convenient break point. For the master listing of radionuclides
considered in this study, there is a group of radionuclides (within decay chains) with half-lives just above 9 hours,
but only a few with half-lives immediately below 9 hours. Use of other notation, such as the "+ I" or "+ D" found
in the public comment draft version of this document (Kennedy and Peloquin 1990), is not necessary because the
progeny contributions are always included (for external or internal dose factors). Thus, it makes no practical sense
to define factors without such progeny contributions. For inhalation and ingestion dose factors, the entries
include radiations from all radionuclides contributing to internal dose following intake of the parent (within the
50-year dose commitment period). The inclusion of such contributions is justified by recommendations of the
ICRP 26 (1977) and in EPA Federal Guidance Report No. 11 (Eckerman, Wolbarst, and Richardson 1988). These
contributions are included in the inhalation and ingestion dose factors to be used for the calculations.
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4. For decay chains having two or more radionuclides of significant half-life that reach secular equilibrium (constant
ratio of activity as a function of time), an entry is provided giving dose factors for the entire chain. Such decay
chains have a long-lived parent with progeny of varying shorter half-lives. This representation is of particular
value for radionuclides in the four actinide decay series (the neptunium, uranium, actinium, and thorium series).
The radionuclide notation includes a "+C" to indicate that g/l progeny in the chain are included in the dose fac-
tors. Entries are included for a decay chain member with a "+C" representation when all progeny of the chain
have half-lives less than one-tenth the half-life of the listed member.

These conventions are sufficient to define a useful and consistent method of handling radioactive decay chains for use
in development of dose factors for both internal and external exposures. It should be noted, with respect to internal
dose factors, that the users of the tabulated dose factors need only be concerned about the radionuclide inventory
present at the time of site release; the contributions from progeny radionuclides after intake (inhalation or ingestion)
are automatically included in the evaluation of the annual TEDE.

6.1.2 Decay Chain Data

The radioactive decay chain database contains decay data for the master list of radionuclides defined for this report.
The decay chain representations in the database are taken from ICRP Publication 38 (ICRP 1983). The database con-
tains a data set for each radionuclide or chain, except natural thorium and natural uranium, for which dose factors are
calculated from entries for the radionuclides in the decay chain. For single-member chains (i.e., no progeny), the data
set contains the radionuclide name, decay half-life, and atomic number. Decay chains having progeny also contain list-
ings for each chain member, including the radionuclide name, decay half-life (explicit members only), atomic number,
and branching information. A complete tabulation of radioactive decay chain data contained in the database is pre-
sented in Appendix E, Table E.1. The tables in Appendix E were generated from computer-readable electronic files
anticipating their direct use in the user-friendly software implementing the scenario/pathway analysis for residual
radioactive contamination.

The entries in the radioactive decay chain database in Table E.1 are organized by increasing atomic number and by
decay chain. Within each decay chain, members follow according to their decay sequence. The treatment of progeny
radionuclides as implicit or explicit is indicated in Table E.1 by the presence of a value for the radioactive haif-life.
Implicit radionuclides have no value for the radioactive half-life, while explicit radionuclides have the half-life listed.
The table also includes a chain member position index, with the parent always having position 1. The position indices
are used to indicate the decay sequence, which is necessary when branching occurs. Implicit radionuclides have no
chain member position index because they are not included in the decay calculations performed by the decay processor.

As an example of definition of implicit and explicit radionuclides, consider the entry for 22U. The 232U chain has
three explicit progeny: 25Th, ?2/Ra, and 212Pb. The data set for *2U contains data for all four radionuclides as
exylicit chain members. Another data set is included with 225Th as the parent with two explicit progeny, 224Ra and
212pp, A third data set is included with 22*Ra as the parent with one explicit progeny, 2?Pb. The ?**Ra data set also
has two implicit progeny, 2°Ra and 2!%Po. Note that no half-life values are given for the two implicit progeny. The
212pp data set has three implicit progeny: 2!2Bi, 12Po, and 2%®T1. Note that implicit progeny are listed only once in
the database and are listed under the explicit radionuclide that is their immediate precursor. This method for
definition of decay chain data involves some duplication of information but greatly simplifies input and usage of the
decay data in the calculations performed. It permits direct consideration of a complete or partial decay chain.

The branching information listed in Appendix E defines the sequence and fraction of parent decays that result in the .

production of each chain member. The branching fractions defined for each member indicate the source of production
of the chain member. This convention is the opposite of the usnal method of defining the fractions for the parent and

NUREG/CR-5512 6.2



Parameter and Data Values

an indication of the radionuclides produced by the parent decay. A chain member may be produced by one or two pre-
cursor chain members. The decay chain database in Appendix E contains the following information:

* index of the first precursor (if any) for the chain member

* fraction of first precursor decays that result in production of the chain member
 index of the second precursor (if any) for the chain member

* fraction of second precursor decays that result in production of the chain member.

The decay fractions for implicit progeny represent the rotal fraction of explicit precursor decays that result in produc-
tion of the implicit progeny. The atomic number as provided in the radioactive decay database is used as a cross-
reference index with other element-specific data.

6.2 Dosimetry Database

For purposes of the generic screening analysis for evaluating the annual TEDE for the building and soil scenarios, a
standardized database of external dose rate conversion factors and internal CEDE factors is required. These conver-
sion factors are obtained from existing Federal Guidance published by the EPA, implementing the recommendations
of the ICRP. A complete listing of these factors is provided in Appendix E (Table E.2). Ingestion organ dose equiva-
lents, used to determine the organ with the highest dose in the drinking water scenario (as described in Section 4), are
given in Tables E.3 through E5® The following sections discuss the literature sources for the external dose rate
conversion factors and the internal CEDE rate conversion factors, and additional details on their selection and use.

6.2.1 External Dose Rate Conversion Factors

The external dose rate conversions used in this study were obtained directly from the EPA Federal Guidance report
No. 12 developed by Oak Ridge National Laboratory (ORNL) (Eckerman and Ryman 1992). These factors provide
the external effective dose equivalent by summing the product of individual organ doses and organ weighting factors
over the body organs. These factors are consistent with ICRP 26 (1977) guidance; however, they are inconsistent with
the concept of deep dose equivalent, as defined by the NRC (see Appendix F, "Glossary"). For purposes of this generic
study, the EPA factors are judged to be an adequate representation of the external dose because skin is not considered
as one of the organs. For most radionuclides, the numerical difference between the effective dose equivalent evaluated
without skin and the deep dose equivalent will be a few percent. If skin were included, the difference would likely be
greater for radionuclides with low photon energies. The external dose rate conversion factors from the EPA are used
to determine factors for the three source conditions used for this study: 1) infinite surface (thin-layer) contamination
(for surface sources in the building occupancy scenario), 2) volume contamination in a 15-cm-thick slab source (for
thin volume sources used in the building renovation scenario), and 3) volume contamination in a 15-cm-thick slab
source (for surface-soil sources used in the residential scenario). A listing of the external dose conversion factors for
exposure to surface and volume sources is provided in Table E.2 for the radionuclides considered in this study. These
factors are in units of

*  Sv/d per Bq/m? for external exposure to surface sources and

(1) Please refer to the text of Appendix E for a description of the structure of these dose factor tables.
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+  Sv/d per Bq/m3 for external exposure to volume sources.,

As described in Sections 2 and 5, the dose rate conversion factors need to generically account for different conditions.
For the building scenarios, a variety of contamination conditions could exist, including inhomogeneous distributions of
residual radioactivity on building walls, ceilings, and floors, and surface or volume sources. As described in Appendix
A of the 1990 review draft of this document (Kennedy and Peloquin 1990), sensitivity studies were conducted to deter-
mine the best geometries for use in a generic analysis. A sensitivity study was conducted with an arrangement of sur-
face (disk) sources contaminated with 0Co and using the ISOSHLD computer program (Engel, Greenborg, and
Hendrickson 1966) to model potential external doses in a room. The room was assumed to have a fixed distance 3 m
from ceiling to floor, with variable floor and ceiling areas to represent different room volumes. The dose location was
assumed to be the center of the room. Figure 6.1 illustrates the potential effect of uniform and nonuniform distribu-
tions on the relative external dose rate within a room, as a function of room size (volume). For further comparison,
the figure contains a line that represents the dose rate from an infinite flat plane source. The room surface results for
a uniform distribution of surface contamination are based on the assumption that the same contamination level exists
on all interior building surfaces (walls, floor, and ceiling). The nonuniform distribution results are intended to
represent a perhaps more common situation, where the floors are more contaminated than the walls or ceiling. The
nonuniform distribution results are based on walls and a ceiling that have contamination levels 50% and 10%, respec-
tively, of the contamination level on the floor. The results show that the uniform distribution dose rates are about

5
Uniform Distribution
Wall, Ceiling, and Floor
4 \
Nonuniform Walls,
Ceiling, and Floor
3 Distribution (50, 10,

100% Ratio) \
2 \

Infinite Flat Uniform
Distributed Plume

Relative Dose Rate

| l | l |
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Room Volume (m3)

Figure 6.1 Relative external dose rate for uniform and nonuniform source distributions on interior
surfaces of a room as a function of room volume
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twice the dose rates from the nonuniformly distributed sources. The reason is that the contribution from the ceiling
has the effect of doubling the dose rate from the floor when contamination is uniformly distributed. The contributions
from the walls are minimal for medium-to-large rooms. (They are farther away from the receptor than the floor or
ceiling, and thus have little contribution to the total dose.)

The results shown in Figure 6.1 indicate that external dose rate results for the infinite flat plane (with a uniform distri-
bution of radioactive contamination) provide a good approximation of the external dose rate for rooms with non-
uniform dlstnbutmns of contamination levels. For reference, the two results are about equal for rooms with a volume
of about 200 m> (a floor area of 8 x 8 m with a ceiling height of 3 m). For smaller rooms, such as most offices, the infi-
nite flat plane result provides a conservative estimate of the potential dose rates when nonuniform contamination con-
ditions are present. For this reason, external doses are estimated using an infinite plane source for the building occu-
pancy scenario and an infinite slab source with a thickness of 15 cm for the building renovation scenario. These
geometries are assumed to provide a prudently conservative basis for estimating external radiation doses inside con-
taminated rooms.

For the building renovation scenario, special consideration was given to the selection of a prudently conservative
external exposure volume source configuration. With the exception of sources resulting from neutron activation, most
volume activity in buildings will be limited to small areas (hot spots) or rather shallow sources (i.e., liquid spills
absorbed into wall or floor surfaces). For the case of neutron activation, volume sources could extend deep into the
volume of a building structure; however, these volume sources will likely be identified and removed during decontam-
ination. The construction of most building walls and floors will likely range from thicknesses of about 10 to 30 cm.
The thickness of building structural materials will place a limit on the potential thickness for volume sources. As a
prudently conservative assumption, building surfaces are assumed to be represented by slab sources, of infinite extent,
with a thickness of 15 cm. For external exposure calculations, this thickness will approximate an infinite thickness for
alpha-emitters, beta-emitters, and x-ray or low-energy photon-emitters. For high-energy photon-emitters, a source
thickness of 15 cm represents 85% of the dose rate from an infinite source as described by the sensitivity analysis for
soils that follows. For contaminated soil, a sensitivity study was conducted to determine the best source geometry for
estimating radiation doses in the residential scenario. Appendix A of the January 1990 comment draft (Kennedy and
Peloquin 1990) report shows the external dose rates as a function of various source geometries and source areas.
Figure 6.2 in this report illustrates relative external dose rates for Co for five source thicknesses: 1, 15, and 50 cm
and 1 and 2 meters for effective source areas between 10 and 10,000 m2. The units used in the sensitivity study have
been normalized to a unit activity per unit mass, and the relative dose rates are shown. As can be expected, the relative
external dose rate increases as a function of source area and thickness because of an increase of the total activity
present. This increase occurs over a range until an approximation to an infinite source area and thickness is reached
(at a surface area of about 1,000 m* and a source thickness of about 0.5 m, as shown in Figure 6.2). It should be noted
that the effect of increasing source thickness and area will also be a function of the photon energy associated with the
radionuclides in the residual contamination. However, it should also be noted that the use of ®°Co in the sensitivity
study, with two high-energy gammas, provides a prudently conservative basis for understanding the change in relative
external dose rate as a function of source area and thickness.

As shown in Figure 6.2, the difference in the estimated external dose rate for source thicknesses of 15 cm and 1 m is
about 15% over all source areas. It should be noted that the 15-cm solution can be assumed to represent sources thin-
ner than 15-cm if part of the scenario considers plowing the land. Plowing is assumed to create a homogeneous
volume source, 15-cm thick.

For this generic analysis, external doses from contaminated soil are modeled with a single source representation: a

slab source, 15-cm thick, and of infinite extent. As described by the EPA (Eckerman and Ryman 1992), the volume
source geometry used to calculate the external dose rate conversion factors is a slab source of infinite extent (a distance
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Figure 6.2 Relative external dose rate as a function of soil source area and thickness for 80co

of four mean free paths for each photon energy group). This geometry represents a prudently conservative
approximation and is consistent with the soil thickness assumed for the plow layer in the agricultural pathway analysis.

The intent of this study is to produce screening values that should adequately bound most situations. When more
complex situations arise, such as the presence of inhomogeneous, buried sources in soil, site-specific modeling or the
use of external exposure measurements may better describe the situation and should be used instead of the simple
model representations provided here.

6.2.2 Inhalation and Ingestion Dose Conversion Factors

For inhalation and ingestion of radioactive materials, unit CEDE conversion factors are obtained from EPA Federal
Guidance Report No. 11 (Eckerman, Wolbarst, and Richardson 1988). This Federal Guidance Report supersedes pre-
vious Federal Radiation Council (FRC) guidance and, in addition to listing CEDE conversion factors per unit intake,
it presents values for derived annual limits on intake (ALIs) and derived air concentrations (DACs). The unit CEDE
conversion factors for inhalation and ingestion from the EPA references are included in Table E.2 in Appendix E for
the radionuclides considered in this study. These factors are in units of Sv/Bq inhaled or ingested. Ingestion organ
dose equivalents for the drinking water scenario are listed in Tables E.3 through E.5. These internal dose conversion
factors are based on the recommendations of the ICRP in Publication 30 (1979-1988). For plutonium and related ele-
ments, the factors include the revised ICRP recommendations concerning metabolic data found in Publication 48
(1986). The dose conversion factors in EPA Federal Guidance Report No. 11 are intended for general use in assessing
average individual committed doses in any population that can be characterized by Reference Man, as described by the
ICRP (1975).
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6.2.3 Dose and Dose Rate Factor Working Units

The dose and dose rate factors provided in the dosimetric files by the EPA are presented in units different from those
needed for the scenario analyses. Conversion of the factors to the desired units, consistent with the units described in
Sections 3, 4, and 5, is performed using unit conversion factors presented in this section.

Estimates of external doses from exposure to direct penetrating radiation require the use of dose rate conversion fac-
tors that are given in umts of mrem/h per pCi/g (and uSv/h per Bq/g) for soil or volume contamination in a building, or
mrem/h per dpm/100 cm? (and pSv/h per Bq/100 cm ) for surface contamination in a building. Table 6.1 lists the unit
conversion factors used to convert the basic dose rate factors in the EPA data files (Table E.2) to the desired units for
this study.

Table 6.1 Unit conversion factors for external dose

Units of EPA
database parameter Multiply by To obtain value in units
Sv/d per Bq/m? 6.944E+03 mrem/h per dpm/100 cm?
Sv/d per Bq/m? 4.167E+06 pSv/h per Bg/100 cm?
Sv/d per Bq/m? 2.505E+08 mrem/h per pCi/g
Sv/d per Bq/m> 6.771E+10 pSv/h per Bg/g

The conversion factors of Table 6.1 are determined as follows:

mrem 100 cm?

6.944E+3 h dpm } _ | (100) 100 cm? | (1 Bq)( 1 dps 10° mrem| (1 d (6.1)

Sv m? m? dps j |60 dpm Sv 24 h

m
'd Bq

pSv 100 cmzl
6 2
Sv mz Sv 24 h m2
d
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[mrem g ]
2505848 LB PCL [1.625E+6 g] [0.037 pq} {105 mrem} [ 1 d] 63
Sv m3 m3 pCi Sv 24 h
d Bq,
v g 6
6.771E+10 L h | _|1.625E+6 g {10 pSv][l d] 64)
- o v J(Z4%
d

The inhalation CEDE conversion factors for exposure to contaminated air are provided in units of mrem per pCi
inhaled (and pSv per Bq inhaled).

Table 6.2 lists unit conversion factors used to convert the basic dose rate factors in the EPA data file to the desired
units for this study.

Table 6.2 Unit conversion factors for inhalation dose

factors

Units of EPA
database To obtain
parameter Multiply by value in units
Sv per Bq 3.700E+03 mrem per pCi inhaled
Sv per Bq 1.000E+06 uSv per Bq inhaled

The conversion factors of Table 6.2 are determined as follows:

[mrem}
3700E+3 L PCL | _ [105 mrem] {0.037 pq] 65)
Sv Sv pCi
=
1.000E+6 {E‘i} - {106 PSV] (66)
Sv Sv

Ingestion of radionuclides can occur through several pathways, including ingestion of agricultural crops, ingestion of
drinking water, and secondary ingestion of removable contamination in buildings. Secondary ingestion occurs when
removable radioactive contamination found on facility surfaces is transferred from a surface to hands, foodstuffs, ciga-
rettes, or other items that enter the mouth. Doses for ingestion pathways are estimated using ingestion CEDE conver-
sion factors obtained from EPA Federal Guidance Report No. 11 (Eckerman, Wolbarst, and Richardson 1988), shown
in Table E.2. These dose conversion factors are converted to units of mrem per pCi and pSv per Bq ingested, using
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unit conversion factors given in Table 6.3. These unit conversion factors are used for the organ-specific dose factors
(for the drinking water scenario), as well as for the CEDE factors.

Table 6.3 Unit conversion factors for ingestion dose

factors
Units of starting
database To obtain
parameter Multiply by value in units

Sv per Bq 3.700E+03 mrem per pCi ingested

Sv per Bq 1.000E+06 uSv per Bq ingested

The conversion factors of Table 6.3 are determined in the same manner as described above in Equations (6.5) and (6.6)
for the conversion factors of Table 6.2.

6.2.4 Dose Factors for Decay Chains

The basic internal and external dose factors used to calculate the annual TEDE: are taken directly from the dose factor
files provided by ORNL. However, special consideration has been given to radioactive decay chains having short-lived
progeny following a parent, or for cases in which equilibrium of progeny is assumed, as described in Section 6.1.1.

Radiations from short-lived progeny are assigned to the parent radionuclide immediately preceding the short-lived
radionuclide. When short-lived progeny contributions are included, the dose factor for the parent is evaluated using
the following expression:

Nd

6.7

DFci=DFi+z; DF; F; (6.7)
j:

where DFC, = combined dose factor (internal or external) for the parent radionuclide i, in appropriate units for the
dose factor type

DF, = dose factor for the parent radionuclide as taken from the database, in appropriate units for the dose

factor type

N4 = number of short-lived progeny for which contributions are to be included with the parent
radionuclide dose factors, as defined by criteria of Section 6.1.1

j = index of short-lived progeny to be included

DF; = dose factor for the short-lived radionuclide j, as taken from the database, in appropriate units for the
dose factor type

F; = the fraction of parent transitions that result in production of short-lived radionuclide j.
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The progeny transition fractions, Fj, are provided in column 2 of Tables E.2 through E.5.

6.3 Media-Specific Considerations for Exposure Scenarios

The annual TEDEs produced by the scenario analysis are based on the dose rate and CEDE conversion factors
described in Section 6.1 and pathway-specific assumptions and parameters, including exposure durations, quantities
inhaled or ingested, and media concentrations. This section describes the media-specific considerations used 1o pro-
duce concentrations and doses for inhalation, secondary ingestion, ingestion of agricultural foods, and ingestion or
agricultural use of ground water.

6.3.1 Air Concentrations for Inhalation
Evaluation of CEDE for inhalation is performed using equations of the following general form:

[CEDE for Inhalation] = [Exposure Duration for Scenario]
x [Volumetric Breathing Rate]
x [Airborne Dust-Loading] (68)
x [Inhalation Dose Factor]

x [Mean Activity Level].

The concentration of respirable dust in the air will vary depending upon a variety of factors, including the physical con-
dition (such as the particle size) of the material being handled, the quantity of the material present, and the building
ventilation or wind conditions. For this study, concentrations of respirable dust in the air are estimated using mass-
loading factors and resuspension factors.

Perhaps the simplest method of estimating air concentrations is to use mass-loading factors. For this method, the
average air concentration is defined in terms of g/m? of air. This concentration is converted to units of activity using
the concentration of the source material. Although dust-loading in itself is not a topic that is widely studied or
reported in the literature, topics related to dust-loading are reported, including concentrations of particles, aerosols,
and total suspended particulates (TSP). The field of air pollution has the greatest amount of relevant literature,
including representative entries in several leading reference books (MaGill, Holden, and Ackley 1956; Stern 1968; U.S.
Department of Health, Education, and Welfare [HEW] 1969; Lillie 1970; and Hinton et al., 1986). In addition, health
hazard evaluation reports listed in the Energy Research Abstracts sometimes contain data for indoor or outdoor con-
centrations of particles for specific industrial settings. Additional information can be found in the Air Pollution
Control Association Journal for specific situations.

For indoor dust, 29 CFR 1910.1000 (1990) provides the regulatory limits authorized by the Occupational Safety and
Health Administration (OSHA), Department of Labor. The 8-hour time-weighted-average (TWA) value allowed for
dust ranges from Sto 15 mg/m3. The value for total dust is 15 mg/m3, but is reduced to 10 mg/m3 for certain com-
pounds. The respirable fraction of dust is regulated at 5 mg/m>. Other dusts have specific concentration limits based
on their harmful characteristics. Cadmium and crystalline quartz silica are the most restrictive, with limits of 0.02 and
0.05 mg/m3. Other dusts have limits up t0 5 mg/m>. The American Conference of Governmental Industrial Hygienists
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(ACGIH 1987) recommends threshold limit values (TLVs) of 10 mg/m? of total dust. This limit is for a "normal
workday" and does not apply for short periods of exposure to high concentrations.

For this analysis, the radioactive concentrations in indoor air for the building renovation and residential scenarios
have been assumed to be 10 and 5 x 10g/m?, respectively. This range is a fraction of the maximum total dust limits,
representing longer-term average concentrations and accounting for airborne dust from nonradioactive sources. This
range provides a prudently conservative estimate of actual radioactive dust-loadings in the workplace or household,
and serves as an adequate basis for the first-level generic screening analysis.

For outdoor air concentrations, 2 number of references provide information for a wide variety of situations. In Air Pol-
lution, Vol. I (Stern 1968), measurements from the National Air Sampling Network for urban stations are summarized
for the period 1957-1963. Chemical analysis for suspended particles (soot and ash) of 14,494 urban and 3,114 non-
urban samples in the United States yielded a geometric mean of 98 pg/m3, with a maximum of 1706 pg/m>. Informa-
tion in Air Quality Criteria for Particulate Matter (HEW 1969) indicated that

-.average suspended particle mass concentrations range from about 10 pg/m> in remote nonurban areas to
about 60 ;,;g/m3 near urban locations. In urban areas, averages range from 60 pg/m>to 220 p g/m3, depending
on the size of the city and its industrial activity.

The Air Pollution Handbook (MaGill, Holden, and Ackley 1956) reported that suspended particles in the atmosphere
of a number of communities in the United States can range from 100 pg/m> to 1000 or 2000 p.g/m3. The London smog
disaster of December 1952 had concentrations of soot and ash particles that were more than 4000 pg/m> for 6 days with
a reported 4000-fold increase over the normal death rate during that period.

Measurements of suspended dust were made at the Bikini Atoll in an effort to determine potential inhalation expo-
sures from plutonium-contaminated soil (Shinn, Homan, and Robinson 1989). Background dust concentrations of
21 pg/m> and sea spray concentrations of 34 pg/m> were measured. The highest suspended dust concentrations
measured were for tilling a bare field and were 136 pg/m>.

Upper and lower limits of airborne-soil mass-loadings as a function of particle size were estimated for the Hanford Site
near Richland, Washington (Sehmel 1975; 1977a; 1984). The volume distributions were for wind erosion, without
mechanical disturbance, for a semi-arid climate. For particle sizes less than 10 um, the upper limit for mass-loading
was estimated to be about 700 pg/m3. For particle diameters, larger than 10 pm, the upper limit for mass-loading was
232,000 pg/m>. The effect of mechanical disturbances is to create somewhat higher localized air concentrations than
for wind erosion alone. For comparison, relatively clean air has a dust-loading of about 20 pg/m> (Sehmel 1977b); a
dust-loading of 110,000 pg/m? is barely tolerable for breathing (Stewart 1964); and the dust concentration measured in
a dust devil (whirlwind) is approximately 5 g/m> (Sinclair 1976).

Previous efforts have been made to determine a long-term average dust-loading for purposes of radiation dose assess-
ment. A 1973 study assessed the potential environmental impacts of the interim storage of commercial high-level
wastes in a retrievable surface storage (Soldat et al. 1973). This high-level waste assessment used an average atmo-
spheric dust-}oading}of 100 ug!m3 as being a typical annual average dust-loading. In 1975, Anspaugh et al. suggested
the use of 100 pg/m” for predictive purposes. This value was partly based on measurements for 30 nonurban locations
with arithmetic averages from 9 to 70 ug/m> (Anspaugh et al. 1975).

For the residential scenario, long-term average outdoor dust-loadings are assumed to be 1 x 10 g/m3 (100 pg/m3),

consistent with the value selected by previous studies. Short-term gardening activities are likely to produce localized,
elevated dust-loadings. To account for this possibility, the dust-loading for gardening is assumed to be 5 x 10 g/m>
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(500 pg/m3). These dust-loadings are within the ranges established from literature sources and should result in a
prudently conservative first-level generic screening analysis.

For the building occupancy scenario and indoor exposure to house dust in the residential scenario, the resuspension
factor method is used. For this method, the average airborne concentration is a function of a resuspension factor and
the surface contamination level, as follows:

c =85Sy, 69)

where ¢ = average airborne concentration (pCi/m3 or Bq/m3)
S¢ = resuspension factor (m™)
S, = activity per unit area (pCi/m? or Bq/m?).
The typical ranges for reported resuspension factors, as shown in Table 6.4 is from about 101 10 104 m™?

To apply a resuspension factor analysis, there must be a reasonably uniform level of removable surface contammanon,
as would be found for soil contamination conditions. The IAEA suggested an indoor resuspension factor of 5 x 10°

m™! (IAEA 1970). This factor was intended to apply to operating nuclear facilities. Inside buildings after decontam-
ination operations, it is unlikely that significant removable surface contamination would be present. This value is
within the range of resuspension factors cited by Sehmel (1980) for activities conducted within rooms. For the build-
ing occupancy scenario of this study, a lower value of 106 is used because surfaces are assumed to be cleaned of easily
removable contamination at the time of license termination. This value provides a prudently conservative basis for the
generic analysis of the buildmg occupancy scenario. For the residential scenario, the JAEA-suggested indoor resus-
pension factor value of 5x 10 m’! is used because the airborne material is largely soil tracked into the house.

For this analysis, the inhalation CEDE:s are calculated using an assumed particle size distribution of 1-pm average
median aerodynamic diameter (AMAD). A listing of the assumed inhalation classes that were selected to provide a
prudently conservative estimate of the potential inhalation dose, as calculated using the ICRP lung model, is shown in
Table E.6 of Appendix E. In most cases, the inhalation class selection will maximize the potential inhalation dose.
For plutonium, the inhalation class selection represents the most common chemical form that will likely be
encountered in environmental situations.

Local annual averaged dust-loadings may be higher or lower than the values assumed in this study, depending on soil
and wind conditions.

6.3.2 Secondary Ingestion Rates

Ingestion of removable surface contamination inside buildings after transfer to hands, foods, or other items entering
the mouth is referred to as secondary ingestion. This pathway can be of importance for beta-emitters and is included
in the building renovation and building occupancy scenarios to provide a balanced set of pathways for evaluation. The
ingestion CEDE conversion factors are used to evaluate secondary ingestion in the scenario analysis. The secondary
ingestion doses for building renovation and building occupancy are described in Section 3. The equations for
secondary ingestion are of the general form of Equation (6.10):

NUREG/CR-5512 6.12



Parameter and Data Values

Table 6.4 Reported resuspension information

Condition, authcor, and Resuspension factor range
reference (m™) Comments

Wind Stress

Stewart (1964) 2x10M to 8x 107 Bare soil, °'Y aqueous chloride.

Stewart (1964) 9x10%t0 1x 107 210po as oxide.

Stewart (1964) 9x 10810 5x 107 U,;04.

Anspaugh et al. (1974) 1x10%t01x 107 Time-dependent model for
plutonium in soil.

Sehmel (1980) 9x101 t03x10* Literature review.

Shinn, Homan, and Hofmann 1.8x1013106.1x 1010 Nevada Test Site, plutonium aerosols.

(1986)

Garland and Pattenden (1990) Nuclear weapon test debris:
<2x107? 13 years after deposition
<5x101° 22 years after deposition.

Garland and Pattenden (1990)  3.6x10°7t0 49x 103 Chernobyl 137Cs deposition: initial
factor, reduce by 0.23 to (.64 within the
first year.

Vegetation

Healy and Fuquay (1959) 29x10%to 6x 1077 Fluorescent powder.

Stewart (1964) 3x108t05x107 U,0.

Mechanical Disturbances

Stewart (1964) 1.5x10%103x10% Plutonium.

Sehmel (1974) 4.8x10% t0 1.1x 10?2 ZnS, per disturbance.

Sehmel (1977a) 1x10° to2x10* ZxS, per disturbance.

Sehmel (1980) 1x10%104x 10 Literature review.

Indoor Buildings

IAEA (1970) 5x107 Surface contamination.

Sehmel (1980) 1x10%t02x107? Walking.
2x10%*1t0 4x 10 Vigorous sweeping.
2x105101.5x 10 Fan.
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[CEDE for Ingestion] = [Exposure Duration for Scenario}

x [Effective Transfer Rate for Ingestion]
(6.10)

x [Ingestion Dose Factor]

x [Mean Volume Activity].

To estimate the secondary ingestion effective transfer rate, a literature survey was conducted. Previous dose evalua-
tions for ingestion of loose surface contamination have been directed toward chronic occupational exposure situations
(Dunster 1962; Gibson and Wrixon 1979; Healy 1971; Kennedy et al. 1981). Additional studies have been conducted
in estimating the quantities of lead contamination that could be ingested by different age groups (Sayre et al. 1974;
Lepow et al. 1975; Walter, Yankel, and Von Lindern 1980; Gallacher et al. 1984; LaGoy 1987). A summary of the ref-
erenced surface contamination ingestion data is given in Table 6.5. A review of previous work on secondary ingestion
pathways indicates that no quantitative data for radioactive materials are available. Because of this lack of data,
previous dose estimates for secondary ingestion have relied on assumed effective transfer rates. Quantitative data for
ingestion of lead by children indicate that they may ingest 11 to 50 mg of lead from hand surfaces with a frequency of
up to 10 times per day (Sayre et al. 1974; Lepow et al. 1975; Walter, Yankel, and Von Lindern 1980; Gallacher et al.
1984; LaGoy 1987). The total quantity ingested per day by children may range upward from about 0.1 g.

For our analysis, adult workers are assumed to ingest less removable contamination than children, and renovation
workers are assumed to ingest at a higher rate than workers who have routine occupancy. To estimate the potential
radiation doses resulting from secondary ingestion, adult renovation workers are assumed to ingest 10 mg of loose sur-
face contamination per hour of exposure. Workers during routine building occupancy are assumed to ingest surface
loose contamination at a lesser rate because of the general reduction of removable surface contamination in the build-
ing. The assumed secondary ingestion effective transfer rate for building occupancy is the loose surface contamination
associated with an area of 10" m? per hour of exposure. These assumed values are within the range of values reported
in the literature for secondary ingestion. In general, the most soluble form of each element was assumed t0 maximize
the calculated ingestion dose, as shown by the assumed f; values in Table E.6 of Appendix E. These assumptions
should form a conservative basis for the first-level generic screening analysis.

Evaluation of the dose from ingestion of soil for the residential scenario requires an estimate of the average daily
intake of soil by an individual. Considerable uncertainty (and variability) exists in estimating values for soil intake.
Also, most experiments designed to estimate effective transfer rates for soil ingestion have been directed toward
children. Early estimates of soil ingestion rates were based largely on observations of mouthing behavior and measure-
ments of soil on hands (LaGoy 1987). Calabrese and Stanek (1991) have recently reviewed and reported on attempts
to estimate soil ingestion rates experimentally by measuring tracer metal concentrations in soil and feces. Table 6.6
lists effective transfer rates for soil ingestion reported in literature cited by Calabrese and Stanek (1991), plus other
studies as identified in the table.

Calabrese and Stanek (1991) reviewed four major studies of soil ingestion rates (Binder, Sokal, and Maughan [1986],
Calabrese et al. [1989], Davis et al. [1990], and Van Wijnen, Clausing, and Brunekreef [1990]). They concluded, based
on an evaluation of experimental design and statistics related to tracer detection, that the quantitative results of the
Binder and Van Wijnen studies were questionable. The other two studies were concluded to be of value and indicate
that soil intake by children is generally less than 100 mg/d (except for children who exhibit unusual soil ingestion
habits).
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Table 6.5 Referenced surface-contamination ingestion data

Reported
ingestion rate
Author and reference or other value Comments
Dunster (1962) 103 m%d Chronic ingestion of MPC,, values of 2Ra, %Sr, and #1%Pb to
derive permissible levels of skin contamination.
Gibson and Wrixon (1979) 103 m%d Chronic ingestion. No data available to improve Dunster’s model
(MPC,, analysis).
Healy (1971) 10* m%h Chronic ingestion during 8 h for workers, 24 h for members of the
public. These are arbitrary assumptions in an effort to account for
presumed higher intake by children--2.4 E-3 m%/d.
Kennedy et al. (1981) 104 m?m Chronic ingestion of removable surface contamination on
transportation containers. Dose estimates for both workers and
members of the public (2000 h/fy exposure).
Sayre et al. (1974) 0.018 m? of Dirt-hand-mouth ingestion route by children for intake of lead
dust on hands dust. Measurement of the amount of lead dust on children’s hands
{(children) compared with the level present on surfaces in a house.

Lepow et al. (1975) 0.1g/d "Hands-in-mouth” exposure route is the principal cause of excessive
(children) lead ingestion. Mean measured weight on children’s hands was

Walter, Yankel, and Von
Lindern (1980)

Gallacher et al. (1984)

Age-dependent

103t03x103
m?h (children)

11 mg. Assuming a mouthing frequency of 10 times/d for small
children yields an estimate of 0.1 g of dirt ingested/d.

Secondary risk factors for lead ingestion were found to be age-
dependent. Household dustiness is a factor for ages 2 years and
under; soil lead is a factor for ages 2 to 7 years.

Data comparing environmental and hand contamination of lead on
children’s hands was equivalent by 20 to 50 mg. This level was
estimated to equal about 1 E-3 to 3 E-3 m? at the level present in
outdoor areas.

The 1990 study by Calabrese et al. is the only reported study in which adult soil intake rates were measured (mean
intake range was 5-77 mg/d depending on the tracer used in the evaluation). Based largely on this study and the belief
that the adult soil ingestion rate would be less than that for small children (the age examined by most other studies), a
soil ingestion rate of 50 mg/d (0.05 g/d) was selected as a reasonably conservative value for the residential scenario.
This parameter selection should provide a prudently conservative basis for the first-level generic screening analysis.
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Table 6.6 Referenced secondary soil ingestion rates

Reported ingestion rate
Author and reference (mg/d) Age Comments

National Academy of Science (1980) day20 Adult Suggested value for adults (estimated).

Lepow et al. (1975) 100 Child Estimated from mouthing and measurements
of soil on hands.

Hawley (1985) 66 Adult Estimated values.

30-160 Child Estimated values.

Binder, Sokal, and Maughan (1986) 130 Child Arithmetic mean using tracers (Al and Si).

Calabrese et al. (1989) 9-40 Child Median measured values using tracers (Al, Si,
and Y) with food ingestion taken into
account.

Davis et al. (1990) 39-82 Child Mean measured values using tracers (Al and
Si).

Calabrese et al. (1990) 5-77 Adult Mean measured values using tracers (Al, Si,
Y, and Zr) with food ingestion taken into
account.

Van Wijnen, Clausing, and 0-90 Child Geometric mean values using tracers {Al, Ti,

Brunekreef (1990) and acid-insoluble residue) for children in
daycare centers.

Van Wijnen, Clausing, and 30-200 Child Geometric mean values using tracers (Al, Ti,

Brunekreef (1990) and acid-insoluble residue) for children in
campgrounds.

EPA (1991) 200 Child Values selected for use in exposure analyses

100 Adult for individuals in an agricultural setting.
EPA (1991) 50 Adult Value selected for use in exposure analyses for

individuals in an industrial setting.

6.4 Water-Use Model Data

This section discusses the parameter values selected for implementation of the three-box water-use model for the

drinking water and residential scenarios.
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Selection of 0.18 m/y as the infiltration rate determined for humid areas should provide a bounding assumption
because many sites are Jocated in areas of lower annual rainfall. This value was obtained from the waste management
literature (Oztunali et al. 1981), and the same value is used for both scenarios. The application of irrigation water is
relevant to arid areas and is necessary to supplement a lack of precipitation. The total infiltration for such areas is
therefore expected to be approximately the same as for humid areas that do not involve irrigation. Also, selection of
0.3 as the porositg of the soil is intended to provide a bounding analysis. The irrigation rate is set to 76 cm/y (about 30
in./y) or 2.08 L/m“ed. This is a representative value sufficient to produce most crops.

The partition coefficients are used to develop the leach-rate constants between the surface-soil layer, the unsaturated-
soil layer, and the aquifer. Sheppard and Thibault (1990) have suggested values for solid/liquid partition coefficients
for several elements and for four types of soil: sand, loam, clay, and organic. Sand soil was characterized as mineral
soils with >70% sand-sized particles. Clay soil was characterized as mineral soils with >35% clay-sized particles.
Loam soils had approximately even distributions of sand-, clay-, and silt-sized particles, or consisted of up to 80% silt-
sized particles. Soils with >30% organic matter were classified as organic soils and were either peat or muck soils, or
the litter horizon of mineral soils. A set of partition coefficients was presented in Sheppard and Thibault (1990), based
on either experimental values from the literature or derived from soil-to-plant concentration ratio data. For this study,
experimental values are used, when available. The smallest partition coefficients (over all four types of soils) were
selected, which represents the most mobile prediction. For the remainder of the elements, partition coefficients have
been estimated from soil-to-plant concentration ratios as defined for leafy vegetables (essentially whole plant values),
using the following correlation (Thibault, Sheppard, and Smith 1990) for sand soils:

in(Kd,;) = 2.11 - 0.56 In (B, /4) (6.11)

where Kd,; = partition coefficient for radionuclide i in soil layer k (mL/g)

B,, = concentration ratio for vegetative parts of the plant v (dry-weight basis) for radionuclide i

4 = factor for conversion of B;, values from dry-weight to wet-weight basis.

The value for k is either 1 (for the surface-soil layer) or 2 (for the unsaturated-soil layer). The B, values were taken
from the transfer factor database described in Section 6.5. It should be noted that the coefficient to the concentration
ratio logarithm term (-0.56) is taken from Thibault, Sheppard, and Smith (1990) and was incorrectly printed as -0.5 in
Sheppard and Thibault (1990).(%)

The partition coefficients (Kd,;) resulting from the above selection methods are listed in Table 6.7, which was pre-
pared from computer-readable electronic files, anticipating their direct use in user-friendly software implementing the
scenario/pathway analysis. It should also be noted that a single value for Kd,; is defined for each element to be used
for both soil layers for the first level of screening analysis.

The use of the simple three-box water-use model with these conservative default parameter values provides a conserva-
tive estimate of the potential concentrations that could be present in ground-water systems from residual radioactive
contamination in soil. This approach is intentionally adopted to ensure that the first-level generic screening produces
conservative results.

(a) Confirmed by personal communication with Dr. Marsha Sheppard by D. L. Strenge on May 19, 1992.
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Table 6.7 Partition coefficients (Kd,;) for the water-use model

Partition Partition
Element Coefficient Basis® Element Coefficient Basis”

H 0.0E+0 M Sb 45E+1 E
Be 2.4E+2 R yrs 1.4E+2 R
c 6.TE+0 C I 1.OE+0 E
F 8.TE+1 R Xe 0.0E+0 M
Na 7.6E+1 R Cs 2.TE+2 E
P 8.9E+0 R Ba 5.2E+1 R
s 14E+1 R La 1.2E+3 R
cl 1.7E+0 R Ce 5.0E+2 E
K 1.8E+1 R Pr 24E+2 R
Ca 8.9E+0 R Nd 2.4E+2 R
Sc 3.1E+2 R Pm 2.4E+2 R
Cr 3.0E+1 E Sm 24B+2 R
Mn 5.0E+1 E Eu 24E+2 R
Fe 1.6E+2 E Gd 24E+2 R
Co 6.0E+1 E Tb 24E+2 R
Ni 4.0E+2 E Ho 24E+2 R
Cu 3.0E+1 R W 1.0E+2 R
Zn 2.0E+2 E Re 14E+1 R
As 1.1IE+2 R Os 1.9E+2 R
Se 14E+2 R I 9.1E+1 R
Br 14E+1 R Au 3.0E+1 R
Kr 0.0E+0 M Hg 1.9E+1 R
Rb 52E+1 R Tl 39E+2 R
Sr 15E+1 E Pb 2.TE+2 E
Y 1.9E+2 R Bi 1.2E+2 R
Zr 5.8E+2 R Po 1.5E+2 E
Nb 1.6E+2 R Rn 0.0E+0 M
Mo 1.0E+1 E Ra S.0E+2 E
T 1.0E- 1 E Ac 42E+2 R
Ru 55E+1 E Th 3.2E+3 E
Rh 52E+1 R Pa 5.1E+2 R
Pd 52E+1 R U 1.5E+1 E
Ag 9.0E+1 E Np 5.0E+0 E
cd 40E+1 E Pu 55E+2 E
In 39E+2 R Am 1.9E+3 E
Sn 13E+2 R Cm 4.0E+3 E
Sb 45E+1 E ct 5.1E+2 R

* Values for partition coefficients are based on: M - Assumed to be mobile; R - Calculated from
concentration ratios using Equation (6.11); C - Experimental data from Sheppard, Sheppard, and Amiro (1991); or E -
Experimental data from Sheppard and Thibault (1990).
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6.5 Agricultural Pathway Data

Specific values used for parameters in the agricultural product equations were taken from the literature, when possi-
ble, or developed for the specific models of this study, when necessary. The parameter values used and their sources
are described below.

6.5.1 Animal Feed Intake Rates

The intake rates are all expressed as kg wet weight of plant per day during a 1-year period. For grains, the intake is
based on the weight of the grain. The intake rates are given in Table 6.8.

Table 6.8 Animal feed and water intake rates

Intake rate (kg wet wejghg{d)'
Intake media Beef Poultry Milk Eggs

Fresh forage 27 0.13 36 0.13
Stored hay 14 - 29 -
Stored grain 3 0.09 2 0.09
Water 50 0.3 60 03

*References cited in text.

The feed intake rates for beef are based on a total daily intake of 12 kg (dry weight) per day (IAEA 1982), with 25% of
this being in the form of forage, 50% as stored hay, and 25% as stored grains. The stored hay intake is based on a fresh
plant water content of 78%, and the stored grain intake is based on a water content of 9% at harvest (Till and Meyer
1983). The milk cow intake rates are based on a total daily intake of 16 kg (dry weight) per day (IAEA 1982), with
50% of this being in the form of fresh forage, 40% as stored hay, and 10% as stored grain. Both forage and hay plants
are assumed to have a water content of 78%. For poulitry, the intakes are based on a total daily dry-weight intake of
0.11 kg (Ng, Colsher, and Thompson 1982), with 25% of this being fresh forage and 75% being stored grains. The
fresh forage component is included because the residential situation could involve poultry allowed to range free.

Evaluation of the wet-weight intake rates is performed using the dry-weight intake rate, the percent intake by feed
type, and the percent water content in the feed of interest for the animal type as follows:

_ (Dry-Weight Intake Rate) (Percent Intake) (6.12)

(Wet-Weight Intake Rate)
(100-Percent Water Content)

The water intake requirements by beef animals is set to 50 L/d and for milk cows to 60 L/d (NRC 1977, Napier et al.
1988). Altman and Dittmer (1974) also report that cows drink approximately 60 L/d. The water intake rate for poultry
is set to 0.3 L/d (Napier et al. 1988).

All of the feed and water intake rates represent total intake by the animal. For cases in which uncontaminated feed is

used to supplement the feed produced onsite, these values may be reduced to represent only the contaminated feed
intake. This reduction is represented in the equations of Section S and Appendixes C and D by the contaminated feed
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fraction parameters: x; (fresh forage), x,, (stored hay), x, (stored grain), and x,, (water). The default values for these
feed fractions are set to 1.0, representing total intake being derived from contaminated sources.

The intake rate of soil by animals during grazing is quite variable and depends on seasonal factors and the behavior of
specific animals. For cattle, the intake rate can vary from 1% to 18% of the dry-matter intake (data summarized by
Thorton and Abrahams 1983), based on studies of grazing animals in Britain and New Zealand. One study reported by
Fries (1982 and 1987), indicated that cattle in areas where grazing can occur during the entire year ingest about 6% of
dry-matter intake as soil. Simmons, Linsley, and Jones (1979) suggest that soil can contribute 4% of the dry matter
consumed by cows. Free-range poultry are expected to take in even more soil because of their need to supply sand to
their gizzards. Thorne (1984) suggested a value of 10% of dry-matter intake be used for poultry, although no data are
available to support that figure. Based on the above information and the suggestions of Thorne (1984), the default soil
intake for cattle (beef and milk cows) is set to 5% of dry-matter intake. For poultry (poultry and egg hens), the intake
value is set to 10% of dry-matter intake.

6.5.2 Plant Soil Mass-Loading Factor

The transfer of activity from soil to plants is represented by two pathways: root uptake and resuspension to plant sur-
faces. These pathways are included in equations of Section 5 through the concentration ratio, By, and plant soil mass-
loading factor, ML, respectively. The plant soil mass-loading factor measures the amount of soil on plants. Evalua-
tion of the plant soil mass-loading factor is based on data from the literature for systems in which transfer is expected
to be dominated by the resuspension pathway. (Concentration ratio values are presented in Section 6.5.9.) Note that
the plant soil mass-loading factor is not a function of radionuclide because the controlling mechanism is assumed to be
transfer of soil.

The dominant pathway depends mainly on the radionuclide and the ability of plants to take in the radionuclide via
roots. For radionuclides that are easily taken in via roots, the root uptake pathway will dominate and the concentra-
tion ratio value will control the transfer from soil to plant. For radionuclides that are not readily taken in by plant
roots (e.g., radionuclides that are bound to the soil), the resuspension pathway will dominate and the plant soil mass-
loading factor will control the transfer from soil to plant.

Citing data from monitoring studies at the Nevada Test Site, Martin and Bloom (1980) suggest that 99% of the trans-
fer of plutonium from soil to plants occurs via the resuspension route. Pinder et al. (1990) also found that plutonium
resuspension was about an order of magnitude more important for transfer from soil to corn grains at the Savannah
River Site. Estimation of plant concentrations for cases where resuspension dominates can be represented as follows:

C,, = C,, ML, 6.13) *

where C,; = concentration of parent radionuclide i in food crop v in equilibrium with activity in soil (pCi/g dry
plant)

1l

C,, = concentration of parent radionuclide i in soil (pCi/g dry soil)

ML,

The appropriate value for the plant soil mass-loading factor, as applied in Equation (6.13), includes consideration of
translocation of activity in soil from plant surfaces to edible parts of the plant.

il

plant mass-loading factor for plant type v (g dry soil/g dry plant).
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Martin and Bloom (1980) suggest that the estimation of activity on plants can be described by an effective concentra-
tion ratio that includes both routes of transfer. This approach can also be represented by Equation (6.13) if the mass-
loading factor is replaced by the effective concentration ratio, as follows:

C,i = G CR, (6.14)

where CR, is the effective concentration ratio for transfer of material from soil to plants (pCi/g dry plant per pCi/g dry
soil).

The effective concentration ratio and the plant mass-loading factor are equivalent for systems in which resuspension
dominates the transfer from soil to plants. Table 6.9 provides a summary of reported values for the plant soil mass-
loading factor, and Table 6.10 summarizes data on effective concentration ratios. The values presented show a consid-
erable variation, ranging between a low of 0.0011 and a high of 0.26. A default value for the plant soil mass-loading
factor of 0.1 is selected. Even though this value is more than a factor of two less than the highest reported values, it is
believed to represent a prudently conservative estimate of resuspension transfer from soil to edible parts of plants.
The reported values of plant soil mass-loading represent soil adhered to plant surfaces, and do not necessarily include
the translocation of activity to edible parts of plants. Therefore, selection of a default value less than the maximum
values is appropriate.

A review of concentration ratio values for elements of interest in the present study (Section 6.5.9) indicates that sev-
eral radionuclides have reported values greater than the effective concentration ratios and plant mass-loading factors
given in Tables 6.9 and 6.10. This suggests that the effective concentration ratio method (using data cited in the two
tables) should not be based solely on plant mass-loading factors. In keeping with the desire to provide a prudently
conservative analysis, the radionuclide concentration in edible parts of plants is evaluated as the sum of contributions
from root uptake and resuspension: the pathways are not lumped into one effective concentration ratio. The summa-
tion over the two pathways is indicated in Equation (5.5) (and other equations of Section 5) as the sum of ML, and Bj,,

6.5.3 Holdup Times

The time between harvest and consumption of each food product is based on values suggested by the NRC (1977) for a
maximally exposed individual for food crops and beef. A nominal minimum time of 1 day is assigned to the other
animal products, as indicated in Table 6.11.

6.5.4 Exposure Period/Animal Feeding Times

Because the animal products are assumed to be harvested continuously, the animal feeding is made to coincide (in
length) with the human consumption period. Also, the residential scenario is to provide the dose for a 1-year period.
For these reasons, the animal feeding times and human consumption periods are set to 1 year (365.25 days) for all food
products.

6.5.5 Crop-Growing Periods
The growing periods for food crops and animal-fed crops are based on suggestions by Soldat and Harr (1971), Kennedy
et al. (1987), and Napier et al. (1988). The values used for the crop-growing periods are given in Table 6.12. These

values represent the time to produce one crop and may not be the same as the growing season, during which multiple
crops may be harvested.
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Table 6.9 Summary of plant mass-loading data*

Reported values

Plant conditions (g soil/g dry plant) References
Bush beans 0.03 - 0.06 White, Hakonson, and Ahlquist (1981)
Squash (<2 m above soil) 0.14-0.26 White, Hakonson, and Ahlquist (1981)
Squash (>2 m above soil) 0.03 - 0.04 White, Hakonson, and Ahlquist (1981)
Broceoli 0.01 McLeod, Pinder, and Watts (1984)
Cabbage 0.0011 Mcleod, Pinder, and Watts (1984)
Lettuce 0.26 MclLeod, Pinder, and Watts (1984)
Turnips 0.032 McLeod, Pinder, and Watts (1984)
Sunflowers 0.0026 Pinder and MclLeod (1988)
Tobacco 0.0021 McLeod et al. (1984)
Tomato plants 0.017 Dreicer et al. (1984)
Meadow vegetation 0.018 (mean) Arthur and Alldredge (1982)

0.25 (max)

English pastures 0.07 Green and Dodd (1988)
English pastures 0.05 - 0.20 Sumerling, Dodd, and Green (1984)

*Data cited by Pinder and McLeod (1989)

Table 6.10 Summary of effective concentration ratio data

Radionuclide Reported values Units References

Xlam 0.23,0.19 g soil/g plant Gilbert, Engel, and Anspaugh (1989)
239py 4. 240py 0.17,0.18 gsoil/gplant  Gilbert, Engel, and Anspaugh (1989)
137¢s 0.15 gsoil/gplant  Gilbert, Engel, and Anspaugh (1989)
Plutonium 0.1 g soil/g plant Martin and Bloom (1980)

6.5.6 Translocation Fraction from Leaves to Edible Parts

'The translocation fraction is the fraction of activity deposited on plant surfaces that reaches the edible parts of the
plant. The values used are those recommended by the NRC (1977) and Napier et al. (1988). A value of 1.0 is used for
leafy vegetables, grasses, and hay, and a factor of 0.1 is used for other plant types.

NUREG/CR-5512
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Table 6.11 Holdup time for food consumption”

Food preduct Holdup time (d)
Leafy vegetables 1
Other vegetables 14
Fruit 14
Grains 14
Beef 20
Poultry 1
Milk 1
Eggs 1

*Based on information in Soldat and Harr (1971)

and NRC (1977).

6.5.7 Crop Yields

Parameter and Data Values

Table 6.12 Minimum crop-growing periods’

Crop type period (d)
Leafy vegetables 45
Other vegetables 90
Fruit 90
Grains 90
Beef: forage 30
stored hay 45
stored grain 90
Poultry: forage 30
stored hay 45
stored grain 90
Milk cows: forage 30
stored hay 45
stored grain 90
Eggs: forage 30
stored hay 45
stored grain 90

"Based on information in Soldat and Harr (1971),
Kennedy et al. (1987), and Napier et al. (1988).

Values for crop yields are adapted from Shor, Baes, and Sharp (1982); Strenge, Bander, and Soldat (1987); and Napier
et al. (1988). The animal feed crop yields are defined by standing biomass for estimation of interception fraction and
for the plant concentration calculation. The recommended crop yield values for animal products are provided in
Table 6.13, and crop yield values for food crops are given in Table 6.14.

Table 6.13 Crop yields for animal products (kg wet

Table 6.14 Crop yields for food crops (kg wet

weight/m?)* weight/m?)*

Crop type Beef Poultry Milk Eggs Food crop Yield
Fresh forage 1.5 1.0 1.5 1.0 Leafy vegetables 2.0
Stored hay 1.0 1.0 1.0 1.0 Other vegetables 4.0
Stored feed 1.0 1.0 1.0 1.0 Fruit 20

Grains 1.0

‘Based on information in Shor, Baes, and Sharp (1982), Strenge,
Bander, and Soldat (1987), and Napier et al. (1988).

6.23

‘Based on information in Shor, Baes, and Sharp (1982), Strenge,
Bander, and Soldat (1987), and Napier et al. (1988).
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6.5.8 Consumption and Intake Parameters for Humans

The internal dose received by an individual for a particular pathway is directly proportional to the amount of the con-
taminated medium taken in by the individual. Inhalation dose is dependent on the volumetric breathing rate, and
ingestion dose is dependent on the rate of intake of food products and water.

Ingestion of drinking water is evaluated for a daily intake rate of 2 L/d, as suggested by the EPA (1989). This value
represents the 90th percentile daily drinking water ingestion rate as tap water, including uses in cooking and for bever-
ages prepared using tap water (coffee, tea, etc.). Use of this value provides a conservative basis for the first-level
generic screening analysis.

The intake rates for food products defined for the agricultural pathways are based on data collected during the Nation-
wide Food Consumption Survey (Pao et al. 1985; U.S. Department of Agriculture 1983). This study involved the col-
lection of 3-day food intake data for about 36,000 individuals in the 48 contiguous states. The data were collected over
a period of 1 year (April 1977 through March 1978) and are, therefore, representative of average intakes and include
seasonal variations of intake for the food categories. The Nationwide Food Consumption Survey identified several
hundred classes of food, selected to include the major types of food in the diet of the general population. Higley and
Strenge (1988) condensed the data to 18 food groups and reported mean and median intake values for each group.
The present analysis used mean values from these 18 food groups, supplemented by data from Pao et al. (1985), to
obtain the mean daily ingestion rates for the eight food groups used in this study. The eight food groups were selected
to be representative of food products that would be produced on a farm for home consumption and, therefore, do not
include foods such as fish, oils, and sugars. Higley and Strenge (1988) reported only one value for vegetables, rather
than the desired breakdown by leafy and other vegetables. The Pao et al. (1985) data were reviewed to determine the
leafy vegetable mean intake rate, which was then subtracted from the Higley and Strenge (1988) vegetable value to
obtain the "other" vegetable intake rate. The daily ingestion rates for the eight food products are given in Table 6.15.

6.5.9 Agricultural Pathway Transfer Factors

The transfer factor database contains several parameters defined for each element that are used in the agricultural
pathway models, plus a partition coefficient that is used in the ground-water analysis. The transfer factors include the

Table 6.15 Daily ingestion rates for foods

Individual annual
Food type consumption rate Units

Leafy vegetables 11 kgly
Other vegetables 51 kgly
Fruit 46 kgl
Grain 69 kgfy
Beef 59 kely
Poultry 9 kgly
Milk 100 Ly

Eggs 10 kgly
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Table 6.16 Soil-to-plant concentration factors

Parameter and Data Values

soil-to-plant concentration factor for each food crop (leafy vegetables, other vegetables, fruit, and grain) and the
animal product transfer factors (beef meat, poultry meat, cow milk, and chicken eggs).

The selection of values for the soil-to-plant concentration factors was based on the following hierarchy. The primary
reference was the compilation of the International Union of Radioecologists (TUR 1989). For parameter values not
defined in that report, the compilation of Baes et al. (1984b) was used. Finally, for californium (not included in Baes
et al. 1984b), the values were taken from Strenge, Bander, and Soldat (1987). Table 6.16 gives the values for

Soil-to-plant concentration factors (pCi/kg dry weight per pCi/kg soil)

Element/atomic number Leafy vegetables Root vegetables Fruit Grain
H 1 o} o) o) o)
Be 4 1.0E-2 1.5E-3 1.5E-3 1.5E-3
C 6 7.0E-1 7.0E-1 7.0E-1 7.0E-1
N 7 3.0E+1 3.0E+1 3.0E+1 3.0E+1
F 9 6.0E-2 6.0E-3 6.0E-3 6.0E-3
Na 11 7.5E-2 5.5E-2 5.5E-2 5.5E-2
Mg 12 1.0E+0 5.5E-1 5.5E-1 5.5E-1
Si 14 3.5E-1 7.0E-2 7.0E-2 7.0E-2
P 15 3.5E+0 3.5E+0 3.5E+0 35E+0
S 16 1.5E+0 1.5E+0 1.5E+0 1.5E+0
a 17 7.0§+1 7.0E,+1 7.0}?4—1 7.0§+1
Ar 18 ) ) ) ©)

K 19 1.0E+0 5.5E-1 5.5E-1 5.5E-1
Ca 20 35E+0 3.5E-1 3.5E-1 3.5E-1
Sc 21 6.0E-3 1.0E-3 1.0E-3 1.0E-3
Cr 24 7.5E-3 4.5E-3 4.5E-3 4.5E-3
Mn 25 5.6E-1 1.5E-1 5.0E-2 2.9E-1
Fe 26 4.0E-3 1.0E-3 1.0E-3 1.0E-3
Co 27 8.1E-2 4.0E-2 7.0E-3 3.7E-3
Ni 28 2.8E-1 6.0E-2 6.0E-2 3.0E-2
Cu 29 4.0E-1 2.5E-1 2.5E-1 2.5E-1
Zn 30 14E+0 5.9E-1 9.0E-1 1.3E+0
Ga 31 4.0E-3 4.0E-4 4.0E-4 4.0E-4
As 33 4.0E-2 6.0E-3 6.0E-3 6.0E-3
Se 34 2.35E-2 2.5E-2 2.5E-2 2.5E-2
Br 35 1.5EJ+0 1.5§+0 1.5}3;-&—0 1.5§+()
Kr 36 ¢ ) R )

Rb 37 1.5E-1 7.0E-2 7.0E-2 7.0E-2
Sr 38 1.6E+0 8.1E-1 1.7E-1 1.3E-1
Y 39 1.5E-2 6.0E-3 6.0E-3 6.0E-3
Zr 40 2.0E-3 5.0E-4 5.0E-4 5.0E-4
Nb 41 2.0E-2 5.0E-3 5.0E-3 5.0E-3
Mo 42 2.5E-1 6.0E-2 6.0E-2 6.0E-2
T 43 44E+1 1.1IE+0 1.5E+0 7.3E-1

6.25
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Table 6.16 Soil-to-plant concentration factors (Continued)

Element/atomic number Leafy vegetables Root vegetables Fruit Grain
Ru 44 5.2E-1 2.0E-2 2.0E-2 5.0E-3
Rh 45 1.5E-1 4.0E-2 4.0E-2 4.0E-2
Pd 46 1.5E-1 4.0E-2 4.0E-2 4.0E-2
Ag 47 2.7E-4 1.3E-3 8.0E-4 1.0E-1
Cd 48 5.5E-1 1.5E-1 1.5E-1 1.5E-1
In 49 4.0E-3 4.0E-4 4.0E-4 4.0E-4
Sn 50 3.0E-2 6.0E-3 6.0E-3 6.0E-3
Sb 51 1.3E-4 5.6E-4 8.0E-5 3.0E-2
T’ 52 2.5E-2 4.0E-3 4.0E-3 4.0E-3
1 53 3.4§~3 5.0‘1':‘1—2 5.0‘}"%‘—2 5.0§~2
Xe 54 “) Q) ©) )

Cs 55 1.3E-1 49E-2 2.2E-1 2.6E-2
Ba 56 1.5E-1 1.5E-2 1.5E-2 1.5E-2
La 57 5.7E-4 64E-4 4.0E-3 4.0E-3
Ce 58 1.0E-2 4.0E-3 4.0E-3 4.0E-3
Pr 59 1.0E-2 4.0E-3 4.0E-3 4.0E-3
Nd 60 1.0E-2 4.0E-3 4.0E-3 4.0E-3
Pm 61 1.0E-2 4.0E-3 4.0E-3 4.0E-3
Sm 62 1.0E-2 4.0E-3 4.0E-3 4.0E-3
Eu 63 1.0E-2 4.0E-3 4.0E-3 4.0E-3
Gd 64 1.0E-2 4.0E-3 4.0E-3 4.0E-3
Tb 65 1.0E-2 4.0E-3 4.0E-3 4.0E-3
Dy 66 1.0E-2 4.0E-3 4.0E-3 4.0E-3
Ho 67 1.0E-2 4.0E-3 4.0E-3 4.0E-3
Er 68 1.0E-2 4.0E-3 4.0E-3 4.0E-3
Hf 72 3.5E-3 8.5E-4 8.5E-4 8.5E-4
Ta 73 1.0E-2 2.5E-3 2.5E-3 2.5E-3
W 74 45E-2 1.0E-2 1.0E-2 1.0E-2
Re 75 LSE+0 3.35E-1 3.5E-1 3.5E-1
Os 76 1.5E-2 3.5E-3 3.5E-3 3.5E-3
Ir 77 S.5E-2 1.5E-2 1.5E-2 1.5E-2
Au 79 4.0E-1 1.0E-1 1.0E-1 1.0E-1
Hg 80 9.0E-1 2.0E-1 2.0E-1 2.0E-1
T 81 4.0E-3 4.0E-4 4.0E-4 4.0E-4
Pb 82 5.8E-3 32E-3 9.0E-3 4.7E-3
Bi 83 3.5E-2 5.0E-3 5.0E-3 S5.0E-3
Po 84 2.5‘}7:-3 9.05—3 4.0}?:-4 4.{)§—4
Rn 86 ©) ¢ e ¢

Ra 88 7.5E-2 3.2E-3 6.1E-3 1.2E-3
Ac 89 3.5E-3 3.5E-4 3.5E-4 3.5E-4
Th 90 6.6E-3 1.2E-4 8.5E-5 34E-5
Pa 91 2.5E-3 2.5E-4 2.5E-4 2.5E-4
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Table 6.16 Soil-to-plant concentration factors (Continued)

Soil-to-plant concentration factors (pCi/kg dry weight per pCi/kg soil

Element/atomic number Leafy vegetables Root vegetables Fruit Grain
U 9 1.7E-2 14E-2 4.0E-3 1.3E-3
Np 93 1.3E-2 94E-3 1.0E-2 2.7E-3
Pu 94 3.9E-4 2.0E-4 4.5E-5 2.6E-5
Am 95 5.8E-4 4.1E-4 2.5E-4 5.9E-5
Cm 96 3.0E-4 2.4E-4 1.5B-5 2.1E-5
Cf 98 1.0E-2 1.0E-2 1.0E-2 1.0E-2

* Concentration factors for >H are not needed because a special model is used to determine 3H uptake in
“plants.
Noble gas radionuclides are not assumed to be taken up by plants.

soil-to-plant concentration factors used in the present analysis. All soil-to-plant concentration factors are based on
unit dry weight of plant. The IUR report (1989) provided values for several plant types. The values were combined by
the food crop and animal feed crop types defined for the present study (Table 6.12). The values were combined using a
weighted geometric mean formula, with the weights being the number of observation data values for each data value in
the IUR report. The compilation by Baes et al. (1984a) provided soil-to-plant concentration factors for vegetative
parts and for reproductive parts of the plant. The values for vegetative parts were used for leafy vegetables, forage, and
hay, and the values for reproductive parts were used for other vegetables, fruit, grain, and stored animal feed (other
than hay).

The soil-to-plant concentration factors are defined in terms of dry weight of plants, but are converted to wet weight
values for use in the agricultural models. The dry-to-wet-weight conversion factors given in Table 6.17 are from Till
and Meyer (1983). These values apply to the edible parts of plants and may differ from the whole-plant values used in
the interception fraction calculation (Section 6.5.2).

The primary source of animal product transfer factors was Napier et al. (1988). Additional values were found in Baes
et al. (1984b) for beef and milk. Values for poultry and eggs were difficult to obtain and came primarily from Napier
et al. (1988), who took them largely from Ng, Colsher, and Thompson (1982). However, there were several elements
for which no information was available. For these elements, transfer factors for poultry and eggs were calculated from
data for similar elements in the periodic chart. Values for transfer factors used for the present analysis are given in
Table 6.18.

The deposition of contaminated irrigation water on plant surfaces may result in contamination of plants used for food

and animal feed. The fraction of deposited activity that is retained on plant surfaces is given by the interception
fraction. A value of 0.25 is used for all plant types as recommended by the NRC (1977).
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Table 6.17 Dry-to-wet-weight conversion factors

Plant type Conversion factor
Leafy vegetables 02
Other vegetables 0.25
Fruit 0.18
Grain 0.91
Beef Forage 0.22

Stored hay 0.22
Stored grain 0.91
Poultry Forage 0.22
Stored hay 0.22
Stored grain 0.91
Milk Forage 0.22
Stored hay 0.22
Stored grain 091
Eggs Forage 0.22
Stored hay 0.22
Stored grain 0.91

6.6 Aquatic Food Pathway Data

Evaluation of dose from the aquatic food pathway requires definition of the consumption rate of aquatic foods, the
volume of the surface-water pond, and the bioaccumulation factors for transfer of activity from water to edible parts of
fish for elements of interest.

The consumption rate of aquatic foods is expressed as the mass of fish consumed during 1 year of the residential
scenario. The EPA (1989) has published a value of 2.37 kgfy (6.5 g/d) for use in exposure assessments for the general
population, with intake being from recreational and commercial harvests of marine and freshwater finfish and shell-
fish. Rupp, Miller, and Baes (1980) summarized consumption rates of fish by region in the United States and also
provided U.S. averages. They reported that over 85% of the population eat no freshwater fish. They further report
that the U.S. freshwater fish consumption rate is 1.87 kg/y at the 90th percentile; 8.39 at the 99th percentile; and 57.68
as a maximum observed value. The highest 90th percentile value reported was 2.63 kgfy for the West South Central
region (Arkansas, Louisiana, Oklahoma, and Texas), and the highest 99th percentile value was 10.03 for the East
South Central region (Alabama, Kentucky, Mississippi, and Tennessee). These percentiles are based on the entire
population, including those individuals who eat no fish. Because the current scenario involves a resident who is
assumed to eat freshwater fish from an available supply, a prudently conservative estimate of annual intake is selected
as the 99th percentile value for the highest regional rate, which is 10 kg/y. This represents approximately the 93rd per-
centile for those individuals who eat freshwater fish within the region.

The volume of the surface-water pond is selected to represent the volume of water necessary to raise enough fish to
provide the annual consumption for one individual. Water requirements for raising fish depend on the type of fish and
the aquaculture practices used by the resident. For example, if the fish are left to eat natural foods in the pond, a large
volume of water will be needed to sustain the food necessary for the fish throughout the entire food chain. On the
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Table 6.18 Animal product transfer factors

Parameter and Data Values

Animal product transfer factors, wet-weight basis

Element Beef (d/kg) Poultry (d/kg) Milk (d/L) Eggs (d/kg)
H 1 (-)zt (-)ti (-)3* (‘)i‘
Be 4 1.0E-3 4.0E-1 9.0E-7 2.0E-2
C 6 Q) G, ) G,
N 7 7.5E-2 1.0E-1 2.5E-2 8.0E-1
F 9 1.5E-1 1.0E-2" 1.0E-3 20E+0"
Na 11 5.5E-2 1.0E-2 3.5E-2 2.0E-1
Mg 12 50E-3 3.0E-2 4.0E-3 L6E+0
Si 14 4.0E-5 2.0E-1° 2.0E-5 8.0E-1"
P 15 5.5E-2 1.9E-1 1.5E-2 1LOE+1
S 16 1.0E-1 9.0E-1" 1.5E-2 70E+0"
Cl 17 8.0E-2 3.0E:2 15E-2 z.ogjro‘
Ar 18 ) Ol ) O,
K 19 2.0E-2 4.0E-1 7.0E-3 7.0E-1
Ca 20 7.0E-4 4.4E-2 1.0E-2 4.4E-1
Sc 21 1.5E-2 4.0E-3 5.0E-6 3.0E-3"
Cr 24 5.5E-3 2.0E-1° 1.5E-3 8.0E-1"
Mn 25 4.0E-4 5.0E-2 3.5B-4 6.5E-2
Fe 26 2.0E-2 1.5E+0 2.5E-4 1.3E+0
Co 27 2.0E-2 5.0E-1 2.0E-3 LOE-1
Ni 28 6.0E-3 1.0E-3 1.0E-3 1.OE-1
Cu 29 1.0E-2 5.1E-1 1.5E-3 4.9E-1
Zn 30 1.OE-1 6.5E+0 1.0E-2 2.6E+0
Ga 31 5.0E-4 3.0E-1 5.0E-5 8.0E-1"
As 33 2.0E-3 83E-1 6.0E-5 8.0E-1°
Se 34 1.5E-2 8.5E+0 4.0E-3 9.3E+0
Br 35 2.5E:2 40E:3 20E22 L6E+0
Kr 36 O] ) O] )

Rb 37 1.5E-2 2.0E+0 1.0E-2 3.0E+0
Sr 38 3.0E-4 3.5E-2 1.5E-3 3.0E-1
Y 39 3.0E-4 1.0E-2 2.0E-5 2.0E-3
Zr 40 5.5E-3 6.4E-5 3.0E-5 1.9E-4
Nb 41 2.5B-1 3.1E-4 2.0E-2 1.3E-3
Mo 42 6.0E-3 1.9E-1 1.5E-3 7.8E-1
T 43 8.5E-3 3.0E-2 1.0E-2 3.0E+0
Ru 44 2.0E-3 7.0E-3 6.0E-7 6.0E-3
Rh 45 2.0E-3 5.0E-17 1.0E-2 1OE-1
Pd 46 4.0E-3 3.0E-4 1.0E-2 4.0E-3
Ag 47 3.0E-3 5.0E-1" 2.0E-2 50E-1"
Cd 48 5.5E-4 8.4E-1 1.0E-3 1.OE-1
In 49 8.0E-3 3.0E-1° 1.0E-4 8.0E-1"
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Table 6.18 Animal product transfer factors (Continued)

Animal product transfer factors, wet-weight basis

Element Beef (d/kg) Poultry (d/kg) Milk (d/L) Eggs (d/kg)
Sn 50 8.0E-2 2.0E-1° 1.0E-3 8.0E-1"
Sb 51 1.OE-3 6.0E-3 1.0E-4 7.0E-2
T 52 1.5E-2 8.5E-2 2.0E-4 52E+0
I 53 7.0E:3 18E-2 1.0E-2 28E+0
Xe 54 ) O] Q) O]

Cs 55 2.0E-2 44E+0 7.0E-3 49E-1
Ba 56 1.5E-4 8.1E-4 3.5E-4 1.5E+0
La 57 3.0E-4 1.0E-1 2.0E-5 9.0E-3
Ce 58 7.5E-4 1.0E-2 2.0E-5 5.0E-3
Pr 59 3.0E-4 3.0E-2 2.0E-5 5.0E-3
Nd 60 3.0E-4 4.0E-3 2.0E-5 2.0E-4
Pm 61 5.0E-3 2.0E-3 2.0E-5 2.0E-2
Sm 62 5.0E-3 4.0E-3 2.0E-5 7.0E-3
Eu 63 5.0E-3 4.0E-3 2.0E-5 7.0E-3
Gd 64 3.5E-3 4.0E-3 2.0E-5 7.0E-3"
Tb 65 4.5E-3 4.0E-3 2.0E-5 7.0E-3
Dy 66 5.5E-3 40E-3" 2.0E-5 70E-3"
Ho 67 4.5E-3 40E-3 2.0E-5 70E-3
Er 68 4.0E-3 40B-3" 2.0E-5 70E-3"
Hf 72 1.0E-3 6.0E-5" 5.0E-6 2.0E-4"
T 73 6.0E-4 3.0E-4" 3.0E-6 1.0E-3
W 74 4.5E-2 2.0E-1° 3.0E-4 8.0E-1"
Re 75 8.0E-3 4.0E2" 1.5E-3 4.0E-1"
Os 76 4.0E-1 1.0E-1° 5.0E-3 9.0E-2"
Ir 77 1.5E-3 5.0E-1 2.0E-6 1.0E-1"
Au 79 8.0E-3 5.0E-1" 5.5E-6 50E-1"
Hg 80 2.5E-1 L1E-2 4.5E-4 2.0E-1"
T1 81 4.0E-2 3.0B-1° 2.0E-3 80E-1"
Pb 82 3.0E-4 2.0E-17 2.5E-4 8.0E-1"
Bi 83 4.0E-4 1.0E-1" 5.0E-4 8.0E-1°
Po 84 3.0E-4 9.0;;:1‘ 3.5E-4 7.051_+0‘
Rn 86 Q) (), ) )

Ra 88 2.5E-4 3.0E-2 4.5E-4 2.0E-5
Ac 89 2.5E-5 4.0E-3 2.0E-5 2.0E-3
Th 90 6.0E-6 4.0E-3 5.0E-6 2.0E-3
Pa 91 1.0E-5 4.0E-3 5.0E-6 2.0E-3
U 9 2.0E-4 1.2E+40 6.0E-4 99E-1
Np 93 5.5E-5 4.0E-3 5.0E-6 2.0E-3
Pu 94 5.0E-7 1.5E-4 1.0E-7 8.0E-3
Am 95 3.5E-6 2.0E-4 4.0E-7 9.0E-3
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Table 6.18 Animal product transfer factors (Continued)

Animal product transfer factors, wet-weight basis

Element Beef (d/kg) Poultry (d/kg) Milk (d/L) Eggs (d/kg)
Cm 96 3.5E-6 4.0E-3 2.0E-5 2.0E-3
Cf 98 5.0E-3 4.0E-3 1.5E-7 2.0E-3

:‘ Transfer factors derived from data for similar elements.

Transfer factors for 3H and *4C are not needed because special models for
mtransfer in animals are used for these two radionuclides.

Noble gases are assumed not to be transferred to animal products.

other hand, if the resident feeds the fish supplemental food, the water volume requirement will be much less. Data
provided by Bardach, Ryther, and McLarney (1972) indicate that the mean production rate of catfish for pond culture
is about 2600 kgfy per ha of pond area. This should be considered to be a maximum production rate involving a com-
mercial operation using large ponds, with the production representing total fish weight. The area of pond needed to
produce the annual ingestion amount of 10 kg/y (edible) can be estimated as follows:

Pond Area = (10 kg/y)/[(0.6 edible fraction) (2600 kg/y/ha)] = 0.0064 ha (6.15)

or 64 m?, where the edible fraction of catfish is taken to be a nominal value of 0.6 (Bardach, Ryther, and McLarney
1972). This area represents a very small pond in which the fish are provided their feeding requirements. No
information is available on fish production rates in farm pond systems in which the fish are totally dependent on
aquatic biota produced within the pond ecosystem. For the present analysis, the pond is taken to be 10 times the
minimum pond size for cultured ponds, with a water depth assumed to be 2 m. This pond depth will provide
protection for aquatic species from temperature extremes plus allow light penetration needed to support the
ecosystem. With these assumgtions, the volume of water needed for production of the annual fish consumption
amount is 1300 m> or 1.3x 10° L.

The transfer of activity from water to edible parts of fish is based on bioaccumulation factors defined for each element
of interest. The bioaccumulation factor is the ratio of radionuclide concentration in fish to the radionuclide concen-
tration in water. Table 6.19 lists the default values for bioaccumulation factors. The primary reference for these values
is a compilation of recommended freshwater fish bioaccumulation factors by Poston and Klopfer (1988), supplemented
by data from Strenge, Peloquin, and Wehlan (1986). The latter reference contains bioaccumulation factors for
freshwater fish as used in the NRC computer program LADTAP Il in support of NRC Regulatory Guide 1.109 (NRC
1977).

6.7 Summary of Parameters That May Vary and Default Value Assignments

The mathematical formulations contained in Sections 2 through 5 of this report contain numerous parameters that
have been identified for each exposure scenario and pathway. Most of these parameters can have a significant range,
and the selection of specific values is an important part of the generic evaluation of radiation doses from residual
radioactive material. This section summarizes by scenario the model parameters that may vary and provides the
assigned default values. The default values are used to generate the first-level screening unit concentration annual
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Table 6.19 Fish bicaccamulation factors (BA,,) for the residential scenario

Bioaccumulation __Bioaccumulation
Element Factor Basis® Element Factor Basis®
H 1.0E+0 A Sn 3.0E+3 B
Be 2.0E+0 B Sb 20E+2 A
C 4.6E+3 B [ 4.0E+2 B
N 1.5E+5 B 1 S.0E+2 A
F 1.0E+1 B Cs 20E+3 B
Na 1.0E+2 A Ba 20E+2 A
P T.0E+4 A La 2.5E+1 B
S T5E+2 B Ce S.0E+2 B
Cl 5.0E+1 B Pr 25E+1 B
K 1.0E+3 B Nd 2.5E+1 B
Ca 4.0E+1 B Pm 2.5E+1 B
Sc 1.0E+2 A Sm 2.5E+1 B
Cr 2.0E+2 B Eu 2.5E+1 B
Mn 4.0E+2 A Gd 2.5E+1 B
Fe 2.0E+43 A Tb 2.5E+1 B
Co 3.3E+2 A Ho 25E+1 B
Ni 1.0E+2 A W 1.2E+3 B
Cu 5.0E+1 B Re 1.2E+2 B
Zn 2.5E+3 A Os 1.0E+1 B
As 1.0E+2 B Ir 1.0E+1 B
Se 1.7E42 B Au 3.3E+1 B
Br 4.2E+42 B Hg 1.0E+3 B
Rb 2.0E+3 B Pb 1.0E+2 B
Sr 5.0E+1 A Bi 1.5E+1 B
Y 2.5E+1 B Po 50E+2 B
Zr 2.0E+2 A Ra T.0E+1 A
Nb 2.0E+2 A Ac 2.5E+1 B
Mo 1.0E+1 A Th 1.0E+2 A
T 1.5E+1 A Pa 1.1E+1 B
Ru 1.0E+2 A U 5.0E+1 A
Rh 10E+1 B Np 25E+2 A
Pd 1.0E+1 B Pu 2.5E+2 A
Ag 23E+0 B Am 2.5E+2 A
Cd 2.0E+2 B Cm 25E+2 A
In 1.0E+5 B Cf 2.5E+1 B

*Values for fish bioaccumulation factors are based on: A - Poston and Klopfer
(1988), B - Strenge, Peloquin, and Whelan (1986).

NUREG/CR-5512

6.32



Parameter and Data Values

TEDE:s in Volume 2 of this report. The parameters are described using the consistent symbol nomenclature defined in
Section 2.1. Users of the screening model software will substitute site-specific values for the default values identified
in this section, when they can justify doing so.

6.7.1 Parameters for the Building Renovation Scenario

Table 6.20 lists the parameters that may vary for the pathway analysis described in Section 3.1 for the building renova-
tion scenario. Because this is a relatively simple scenario, only five parameters that may vary have been defined. The
first two parameters (t,, and t,,) are the time parameters for the scenario used for all exposure pathways. The next two
parameters (V,, and CDB) define the volumetric breathing rate and the average airborne dust-loading in air during
renovation work (described in Section 6.3.1), respectively. The final parameter (GB) is the effective transfer rate for
ingestion of loose dust, described in Section 6.3.2, in units of g/h.

The time parameters, t, and t,,, are needed to define the extent of exposure during the renovation period. The expo-
sure is evaluated using the time integral of activity over the renovation period to determine the mean activity level of
each radionuclide or decay chain. These parameters could vary from a very short time period to a full year, depending
on the type of building encountered and the type of renovation activity considered. An attempt has been made to
assign prudently conservative default values for these parameters. The actual time spent on the renovation job (t,,) is
assumed to be about 25% of a work year, 500 h or 20.83 d. The total duration of the renovation period (t,;) is also
assumed to be about 25% of a calendar year, or 90 calendar days. The combination of these parameter values provides
a prudently conservative basis for the first-level screening analysis.

6.7.2 Parameters for the Building Occupancy Scenario

Table 6.21 lists the parameters that may vary for the pathway analysis described in Section 3.2 for the building occu-
pancy scenario. Again, because this is a relatively simple scenario, only five parameters that may vary have been

Table 6.20 Building renovation scenario parameters that may vary and generic default values

Parameter symbol Default Units Description/comments
1y, 20.83 dyy The time on the job (converted to effective 24-h days) during the
renovation period is based on working 40-h weeks over a 90-d period.
ty 90. d The duration of the renovation period is set to 3 months during the
year.
Vp 12 m3h The volumetric breathing rate is set to the ICRP "light activity” value

as an average for the 8-h renovation work day.

CDB 1.E-4 g/m3 The average dust-loading in air during renovation work activities, as
described in Section 6.3.1.

GB 1L.E-2 gh The effective transfer rate for ingestion of loose dust during building
renovation, as described in Section 6.3.2.
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Table 6.21 Building occupancy scenario parameters that may vary and generic default values

Parameter symbol Defanlt Units Description/comments
1 83.33 dyy The time in the building (converted to effective 24-h days) during the
occupancy period is based on working 40-h weeks (or 2000 h) over the
year.
Lo 365.25 d The duration of the occupancy period is set to 1 year, representing
continuous use.
\A 1.2 m3h The volumetric breathing rate is set to the ICRP "light activity” value

as an average for the 8-h renovation work day.

RF, 1E-6 m! The resuspension factor during the occupancy period, as described in
Section 6.3.1.
GO 1.E4 m?h The secondary ingestion transfer rate of removable surface activity

during building occupancy, as described in Section 6.3.2.

defined. These parameters are parallel to the parameters identified for the building renovation scenario because simi-
lar exposure pathways are used. The first two parameters (t, and t, ) are the time parameters for the scenario used for
all exposure pathways. The next two parameters (V, and RF ) define the volumetric breathing rate and the resuspen-
sion factor during the building occupancy scenario (described in Section 6.3.1), respectively. The final parameter
(GO) is the secondary ingestion transfer rate of removable surface activity, described in Section 3.2.5, in units of m 2.

The time parameter t, is needed to determine the time integral of activity over the building occupancy period. This
time integral is used to determine the mean activity level of each radionuclide or decay chain. These parameters could
vary from a very short time period to a full year, depending on how many hours per year an employee is assumed to
spend in the office or room during the year. The actual time spent on the job (t,) is assumed to be 100% of a work
year, 2000 h or 83.33 d. This parameter selection is prudently conservative when compared with continuous exposure

- for a full year (8766 h). The total duration of the occupancy period (t,,) is also assumed to be 100% of a calendar year,
or 365.25 d, including a correction for leap year so that exact hand calculations may be performed using the equations
contained in this report.

6.7.3 Parameters for the Drinking Water Scenario

Table 6.22 summarizes the parameters that may vary for the drinking water scenario. This table lists 10 different
parameters, most of which are used in the water-use model described in Section 4.1. Again, an attempt has been made
to select values that will result in a prudently conservative (not worst-case) analysis. Only two of the parameters shown
in Table 6.22 are not related to the water-use model. These are the drinking water ingestion period, t, (assumed to be
a full year or 365.25 d), and the drinking water ingestion rate, U, (assumed to be 2.0 L/d).

Eight parameters in Table 6.22 that may vary are identified with the water-use model. The first two are used to define

the thickness of the top two boxes in the model. These boxes represent the surface soil (H,) and the unsaturated zonc
(H,). For this analysis, the top box is assumed to be 15-cm thick, or the same thickness assumed for the plow layer in
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Table 6.22 Drinking water scenario parameters that may vary and generic default values

Parameter symbol Default Units Description/comments

ty 365.25 dly The drinking water ingestion period is based on continuous use.

Uy 2.0 1/ Drinking water ingestion rate.

H, 0.15 m The thickness of surface-soil layer is set to equal the assumed plow
layer.

H, 1.0 m The thickness of unsaturated zone.

ny 03 - The porosity of surface-soil associated with only partially compacted
soils, as described in Oztunali et al. (1981).

n, 0.3 - The porosity of unsaturated zone, assumed to equal the porosity of
the surface-soil.

fy 1.0 - Saturation ratio for the surface-soil layer.

£, 1.0 - Saturation ratio for the unsaturated-soil layer.

Vaa 91250 L The annual dilution flow is set to the volume of water used by an indi-
vidual for all domestic purposes during the year, as defined in Miller
(1980).

i 0.18 mfy Infiltration rate based on the high end of the range of infiltration rates
determined for humid areas of the United States (Oztunali et al.
1981).

Ay 507 m? Area of contaminated site.

Kdy; Table 6.7 - Surface soil partition coefficient, as described in Section 6.4.

Kd,, Table 6.7 - Subsurface soil partition coefficient, assumed to be the same as the

surface soil partition coefficient, as described in Section 6.4.

the agricultural pathway analysis and the same thickness for which external dose factors are defined for the residential
scenario. The unsaturated zone is assumed to be 1-m thick. The next parameters represent the porosities of the top
two boxes in the three-box water-use model (n, and n,). For this study, the porosity for the top two boxes is assigned a
single value of 0.3. This value was selected from the low-level waste management literature as being representative of
surface soil that is in a partially compacted condition, as described in Oztunali et al. (1981). The annual dilution flow
(V4q) is set equal to the volume of water used by an individual for all purposes during the year, as defined by Miller
(1980). This volume is taken to be 91,250 L, of which 2 L/d (or about 730 Lfy) is used for drinking. The infiltration
rate (I) is based on the high end of the range of infiltration rates determined for humid areas of the United States
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(Oztunali et al. 1981). The default value for area of the contaminated site, A, is calculated from the pumping volume
and the infiltration rate, based on the relationship given by Equation (4.14). Finally, partition coefficients (Kdy; and
Kd,;) are derived using the methods described in Section 6.4. Although it may be likely that surface and subsurface-
soils will be different, for the generic model analysis, a single set of partition coefficients has been identified for use in
both soil layers. The use of the simple three-box water-use model with these conservative default parameter values
provides a conservative estimate of the potential concentrations that could be present from residual radioactive con-
tamination in soil. This conservative approach is intentionally adopted to ensure that the first-level screening
produces conservative results.

These assumed values allow a generic analysis without attempting to account for site-specific conditions. As noted
earlier, it is intended that users of the software (produced and documented in Volume 2 of this report) substitute,
whenever possible, site-specific values for default values identified for this scenario to better account for site-specific
conditions.

6.7.4 Parameters for the Residential Scenario

The most complicated scenario included in this analysis is the residential scenario. This scenario accounts for future
use of contaminated land and includes leaching of radionuclides through the soil into the ground water, with redeposi-
tion on the land surface through irrigation. This scenario defines conditions for an individual who resides most of the
year onsite and is involved in outdoor gardening activities. The time and pathway assumptions may not be representa-
tive of other lifestyles, such as suburban living, where the individual may spend less time outdoors and more time away
from home. However, these assumptions are assumed to provide a conservative, complete pathway analysis. The sce-
nario is described in 2 manner that permits enough pathway flexibility to accommodate modification into a suburban
scenario by changing certain default parameters. Table 6.23 lists the parameters that may vary for the residential
scenario. Several of the parameters, and their default values, are discussed in other sections of this report. Only those
parameters that are not discussed elsewhere are described in this section.

The first four parameters define the times that the individual spends during the year involved in various activities
around a house constructed on the land. They account for time spent indoors (t;), outdoors (t,), gardening (tg), and
the total time in the year (t,.). Again, the hours of exposure for each of the time categories have been converted to
effective days for unit consistency. The default exposure times are 200 d for t,70.83 dfort, 4.17d for 1y, and 365.25d
fort,,.

For the external exposure pathway, two shielding factors have been defined for indoor (SFI) and outdoor (SFO) expo-
sures. These factors are assumed to provide a correction for shielding by either building materials or clean cover soil,
when justified. Although these factors should be dependent on the photon energy, single factors across all photon
energies are used in this study to match the generic nature of the other simplifying assumptions made in the external
dose analysis. The shielding factor afforded by the house is dependent on the type of house construction and the
nature of the contaminated soil (i.e., the source thickness, size, and depth of clean cover soil). Previous studies have
considered shielding factors associated with the atmospheric deposition of radioactive material from passing plumes
after accidental airborne releases (Aldrich, Ericson, and Johnson 1978; Kocher 1978; Jensen 1985). Estimated
shielding factors from these studies range from about 0.02 to 0.7, with the majority of the values reported from 0.04 to
about 0.4 (Aldrich, Ericson, and Johnson 1978). The situation being modeled in this study is a bit different than a
nuclear accident analysis because the dose is from contaminated soil around the house without plume deposition on
the roof of the house. For this reason, a shielding factor of 0.33 is used for SFL. Although the shielding factor for
outdoor exposures may vary, for this study it is assumed to be 1.0, representing surface-soil contamination with no
clean soil cover.
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Table 6.23 Residential scenario parameters that may vary and generic default values

Parameter symbol Default Units Description/comments

Y 200 dYy Time in the 1-year exposure period that the individual spends indoors
(cffective days).

t 70.83 dy Time in the 1-year exposure period that the individual spends
outdoors (effective days).

i, 4.17 dly Time in the 1-year exposure period that the individual spends
gardening (effective days).

4y 365.25 d Total time in the 1-year exposure period.

SF1 0.33 - Indoor shielding factor.

SFO 1.0 - Outdoor shielding factor.

P4 4.E-1 g/m? Floor dust-loading.

RF, S.E-5 m’! Resuspension factor for indoor dust, discussed in Section 6.3.1.

CD1 S5.E-5 g,/m3 Air dust-loading indoors, discussed in Section 6.3.1.

CDO 1.E-4 g/m> Air dust-loading outdoors, discussed in Section 6.3.1.

CDG S.E-4 g/m3 Air dust-loading gardening, discussed in Section 6.3.1.

\A 1.2 m>/h Volumetric breathing rate while indoors, based on the ICRP "light
activity" value as an average for time spent indoofs.

Vy 1.2 m>h Volumetric breathing rate while outdoors, based on the ICRP "light
activity" value as an average for time spent outdoors.

Vg 12 m>h Volumetric breathing rate while gardening, based on the ICRP "light
activity” value as an average for time spent gardening.

GR 5.E-2 g/d Soil ingestion transfer rate for the residential scenario, as discussed in
Section 6.3.2.

U, 2 L/ Drinking water ingestion rate.

H, 0.15 m The thickness of surface-soil layer is set to equal the assumed plow
layer.

H, 1.0 m The thickness of unsaturated zone.
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Table 6.23 Residential scenario parameters that may vary and generic default values (Continued)

Parameter symbol Default Units Description/comments

n, 0.3 - The porosity of surface-soil associated with only partially compacted
soils, described in Oztunali et al. (1981).

n, 03 - The porosity of unsaturated zone, assumed to equal the porosity of
the surface-soil.

£y 1.0 - Saturation ratio for the surface-soil layer.

f, 1.0 - Saturation ratio for the unsaturated-soil layer.

Var 91,250 L Volume of water removed from the ground-water aquifer per year for
domestic uses.

Vier * L Volume of water removed from the ground-water aquifer per year for

irrigation use, based on the irrigation rate.

Vew 13E+6 L Volume of water in the surface-water pond used to grow fish for the
* aquatic food ingestion pathway.

1 0.18 mfy Infiltration rate based on the high end of the range of infiltration rates
for humid areas of the United States (Oztunali et al. 1981).

Kd,; Table 6.7 - Surface-soil partition coefficient, described in Section 6.4.
Kd,; Table 6.7 - Unsaturated-soil partition coefficient, assumed to be the same as the
surface-soil partition coefficient, described in Section 6.4.
A, 2500 m? Area of land cultivated.
IR 2.08 L/m?+d Irrigation water application rate, corresponding to 76 cm/y.
P, 240 kg/m?  Soil areal density of surface plow layer.
DIET 0.25 - Fraction of diet from garden.
U, 11 kgly Human diet of leafy vegetables, discussed in Section 6.5.8.
51 kgly Human diet of other vegetables, discussed in Section 6.5.8.
46 kgfy Human diet of fruits, discussed in Section 6.5.8.
69 kgfy Human diet of grains, discussed in Section 6.5.8.
U, 59 kgyy Human diet of beef, discussed in Section 6.5.8.
9 kgfy Human diet of poultry, discussed in Section 6.5.8.
100 LAy Human diet of milk, discussed in Section 6.5.8.
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Table 6.23 Residential scenario parameters that may vary and generic default values (Continued)

Parameter symbol Default Units Description/comments
10 kgfy Human diet of egg, discussed in Section 6.5.8.
Uy 10 kgly Human diet of fish, discussed in Section 6.6.
ly 365.25 d Food consumption period for leafy vegetables, discussed in
Section 6.5.4.
365.25 d Food consumption period for other vegetables, discussed in
Section 6.5.4.
365.25 d Food consumption period for fruits, discussed in Section 6.5.4.
365.25 d Food consumption period for grains, discussed in Section 6.5.4.
tea 365.25 d Food consumption period for beef, discussed in Section 6.5.4.
365.25 d Food consumption period for poultry, discussed in Section 6.5.4.
365.25 d Food consumption period for milk, discussed in Section 6.5.4.
365.25 d Food consumption period for eggs, discussed in Section 6.5.4.
thy 1 d Holdup period for leafy vegetables, discussed in Section 6.5.3.
14 d Holdup period for other vegetables, discussed in Section 6.5.3.
14 d Holdup period for fruits, discussed in Section 6.5.3.
14 d Holdup period for grains, discussed in Section 6.5.3.
tha 20 d Holdup period for beef, discussed in Section 6.5.3.
1 d Holdup period for poultry, discussed in Section 6.5.3.
1 d Holdup period for milk, discussed in Section 6.5.3.
1 d Holdup period for eggs, discussed in Section 6.5.3.
tey 45 d Minimum growing period for leafy vegetables, discussed in
Section 6.5.5.
90 d Minimum growing period for other vegetables, discussed in
Section 6.5.5.
90 d Minimum growing period for fruits, discussed in Section 6.5.5.
90 d Minimum growing period for grains, discussed in Section 6.5.5.
Lo 30 d Minimum growing period for forage consumed by beef cattle,
discussed in Section 6.5.5.
30 d Minimum growing period for forage consumed by poultry, discussed
in Section 6.5.5.
30 d Minimum growing period for forage consumed by milk cows,
discussed in Section 6.5.5.
30 d Minimum growing period for forage consumed by layer hens,

discussed in Section 6.5.5.
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Table 6.23 Residential scenario parameters that may vary and generic default values (Continued)

Parameter symbol Default Units Description/comments
Lo 90 d Minimum growing period for stored grain consumed by beef cattle,
discussed in Section 6.5.5.
90 d Minimum growing period for stored grain consumed by poultry,
discussed in Section 6.5.5.
90 d Minimum growing period for stored grain consumed by milk cows,
discussed in Section 6.5.5.
90 d Minimum growing period for stored grain consumed by layer hens,
discussed in Section 6.5.5.
teh 45 d Minimum growing period for stored hay consumed by beef cattle,
discussed in Section 6.5.5.
45 d Minimum growing period for stored hay consumed by poultry,
discussed in Section 6.5.5.
45 d Minimum growing period for stored hay consumed by milk cows,
discussed in Section 6.5.5.
45 d Minimum growing period for stored hay consumed by layer hens,
discussed in Section 6.5.5.
I, 0.25 - Interception fraction for water deposition for leafy vegetables,
discussed in Section 6.5.9.
0.25 - Interception fraction for water deposition for other vegetables,
discussed in Section 6.5.9.
0.25 - Interception fraction for water deposition for fruits, discussed in
Section 6.5.9.
0.25 - Interception fraction for water deposition for grains, discussed in
Section 6.5.9.
Iy 0.25 - Interception fraction for water deposition for forage consumed by
beef cattle, discussed in Section 6.5.9.
0.25 - Interception fraction for water deposition for forage consumed by
poultry, discussed in Section 6.5.9.
0.25 - Interception fraction for water deposition for forage consumed by
milk cows, discussed in Section 6.5.9.
0.25 - Interception fraction for water deposition for forage consumed by

layer hens, discussed in Section 6.5.9.

I, 0.25 - Interception fraction for water deposition for stored grain consumed
by beef cattle, discussed in Section 6.5.9.
0.25 - Interception fraction for water deposition for stored grain consumed

by poultry, discussed in Section 6.5.9.
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Table 6.23 Residential scenario parameters that may vary and generic default values (Continued)

Parameter symbol

Default

Description/comments

0.25

0.25

0.25
0.25
0.25
0.25
1.0
0.1
0.1
0.1
1.0
1.0
1.0

1.0

0.1

0.1

0.1

0.1

1.0

1.0

Interception fraction for water deposition for stored grain consumed
by milk cows, discussed in Section 6.5.9.
Interception fraction for water deposition for stored grain consumed
by layer hens, discussed in Section 6.5.9.

Interception fraction for water deposition for stored hay consumed by
beef cattle, discussed in Section 6.5.9.

Interception fraction for water deposition for stored hay consumed by
poultry, discussed in Section 6.5.9.

Interception fraction for water deposition for stored hay consumed by
milk cows, discussed in Section 6.5.9.

Interception fraction for water deposition for stored hay consumed by
layer hens, discussed in Section 6.5.9.

Translocation factor for leafy vegetables, described in Section 6.5.6.
Translocation factor for other vegetables, described in Section 6.5.6.
Translocation factor for fruits, described in Section 6.5.6.
‘Translocation factor for grains, described in Section 6.5.6.

Translocation factor for forage consumed by beef catile, described in
Section 6.5.6.

Translocation factor for forage consumed by poultry, described in
Section 6.5.6.

Translocation factor for forage consumed by milk cows, described in
Section 6.5.6.

Translocation factor for forage consumed by layer hens, described in
Section 6.5.6.

Translocation factor for stored grain consumed by beef cattle,
described in Section 6.5.6.

Translocation factor for stored grain consumed by poultry, described
in Section 6.5.6.

Translocation factor for stored grain consumed by milk cows,
described in Section 6.5.6.

Translocation factor for stored grain consumed by layer hens,
described in Section 6.5.6.

Translocation factor for stored hay consumed by beef cattle, described
in Section 6.5.6.

Translocation factor for stored hay consumed by poultry, described in
Section 6.5.6.
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Table 6.23 Residential scenario parameters that may vary and generic defanlt values (Continued)

Parameter symbol Default Units Description/comments
1.0 - Translocation factor for stored hay consumed by milk cows, described
in Section 6.5.6.
1.0 - Translocation factor for stored hay consumed by layer hens, described
in Section 6.5.6.
X; 1.0 - Fraction of contaminated forage consumed by beef cattle, described in
Section 6.5.1.
1.0 - Fraction of contaminated forage consumed by poultry, described in
Section 6.5.1.
1.0 - Fraction of contaminated forage consumed by milk cows, described in
Section 6.5.1.
1.0 - Fraction of contaminated forage consumed by layer hens, described in
Section 6.5.1.
X, 1.0 - Fraction of contaminated stored grain consumed by beef cattle,
described in Section 6.5.1.
1.0 - Fraction of contaminated stored grain consumed by poultry, described
in Section 6.5.1.
1.0 - Fraction of contaminated stored grain consumed by milk cows,
described in Section 6.5.1.
1.0 - Fraction of contaminated stored grain consumed by layer hens,
described in Section 6.5.1.
Xy 1.0 - Fraction of contaminated stored hay consumed by beef cattle,
described in Section 6.5.1.
1.0 - Fraction of contaminated stored hay consumed by poultry, described
in Section 6.5.1.
1.0 - Fraction of contaminated stored hay consumed by milk cows,
described in Section 6.5.1.
1.0 - Fraction of contaminated stored hay consumed by layer hens,
described in Section 6.5.1.
Xy 1.0 - Fraction of contaminated water consumed by beef cattle, described in
Section 6.5.1.
1.0 - Fraction of contaminated water consumed by poultry, described in
Section 6.5.1.
1.0 - Fraction of contaminated water consumed by milk cows, described in
Section 6.5.1.
1.0 - Fraction of contaminated water consumed by layer hens, described in
Section 6.5.1.
Y, 2.0 kg/m2 Crop yields for leafy vegetables, described in Section 6.5.7.
4.0 kg/m®>  Crop yields for other vegetables, described in Section 6.5.7.
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Table 6.23 Residential scenario parameters that may vary and generic default values (Continued)

Parameter symbol Default Units Description/comments
20 kg/m?>  Crop yields for fruits, described in Section 6.5.7.
1.0 kg/m? Crop yields for grains, described in Section 6.5.7.
Y 1.0 l(g,/m2 Crop yields for forage consumed by beef cattle, described in
Section 6.5.7.
1.0 kg/m? Crop yields for forage consumed by poultry, described in Section 6.5.7.
1.5 kg/m? Crop yields for forage consumed by milk cows, described in
Section 6.5.7.
1.0 kg/m? Crop yields for forage consumed by layer hens, described in
Section 6.5.7.
Yg 1.0 kg/m2 Crop yields for stored grain consumed by beef cattle, described in
Section 6.5.7.
1.0 kg/m®  Crop yields for stored grain consumed by poultry, described in
Section 6.5.7.
1.0 kg/m? Crop yields for stored grain consumed by milk cows, described in
Section 6.5.7.
1.0 kg/m?  Crop yields for stored grain consumed by layer hens, described in
Section 6.5.7.
Y, 1.5 kg/m?  Crop yields for stored hay consumed by beef cattle, described in
Section 6.5.7.
1.0 kg/m? Crop yields for stored hay consumed by poultry, described in
Section 6.5.7.
1.5 kg/m? Crop yields for stored hay consumed by milk cows, described in
Section 6.5.7.
1.0 kg/m? Crop yields for stored hay consumed by layer hens, described in
Section 6.5.7.
W, 0.2 - Wet-to-dry-weight conversion factors for leafy vegetables, described in
Section 6.5.9.
0.25 - Wet-to-dry-weight conversion factors for other vegetables, described
in Section 6.5.9.
0.18 - Wet-to-dry-weight conversion factors for fruits, described in
Section 6.5.9.
091 - Wet-to-dry-weight conversion factors for grains, described in

Section 6.5.9.
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Table 6.23 Residential scenario parameters that may vary and generic default values (Continued)

Parameter symbol Defaunlt Units Deseription/comments
W, 0.22 - Wet-to-dry-weight conversion factors for forage consumed by beef
cattle, described in Section 6.5.9.
0.22 - Wet-to-dry-weight conversion factors for forage consumed by poultry,
‘ described in Section 6.5.9.
0.22 - Wet-to-dry-weight conversion factors for forage consumed by milk
cows, described in Section 6.5.9.
0.22 - Wet-to-dry-weight conversion factors for forage consumed by layer
hens, described in Section 6.5.9.
Wg 0.91 - Wet-to-dry-weight conversion factors for stored grain consumed by
beef cattle, described in Section 6.5.9.
0.91 - Wet-to-dry-weight conversion factors for stored grain consumed by
poultry, described in Section 6.5.9.
0.91 - Wet-to-dry-weight conversion factors for stored grain consumed by
milk cows, described in Section 6.5.9.
0.91 - Wet-to-dry-weight conversion factors for stored grain consumed by
layer hens, described in Section 6.5.9.
Wy 0.22 - Wet-to-dry-weight conversion factors for stored hay consumed by beef
cattle, described in Section 6.5.9.
0.22 - Wet-to-dry-weight conversion factors for stored hay consumed by
poultry, described in Section 6.5.9.
0.22 - Wet-to-dry-weight conversion factors for stored hay consumed by milk
cows, described in Section 6.5.9.
0.22 - Wet-to-dry-weight conversion factors for stored hay consumed by
layer hens, described in Section 6.5.9.
Q¢ 27 kg/d Animal feed intake rates for forage consumed by beef cattle, described
in Section 6.5.1.
0.13 kg/d Animal feed intake rates for forage consumed by poultry, described in
Section 6.5.1.
36 kg/d Animal feed intake rates for forage consumed by milk cows, described
in Section 6.5.1.
0.13 kg/d Animal feed intake rates for forage consumed by layer hens, described
in Section 6.5.1.
Q, 3 kg/d Animal feed intake rates for stored feed consumed by beef cattle,
described in Section 6.5.1.
0.09 kg/d Animal feed intake rates for stored feed consumed by poultry stored
feed, described in Section 6.5.1.
2 kg/d Animal feed intake rates for stored feed consumed by milk cows,
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Tuble 6.23 Residential scenario parameters that may vary and generic defaunlt values {Continued)

Parameter symbol Default Units Description/comments
0.09 kg/d Animal feed intake rates for stored feed consumed by layer hens,
described in Section 6.5.1.
Q, 14 kg/d Animal feed intake rates for stored hay consumed by beef cattle,
described in Section 6.5.1.
0 kg/d Animal feed intake rates for stored hay consumed by poultry,
described in Section 6.5.1.
29 keg/d Animal feed intake rates for stored hay consumed by milk cows,
described in Section 6.5.1.
0 kg/d Animal feed intake rates for stored hay consumed by layer hens,
described in Section 6.5.1.
Qy 50 i Water intake rates for beef cattle, described in Section 6.5.1.
0.3 L Water intake rates for poultry, described in Section 6.5.1.
60 L/ Water intake rates for milk cows, described in Section 6.5.1.
03 L/ Water intake rates for layer hens, described in Section 6.5.1.
Qq4 0.02 - Beef cattle soil-intake fractions (forage diet, dry-weight), described in
Section 6.5.1.
0.1 - Poultry soil-intake fractions (forage diet, dry-weight), described in
Section 6.5.1.
0.02 - Milk cow soil-intake fractions (forage diet, dry-weight), described in
Section 6.5.1.
0.1 - Layer hen soil-intake fractions (forage diet, dry-weight), described in
Section 6.5.1.
BA; Table 6.19 - Fish bioaccumulation factors, wet-weight basis, discussed in
Section 6.6.
By Table 6.16 - Vegetation concentration factors, dry-weight basis, described in
Section 6.5.9.
Fy Table 6.18 d/kg Animal product transfer factors, wet-weight basis, described in
Section 6.5.9.
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A potentially significant pathway of inhalation exposure is resuspension of contaminated soil tracked indoors. This
pathway is dependent on the floor dust-loading (P4) and the resuspension factor. Indoor dust-loadings may vary over a
wide range and are dependent on a number of factors. A representative value from recent literature for indoor dust is
0.4 g/m? of floor surface.® The resuspension factor used in this analysis for estimating indoor air concentrations is
discussed in Section 6.3.1.

The parameters used to determine the ground-water concentration using the three-box water-use model are generally
the same as those described for the drinking water scenario. The significant exception is the method used for esti-
mating the annual dilution flow (F) within the aquifer (box 3). As shown in Table 6.23, F is evaluated from the
irrigation rate (IR), the area under irrigation (A), and assumed domestic use of land. The residential scenario is based
on the assumption that 2500 m? of land are under irrigation at an irrigation rate of 2.08 L/m?+d, or 76 cmfy. This irri-
gation rate is within a range of potential irrigation rates for various crops in the western United States. The Specific
Information on the Terrestrial Environmental (SITE) database referenced by Baes et al. (1984b) shows the geographic
distribution of estimated annual average irrigation rates across the country. While a large percentage of the United
States is not irrigated at all, a prudently conservative exposure scenario will include irrigation. This is a significant
pathway for contamination in ground water to reach food products and surface soil. Baes et al. (1984a) show a few
very dry areas with irrigation rates in excess of 100 cm/y; however, this value would be overly conservative because it is
the maximum listed. A large geographical percentage of the drier western states irrigates at a rate of 70-85 cm/y; the
default value of 76 cm/y selected for this study falls within this range. Although the default value is conservative when
compared with the annual irrigation rates in the eastern United States, it is representative of the rates in the western
United States. This default value is adopted to ensure that the irrigation pathway in the residential scenario produces
conservative first-level generic screening results. The total volume of water needed for irrigation is about 1.9x 107 L.
The volume of water needed for domestic purposes is 91,250 L, and the volume of the surface-water pond is

1.3x 10° L. The total aquifer size is the sum of these three water volumes, or 2.0x 107 L.

Summaries of the default parameter values for the 14C and *H agricultural models are shown in Tables 6.24 and 6.25,
respectively. The 14C model and default parameter values are described in Appendix C, and the H model and default
parameter values are described in Appendix D.

The pathway and default parameter selections for the residential scenario have been made to model typical conditions
that could be encountered at most sites across the United States. They are selected to provide a conservative estimate
of the potential radiation doses that could result from residual radioactive contamination in soil. This approach is
adopted to ensure that the first-level generic screening produces conservative results.

(a) Based on personal communication from Dr. D. W. Layton, Lawrence Livermore National Laboratory
(November 27, 1991), regarding his recent literature review of the amounts of dust/dirt on the floors of homes.
Dr. Layton stated that the 0.4 g dust/m? represents a geometric mean of the values found in his literature review.
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Table 6.24 4C model residential scenario parameters that may vary and generic default values”

Parameter symbol Default Units Description/comments
fca 0.24 - Fraction of carbon in beef cattle.
0.20 - Fraction of carbon in poultry.
0.07 - Fraction of carbon in milk cows.
0.15 - Fraction of carbon in layer hens.
for 0.09 - Fraction of carbon in forage: beef cattle.
0.09 - Fraction of carbon in forage: poulitry.
0.09 - Fraction of carbon in forage: milk cows.
0.09 - Fraction of carbon in forage: layer hens.
fe 0.4 - Fraction of carbon in stored grain: beef cattle.
0.4 - Fraction of carbon in stored grain: poultry.
0.4 - Fraction of carbon in stored grain: milk cows.
04 - Fraction of carbon in stored grain: layer hens.
fon 0.09 - Fraction of carbon in stored hay: beef cattle.
0.09 - Fraction of carbon in stored hay: poultry.
0.09 - Fraction of carbon in stored hay: milk cows.
0.09 - Fraction of carbon in stored hay: layer hens.
fes 0.03 - Fraction of soil that is carbon.
SA ¢ 1.0 - Specific activity equivalence: beef cattle.
1.0 - Specific activity equivalence: poultry.
1.0 - Specific activity equivalence: milk cows.
1.0 - Specific activity equivalence: layer hens.

*Details of the 14C model for the agricultural pathways are provided in Appendix C.
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Table 6.25 *H model residential scenario parameters that may vary and generic default values®

Parameter symbol Default Units Description/comments
H' 0.008 L/m*  Absolute humidity.
SH 0.1 L/kg Moisture content of soil.
SAgu 1.0 - Tritium equivalence: plant/soil.
SAuvh 1.0 - Tritium equivalence: plant/water.
SAny 1.0 - Tritium equivalence: animal product/intake.
fi 0.1 - Fraction of hydrogen: leafy vegetables.
0.1 - Fraction of hydrogen: other vegetables.
0.1 - Fraction of hydrogen: fruit.
0.068 - Fraction of hydrogen: grains.
foye 0.1 - Fraction of hydrogen in forage: beef cattle.
0.1 - Fraction of hydrogen in forage: poultry.
0.1 - Fraction of hydrogen in forage: milk cows.
0.1 - Fraction of hydrogen in forage: layer hens.
ng 0.068 - Fraction of hydrogen in stored grain: beef cattle.
0.068 - Fraction of hydrogen in stored grain: poultry.
0.068 - Fraction of hydrogen in stored grain: milk cows.
0.068 - Fraction of hydrogen in stored grain: layer hens.
fin 0.10 - Fraction of hydrogen in stored hay: beef cattle.
0.10 - Fraction of hydrogen in stored hay: poultry.
0.10 - Fraction of hydrogen in stored hay: milk cows.
0.10 - Fraction of hydrogen in stored hay: layer hens.
fa 0.10 - Fraction of hydrogen in beef cattle.
0.10 - Fraction of hydrogen in poultry.
0.11 - Fraction of hydrogen in milk cows.
0.11 - Fraction of hydrogen in layer hens.
e 0.011 - Fraction of soil that is hydrogen based on a soil moisture content

(SH) 0f 0.1.

"Details of the *H model for the agricultural pathways are provided in Appendix D.
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7 Discussion

The models and equations presented in this volume provide a method for calculation of radiation doses from residual
radioactive contamination in buildings and soil. Four scenarios are included. For buildings, the scenarios cover the
building renovation and building occupancy conditions, as described in Section 3. For soils, a generic water-use model,
described in Sections 4 and 5, is used to provide time-dependent concentrations of radionuclides in water used for
drinking and/or irrigation. The two scenarios for soils included are the drinking water scenario described in Section 4
and the residential scenario, as described in Section 5. The residential scenario is used to estimate doses from residual
radioactivity in soil, including use of ground water for drinking, irrigation of farm products, and for obtaining fish from
a surface pond. The selected parameter values and a summary of parameters that may vary are presented in Section 6.
This section discusses the generic modeling approach, the generic scenarios and their limitations, and the potential
applications of the models and methods.

7.1 Generic Modeling Approach

The generic modeling evaluation relies on a radiation exposure scenario analysis, including the major exposure path-
ways of direct exposure to penetrating radiation, inhalation, and ingestion. The modeling analysis is used to derive the
annual TEDE to an average individual in a population exposed to residual radioactive material after decommissioning.
The input parameters for each exposure pathway and scenario are selected to provide a prudently conservative esti-
mate of the potential annual radiation dose. The parameters generally do not represent average conditions for all indi-
viduals exposed; however, they were not selected to perform a worst-case (overly conservative) analysis of the potential
radiation dose to a maximally exposed individual. Rather, the parameters were chosen from documented sources and
previous analyses on the basis of the professional judgment of the study contributors. Although the dose estimates
produced may be overestimations in some cases, they are considered to be generally more realistic than the large over-
estimations produced by analysis of bounding cases. It is possible that for a few situations, the parameters chosen
could lead to an underestimate of the annual TEDE.

The exception to this approach is the generic water-use analysis considered in this study. To estimate ground-water
concentrations, a simple three-box, leach-rate model was developed using parameters and assumptions from literature
sources. In this analysis, geometric mean partition coefficients (Kd’s) data for the most mobile form of each element
were obtained from literature sources, for those elements for which data existed. Where literature data were not avail-
able, Kd’s were estimated using soil-to-plant concentration ratios as defined for leafy vegetables using a conservative
correlation for soils. In a similar manner, infiltration rate and porosity values were selected based on the high end of
the range of infiltration rates and porosities determined for humid areas of the United States. The ground-water
parameter values and concentration equations selected for this analysis provide a conservative analysis of potential
ground-water concentrations.

Generic screening modeling evaluations, similar to the one described in this document, have become a rather common
approach to setting risk-based radiation protection standards. They are useful in evaluating a wide variety of
conditions; however, they often have limitations that need to be recognized. Models are intended to be an approxi-
mation of reality. Because of data limitations or lack of knowledge, generic modeling sometimes oversimplifies actual
conditions and may not account for important physical or chemical processes. When this occurs, or when it is su-
spected, attempts are made to use conservative assumptions and parameter selections to ensure that potential adverse
consequences are overestimated. That is, where detailed knowledge is unavailable, an intentional error is introduced
to provide a greater margin for safety. The results obtained by overestimating the adverse consequences may not be
very useful because they may lead to prohibitive expenses for cleanup to meet regulatory requirements. However, for
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simple cases where trivial contamination exists, compliance reached by generic screening modeling is beneficial
because it eliminates unwarranted regulation and expense while not significantly affecting public health and safety.

For more complex situations, where a wide variation of contamination levels, radionuclide mixtures, and physical/
chemical properties exist, generic models and data sets may not produce a very convincing assurance of compliance.
When complex conditions occur, site-specific data should be used, if possible, and modifications to the generic
approach should be made to account for the actual conditions. For example, direct measurements of radiation fields
and their variation provide more meaningful information than generic attempts to model dose rates from contamina-
tion levels (i.e., actual measurements may obviate the need to model). A dilemma occurs when the costs of character-
izing a site escalate beyond the basic demolition and waste disposal costs. The tendency in this situation may be to
comply with a more restrictive generic limit than to attempt a full site characterization and compliance with a site-
specific limit. However, a carefully conducted and documented optimization/ALARA evaluation may be used to help
justify the adoption of site-specific derived levels, as described in the Foreword.

7.2 Generic Scenarios

For residual contamination in buildings, this document provides scenarios and mathematical formulations to derive
annual TEDE factors that account for both potential building renovation (accounting for volume contamination
sources) and routine building occupancy (accounting for surface contamination sources). These two scenarios were
developed in an attempt to account for questions about the relative importance of volume versus surface activity and
fixed versus removable contamination. For many alpha- and beta-emitting radionuclides, direct survey measurements
may only account for surface activity because of self-shielding. Surface measurement methods may not detect subsur-
face sources, and significant inventories of radioactive material may be missed. Surface contamination that is fixed
(i.e., not easily removed by smearing) at the time of release may become removable with time. Loose surface contami-
nation may result in additional radiation exposure pathways and higher estimated radiation doses, as described by sce-
narios and parameter values defined in this document. Because unrestricted release is considered, it cannot be
assumed that subsurface sources or fixed contamination will remain that way after license termination. The two sce-
narios identified for buildings attempt to account for this potential situation. No attempt was made to model indoor
radon concentrations that may result from residual 26Ra in buildings.

Residual radioactive soil contamination may be in a thin or thick soil layer, reside on the surface or be stabilized under
a clean soil layer, cover a large or small area, and consist of many different radionuclides or mixtures of radionuclides.
The scenarios and mathematical formulations contained in this volume relate to surface soils and are based on a sce-
nario analysis that combines exposure pathways for inhalation, external exposure, ingestion of contaminated drinking
water, and ingestion of soil and agricultural food products, including fish from a pond. The residential scenario was
intentionally developed in a conservative manner to account for potential residential and light agricultural activities.

It is recognized that, for sites located in industrial or urban areas, the potential for even light agricultural activities may
be remote. Again, no attempt was made to model the indoor radon aerosol concentrations that could result from
residual 225Ra soil contamination.

The wide variability of physical and chemical conditions that potentially influence ground water, and the dependence
on many parameters that may have a coupled dependency, make it difficult to model ground-water systems. In addi-
tion, a conceptual mode] of a ground-water system may not represent all the behavior of that system. Generic attempts
at modeling ground-water systems generally encourage the use of overly conservative parameters, assumptions, and
models. As a result, most generic modeling attempts have litile meaning when compared with a real system. The exis-
tence of site-specific data may encourage a site-specific modeling effort, but such data are relatively costly to obtain,
may be point values (both in time and location), and may not appropriately represent the actual system being modeled.
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The purpose of the generic modeling in this document is to derive an aquifer concentration from residual radioactive
materials in soil (or in building materials that may ultimately be buried as rubble onsite) ina conservative manner to
permit screening and to indicate when additional site data or modeling sophistication are warranted. This approach is
not intended for broader applications such as application to buried sources, disposed wastes, or sites with a history of
spills contaminating soil deeper than 15 cm. Rather, it is intended to support the development of screening values, as
described in the Foreword.

7.3 Applications

The annual doses estimated using these scenarios are to be used to provide an indication of the potential for license ter-
mination of a site by comparison of the calculated doses to a dose limit (to be set by NRC policy). The comparison can
be made in two ways: by simply using precalculated TEDE screening factors, defining the concentration of each radio-
nuclide that equals the dose limit, or through site-specific calculations relating measured residual concentrations to
annual dose. The equations in this report are incorporated into a computer program that can perform both of these
types of calculations. The program, to be documented in Volume 2, will also allow modifications to the scenario calcu-
lations to be performed using site-specific parameters defined by a user, as described in Section 6. For both methods,
the user must have an estimate of the radionuclide inventory present.

Annual TEDE screening factors for the full set of radionuclides of interest will be calculated per unit activity of each
parent radionuclide and provided in Volume 2 of this report. For sites that are well described by the set of default
parameters identified in this volume, an indication of potential impacts can be made using these derived unit annual
TEDE screening factors. For any scenario, the following evaluation can be made:

M
Dose Ratio = ¥ C_; TEDE;/DL (7.1)
i=1

where Dose Ratio = indicator of impact for the mixture of radionuclides at the site for a scenario of interest
(dimensionless)

O
1

i = inventory of radionuclide i in the medium m upon which the scenario is based (pCi/medium)
TEDE, = annual TEDE per unit activity of radionuclide i in the medium for the scenario of interest
(mrem per pCi/medium) for a year of scenario exposure

DL = annual dose limit for evaluation of the potential for adverse impacts (mrem).

When site-specific parameter values are available, the computer program will allow a second-level screening analysis
to be made using these parameter values instead of the default values identified in Section 6. Under this mode of
operation, the program will provide an estimate of the total dose from the user-defined mixture of radionuclides for
each scenario of interest. The results from this analysis, in the form of annual TEDES, are compared to the dose limit
as follows:
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Dose Ratio = TEDE_ /DL (72)

where TEDE,, is the annual TEDE for the mixture of radionuclides in the medium for the scenario of interest (mrem)
for a year of scenario exposure and DL is as previously defined.
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NRC Staff and Technical Responses to Comments on NUREG/CR-§512 -
Residual Radioactive Contamination from Decommissioning:
Technical Basis for Translating Contamination Levels
to Annual Dose,

Draft Report for Comment - January 1990

During January 1990, the Office of Nuclear Regulatory Research of the U.S. Nuclear Regulatory Commission (NRC)
issued for public comment a draft report prepared by the Pacific Northwest Laboratory (PNL) entitled Residual Radio-
active Contamination From Decommissioning: Technical Basis for Translating Contamination Levels to Annual Dose,
NUREG/CR-5512 (Kennedy and Peloquin 1990). This appendix contains a summary of the comments received during
the public comment period, with a description of the responses provided and the modifications that were made to the
final report. Comments included are those from the six public comment letters received as well as those from NRC
staff. Public comment letters are available from the NRC Public Document Room, Washington, D.C. 20555, tele-
phone number 301-634-3273, under reference citation 55 FR 6137, February 21, 1990. Public commenters are listed in
Table A.1. The comments have been organized in six major areas: 1) Policy Issues and Regulatory Perspective,

2) Measurements and Survey Considerations, 3) Textual Errors and Editorial Improvements, 4) Technical Considera-
tions, 5) Model Verification, and 6) Other Issues. Of the 246 comments received, the majority (over 100 comments)
came from the technical community regarding the pathway analysis, scenario descriptions, mathematical models, and
dosimetric methods.

Table A.1 List of public commenters

Docket no. Commenter
1 Fuel Cycle Facilities Forum
2 Nuclear Management and Resources Council
(NUMARC)
3 Oak Ridge National Laboratory (ORNL)
4 Argonne National Laboratory (ANL)
5 Department of Energy (DOE)
6 Los Alamos National Laboratory (LANL)

Al NUREG/CR-5512



Appendix A

A further breakdown of the technical comments has been provided in specific technical areas of concern. About

25 comments were received that provided background or general information and by their informational nature
required no response. The following sections describe the general types of comments received in each area and pro-
vide specific summary questions and responses in the areas of greatest interest. In developing the summary questions,
several related questions were often combined so that an overall response could be provided. The response under each
comment indicates the nature of changes that were made in this final report as a result of the comment.

Several of the comments appeared to misunderstand the intended purpose of the generic screening levels (expressed as
radioactivity or concentration thereof) and the modeling framework in the draft report. As of August 1992, generic
radiological criteria for decommissioning have not been established by the NRC. However, for illustrative purposes
one can hypothetically consider the case where such criteria could be related to annual dose. Then, under this hypo-
thesis, application of generic screening levels can be illustrated with a flow diagram of a three-layered hierarchy for cri-
teria that might be used for release after decontamination and decommissioning (Figure A.1). Continuing with this
hypothesis in a general sense, the shaded area of Figure A.1, labeled "Generic Screening Levels,” corresponds to the
levels obtained by dividing an annual dose criterion in mrem TEDEJy by the appropriate dose conversion factors in the
tables from Volume 2 of this report. This is the same hierarchy illustrated in the Foreword under "Hierarchy of
Modeling Approaches.” As also mentioned in the Foreword, the next stratum in the hierarchy applies the modeling
framework contained in this final report to derive site-specific dose conversion factors--and, in turn, release levels.
These site-specific derived levels are determined by inserting appropriately justified site-specific parameter values into
the modeling analysis using the user-friendly software documented in Volume 2 of this report. Finally, the last stratum
of release criteria is derived from technically defensible site-specific models, which incorporate site-specific parameter
values and data. This last stratum is not generically applicable and is beyond the scope of this report. It should be
noted that with adequate justification it is possible to obtain unrestricted use (i.e., release) from any of the three
modeling strata.

A.1 Policy Issues and Regulatory Perspective

About 30 comments were received concerning various aspects of the NRC policy on residual radioactivity. NUREG/
CR-5512 is only a part of a general information base being developed for use by the NRC for consideration of regula-
tory activities necessary to implement decommissioning of facilities, lands, and structures. Other studies are underway
or have been completed (e.g., NUREG/CR-5849, "Manual for Conducting Radiological Surveys in Support of License
Termination” [Berger 1992]). The results of these studies, in conjunction with the resolution of policy issues, will
permit the development of appropriate regulations allowing the unrestricted use of, and termination of licenses for,
decommissioned nuclear facilities.

Responses to additional summary comments are included below:

Comment 1:  Collective dose needs to be discussed to assure that affected groups of individuals will not be subjected
to unacceptably large doses.

Response: For purposes of the draft report, there was no consideration of collective dose. This was because the
intent of the report was focused on individual dose conversion factors and the technical development
of models and methods for translating contamination levels to dose for radionuclides in buildings or
land.
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Comment 2:

Response:

Comment 3:

Response:

Comment 4:

Response:

Comment 5:

Response:

Comment 6:

Response:

Is there some average number for acceptable dose that one can assign in some plausible manner?

The scope of this report is limited to providing the technical basis and calculational methods for deriv-
ing dose conversion factors. Through an enhanced participatory rulemaking, the NRC will determine

radiological criteria for decommissioning appropriate to protect both the public health and safety and

the environment. .

How do the recently modified risk conversion factors in the National Research Council’s BIER V
(1990) report affect the values shown in draft NUREG/CR-5512?

There is no attempt to convert from dose to risk in the draft NUREG/CR-5512. No changes were
made to the final report due to this comment.

Dose values like 5 pR/h at 1 m are often quoted by NRC staff in relation to release criteria. In prac-
tice, NRC inspectors typically will place the meter a lot closer (sometimes in contact) with items being
surveyed. Is there a way to look at the relationship between a reading at one meter and a contact dose
reading for these release criteria?

The value of 5 pR/h at 1 m approximates 10 mrem/y for the external exposure pathway, assuming a
2000 h/y exposure period. However, direct measurement of the external exposure pathway does not
account for the contributions to annual TEDE from the ingestion and inhalation pathways. The
response to this comment is more appropriately a policy issue because the decision to allow direct
measurements is not part of the technical basis found in NUREG/CR-5512 and references to direct
measurements have been removed from the final report. However, as previously stated in the Fore-
word, a separate report (NUREG/CR-5849 [Berger 1992]) has been prepared to discuss survey meth-
ods and alternatives. Based on that report and the rulemaking on radiological criteria for decommis-
sioning, guidance regarding appropriate measurement methods will be included in the release criteria.

Explain an apparent discrepancy with the 5 uR/h release criteria. A conversion of 5 pR/h, with con-
tinuous exposure for 8760 h/fy, gives a dose value of about 31 mrem/y, not 10 mrem/y.

As stated in the previous response, the value of 5 uR/h at 1 m approximates 10 mrem/y for the external
exposure pathway, assuming a 2000 h/y exposure period. Implementation of direct measurements of
external pathway exposures is beyond the scope of this report. Guidance will be provided in a Regula-
tory Guide.

How were values for radium in lands and the indoor radon aerosol derived?

Values for radium in lands were calculated on the technical basis described in the report. No modeling
was conducted for the indoor radon aerosol—on the basis that geological and architectural variations
are so great that generic modeling is not feasible and that direct measurement of the indoor radon
aerosol is preferred. A footnote will be included in the appropriate tables in Volume 2 to remind the
user that the indoor radon aerosol has not been modeled in the calculations. Comment number 8 in
Section A.4.4 also addresses indoor radon.
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Comment 7:

Response:

Comment 8:

Response:

Comment 9;

Response:

Appendix A

If annual dose limits other than 10 mrem/y are adopted, will the estimated concentration criteria
simply scale, or is the calculation more complicated?

The values in Volume 2 of NUREG/CR-5512 will show the dose conversion factors resulting from a
unit concentration of radioactivity for residual contamination in buildings or lands. The level of resid-
ual radioactive contamination associated with any dose limit is a simple calculation; namely, divide the
dose by the dose conversion factor to get the corresponding concentration or quantity of radioactivity.
Thus, the dose conversion factors simply scale from one dose criterion to another. However, as of
Aungust 1992, radiological criteria for decommissioning have not been established, and they may or
may not be expressed in terms of a dose criterion in the final form.

An explanation of why there are large differences in the derived contamination levels relating to
10 mrem/y needs to be developed to provide users an understanding of how a range of values by several
orders of magnitude for different radionuclides could result.

The range of levels is derived from the potential of each radionuclide to deliver dose through several
pathways in the scenario analysis. This means that a combination of pathways is considered, not just
external exposure, because the annual TEDE is used. The dose conversion factor values for inhalation
or ingestion of alpha-emitters or beta-emitters for some scenarios are more limiting (i.e., unit concen-
trations result in similar doses). The relative radiotoxicity of a radionuclide is directly related to types
and energies of their emissions as well as the dominant pathway of exposure.

When Regulatory Guide 1.86 (NRC 1974) was developed, the NRC found that limits set on the basis
of dose alone resulted in some very large allowable concentrations. At that time, it was decided to put
a cap or limit on the numbers because decontamination to lower levels is easy to implement (i.e., you
don’t have to live with 100 million dpm of trititum—you would clean it up!). A cap should be placed on
the screening levels to add credibility to the overall effort.

The technical basis document was developed in a consistent manner for all radionuclides. The deci-
sion whether to cap higher values for tritium, or to group similar radionuclides, or even to consider
other special factors would be a policy decision beyond the intent of the technical basis report. As
indicated in Figure A.1, as a matter of good practice the licensee should consider whether simple
decontamination practices would be effective at levels below the release criteria, e.g., wiping a wall
with a damp cloth. No changes were made to the final report due to this comment.

A.2 Measurements and Survey Considerations

About 12 detailed comments on draft NUREG/CR-5512 were submitted regarding various aspects of radiation detec-
tion. While there was some overlap in the comments, the primary concern expressed was whether the residual radio-
nuclide concentrations derived would be detectable using current field-survey methods. Other commenters wanted to
know if the scenario-specific dose conversion factors were to be applied as maximum or average values, how to esti-
mate the radioactive decay period for compliance estimates, and whether building-surface contamination should be
combined with soil contamination. The section contains a general summary of these comments with detailed
responses and indicates changes made for the final document.

Comment 1;

For many mixtures of radionuclides, there will be difficulties in verifying compliance with a fraction of
the public dose limit, like 10 mrem/y, when using field instrumentation. Potential problems were cited
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Response:

Comment 2:

Response:

Comment 3:

Response:

Comment 4:

Response:

Comment 5:

for mixtures of uranium using information from the Formerly Utilized Site Remedial Action Project
(FUSRAP) program. Additionally, it may be impractical to accurately measure an external exposure
rate increment from soil of less than 2 pR/h when the range of natural background varies from about 5
to 10 pR/h. At other sites, variability in measurements may be as much (or more) than 10 mrem/y.

Although radiation detection problems at low dose exposures are likely to be encountered, measures
to ensure compliance are possible through the definition of adequate survey protocols. This may mean
the use of laboratory analyses to establish environmental levels if direct measurements in the field are
not reliable. No change was made to the final document because of this comment. However, because
this is an important concern, a separate document, NUREG/CR-5849 (Berger 1992), has been
developed concerning the design of radiation survey methods for residual radioactive contamination.

Calibration differences at low exposure rates may also make it difficult, at best, to draw intercompari-
sons between data measured with different instruments. This may mean that exposure rate measure-
ments are reliable only in demonstrating that no statistical excess exists.

Again, the role of external exposure rate measurements within a survey may only be of a confirmatory
nature. Further consideration of instrument selection and survey protocol design for residual radio-
activity has been developed and documented separately in NUREG/CR-5849 (Berger 1992). No
change was made to the final document because of this comment.

There is a need to resolve some confusion regarding characterization of the concentration of radio-
active materials at a site and verification of modeling methods.

Characterization of the concentration of radioactive materials at a site consists of technically sound
sampling of lands and structures with the appropriate instrumentation with the aim of using the data
to summarize the character of the site. This procedure is described in the companion document on
surveys and instrumentation that is under development. Model verification is a quality-assurance
check that the modeling equations are applied and calculated accurately. The computer models and
calculations in Volumes 2 and 3 of this document have been checked by hand calculations and compar-
isons with other modeling approaches have been made under strict quality-assurance procedures. No
changes were made to the final report because of this comment.

For surface-contamination in buildings, the staff from Oak Ridge National Laboratory report a mini-
mum alpha detection level of 3 cpm per 100 cm,. This level is sufficiently low so that detection of
alpha surface contamination should pose no problem.

Information on the proper choice of instrumentation and survey protocols is available (NUREG/
CR-5849 [Berger 1992]). Radiation surveys conducted within buildings are significantly different from
environmental surveys. However, at low dose rates there may be problems that require the careful
choice of instrumentation and design of survey protocols for proper characterization. No change was
made to the final report because of this comment.

The scenarios and models used attempt to estimate doses in a realistic manner but include a high
degree of conservatism when the uncertainties are large. In the case of the external dose, measure-
ments are probably faster than modeling and may provide a better estimation of long-term hazard.
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Comment 6:

Response:

Comment 7:

Response:

Comment 8:

Response:
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Site-specific analyses may be required when the simple screening approach fails. External measure-
ments, if done in an appropriate manner, may provide a more accurate estimate of the overall dose
from the external exposure pathway. However, external measurements need to be included with
modeled estimates of dose from inhalation and ingestion to calculate the annual TEDE. The release
criteria will address the potential role of external exposure measurements.

Provide an expanded discussion of the intent of the final survey and what a licensee must do to con-
vince the NRC that the contamination levels or dose limits are met.

A separate document, NUREG/CR-5849 (Berger 1992), has been developed to discuss potential
survey methods and alternatives. The complexity of the procedures will depend on the nature of the
source term and the characteristics of the site. For example, if a licensee dealing with sealed sources
can verify that the integrity of the sources has not been breached, the verification of appropriate dis-
posal of these sources may be sufficient to justify a simple survey. Other sites involving volume con-
tamination in buildings or soils, with highly variable mixtures or intensities, may require sophisticated
measurements and statistical analysis as part of the final survey. No major changes were made to this
final report due to this comment.

Before the analysis can be evaluated, a reviewer must clearly understand how the "technical basis" is to
be used. For example, are the calculated values averages over some unit area or are they maximum
concentrations? At what decay time should the calculations be performed? Are the doses from the
indoor surface contamination pathway to be combined with the soil pathway?

Figure A.1 illustrates the role of the levels with respect to the hierarchy of criteria for release. Further
consideration of how the values will be applied and related to radiation surveys will be developed and
documented separately. This documentation will include a discussion of averaging for purposes of
compliance determination. Generally, the calculations should be performed at the decay time consid-
ered for release of a site, unless additional ingrowth of radioactive decay progeny would increase the
potential doses. Delayed entry of radionuclides into drinking water is also considered in the revised
model. Finally, the only situation for which adding indoor surface contamination to outdoor soil con-
tamination was considered was the drinking water scenario. For this scenario, an accounting of the
total inventory should be made if the building could be demolished and rubble disposed of onsite (thus
adding to the soil inventory). For more complicated situations, additional site-specific modeling may
be warranted.

What about the use of smear samples for measuring removable contamination?

Historically, a vital part of survey methods has been the use of smear samples to measure removable
contamination. From a practical point of view, it makes sense to leave as little removable material on
surfaces as possible; however, in a modeling analysis, future conditions regarding the removable frac-
tion are difficult to determine. Given oxidative and other destructive processes and enough time, all
materials deteriorate and contamination could become removable. Therefore, all contamination is
considered removable.
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A.3 Textual Errors and Editorial Improvements

More than 30 comments were submitted regarding various textual errors or suggesting editorial improvements to the
final report. There was a good deal of overlap in the comments received on textual errors and internal inconsistencies,
while the editorial comments varied. These comments were considered in developing the final report; however,
because of the other significant modifications that have been made, it is not appropriate to provide a detailed response
to each comment here. Instead, this section contains a general summary of the more significant comments and
responses and indicates the types of changes that were made for the final document.

Comment 1:  Several comments were received regarding units or unit conversions. Inconsistencies or errors in
selected table headings, equations, or text were noted. For example, p. 2.45 was missing a unit for soil
thickness (m); conversions in activity (pCi to Bq) or dose units (mrem to Sv) were questioned in a
number of places; and the units used in some equations were in error.

Response: In preparing the final report, careful attention has been paid to the use of units. In addition to looking
for typographical errors, dimensional analyses and programming verification of the basic equations
were used to identify inconsistencies. Careful use of notation and an explanation of the derivation of
constants have been added to Volume 1. As a result, numerous changes were made to properly
account for the units of all equations, calculations, and tables.

Comment 2:  Several comments were received regarding literature references. In some cases, additional references
were suggested; in other cases, the use of references or the format of references was questioned.

Response: In preparing the final report, the authors consulted additional references in several areas, including
existing pathway analysis models, regulations developed by other Federal agencies, and basic research
information in the open literature. Additional references and their contributions to the revised analy-
sis have been added to the text in several places.

Comment 3:  Several comments regarding the format and content of the tables of TEDE conversion factors and sce-
nario results were received. Some comments called for the use of expanded titles to eliminate the need
for some of the footnotes, while other comments called for the creation of additional footnotes to bet-
ter describe the calculations.

Response: Each of the comments on the format and content of the tables was considered and consistent modifica-
tions were made. Expanded titles and more complete footnotes have been developed to better com-
municate both the calculational process and the final results found in the tables in Volume 2.

Comment 4:  One comment called for restructuring the document to include a separate section for each pathway. In
this manner, additional details in the calculational procedure could be presented.

Response: The structure of the draft report was developed to provide a balance between the pathways and scenar-
ios in the analysis. It is not only important to understand how the dose conversion factor is calculated
for each pathway, but also to understand the relationship of each pathway to each scenario. Addi-
tional graphics have been added to Volume 1 to better describe the conceptual models, time frames,
and connections among the basic elements of the modeling analysis. For clarity, the final report has
been expanded into three volumes with greatly elaborated detail, as described in the Introduction to
Volume 1.
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Comment 5:  All assumptions that go into analyses of various scenarios should be documented in a manner that will
allow a licensee to ascertain if the generic treatment applies. This will also permit easy modifications
when the generic treatment fails.

Response: The final report has a greatly expanded section on the assumptions and details of the modeling.

A.4 Technical Considerations

About 100 comments were received dealing with the technical details contained in draft NUREG/CR-5512. These
comments have been sorted into seven categories: 1) Radioactive Chain Decay Methods, 2) External Dose Rate Cal-
culations, 3) Water-Use and the Drinking Water Scenarios, 4) Models, 5) Data Selections, 6) Other Pathways and Sce-
narios, and 7) Airborne Dust-Loadings. This section summarizes the significant comments and responses and indica-
tes the types of changes that were made in the final report for each category of technical comment.

A.4.1 Radioactive Chain Decay Methods

About 25 comments were submitted concerning the radioactive chain decay methods in draft NUREG/CR-5512.
Many of the comments focused on the notation used for expressing decay chains in equilibrium or the practice of nor-
malizing the dose conversion factors to a unit activity of the parent plus progeny. As a result of the comments, several
changes were made to the final report. Several commenters provided specific examples of how to better express the
results. The following general comments and responses summarize the significant points of concern raised during the
public review and the modifications that have been made to the final report.

Comment 1: A number of commenters recommended against the approach used to provide unit dose conversion
(and scenario) factors normalized to unit activity of parents plus progeny in equilibrium. The com-
ments indicated that it would be confusing to users to include the activity of progeny with the parents
and recommended providing all factors normalized to a unit of activity of parent only.

Response: All of the dose conversion factor presentations and calculations have been revised to be normalized to
a unit of activity of the parent only (without consideration of the activity of progeny). Separate listings
will be provided for progeny so that users of the report may calculate doses for any parent/progeny
mixture not in secular equilibrium.

Comment 2: A number of commenters addressed the +1 notation found in the draft version of NUREG/CR-5512.
Most indicated that, in any dose assessment, it was reasonable to assume that short-lived progeny are
in equilibrium with the parent, if all dose conversion factors are normalized to a unit activity of the
parent.

Response: The notation for the entire report has been modified. For decay chains in secular equilibrium, the rad-
iations included in the dose conversion factor for a parent are those associated with decay of the
parent plus radiations from progeny. For the final report, secular equilibrium is defined for progeny
having half-lives of less than 9 hours and also having half-lives less than 10% of the half-life of the par-
ent. The use of +1 notation is no longer necessary because the contributions from the progeny are
always included (for external or internal dose conversion factors). For inhalation and ingestion dose
conversion factors, the entries include radiations from all radionuclides contributing to internal dose,
including progeny ingrowth, following intake of the parent (within the 50-year dose commitment

A9 NUREG/CR-5512



Appendix A

Comment 3:

Response:

Comment 4:

Response:

Comment 5:

period). The inclusion of such contributions is defined precisely by recommendations of the Interna-
tional Commission on Radiological Protection (ICRP) in Publication 30 (1979-1988).

In addition to the +I notation, several commenters addressed the +D notation found in draft
NUREG/CR-5512. The problem arises when the half-life of the progeny, although shorter than the
parent, is still quite long. In this case, it would be tempting to include the progeny with the parent (as
the +D notation mdlcated), but it would also be wrong for the ma;onty of cases. A good example is

93Z1+D, where the parent is very long-lived and the progeny (> mNb) has a half-life of 16 years. Itis
not likely that the progeny will reach full equilibrium with the parent by the time decisions are needed
on release of a decommissioned site. Eliminating the use of the +D notation forces users who make
dose assessments to make conscious decisions about the state of equilibrium in radioactive decay
chains.

As with the +1 notation, the notation for the entire report has been modified. The use of the +D
notation is no longer needed because the radiations included in the dose conversion factor for a parent
are those associated with decay of the parent plus radiations from progeny that are always in secular
equilibrium. For all other cases, when the progeny are longer-lived than the parent or when the half-
life of the progeny (although shorter than the parent) is still quite long, separate entries are provided
for both the parent and the progeny. For the final report, secular equilibrium is assumed for progeny
with half-lives that are both less than 9 hours and less than 10% of the haif-life of the parent. For
decay chains having two or more progeny radionuclides that reach secular equilibrium (constant ratio
of activity as a function of time), a new +C (C for chain decay) entry is provided, giving dose conver-
sion factors for the entire chain. These decay chains have a long-lived parent with progeny of varying
shorter half-lives. This representation is of particular value for radionuclides in the four actinide
decay series (neptunium, uranium, actinium, and thorium). The entry name in the table will include
+C to indicate that all progeny in the chain are included in the dose conversion factors. An extended
discussion has been provided in the final report summarizing the notation for entries in the final dose
conversion factor tables.

Several commenters cited examples in which the calculation of dose conversion factors involving
garent rogeny relationships were in error in draft NUREG/CR-5512. Examples included 93Z1/*Nb,
, and decay chains involving the U series.

As part of the revision to the final report, a carefully defined Software Requirements Specification was
developed as part of the internal quality-assurance documentation for the design of the software used
to generate the scenario analysis for residual radioactive contamination. One of the requirements
specifies the details of the radioactive decay chain analysis. A second requirement specifies the data-
base supporting the calculations. These requirements were identified to ensure that the software per-
formed all calculations in accordance with the modified approach to chain decay. Additional quality-
assurance testing was conducted as part of the software development, including cases that used the
comments and examples of cases in which the previous calculations contained errors.

Fuel cycle facilities downstream of a mine and mill process increasingly refined uranium (i.e., uranium
separated from its progeny). Radloacnve decay for the uranium chain would predict that a very small
fraction of 2Ra (the parent of Rn) would be created relative to the parent uranium within 500
years, because of the long half-life of the uramum Thus, residual contamination levels of refined
uranium should not produce significant levels of “°Ra in soils. This means that the use of dose con-
version factors for the full chain is too conservative.
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The use of the entire uranium chain for specific situations involving refined uranium is not approp-
riate. For this reason, separate listings of parents and progeny are provided in the final document so
that an accounting can be made of the non-secular equilibrium conditions that may exist at the time of
decommissioning. In addition, the drinking water and residential scenarios are now time-dependent so
that the peak dose conversion factor value and year can be determined for chain decay situations.

The draft version of NUREG/CR-5512 does not include 198Au, although the use of this radionuclide is
licensed by the NRC.

This radionuclide has been added to the master radionuclide listing.

A.4.2 External Dose Rate Calculations

There were about 30 comments received during the public comment period on the external exposure pathway of draft
NUREG/CR-5512. The comments questioned specific aspects of the calculational method, various aspects of the
sensitivity study (in Appendix A of the draft), the need to calculate a deep dose equivalent, and the comparisons with
other external dose rate calculations found in the literature. The following general comments and responses summar-
ize the significant issues raised during the public review, and the modifications that have been included in the final

report.

Comment 1:

Response:

Comment 2:

Response:

The external dose rate factors used in the draft report are provided for 1 cm in body tissue, referred to
as the deep dose equivalent. A more appropriate method of calculation provides an organ-weighted
effective dose equivalent, which can be directly added to the committed effective dose equivalent caicu-
lated for internal exposures from inhalation and ingestion of radionuclides.

In this final report, a change has been made to use effective dose equivalent from external exposures,
consistent with the method recommended by this commenter. The method for estimating external
doses is discussed in Section 6.

Several commenters stated that a different method of producing external dose rate estimates should be
developed. The commenters indicated that: 1) the ISOSHLD code used for the draft was not docu-
mented well enough (a complete listing of the data library should be included), 2) a better description
of the annihilation radiation calculations was needed, 3) accounting for bremsstrahlung was not
needed, especially if the neutron dose is ignored, and 4) errors in the use of discrete energy groups as
found in ISOSHID can occur (especially for low-energy photons).

In response to these comments, the use of ISOSHLD has been replaced with the use of a database of
external dose rate factors contained in a Federal Guidance Report developed by the U.S. Environmen-
tal Protection Agency (Eckerman, Wolbarst, and Richardson 1988). Standardized source configura-
tions from the Federal Guidance report are used in the scenario analysis for both surface contamina-
tion and contamination to an effective depth. The source geometries are either an infinite plane or an
infinite slab. External doses were calculated for specific organs, taking into account the structure of
the human body so that an effective dose equivalent is obtained. The effective dose equivalent (dose
from external sources) can be added to the internal committed effective dose equivalent from ingestion
and/or inhalation so that the TEDE is obtained.
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Comment 3:

Response:

Comment 4:

Response:

Comment 5:

Response:

Comment 6:

There are many discrepancies between the external dose rate factors in the draft report and the factors
found in DOE/EH-0070, External Dose Rate Conversion Factors for Calculation of Dose to the Public
(DOE 1988).

These discrepancies should be minimized in the final report because both listings of external dose rate
factors provide the effective dose equivalent and both were developed by staff at Oak Ridge National
Laboratory. Additional comparisons with other modeling approaches were made, as discussed in
Volumes 2 and 3.

Several commenters discussed the potential role of backscatter in the external dose rate calculations.
It was noted that the ISOSHLD code does not include backscatter calculations, and thus produces ser-
ious underestimation of the exposure. It was also noted that the source-receptor relationship for var-
ious work situations may require backscatter if the individual is located near a wall in a room.

The generic nature of the calculations (i.e., one simple generic model used to estimate external doses
for all scenarios) indicated that the method of calculation needed to be prudently conservative, with-
out introducing additional modeling detail. Although backscatter may be important in some situa-
tions, so may the size of the room, the distribution of contamination (on the floor, walls, and ceiling),
and the type of building or building materials encountered. It was determined that the simple model
could not account for all possible levels of site-specific detail. Consequently, backscattering was not
considered in this revised document.

Several commenters addressed the details found in Appendix A ("External Exposure Modeling Sensiti-
vity Studies") of the January 1990 draft (Kennedy and Peloquin 1990). There was concern about using
a tissue-equivalent cylinder of 5-cm radius to approximate whole body dose. The curves in Figure A.1
of the January 1990 draft were challenged as being incorrect (i.e., the energy-specific exposure rate
curves should not be parallel for various source areas). One commenter indicated that omitting back-
scatter in the sensitivity studies (and dose conversion factors) would underestimate the potential dose,
while a second commenter indicated that the use of an infinite plane source to model a contaminated
room would lead to an overestimation of the dose. It was also noted that, for a generic study, it was
not appropriate to develop more detailed methods for analysis of contaminated rooms.

The original intent of Appendix A was to provide a discussion of the selection of source geometry con-
figurations used in the scenario analysis. The 5-cm-radius sphere of tissue was a simple ISOSHLD
representation that would indicate the relationship between point sources and small-to-large-radius
disk sources. As a result of these comments and the degree of confusion that Appendix A appears to
have caused, and because the method of external dose rate calculations has been revised, most of the
information in that Appendix no longer applies and has been eliminated from the final report. Sec-
tion 6 of Volume 1 of the final report includes an expanded discussion of the use of Federal Guidance
Report external dose conversion factors and a discussion of the use of infinite plane or slab sources for
the standard geometries.

One commenter indicated that the external dose conversion factors used in the draft report do not
agree closely with those found in Regulatory Guide 1.109 (NRC 1977) and the database for 10 CFR 61
(within factors of 2 to 3), while a second commenter indicated that this range shows excellent agree-
ment, given the different methods for estimating external exposure. A third commenter found the
comparisons to be not particularly illuminating because similar methods have been used in all compi-
lations developed in this country.
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Response:

Comment 7:

Response:

Appendix A

It is recognized that different methods are used in the final report than in the draft; hence, such com-
parisons may not be technically correct. However, there is still merit in providing comparisons with
the other pathway analysis studies found in the literature because such comparisons are relative bench
marks with which past evaluations may be re-examined. These comparisons will be revised and will be
included in Volume 3.

There needs to be an expanded discussion, with additional detail, describing how the external dose
conversion factors were calculated. Specifically, a more detailed comparison with the methods of
Regulatory Guide 1.109 (NRC 1977) needs to be provided in the comparison so that the reader may
perform hand calculations to verify the table values.

A revised method of external dose rate estimates has been provided with an expanded discussion of
how the Federal Guidance Report database (Eckerman and Ryman 1992) was applied in the final
report. It is beyond the scope of this final report to fully describe the calculational approach used in
Regulatory Guide 1.109 or any other literature source; however, a comparison of the final results is
useful.

A4.3 Water-Use Model and the Drinking Water Scenario

About 14 detailed comments were received concerning various aspects of the water-use model and the drinking water
scenario found in the draft version of NUREG/CR-5512. The commenters questioned the need for the scenario, iden-
tified an error in the mathematical representation, and questioned the completeness of the scenarios concerning other
uses of surface or ground water. The following comments and responses summarize the significant points of concern
raised during the public review and highlight the modifications that have been included in the final report.

Comment 1:

Response:

Comment 2:

The authors have recognized the extremely uncertain nature of a generic analysis for the ground-water
pathway; however, the generic analysis is so uncertain (when compared to any specific site) that it is
meaningless for purposes of this report. Because of the uncertainty, this analysis and the drinking
water scenario should be deleted from the report.

The water-use model and the drinking water scenario are needed for completeness in the considera-
tion of exposures for years beyond the time of decommissioning. In several places in the draft text, the
authors have clearly recognized the limitations of a generic analysis and the fact that simple models
oversimplify the actual conditions encountered at a particular site. The model and parameter values in
this report are useful in establishing generic screening values. As illustrated in Figure A.1, the intent
of the modeling exercise (as stated in Section 5.2 of the January 1990 draft NUREG/CR-5512) was to
derive an aquifer concentration from residual radioactive materials in a conservative manner that
would indicate when additional site data or modeling sophistication were warranted. The approach is
not intended for broader applications. The model is constructed in a manner that will allow users to
modify simple parameters (i.e., partition coefficients, infiltration rates, soil thickness, porosity, etc.) to
better account for site-specific conditions. The option also exists within the NRC policy to use a much
more sophisticated method for conducting a site-specific analysis, if needed. The final report contains
an expanded discussion of the water-use model that clarifies the intent of the modeling analysis.

It would seem that the NRC should demand that licensees provide enough site-specific information to

allow site-specific determinations of the importance of the drinking water pathway instead of attempt-
ing a generic analysis.
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Response:

Comment 3:

Response:

Comment 4:

Response:

Comment 5:

Response:

The intent was to provide a conservative screening value that would eliminate the need for costly data
collection and reporting when trivial conditions exist. Numerous licensees have sealed sources or
short half-lived materials for which simple survey data (that are compared to generic inventory
numbers) would be sufficient to prove that no problem exists. Also, see response to Comment 1
above. No change was made to the final report because of this comment.

The water-use model correctly uses the total inventory in the calculations; however, a clear purpose for
the approach needs to be stated. The users need to be warned about the site-specific nature of poten-
tial ground-water contamination problems and that the analysis is based on a unit of activity (1 pCi
and 1 Bq).

An expanded discussion of the limitations of the water-use model has been provided to repeat the pur-
pose of the approach and caution users about the uncertainties associated with the analysis. In
Volume 2, the table of annual TEDE results has been modified to more clearly describe the units.

The water-use model assumes that elements are leached as determined by the partition coefficient,
with no retardation, under conditions of continuous saturation. These are unlikely assumptions that
should be replaced with more realistic ones.

The water-use model was modified by the addition of an unsaturated zone with a depth of 1 m, to add
realism and flexibility. Nonetheless, it is difficult to define a robust generic water-use model that does
not contain conservative or unlikely assumptions compared with any real site or data. Again, the
intent of the modeling exercise was to derive an aquifer concentration from residual radioactive mate-
rials in a conservative manner that would indicate when additional site data or modeling sophistication
would be warranted. This approach is not intended for broader applications; however, it does permit
the use of alternative parameters or models for conducting site-specific analyses. The NRC plans to
continue to research ground-water modeling in an effort to provide alternatives to this approach.

The simple modeling of the ground water for use as drinking water ignores potential use of water for
irrigation. The draft text states that this is done to avoid accounting for the inventory twice. If leach-
ing of radionuclides is subtracted from the surface-soil concentration, a proper accounting of the
inventory can be made. The residential scenario would also be more realistic if leaching is included in
the modeling.

Based on this comment and the review of the draft report, the residential scenario has been revised to
include the use of ground water for irrigation and drinking, and the use of surface water for raising
fish, as described in Section 5. The time-dependent ground-water radionuclide concentration is calcu-
lated using the three-box water-use model. This model includes simple leaching of radionuclides
through soil and the unpsaturated zone, with no retardation. The significant difference in the operation
of the water-use model between the drinking water and residential scenarios is the annual flow
assumed in the aquifer and surface pond (box 3). For the drinking water scenario, the flow is assumed
to be the quantity of water used during a year by an individual for all purposes, including drinking, as
discussed in Section 6. For the residential scenario, the flow is determined by the volume of water
used for irrigation, plus the volume in the surface pond, plus the volume used by an individual for all
other purposes (the same volume as used in the drinking water scenario). These changes were made to
add realism to the generic scenario and to provide a more complete consideration of the potential
behavior of radionuclides in soil.
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Comment 6:

Response:

Comment 7:

Response:

Comment 8:

Response:

Comment 9:

Appendix A

A dimensional analysis of the ground-water equations in Appendix B indicates an error in the defini-
tion of A; . The correct equation should read:

A, = kI/(Hn) (B.10)

The generic water-use model used in the January 1990 draft report was a draft screening model pro-
vided by the National Council on Radiation Protection and Measurement (NCRP). It had been
reviewed by the NCRP authors prior to publication of the January 1990 draft. A few weeks after publi-
cation, the error in the definition of A; was discovered in both the NCRP draft and our January 1990
draft. While the generic model has been replaced with the new three-box model, this formulation is
still used, in a corrected form, for estimation of 1; . Revised nomenclature has been used, as shown in
Section 4.

The time-dependence of the TEDE should be accounted for in the modeling, especially the water-use
modeling. :

For building scenarios, the annual TEDE is conservatively calculated on the basis of the exposure that
occurs during the first year after license termination. For a screening analysis, this is an appropriate
approximation because of the projected short life of a building compared to the time needed to reach
equilibrium conditions for long-lived radionuclide chains. To account for the ingrowth of progeny
from parent radionuclides in non-equilibrium chain decay, the user should perform a site-specific cal-
culation based on the appropriate ratios of the radionuclides of interest. For residual radioactive con-
tamination in soil, the revised water-use model has been calculated arbitrarily to determine a peak
dose conversion factor up to 10,000 years. The credibility of model predictions for the distant future is
quite low. The modeling assumptions concerning the physics and chemistry of the land, water, and
carrier of the radionuclides, as well as assumptions of climatic stability, are associated with uncertain-
ties that become greatly increased in the context of even a few hundred years. However, it should be
recalled that only the long-lived radionuclides persist in these long time-frames, and that the levels of
residual radioactive contamination of the long-lived radionuclides considered here are probably com-
parable to natural background.

At the bottom of page 2.34, there is a potentially misleading statement regarding the EPA's drinking
water standards. The dose limit of 4 mrem for whole body or any organ in the interim drinking water
standards applies only to man-made, beta/gamma-emitting radionuclides. In particular, the present
drinking water standard of 5 pCi/L for radium and 15 pCi/L for all alpha-emitters, exclusive of uran-
ium and radon, do not correspond to annual doses of 4 mrem. Thus, it is potentially misleading to pre-
sent similar results for alpha and beta/gamma-emitting radionuclides in Tables 2.4 and 3.4. This mis-
take appears more explicitly on page 5.5.

The dose conversion factors in Sections 2 and 3 are needed independent of doing a comparison with
the EPA drinking water standards. Clearly, this comment is correct and a modified discussion is
needed. The text in Sections 4 and 7 has been appropriately modified.

The 2-L/d drinking water consumption rate is too high. The EPA Office of Radiation Programs cur-
rently is using a value of 1.4 L/d for the drinking water scenario.
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Response:

Comment 10:

Response:

Comment 11:

Response:

The 2-L/d drinking rate may be a high value for use in a site-specific analysis. However, the intent in
this scenario is to conservatively model drinking water consumption and provide a generic evaluation
that can be used to determine when a more site-specific analysis should be performed. While the gen-
eral intent of the scenario analysis in the document is to provide a prudently conservative estimate of
the potential radiation doses, the wide range of variables and parameters to model has compelled a
relatively conservative approach for the drinking water scenario and the water-use modeling. An
expanded discussion has been added to explain the rationale for this scenario. In addition, the 1.4-L/d
value is for an average individual and may not provide a prudently conservative analysis.

Paragraph 2 on page B.14 states that modified annual TEDE factors can be obtained by simply multi-
plying the TEDE factor in Table 3.4 by the modified parametric value and then dividing by the
previously assumed parameter value. This is incorrect because the TEDE factors do not have linear
relationships with most of the parameters listed in Equations (B.9) and (B.10).

The paragraph and concepts have been modified appropriately based on this comment.

‘What assurance is there that the drinking water scenario is sufficiently conservative that it won’t give a
"false positive” (or low dose) reading?

The water-use model has been extensively reviewed by both PNL and NRC geohydrologists. After an
extensive literature search, the authors selected a set of parameter values for the calculations consis-
tent with the prudently conservative approach. As mentioned above, the doses were calculated for an
arbitrary period of up to 10,000 years. While it is possible that a scenario could be developed that
would result in higher doses, it is assumed that the modeling and parameter selection are sufficiently
conservative and will result in appropriate screening values for all but highly unlikely cases. In addi-
tion, the scenario considered an individual who consumes 2 L/d of water from the ground-water
source. Several commenters held that a more reasonable consumption rate would be about 1 to

1.5 L/d. Based on this (and other) comments, the discussion of the water-use model and the drinking
water scenario were expanded appropriately.

Ad4.4 Models

About 20 comments were received on the details of the pathway analysis models used in the draft NUREG/CR-5512.
The comments included concerns over the use of specific data or assumptions, details about the surface contamination
conditions in the building occupancy scenario, accommodation of sources below the top 15 cm of soil, and the need for
models describing other situations. The following comments and responses summarize the significant issues raised
during the public review, and the modifications that have been made to the final report.

Comment 1:

Response:

In general, the screening approach is difficult to apply when the many site-specific variables are consi-
dered. Screening levels, depending on the scenarios selected and parameters used, can be extremely
conservative for many applications and radionuclides; but they can also result in underestimates of
dose in selected cases. Site-specific modeling forces the users to consider the major parameters and
allows flexibility of site-specific analysis that is easily verified by the regulators.

The screening approach was selected because there are numerous licensees that handle rather small
quantities of materials and have relatively trivial problems. These sites may not have the resources to
conduct site-specific analyses and should not be required to do so. For more sites that do not meet the
screening levels, site-specific applications derived within the modeling framework of this report may
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Comment 2:

Response:

Comment 3:

Response:

Comment 4:

Response:

Comment 5:

Response:

Comment 6:

Appendix A

be used; or more detailed models and data can be applied. Itis difficult to predict in advance whether
a generic modeling analysis will produce a more or less conservative result than a site-specific analysis.
However, by using prudently conservative assumptions and data selections, it is unlikely that the doses
for many sites will be underestimated. This approach has not been changed in the final report.

The draft report claims that the purpose is to calculate the likely radiation doses to average individ-
uals. This is a general philosophy of dose assessment that should be endorsed. Too often decisions are
made on the basis of worst-case estimates of dose, which have virtually no chance of being experienced
by any individuals.

The final report continues to be based on a prudently conservative analysis of the dose to average, not
maximally, exposed individuals. No changes have been made to the text because of this comment.

It is important to emphasize the objective of the modeling exercise. By selecting prudently conserva-
tive modeling assumptions, instead of worst case, the doses may be underestimates for some situations.

The section describing the intent of the modeling analysis was reviewed and expanded. For example, it
is not reasonable to expect that all structures will become residences (e.g., reactor containment build-
ings). However, many could continue with some kind of laboratory or industrial application (e.g., lab-
oratory space at a university). Discussions of the study basis and the modeling approach were reviewed
and expanded appropriately.

It is difficult to interpret the methodology and data well enough to recreate the effective dose equiva-
lent factors in the draft report using the GENII system. A clear explanation of how the calculations
were performed is needed.

For the final report, a careful analysis of the models, data, and calculational methods was performed
and the use of the GENII software was discontinued. As a result, a software requirements specifica-
tion was developed as part of the quality-assurance process of establishing a new computer code. This
specification serves as the basis of a separate user-friendly computer program contained in Volume 2.
This computer program can be used to recreate the scenarios and values found in this final document
and produce dose conversion factor results for any mixture of radionuclides. The software also allows
the user to make simple changes to the scenarios and data to better fit a simple site. Furthermore, all
equations and parameter values necessary to hand-calculate annual TEDES are provided in Volume 1
of this report.

The inhalation and secondary ingestion models used in the building occupancy (surface activity) sce-
nario contain errors in converting from surface activity to mass activity. The models for these path-
ways need to be corrected and revised calculations need to be performed. ’

A careful dimensional analysis was conducted, and the errors were identified and corrected for the
final report. In summary, to convert from surface activity to mass activity in air for the building occu-
pancy scenario, a resuspension factor of 10° m™ is used. To convert from loose surface activity to
mass activity for ingestion, an ingestion rate of 10" m%n is used.

The residential surface-soil scenario is of limited use for sites with contamination or wastes buried

deeper than 15 cm. Accommodation of sources of radioactivity deeper than 15 cm is needed in the
models.
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Response:

Comment 7:

Response:

Comment 8:

Response:

Comment 9:

Response:

Comment 10:

Response:

The intent of the basic analysis is to provide generic screening levels and the modeling framework for
deriving site-specific levels. These screening levels will aid the identification of cases where more
detailed site-specific analyses are warranted. Clearly, for sites with subsurface sources, additional
modeling detail may be needed to determine compliance. Also, the models are intended for simple
surface-soil contamination cases and not onsite waste disposal or residual contamination within 1 m of
the saturated zone, where other more appropriate performance assessment models and data sets are
needed.

Inhalation dose conversion factors should be supplied for each solubility class, and ingestion dose con-
version factors should be supplied for each f; value provided by the ICRP.

The base-line calculations in the final document are made using assumptions about the inhalation
solubility and f; values that will produce limiting results because the intent is to provide a screening
analysis. The initial user-friendly computer software package developed to support this document will
be done in the same manner. Future enhancements to the software will consider expanding the flexi-
bility of the code to allow users to modify the inhalation solubility and f; selections to match known
conditions.

One commenter indicated that the indoor radon aerosol should be considered for residual uranium
and thorium in building materials because in many cases the radon will be the limiting pathway for
uranium and thorium contamination. A second commenter stated that a generic model for the indoor
radon aerosol would produce uncertain results because the design of a future building and its ventila-
tion would be entirely conjectural.

The NRC believes that it is more practical in terms of accuracy and economics to appropriately mea-
sure the indoor radon aerosol than to model it. The broad range of geological and architectural envi-
ronments would lead to generic indoor radon models that would be extremely conservative for a large
fraction of cases. The NRC will include criteria for indoor radon for measurements in the interim cri-
teria for unrestricted release. No changes were made to the modeling approach because of this
comment.

Equation (2.5) on page 2.43 of the draft presents a rather formidable-looking model for estimating the
concentration of radionuclides in vegetation. In particular, the distinction of the last two terms seems
unnecessary for a generic modeling exercise.

This modeling approach for the residential scenario using this equation has been revised for the final
report, eliminating the contribution from the last term (uptake from deep layers of soil). The revised
approach accounts for uptake by roots from soil; deposition of resuspended soil on leaves; deposition
and uptake of irrigation water by plants; uptake from plants, soil, and water by animals; and uptake of
water, soil, plant crops, animal products, fish, soil, and air by man. A discussion of the modified
approach for the residential scenario is found in Section 5.

If the inhalation rate is included in the dose conversion factor listed in Table 2.2, then the text must be
appropriately modified.

The inhalation rate is included as a separate parameter that may vary in the anélysis for each scenario.
The dose conversion factors are taken directly from Eckerman, Wolbarst, and Richardson (1988) in
units of dose per unit intake. The text has been carefully reviewed and appropriately modified.
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Comment 11: The value of zero for soil uptake for >H and *C should be verified and the specific form of *H should

Response:

be stated.

The models have been modified to include uptake of 3H and *C from soil, as discussed in
Appendices C and D. The *H is assumed to be HTO.

A.4.5 Data Selections

Seven comments on draft NUREG/CR-5512 were received dealing with the details of data or parameter selections
supporting the modeling analysis. Some commenters generally questioned the overly conservative nature of specific
data or parameter selections, while others requested a more conservative approach in selected areas. The following
general comments and responses summarize the significant issues raised during the public review, and the modifica-
tions that have been made to the final report.

Comment 1:

Response:

Comment 2:

Response:

Comment 3:

Several commenters stated that parameters were selected to provide a reasonable (not worst-case)
estimate of the radiation dose conversion factor to an average member of a population. However,
many of the assumptions and data used are not reasonable and represent the worst case. For example,
it is assumed that the entire inventory of radionuclides will go into drinking water; there is no retarda-
tion in radionuclide transport in ground-water systems; and in some cases maximum individual con-
sumption rates versus average consumption rates are used. These assumptions and data selections are
extremely conservative and unreasonable.

As discussed in Section 6 of the final report, an attempt has been made to identify the potential range
for all data or parameter values, and to select parameter values within (not at the extreme) of these
ranges. The notable exception is the drinking water pathway, where a simple method of estimating the
ground-water concentration (ignoring retardation), combined with 2-L/d consumption of drinking
water, is used. The major difference for this pathway between the residential and drinking water sce-
narios is the volume of water in the aquifer used to estimate the water concentration (i.e., because of
irrigation and surface water, the residential scenario requires more water and thus provides more dilu-
tion for the radionuclides). Because less dilution is used in the drinking water scenario, the results will
be more conservative than the drinking water pathway in the residential scenario. The results of this
scenario provide a basis for determining when additional site-specific details or modeling are needed.
Volume 1 of the final report contains an expanded discussion of the water-use model and the intent of
the drinking water scenario. Because the other assumptions and parameters are within their potential
ranges defined by literature values (as discussed in Section 6), no other changes have been made to the
final report.

The choice of input parameters generally provides assurance that a conservative analysis has been con-
ducted so that the dose limits are never exceeded. A sensitivity study needs to be conducted to assure
that the estimates are conservative.

The basic premise of the entire modeling analysis is to perform a prudently conservative analysis, not a
worst-case analysis. The reason for this approach is that the calculated dose conversion factors are
expected to be reasonably bounding in the large majority of cases. The discussion of the study basis
and the modeling approach were reviewed and expanded appropriately.

The choice of shielding factors for the indoor residence part of the residential scenario, as discussed at
the top of page 3.24 of the draft, is somewhat subjective. The most important variable is whether
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Response:

Comment 4

Response:

Comment 5:

Response:

Comment 6:

Response:

shielding inside a single-family house is considered or whether the structure is more substantial (i.e., a
school, factory, apartment, or office building). From the literature, a higher shielding factor of 0.7
(instead of 0.33) would be reasonable for this analysis.

The choice of a shielding factor for the indoor-exposure conditions in the residential scenario is indeed
somewhat subjective. As explained in the draft text, the range of potential shielding factors in the
literature is from about 0.2 to 0.6, with the majority of data within a range of 0.02 to 0.4. The choice of
a factor as high as 0.7 exceeds the range identified in the literature. For this reason, no change has
been made to the residential-scenario indoor-shielding factor for the final report.

The leach-rate factors from Oztunali et al. (1981) refer to low-level radioactive wastes and may not be
applicable for other types of wastes, including contaminated soils.

Leach-rate factors and other information pertaining to the ground-water pathway can vary over a wide
range, depending on site- and radionuclide-specific conditions. As discussed in Section 4, the purpose
of the water-use model was to help determine which cases pose a trivial potential for ground-water
contamination and which cases need to be further evaluated. The leach-rate values found in recent
literature or derived using the soil-to-plant ratios (as discussed in Section 6) have been used instead of
those found in Oztunali et al. (1981).

A better description of the solubility of radionuclides for the ingestion and inhalation pathways needs
to be developed for the residential scenario. Was the most conservative solubility (i.e., the one leading
to the largest radiation dose) used for each pathway for conservatism, even though it is chemically con-
tradictory to model the same radionuclide as both soluble and insoluble simultaneously?

An expanded discussion of the inhalation solubility classes and the f, factors has been provided for the
final text. In general, the worst-case solubility has been assumed for the inhalation and ingestion path-
ways for the dose estimates using information found in EPA Federal Guidance Report No. 11
(Eckerman, Wolbarst, and Richardson 1988), even though this may seem contradictory. The exception
is for plutonium, where a solubility class and uptake fraction more representative of environmental
plutonium is used. The objective of this report is to derive generic screening levels as opposed to
providing a precise kinetic model. This prudently conservative approach is intended to compensate
for large uncertainties in the knowledge of the long-term interactions between the environment and
radionuclides--¢ither alone or in a spectrum of chemical carriers. For sites where the detailed environ-
mental chemistry of specific elements is well known, future enhancements to the user-friendly soft-
ware, described in Volume 2, will allow the user to specify the inhalation class and f;. No change
beyond a modified discussion has been made to the final document.

The external dose rate conversion factors listed in Table 2.1 of the draft were converted from data in
Table D.4 using an apparent soil density of 2.42 g/cm3. This density is too high for soils.

In the January 1990 draft, the density of concrete was assumed to be 2.4 g/cm>. In the revised report,
the soil density used in the calculations is 1.625 g/cm® (using the number of significant figures provided
in Eckerman, Wolbarst, and Richardson 1988). The software design requirements were written to
include this value in the modified method of determining external radiation exposures, and the text has
been revised.
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A.4.6 Other Pathways and Scenarios

There were 10 comments on draft NUREG/CR-5512 that involved other potential radiation exposure pathways or sce-
narios. The comments indicated that water pathways (including irrigation of agricultural land and ingestion of foods
harvested from aquatic environments) should be included; the comments also encouraged inclusion of indoor radon
exposure pathways in addition to a more detailed discussion of intruder events. The following comments and
responses summarize the significant points raised during the public review and the modifications that have been made
to the final report.

Comment 1:

Response:

Comment 2:

Response:

Comment 3:

Several commenters specifically addressed potential water pathways that were not considered in the
draft report. These included irrigation of land using contaminated ground water and ingestion of
aquatic foods from surface streams potentially contaminated by surface runoff. One commenter indi-
cated that this omission would make the data in the tables of the report of limited use, while another
indicated that omission of the water pathways was justified because these pathways are site-specific.

The pathways included in the generic analysis were those directly associated with exposure to contami-
nated soil sites. As previously noted, the residential scenario was modified to include use of ground
water for drinking and irrigation and ingestion of fish from a surface pond. Surface runoff was
assumed 1o be a secondary pathway in a generic analysis because it relies too strongly on site-specific
conditions and requires processes that result in additional dilution before exposure can occur at a dis-
tance from the contaminated site. It is recognized that this pathway may be important for very large
sites and for acute (flash flood) events at arid sites; however, a complete analysis would require a more
detailed set of models, with the inclusion of additional data that may not be representative of a variety
of generic situations. A revised description of the basis for the modeling has been included, but no
other modifications have been made to the final report.

A potential pathway of importance that was omitted is direct ingestion of contaminated soil. This can
be an important pathway for exposures of children who are prone to eat a lot of dirt while playing out-
doors; however, it is hard to include in an analysis of the potential dose to adults. There are radio-
nuclides for which direct ingestion of soil may play a role. This is particularly the case for radio-
nuclides for which the root uptake factor from soil to plants may be very low. This pathway should be
included for adults only in conjunction with ingestion of foods contaminated via root uptake.

Children who eat contaminated soil do not constitute an appropriate critical population for the pur-
poses of developing generic screening criteria. In recognition of the potential importance of this path-
way, secondary ingestion of removable contamination was included in the building renovation and
building occupancy scenarios, and soil deposition on plant surfaces after resuspension or irrigation was
included in the residential scenario. The final report has been modified to include secondary ingestion
of soil by an adult (using a lower ingestion) and by animals. The inclusion of soil ingestion is sup-
ported by an expanded review of the literature. The scenario descriptions were modified to better
explain the rationale, but no modifications were made to the scenario analysis.

Two commenters referred to contamination on food crops by mechanismas other than root uptake.
The first indicated that lack of rain-drop splash may produce nonconservative answers for some ele-
ments like cesium. A second commenter indicated removal of radionuclides on plant surfaces (depos-
ited from radionuclides in soil resuspended in the air) should be included to reduce the doses from
ingestion.
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Response:

Comment 4:

Response:

For the food pathway within the residential scenario, the crops are assumed to be contaminated by
both root uptake and deposition of radionuclides in irrigation water or in soils that are resuspended.
Washing of produce to cause removal of some of the deposited material on the surface was not
assumed. In this manner, the analysis was designed to compensate for the potential ingestion of mate-
rial on plant surfaces, without adding deposition or removal mechanisms. In addition, secondary
ingestion of soil by adults has been added to compensate for not including rain-drop splash. The
scenario descriptions were modified to better explain the rationale, and the inclusion of the soil-inges-
tion pathway was made to further bound the potential effect of rain-drop splash.

The report should provide more detailed discussion on how to account for intruder events in perform-
ing dose assessments.

The concept of intruders applies to sites that are still under regulatory control. A classic example is
for licensed low-level-waste disposal sites. Intruder analyses can occur either during or after a period
of institutional control. For sites containing residual radioactivity, the concept of an intruder is diffi-
cult to define since the release is intended for unrestricted use by any person, for all times. The discus-
sion of scenario selection was expanded for the final draft, but no modifications were made to the sce-
nario analysis specifically to address intruders.

A4.7 Airborne Dust-Loadings

As a result of the public review of draft NUREG/CR-5512, 10 comments were received concerning the choice of air-
borne dust-loadings in the scenario analysis. The comments included concerns about sources of data, the potential use
of a respirable fraction to reduce the effective air concentrations, individual data selections for indoor and outdoor
dust-loadings, and the potential relationship between resuspended dust- and mass-loading models. The following com-
ments and responses summarize both the significant issues raised during the public review and the modifications that
have been made to the final report.

Comment 1:

Response:

Comment 2:

Response:

One commenter generally questioned the determination of dust-loadings from the literature, request-
ing an explanation of why different indoor dust-loadings were assumed for the building occupancy and
residential scenarios. In some cases, the commenter noted, although the values seem reasonable when
compared to the reference by Anspaugh et al. (1974), the supporting justification does not.

The discussion of dust-loadings found in Section 6 has been revised to consider additional literature
sources. The conclusions of Anspaugh et al. (1974) were reviewed as part of this revised discussion. It
was assumed that the building occupancy scenario would include both office buildings and buildings
used for light industrial activities; thus, a higher dust-loading than just for the residential scenario was
used. The revised discussion in Section 6 provides an expanded rationale for the selection of dust-
loadings; however, no other modifications were made to the report based on this comment.

The amounts of suspended dust in air assumed in exposure scenarios are reasonably conservative;
dust-loadings three times higher than those used would be unrealistically high. However, all dust-
loadings use a respirable fraction of 1.0. Literature values report that only about 30% of the sus-
pended dust would be in the respirable range below 10 pm. All inhaled dust concentrations should be
reduced to about 0.3 of the values used to account for the respirable fraction.

The respirable fraction of airborne dust is highly variable (but seldom 1.0) and will depend on many
factors. The mass-loading approach for estimating airborne dust concentrations was selected because
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Comment 3:

Response:

Comment 4:

Response:

Comment 5:

Response:

Comment 6:,
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of its ease of application and because it required fewer assumptions and modeling steps than other
methods. Variability in the dust-loading is accounted for by assuming a single average mass-loading
factor for the duration of similar activities during the scenario. Dust-loadings were assigned within the
expected range of values and a respirable fraction of 1.0 was assumed to provide conservatism. A dis-
cussion of the selection of mass-loading factors has been revised; however, no other change has been
made to the final document because of this comment.

The indoor dust-loading was assumed to be 10% of the average value outdoors. While the indoor level
in an undisturbed house may be less because of the availability of surfaces onto which airborne dust
may deposit, human activity in the house (e.g., vacuuming or sitting in padded chairs) may increase
indoor dust-loadings. An increase by a factor of two to five in the airborne dust-loading would be
appropriate.

The indoor dust-loading was assumed to be equal to the previously reported EPA value for indoor

dust shown in their threshold limit values (TLVs). This value is within the range of values that appear
in the literature shown in the discussion in Section 6. For the residential scenario, an additional
source of indoor airborne dust has been added from resuspended soil tracked indoors. Because the
intent of the analysis is to provide a prudently conservative (not worst-case) analysis of the potential
dose, no changes to the assumed indoor dust-loading have been made for the final report. An
expanded discussion of the selection of dust-loadings, including additional literature values, is included
in Section 6.

One commenter asked if it was reasonable that gardening will be five times as dusty as the ambient
outdoor air, while a second commenter noted that higher dust concentrations while gardening seemed
reasonable. A third commenter suggested that all dust values be rounded up to the nearest order of
magnitude.

The expanded discussion of potential dust-loadings in Section 6 discusses the rationale for assuming
an elevated dust-loading while gardening. Because the values selected are within the potential ranges
for dust-loadings associated with the activities defined for the scenarios, no changes are made to the
data selections.

The consideration of only respirable dust for dosimetric purposes makes sense for determining lung
dose. To best determine the effective dose equivalent, however, the non-respirable particle sizes
should be considered because they will contribute to the overall effective dose.

The ICRP task group’s lung model, used in the estimation of radiation doses from inhalation, does
account for materials that are removed from the nose and shallow lung compartments and then trans-
ferred to the stomach. In addition, all of the scenarios defined in the generic analysis account for
ingestion dose, either through secondary ingestion or direct ingestion of food products, drinking water,
or soil. Ingestion of large-particle (non-respirable) material in the air concentration, beyond the nor-
mal operation of the ICRP lung model, was not included in the final report. However, it is believed
that the assumption that the respirable fraction is 1.0 is sufficiently conservative 1o account for the
dose attributable to ingested particles.

The conclusions of Anspaugh et al. (1974) are not used in Appendix B of the draft, even though a

mass-loading model is used. The effort to fit the mass-loading model to the data on resuspension fac-
tors seems rather weak, given the wide range of resuspension factors reported in the literature.
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Response:

Comment 7:

Response:

Comment 8:

Response:

Perhaps it would make more sense to simply use mass-loading factors from the literature and elimi-
nate the discussion of resuspension factors.

Part of the reason for including a discussion of resuspension models is to recognize that they may be
used as an alternative to the methods used in this analysis. Based on an expanded literature survey of
potential dust-loading information, an expanded discussion has been included in Section 6; however,
no modifications have been made to the data selections or dose conversion factor analysis.

For the building renovation scenario, an average atmospheric dust-loading of 10 g/m> was assumed.
According to the paper by Anspaugh et al. (1974), this dust-loading corresponds to the average back-
ground value outdoors. Dust-loadings during building renovation could be considerably greater than
the average dust-loading outdoors--this means that the potential doses for this scenario may be
underestimated.

Although the short-term dust-loadings may be higher, the intent was to select an average value that
would be appropriate for the entire 500 hours of building renovation. The indoor dust-loading would
be controlled by a number of factors, including the type and effectiveness of the building ventilation
system. For this reason, no changes have been made to the assumed dust-loading for the building
renovation scenario for the final report. No changes were made to the final report based on this
comment.

Does the EPA have standards for residential surface soils indoors and air concentrations for leaf depo-
sition as shown in Table 3.57

A careful review of Table 3.5 of the draft showed two typographical errors involving dust-loadings.
The first was the yardwork dust value shown for the residential scenario. The table shows an incorrect
value of 1 x 10° g/m>. The correct value is 1x 10 g/m3. The second error was an air-concentrations
value of 5 x 10 g/m3 from air-to-leaf disposition in the residential scenario (Table 3.5). The correct
value for this parameter is 1 x 10 g/m>, the same value as used for yardwork dust.

A.5 Model Verification

A total of 16 comments were submitted regarding verification of the model analysis supporting draft NUREG/
CR-5512. The commenters requested expanded documentation of computer model intercomparisons and provided
feedback on the initial comparisons of model results that were based on the draft and made independently based on
the draft. Most of the commenters either requested a model comparison study with the RESRAD computer code
developed by the U.S. Department of Energy (DOE) or reported on initial comparison efforts using the RESRAD
computer code. The following comments and responses summarize the significant issues raised during the public
review, and the modifications that have been made to the final report.

Comment 1:

Response:

Provide a description of how the models were verified by comparisons with other computer codes and
with experimental data correlating contamination levels with external dose.

Attempts to verify operation of the models with hand calculations and comparisons with other model-
ing studies were made and documented in several places in the draft report. These included compar-
isons of the basic pathway dose conversion factors and comparisons of the scenario results. For the
final report, hand calculations have been repeated under strict quality-assurance procedures as
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Comment 2:

Response:

Comment 3:

Response:

Comment 4:

Response:
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described in an internal software validation, verification, and testing plan. The quality-assurance pro-
cedures included the development of a software-specifications manual that was carefully reviewed to
match the mathematical formulations in Volume 1 of the final report. Furthermore, Volume 1 of the
final report contains all the mathematical formulations necessary for the user to perform independent
hand calculations. Upon completion of the user-friendly computer software supported by Volume 1, a
modeling comparison will be conducted with relevant scenarios using other computerized software,
including the RESRAD code developed for DOE and IMPACTS-BRC developed for NRC.

A comment from DOE recommended a cooperative interagency research effort to support the criteria.
The effort could be in the development and verification of the computer codes and their mathematical
models. To verify the models, DOE recommends that several NRC staff select a scenario for soil-con-
tamination criteria and attempt an analysis with both RESRAD and the NRC methods to determine
which is more desirable.

There have been interagency discussions regarding potential joint research projects that could be con-
ducted to evaluate the models and methods for translating residual contamination levels to annual
dose. Staff from the NRC have agreed to participate in a joint project with DOE to collect experimen-
tal data from a contaminated facility and to relate surface-contamination levels to external dose rates.
These data should be useful in future model-verification studies. Additional model intercomparisons
will be conducted to evaluate the operation of the models supporting this document. No changes were
made to the final report because of this comment.

One commenter found the comparisons with Regulatory Guides 1.109 and 1.86 (NRC 1977 and 1974)
to be useful and commented that the "now versus then” agreement was very good. A second commen-
ter indicated that there was no basis for these comparisons because Regulatory Guide 1.86 was based
on measurement, not potential dose considerations; this commenter went on to suggest further com-
parisons that might be more meaningful.

Although the existing Regulatory Guides and the methods used for this report have a different basis, a
comparison is useful to help indicate the impact of the revisions. As stated in response to Comment 1
above, PNL will conduct an extended modeling comparison with relevant scenarios using other meth-
ods and include these comparisons in a separate volume supporting this document.

One commenter reported initial results obtained using the RESRAD computer program. The com-
menter indicated that the models and pathways of exposure generally compare with those considered
by RESRAD; however, some differences do occur. The commenter indicated that RESRAD contains
more conservatism and a different ground-water model, but that ground water is so site-specific that
both approaches should be used with caution. A second commenter indicated that the RESRAD code
is more user-friendly than the methods contained in draft NUREG/CR-5512.

As previously noted, an expanded modeling analysis is planned and formal documentation of the
methods and models used to generate this report will be provided in Volume 3. Perhaps it is not sur-
prising that the RESRAD code produced initial results that are more conservative than the models
used in this analysis because this analysis was intended to produce prudently conservative (not worst-
case) results. However, a full comparison needs to be completed before any conclusions can be made.
Finally, the computerized method and models used in the draft report were simply listed in an appen-
dix; they were not made publicly available for testing during the review. Thus, complete comparisons
using anything except hand calculations were not possible. Attempts will be made to ensure that the
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Comment §:

Response:

final software is user-friendly and documented in an understandable manner; however, no changes
were made to the final report because of this comment.

A set of five detailed comments was submitted concerning an initial comparison with RESRAD com-
pleted by DOE. The first two comments outlined the comparison using 100 pCi/g of plutonium iso-
topes. The results with zero decay were quite close; RESRAD produced 3.7 mrem/y versus 2.6 mrem/y
using the results for this study. The commenters also discussed the problem of radioactive decay and
the ingrowth of %! Am at different times. When an attempt was made to conduct a comparison with
15 years of decay, one commenter noted, RESRAD continued to produce 3.7 mrem/y, while the results
of this study, including daughter ingrowth, produced 54 mrem/y. Another commenter indicated that
there was some confusion about how to perform the calculations using the dose conversion factors in
the draft report. This commenter also indicated that not including soil-removal mechanisms would
lead to greatly different results.

Major revisions to the modeling approach have been made. Instead of listing the scenario dose con-
version factors as the total activity of parent plus daughters, as was done in the draft, the final report
lists the factors by activity of the parent alone. This change should clarify the factors and make them

. simpler to use. Comparisons at different decay periods are possible by simply using the mixtures

representing different equilibrium conditions present at different times. As previously stated, a sensi-
tivity study and model comparison is documented in Volume 3 of this report.

A.6 Other Issues

The final category of comments included six comments that did not fit into the other categories. One commenter indi-
cated that the document should include an analysis of contaminated piping or other equipment that may be left in
place for reuse. A second commenter indicated that the analysis in the draft would be of little use because it did not
include key radionuclides in the uranium and thorium decay chains (i.e., 2%222Rn, 212/214pg, 214pp, 2148, and 2087Y).
A set of comments questioned the scenario results and indicated that their application to the FUSRAP and the
Uranium Mill Tailings Remedial Action Project (UMTRAP) sites might be limited. The following general comments
and responses summarize the significant issues raised and the modifications that have been made to the final report.

Comment 1:

Response:

Piping and other components are not considered in draft NUREG/CR-5512. If this document and the
revised NRC policy are to replace Regulatory Guide 1.86 as a basis for determining criteria for unre-
stricted release, piping and components should be included. It is not adequate to assume that all
slightly contaminated components would be removed. For example, slightly contaminated systems
might remain in the facility if it were converted into a fossil-fueled power plant.

Any unusual contamination left in place requires NRC approval. Such approval could be given to jus-
tify a specific request after the NRC evaluates the pathway analysis submitted by the licensee. Recycle
or reuse of contaminated equipment, including piping or other components that may be left in place,
will be the subject of a separate, future NRC technical report. However, volume contamination was
included in the building renovation scenario and an accounting of the total inventory left onsite was
included in the water-use scenario. No changes were made to the final report because of this
comment.
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Comment 2:

Response:

Comment 3:

Response:

Comment 4:

Response:

Comment 5:

Response:
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Many residual radioactivity sites contain materials contaminated with uranium, thorium, and radium.
This document will have limited utility for these sites because essential radionuclides (such as
20/222Ry,, 2127214pg, 214pp, and 28TY) are omitted.

With the exception of radon gas, the radionuclides mentioned in the comment have very short half-
lives (from a fraction of a second to about 30 minutes). They were all included as implicit daughters in
equilibrium with longer-lived parents in the draft report. For the final report, the format of the infor-
mation has been changed and the explanation of the role of decay progeny has been expanded to make
the information more useful. The major exception is the omission of a special model for radon in
buildings. This omission is justified, however, because of the potential complexity in modeling the
indoor radon aerosol and the intent to produce generic models and scenarios. Indoor radon aerosol
modeling would also be of limited usefulness when compliance with EPA standards can be made using
measurements. No further changes were made to the final report because of this comment.

Two commenters requested a verification that the surface-contamination (building occupancy) sce-
nario is more restrictive than the volume-contamination (building renovation) scenario, and requested
a basis for the conclusion.

An expanded discussion of the two scenarios has been provided; however, the two scenarios consider
different situations. It is not correct to assume that the surface scenario provides the more restrictive
limits (i.e., for beta and alpha sources, volume contamination may be more important than surface
contamination). No further change was made to the final document because of this comment.

The comparison-to-standards section should be expanded to include a comparison with the proposed
EPA guidance on transuranic elements in soil.

A comparison with the proposed EPA guidance was intentionally omitted because the standards are
not in final form. No change has been made to the final report because of this comment.

The scenario analysis is limited to NRC-licensed facilities. With modifications, the information
should be applicable to most types of facilities. For FUSRAP, UMTRAP, and DOE surplus facilities,
measurements of the radiological conditions would be necessary to apply the methodology.

The generic analysis should permit consideration of any type of facility, as long as detailed information
concerning the radionuclide inventory is developed. This information should be available from a
detailed radiological survey conducted for a site prior to release. No change is made to the final docu-
ment based on this comment.
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Extended Nomenclature and Methodology

This appendix is an extension to the nomenclature and methodology described in Section 2 of this report. The
details presented in this appendix explain the nomenclature and methodology needed for a complete evaluation of
the annual total effective dose equivalent (TEDE) from residual radioactive contamination. Section B.1 provides
the basic radioactive decay equations for cases with and without removal by loss processes (e.g., weathering from
plant surfaces). Section B.2 illustrates use of the decay equations (operators A{}, and A.{}) for evaluating the
change in activity or concentration over a time period. Derivations of basic equations are shown for decay with
removal. Equivalence between the decay operator notation and the original Bateman equations is demonstrated.
The evaluation of time integrals (operators S{} and S.{}) is demonstrated in Section B.3 based on the basic form
of equations for decay over a time period. Section B.4 presents a derivation of equations for deposition accumula-
tion (operators R{} and R.{}) for evaluation of an activity or concentration at the end of the accumulation
period. The deposition accumulation equations are extended to give the time integral of activity or concentration
over a deposition period (operators G{} and G.{}) in Section B.5. The solution to the water-use model for the
drinking water scenario (operators Ay, {} and Sy {}) is demonstrated in Section B.6 based on the basic decay equa-
tions given in Section B.1 for decay with removal, and Section B.3 for the time integral of decay with removal.
Finally, the solution to the water-use model for the residential scenario is described in Section B.7 (operators

A, {} and S {}).
B.1 Radionuclide Decay Calculations

The mathematical description of radioactive decay processes was first described by Bateman (1910) in the form of
equations giving the amount (in atoms) of each decay chain member present as a function of time. These equa-
tions are defined for a chain of radionuclides without branching and with 100% transition from each chain member
1o the next chain member. The initial amount of chain member present at time zero is represented in the
equations.

_Skrable et al. (1974) extended the Bateman equations to consider cases involving a constant independent rate of
production of each chain member and removal mechanisms other than radioactive transitions. They also indicated
how to use their equations to represent radioactive decay sequences involving branching. When branching occurs,
the amount of each chain member present at a given time is evaluated as the sum of contributions from each
branch of the decay sequence, a method suggested by Friedlander and Kennedy (1955). The equations as presented
are similar to the original Bateman equations, with expansion of the exponential terms to include the independent
rate of production of each chain member. The expansions represent the time integral of production at a constant
rate.

Scherpelz and Desrosiers (1980) have described a recurrence formula based on the work of Hamawi (1971) that
can be used to evaluate radioactive chain decay. Their method provides the Bateman equations when expanded
and condensed. They also indicate that the time integral of the amount of each chain member can be evaluated by
replacing the exponential term by the integral form of the exponential term. The replacement is applied in the
equations presented for radioactive decay calculations described in this report.
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The forms of radioactive decay equations described by Skrable et al. (1974) and Scherpelz and Desrosiers (1980)
are defined for radioactive decay in sequences without branching. Branching can be accounted for by multiple
applications of the equations and summing appropriately. Also, both equation sets can be used to account for loss
or removal of each chain member by processes other than radioactive decay.

An alternate form of the radioactive decay equations has been developed and implemented in computer programs
at Pacific Northwest Laboratory (Strenge, Hendrickson, and Watson 1971; Strenge and Watson 1973; Strenge,
Watson, and Houston 1975; Houston, Strenge, and Watson, 1976; Napier, Peloquin, and Strenge 1986; Napier

et al. 1988; Strenge et al. 1990). The equations for this alternate form differ from those presented by the other
authors discussed above in that the solution for radioactive decay chains with branching is included explicitly in the
representations: no addition of contributions from multiple applications for branches is necessary. This alternate
form is used as the basis for radioactive decay calculations defined in this report, including evaluations for the
three-box water-use model.

B.1.1 General Decay Equations
The radioactive decay process occurs in a random manner that may be described mathematically. When a parent

radionuclide i undergoes a transition to a progeny radionuclide (or stable isotope), the quantity of the parent
remaining in a medium m after a time period t is written as:

C (1) = Cpi(0) 7" (B.1)

where  C;(t) = the activity of a radionuclide i at time t in 2 medium m (pCi)
Cpi(0) = the activity of a radionuclide at time zero in a medium m (pCi)
A,; = radiological decay constant for radionuclide i (d).
By defining the source of production (i.e., the parent radionuclides) for each chain member, the decay equations
can be used to evaluate chains with multiple branching in a single pass through the system of equations. The gen-

eral form of the decay equation for the jth member of a decay chain, using the notation defined for this study, is as
follows:

i
Aeat .
Cooy() = X 21 Kj,e (B2)
n=

where Cp(t) = quantity of chain member j at time t in medium m (pCi)
A = decay constant of radionuclide j (d)
A, = decay constant of radionuclide n (d*)

K;, = coefficient for term n for chain member j (pCi<d).
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As Equation (B.2) indicates, the solution for the jth member is the sum of j terms, with an exponential component
for each member of the decay chain. The coefficients (K. ) are determined by the decay chain data (half-lives and
branching fraction) and by the initial amount of the precursor radionuclides present at the start of the time period.
The amount of each radionuclide is expressed in activity units (e.g., pCi).

Evaluation of the coefficients is performed starting with the first member and proceeding sequentially through the
chain. The number of coefficients needed for a given chain member is equal to the position of the member in the
chain. For example, the third chain member requires three coefficients. The coefficient for the first chain member
is equal to the activity present at the start of the decay period divided by the radionuclide decay rate constant:

Ky, - Cn;: @ (®3)
1

The coefficients for other chain members are evaluated using the following equations:

j~1
) p2=:n dpj Aep Kpn (B4)
Kjp(n=1 to j-1) =

)‘r) - }‘tn

and

j-1
U (B.5)
=1

13 -

i
where d; is the fraction of radionuclide p transitions that result in production of radionuclide j (dimensionless)

and other terms are as previously defined. This generic representation of the radioactive decay process allows
transition and branching from any chain member to any member lower in the chain. In practice, it is only neces-
sary to include terms in the equation for which the branching fractions (d;) are non-zero.

An alternate form of Equation (B.2), for the amount of each chain member present after a time period t, can be
derived by combining Equations (B.2) through (B.5) and separating the term for the last chain member (j). The
result is as follows:

j-1
~3.t = At
Cj(® = Cp;@)e ™5 + 2, Y an(e - ) (B.6)

n=1

This form of the radioactive decay equation is similar to (but still different from) the representations used by
Skrable et al. (1974) and Scherpelz and Desroisers (1980) in that the formulation involves the difference of expo-
nentials. Either of the above representations can be evaluated for a radioactive decay chain that has no branching
to obtain the original Bateman (1910) equations. In so doing, all decay fractions (d_;) in which the indices differ
by more than one (e.g., d;5) are set to zero. For chain members beyond the first two, the evaluation involves some
algebraic manipulations to collapse terms to the form in Bateman’s representation. This process is demonstrated
in Section B.2.

The operator notation used to designate decay for a time period is as follows:
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A{Crt+} (B.7)

where A{}

the operation of decay of activity in a medium for a time period (units same as C, units)

C. = the array of initial concentrations in a medium (activity or concentration units, e.g. pCi, pCi/g,
pCikg)

Lo

time period for evaluation of concentration (d).

The above equations define the method used to evaluate the amount of a chain member present after a specified
time period, t. Another important calculation needed for the dose calculations of this report is the time integral
over a specified time period. Inspection of Equations (B.2) through (B.5) reveals that the time parameter, t,
appears only in the exponential term of Equation (B.2). This allows the time integral to be evaluated as the inte-
gral of the sum of exponential terms. By replacing each exponential expression in Equation (B.2) with the time
integral of the exponential evaluated between time zero and time t, the time integral of activity of each chain mem-
ber can be determined. Details of this procedure are given in Section B.3. This substitution is represented as
follows:

Ay ( -
e is replaced by \1 e

OPY (BS8)

n

The substitution indicated by Equation B.8 allows evaluation of the time integral of the amount of a radionuclide
present over a time period. The time units of the time integral correspond to those used for t. The units of t
must also be the inverse of the units for *, .

The operator notation used to designate the time integral for a time period is as follows:

S{Cx,t+} (B.9)

where S{} = the operation of time integration of activity in a medium for a time period (units of C. multiplied by
units of t.), and other terms are as previously defined.

Another application of the decay equations is to evaluate the concentration in a medium after deposition and
accumulation at a constant rate for a period of time. This application is needed in evaluation of the activity in soil
from irrigation water deposition. The derivation of equations for deposition accumulation are presented in Sec-
tion B.4. The resulting forms of the equations are very similar to Equations (B.2) through (B.4). The equations
may be represented by replacing the initial radionuclide activities, C;(0), in Equations (B.2), (B.3), and (B.5) with
the corresponding constant deposition rates, Ry,;. Also, the exponential term is replaced as follows:

- A

}.mt X 1 e mt

€ is replaced by ————
m

(B.10)

The derivation of equations for deposition at a constant rate is presented in Section B.4. The deposition,
accumulation operator notation representing these calculations is as follows:
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R{Rw1+} (B.11)

where R{}

the operation of deposition accumulation for deposition at a constant rate (units of R. multiplied
by units of t., e.g., pCi/g dry-weight soil)

R. = the array of constant deposition rates for each chain member (units of activity per day per unit mass
of receiving medium, e.g., pCi/d+g dry-weight soil)

t« = time period for evaluation of concentration (d).

The fourth application of the decay equations is for evaluation of a deposition, accumulation, and time integration
of a constant input rate by irrigation. Equations for this application can be evaluated as the time integral of the
for the deposition accumulation at a constant rate, with integration over the period from 0 to t. The integration
step involves integration of the term on the right side of Equation (B.10), as described in Section B.5. The final
form for Equation (B.2) is then written by replacing the exponential terms as follows:

- =
e ™ is replaced by L (1 e mt)/km}/l (B.12)

rn

The deposition, accumulation, and time-integral evaluation also involves replacement of the initial radionuclide

quantities, C,, (0), with the constant deposition rates, Ry as demonstrated in Section B.4.

The operator notation representing deposition, accumulation, and time integration is as follows:

G{R#t+} (B.13)

il

where G{} = the operation of deposition, accumulation, and time integration for a time period (units of R. times

squared units of t.)

R. = the array of constant deposition rates for each chain member (units of activity per day per unit mass
of receiving medium, e.g., pCi/d=g dry-weight soil)

t. = time period for evaluation (d).
B.1.2 Equations for Decay with Removal

In the soil scenarios, the agricultural pathway models require consideration of radioactive decay in a system where
other removal mechanisms may also be occurring. For example, the activity on plant surfaces is subject to loss by
weathering processes. To evaluate the activity in plants at the end of a growing season, this weathering loss must
be considered when performing the decay calculations.

The equations for decay with removal are similar to the equations for decay without removal, i.e., Equations (B.2),
(B.3), (B.4), and (B.5). The difference is in use of an effective rate constant in place of the decay constant in spec-
ific parts of the equations. The effective rate constant is the sum of the decay constant and the removal rate
constant:
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dej = A * Ay, (B.14)

where A is the effective rate constant (d"'), and Ay, is the removal rate constant (d’l), shown here as the
weathering rate constant.

The equations for decay and loss are given as follows, based on Equations (B.2), (B.3), (B.4), and (B.5):

j
~Agpt
Cpj(®) = Ay El Kjpe (8.15)
n=
C..,(0
j-1
z dpjepKpn (B.17)
Kjo=1t0j-1) =22
A'ej = Aen
i-1
K.. = Cy @ - K., (B.18)
i A, o i

The derivation of these equations is demonstrated in Section B.2 for the first two decay chain members.
Equations (B.15) through (B.18) can be combined to obtain an alternate expression comparable to Equation (B.6),
as follows:

j-1
~het “Aept =kt
Cpj(®) = Cpj (@) e ™ + &y n2=1 an(e -e 3) (B.19)

Equations (B.14) through (B.18) also represent the evaluations for the deposition, accumulation operator and for
the deposition, accumulation and time-integration operator, when appropriate substitution is made for the expo-
nential terms. The substitutions parallel those indicated by Equations (B.8), (B.10), and (B.12).

For the time-integral equations (see Section B.3.1), the exponential term of Equation (B.15) is replaced with its
integral form as follows:

e ¥’ is replaced by {1 - eq"“t]/ Aen (B-20)

This substitution is also used for the deposition accumulation calculation with removal as described in Section
B.4.1. For the deposition, accumulation and time-integration (see Section B.5.1), the exponential term of Equation
(B.15) is replaced as follows:
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e ' is replaced by [t 1 - e, Acn}/ Aen (B.21)
The decay with removal calculation is represented by the decay operator as follows:

A{C,t} (B.22)

where A, {} represents the operation of radioactive decay with removal using an effective removal rate constant,
Ao, and other terms are as previously defined. The time integral with removal is represented similarly:

S.(C,, 1} (B.23)

where S.{} represents the operation of the time integration with removal using an effective removal rate constant.
The deposition accumulation with removal calculation is indicated by the following operator notation:

R.R,t.} (B:24)

where R {} represents the operation of deposition, accumulation, with removal and other terms are as previously
defined.

The time-integration with removal is represented as follows:

G {R,1,} (B.25)

where G.{} represents the operation of deposition, accumulation, and time-integration with removal, using an
effective removal rate constant.

B.1.3 Decay Equation Units

The equations provided in this section for evaluation of the amount of each chain member present after a time
period have been defined for radionuclide amounts defined in units of activity (e.g., pCi) present at the start of the
time period. However, in comparing equations in this report with those of the original Bateman (1910) publica-

tion, a conversion between activity and atoms must be made. The basic relationship between the two units is as
folows:

Activity (transitions/time) = Rate Constant (1/time) x Atoms. (B:26)

The conversion from activity units to units proportional to atoms is performed as the inverse of the above
equation, as follows:

Qp (1) = KCpy (/A (B.27)
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where Qmj(t) = atoms of radionuclide j present in medium m at the start of the period (atoms)
ij(t) = activity of radionuclide j present in medium m at time t (activity units)
k = constant of proportionality to relate activity units to atom units.
The numerical value for k depends on the choice of activity and time units employed. For activity in Bq and time
in seconds, the value for k is 1.0, because 1 Bq is defined as 1 transition per second. However, the value for k is

irrelevant to implementation of the equations because k appears in each term of the equation being converted and
can be cancelled.

B.2 Radioactive Decay Operators

This section demonstrates correctness and use of the decay equations for decay over a time period, with and
without removal processes (operators A{} and A_{}). The derivation of the equations for decay with removal
(Equations {B.14] through [B.18]) are presented in Section B.2.1 as the solution of the basic differential equation
for decay. In Section B.2.2 the basic equations for decay without removal are expanded to demonstrate their
equivalence with the original Bateman (1910) equations.

B.2.1 Decay Operator with Removal A {}

The change in activity or concentration of a radionuclide in a medium with removal can be written as follows:

dC

A
"a‘?l = 2_:1 dn)l‘rjcmn = (A * Ap) Coj (B.28)

where C; = concentration of radionuclide chain member j in medium m (pCi)

Cpp = concentration of precursor radionuclide chain member n in medium m (pCi)

Ay

I

radioactive decay rate constant for radionuclide j (@h
A, = rate constant for loss of activity from a medium (d!)

dy

fraction of precursor radionuclide n transitions that result in production of radionuclide chain
member j (dimensionless).

The solution to Equation (B.28) will be derived for the parent and first progeny radionuclides. Equation (B.28)
can be written in terms of these chain members as follows, for the parent (j=1):

dC
ml
ity 1.,C

(B.29)

ml

and for the first progeny (j=2),
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aC,,
dt

= d1342C01 ~ %e2Cn2 (B-30)

where C,; = concentration of parent radionuclide chain member (j=1) in medium m (pCi)

C,, = concentration of first progeny radionuclide (j=2) in medium m (pCi)

d,, = fraction of precursor radionuclide 1 (parent) transitions that result in production of radionuclide
chain member 2 (dimensionless)

A, = rate constant for removal and decay of radionuclide 1, evaluated as the sum of A, and A, @h.

el

A, = rate constant for removal and decay of radionuclide 2, evaluated as the sum of Ay and X, @h.
The solution to Equation (B.29) is evaluated by first transferring terms containing the concentration of the parent

radi?nuclide in the medium (C_;;) to the left side of the equation, and then multiplying by the integration factor,
e’el*:

[C,; + Ay Cypdt] €™ = 0 (B.31)

The left side of the equation can be written as a differential and then integrated to give the following expression:

C,,; ¢ = Constant (B.32)

m

Evaluation of the constant of integration is performed using the condition that at t = 0, C,; = Cp,,;(0). The con-
stant is given by:

Constant = Cp(0) (B33)

and the final expression for the amount of parent radionuclide in a medium is given by:

Cyy = Cpy(0) € (B:34)

m

This expression can be seen 10 be equivalent 1o the decay operator notation for the change of activity over a time
period, t, as given by Equations (B.15) and (B.16).

The solution of Equation (B.30) for the first progeny radionuclide can be found by first moving terms containing
the medium concentration parameter, C,, to the left side of the equation and multiplying by the integration fac-
tor. The expression of Equation (B.34) is also substituted into Equation (B.30) for the parent concentration in the
medium. The result of these actions is the following expression:

i

t ko Ot !
[dez + lezcmzdt] et =d;154,Cpy(0) rex et 4y (B.35)
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The left side of this equation can be written as a differential, and the whole equation can be integrated to give the
following expression:

d C_ .0 -
Cpze ' = 412221 Gardt | congrane (B-36)
(ez = e1)

Multiplying through by the inverse of the integrating factor gives the following expression:

d3222Cn1 O - -
- 12421 -l constany) &7 (B37)
(Rez = 2e1)

The constant can be evaluated from the condition that C_, = C;,(0) at t = 0. Substituting this condition into
Equation (B.37) gives the following expression for the constant:

Constant = + C_,(0) - M (B.38)
w2 (A2 ~ Aey)

Substituting this expression for the constant and combining terms results in the following expression for the
amount of first progeny radionuclide in the medium as a function of time:

_41225Cy0) ot

d1222C1(0)] -1t (B.39)
m2 TN €
(Aez = %ep)

| Cma® - (Re2 = A1)

This equation is equivalent to the equations generated using the formulas for the decay operator with removal
(Equations [B.14] through [B.18]). This derivation demonstrates that the solution to the decay with removal case
can be written using Equations (B.14) through (B.18). Examples of equation generation using decay operator
equations are given in the next section.

B.2.2 Decay Operator A{}

This section provides a demonstration that the basic decay equations (Equations [B.2] through [B.5]) are
equivalent to the original Bateman (1910} equations for a decay sequence that has no branching.

Consider a four-member decay chain with initial activities (pCi) of the four members given by C_;(0), C,,(0),
Cy3(0), and C_,(0). The equations for each chain member can be written by inspection from Equations (B.2),
(B.3), (B.4), and (B.5). For the first chain member (j=1), the equation for the activity present as a function of
time is

Al .
Cpi(1) = 2K e (B-40)

or,
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A1Cpy (Oye ™ ~Aqt
Cpi(V) = “‘l = Cpy(0)e
Tl

For the second chain member (j=2), the equation is

Ayt Ayt
Ca2(®) = "nIKme T+ Kpe 2]

di, A K C, 0
where K, is ._l?._f_l_i.ﬂ and K,, is 20 _ K,;. The final expression for Cp, (1) is:
r2 = %
C.(0d,, A, - C ., d, 2, C (0} -
Cop () = Ay m1 (D) iz Ay a0 {Cw2 @ iz Ay m1 ( )}e Ayt
Az = A Ay ) (A2 = M)Ay
d C (0 - d C.1(O)} -
- Y24 Cou©) -ag CoyfO) - 1242Cm1 (0] -2
Ao A Ag = Ay

For the third chain member (j==3), the equation is

At At At
Cas (D =%3[K31 e +Kz e +Kyse 3}

The first coefficient, Ky, is evaluated using Equation (B.4) as follows:

2
K3 = ngzl B Ry o _Gia Ay Ky + g3 A Kyy
(A3 = 2a) (hes - 21

Using the previously defined expressions for K;; and K,, results in the final expression for Ks;:

_ 943G (O Gz A4 Cu1 (O
31 =
(’13 - lrx) (}'rB - ’-n) (%2 - %1)

The second coefficient, K,, is also evaluated using Equation (B.4) as follows:

B.11
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(B.41)

(B.42)

(B.43)

(B.44)

(B.45)

(B.46)
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2
2, Gt Koo 3, Ky, (B.47)

Koo =
3 Ag = A Ay = A

Using the previously defined expressions for K, and K,,, the final expression for K, becomes

_ 923 Cna (0 dy3 Ay 4y G,y (0)

Ksp (B.48)
(7&3 - Ap2) ()-rs ) ("rz - A‘rl)
The third coefficient for the third chain member, K3, is evaluated according to Equation (B.5) as follows:
Cp3(@) 2 Cn3 )
Ky = 2 -y Ky, = = - K3 - Ky, (B.49)
A3 n=1 A

Substituting the expressions for K3; and Ky, into this expression gives the following equation for coefficient Ky
Cm3@) 415 Gy (0) a3 A5 445 Gy (0)
hes Btk (A - A (e - )

_ 93 Cua(0) dy3 A dyp Gy (0)
(qs = 2) (A = Az (A2 = )

33~
(B.50)

An important algebraic manipulation will now be demonstrated to simplify the above equation for Kq;. Note that
the numerators of the 3rd and Sth term on the right side of Equation (B.50) are the same: [dy; A, di5 Cpi(0)}
The following identity is applied to these two terms:

1 _ 1 - 1 (B.Sl)
(c-b)(b-a) (c-a)(b-a) (c-a)(c-b)

with a=b, b#c, and a#c. Applying this reduction to the 3rd and 5th terms gives the following expression
(numerators omitted for simplicity):

1 1 1

- = (B.52) -

(A3 = 22) (A2 - &) (Ra = Aa) (A2 = A1) (s = Aea) {Aes - A2)

The expression for coefficient K33 can now be written in the simpler form:
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_ Cm3(0)  dy5Cp(0)  dp3 Cpp(0)
T by = At (Mg - Ag)
(B.53)
. 923 A2 G2 Gui ()
(%3 - '\rl) (313 - er)

This type of reduction is necessary to show agreement with the Bateman form of the decay equations, as will be
illustrated below. The equation for the third chain member can now be written as follows:

'd13 A3 Cn1(0) gz Arp dyp A le(())- o et
(s = A1) (A = A (A - M) |

]

Qpa(®

-dzs A3 Cp2(0)  dy3 Ap dyy A3 Cpyy (0) et (B.54)
(%3 - "rz) (’-rs - A‘rZ) ("rz - 3-:1”

G343 ConO) 423 A3 Cua () dy3 Ay dig A Couy (O] -yt
A -r) (- hg) (A Aa) (b - o)

+1CL3(0) -

For the fourth chain member (j=4), the equation is

Cm4(t) P A’rd[Kz;l e""vr]t + K42 e_lrzt - K43 e_lrj}t + K44 e-—lﬂt] (B.SS)

The first coefficient K, is evaluated using Equation (B.4) as follows:

3
d ., A
) pzsl p4 Hp Kot _ Qi Ay Koy v dyy Mg Koy + 434 43Ky (B-36)

Ay - Ay g~ Ay

Substituting the previous expressions for K, K,,, and K3, gives the following expression for K,,:
_ 94 Ga O dgg A 4y Gy (0)
41 7
(’-m - "rl) (%4 - )ﬂ) (A‘rZ - Azrl)
(B.57)

, B34 A3 dy3 Gy (0) . 934 A3 A3 A 4y Gy (O)
(Ao = Aea) (s = &) (g = 2a) (Res = At (A2 = 2)

The second coefficient of Equation (B.55), K, is evaluated using Equation (B.4) as follows:
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3
d
;Z“z pt Hrp K2 _ 24 g Kyp + 43y A3 Ky (B.58)

K, =
42 Ay A (2.,4 - 7‘:2)

Using the previously defined expressions for K, and K3, gives the following equation for coefficient K ,,:

_ %4 Cna(0)  dgy A 4y Cy (0)

P T m) [ - 2o (2 - )
4 2 4 2) (A2 1 (B.59)
dag A3 dy3 Cpp(0)  dgy A3 dys A g5 Gy (0)
(Aes = 2e2) (Aes = M2)  (Aea = 2a) B3 - g (A2 = 2)
The third coefficient of Equation (B.55), K43, is evaluated using Equation (B.4) as follows:
3
. 9233 dP4 )‘rp KP3 ) dgy A3 Kag (B.60)

Ky3 =

Ay ~ A Ay = A3

Using the expression for K45 given by Equation (B.50) (the unsimplified form) gives the following expression for
Kys:

43 =
Ay — A (7%4 'ATS)(A‘rS—ArI)

yq A3 A3 Ap dyp Gy () dgy Az dp3 Cpyp(0)

- (B.61)
("w = Ar3) ("rs - Arl) ("rz - '\71) (’*m - 1:3) ("rs - JLrz)
. B34 Aeg dag A 413 Gy (O)
(%4 - "Ts) (%3 - )‘rZ) (krz - %1)
The fourth coefficient of Equation (B.55), Ky, is evaluated using Equation (B.5) as follows:
3
Kyq = Coe -y K= Cod® - Kyp ~Kyp - Ky3 (B.62)
Ar4 n=] Ar4

Using the previous expressions for K,;, K4, and K, gives the following equation for K,:

This equation for K,, contains 14 terms. Four pairs of these terms can be reduced using the identity of
Equation (B.51).
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Cna@) 414 Gy () dyy A &y Gy (0)
Mo Rt A (- ) (b - )

- d34 A3 b3 Cy (0) Y A3 g3 Ay dyp Gy (0)
(hea = A1) (M3 = 2a) (Rre = 2r) (Res = ) (2 — 20)

_ 94 Cm2(®) | dg Ap 413 Cun O
(s = h2)  (Rra = A2 (A2 - Aa)

_ Bat3 03 Cup(0)  dgy A3 Gyz A dyp Ciy (0)

The reductions are as follows:

terms 3 and 7 become

terms 4 and 11 become

terms 8 and 13 become

and terms 12 and 14 become

(B.63)
(’14 - A~r2) (’-:3 - )‘rZ) (7‘14 - )'r2) (3-:3 - A'rz) (’er - A-:1)
_ 934 Cu3(0) | d34 A3 dy3 Gy (0)
b mhs (A = Aea) (Aes - )
L 934 k3 i A dyp Gy () d3y A3 3 Gy (0)
(hrs = 23) (A3 = %) (A2 = 2ra) (Bea = Aes) (s - )
G54 A3 dy3 Ap dyp Gy (0)
(’\r4 - "rs) ()'r3 -4 2) ()‘rZ - A‘rl)
dpy Az 4y €1 (0 (B.64)
(lm - ln) (’-m - )‘rZ)
34 A3 dy3 Gy (0) (B65)
(Aes = A1) (Aeq = Aca)
34 A3 dy3 Cpr(0) (B.66)

(%4 - 7‘72) (’w - )‘r3)
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3y Az dy3 A dyy Gy (0) (B.67)
(7&4 - ’-rs) (lrs - )‘rl) (’-:3 - ’12)

At this point another algebraic identity is used to further reduce the number of terms. The following can be
shown (by algebraic manipulation) to be true:

1 } 1 . 1 N 1 (B.68)
(d-a)(c-a)(b-a) (d-b)(c-b)(b-a) (d-c)(c-a)(c-b) (d-a)(d-b)(d-c)

Applying this identity to terms 5 and 9 of Equation (B.63) and Equation (B.67) witha = A4, b = A, ¢ = A, and
d = A4 gives the following expression for the three combined terms:

34 A3 dp3 Ap 41y Gy (0) (B.69)
(’w - ’\‘rl) (’-m - )’rZ) (’-r4 - 7—:3)

Then, using the identity in Equation (B.51), two terms of Equation (B.61) for K4, can be combined. Terms 3
and 5 of Equation (B.61) become

d34 A3 A3 Az 413 Cp (0) (B.70)
(Aes = %3) (23 = 221) (B3 - Aea)
The final equation for the fourth chain member can now be written using expressions for K,; (Equation [B.57}),

K4, (Equation [B.59]), K45 (Equation [B.61}), and K,, (Equation [B.63]) together with the term reductions
(Equations [B.64] through [B.67]) and Equation (B.55) as follows:
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g drq Co1 (@ dgq A dy3 Ary Ciy O)
A4 = A ( ‘\71) (’12 )

293 k3 013 Ay G () d3g A3 Gy3 A Qi Ay Cpoy O) | e
(hea = er) (B3 = 1) (Rea = Aer) (Aes = Aa) (A2 - 20a)

Cm4(t) =

o 924 24 Cu2(0)  dpq A dy3 Ay Ciy O)
g =2 (%4 - ’~r2) (Arz - "rl)

, B4 A3 dag A Cup(0)  daq A dpg A &y Ay Gy (0) | e
(%4 - ’-:2) (’%3 - A‘rZ) (%4 - Arz) ()‘r?» - )‘r2) ("rz - %1)

o 1934 A Cua@) d5q Az dy3 Ay Gy () (B.71)
A4 = A ()‘M - )'rS)( A‘rl)

_ %34 A Og3 AgCina(0) - dag Az 3 g Qg A Gy (O) | i
(”r4 - ’13) (7&3 - 7&2) (%4 - %3) (7%3 - "n) (7‘13 - )'r2)

dyg gy Cpi(0) . dyy Ap dyp Ay Cp1(0) . d34 A3 A3 Ay Cpp (0)
Aea = A (%4 - lrl) (%4 - %2) ("m "rl)( - %3)

_ %24 Ara Cn2(0) | G54 i3 Goy Ay Cua (D) 434 Ay Cin3(0)
i = A (24 = A2 (R4 = Mus) s A

_ 934 k3 o3 A 3 Ay Gy () | e
(Aea = A1) (Ara = 2r2) (Aa - 24a)

+ Cm4(0) -

The above equations for chain-member activity as a function of time include all possible branching routes in a
chain. For most radionuclide decay chains, only a few branches exist with most sequences being "straight chains”
without branching. The original Bateman (1910) equations were developed for the case of decay chains without
branching. As a further exercise in use of the decay processor equations, the equivalence between the Bateman
equations and the above equations for a four-membered chain will be demonstrated. Equations (B.41), (B.43),
(B.54) and (B.71) will be modified to represent a decay chain that has no branching (for comparison with the
Bateman equations). The elimination of branching is implemented through the definition of the branching frac-
tions. All transitions from one chain member to the next chain member are described by a branching fraction
equal to 1.0. All branching fractions for which the subscripts differ by more than 1 are zero. The branching frac-
tions for the example four-membered chain have the following values:
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dip =dp3 =d34 =10

iy = dyy =dy =00

(B.72)

(B.73)

With these definitions, the equations for the four-membered chain without branching can be written as foliows:

kot
Cpy(t) = Cpy (0) €77

Ca1© Ag -2t b2 Co1 Q)] -a
Co.(t) = I 4 | Cpa(0) - Z2 BT ™
mZ() A'rz"lrl € mZ() A-rz'lrl}e
(0 - Mo A3 Con @ e

(%3 - A‘rl) (’er - Ar1)

33 Cn2©® ey Ay Gy ©
A3 = A2 (%3 - %2) (7‘12 - A1—1)

e ~At

L

+1CH3(0) -

A3 = (%3 - A‘rl) (%3 - A*rz)
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A3 Ao Ay Cpr(0) ot

Cm o=
) (%4 - )'rl) (Ar3 - A‘rl) ()vrz - ’%1)

A3 Ay Cp2©@) ez Ay Aeg Cp1(0)
(s = ez (Aes -~ A2) (B~ Ao (Bes — 22 (B2 - 2a)

e— 2t

‘A‘r4 CmS(O) - A‘r3 Ay CmZ(O) . A3 A2 A'1'4 le(o) ] e'l‘ri)‘ (B.77)
i Aeg = A (7&4 - ;\r3) (}‘r3 - 372) (%4 - )‘r3) (1\-3 - 371) (lra - ’°r2)

}‘r4 Cm3(0) . A'r3 )'r4 CmZ(O)

+ Cm (O) -
! Ao = A (%4 - A‘r3) (7%4 - A‘rZ)

_ Az Az Ay €1 O l ot
(7%4 - %1) (%4 - )’rZ) (“-m - %3)

The decay equations as originally published by Bateman (1910) in units of atoms are as follows:

chain member 1,

P = Po e_klt (B.78)
chain member 2,

oo Mo o [ MPo |k (B.79)

M-y P P
chain member 3,
R - A oAy Po -yt M X Po . A Qo ~hyt
- A - A A - - )
(2 - 1) (s - 1) (M - 1) (4 - %) 50
)’11’2 PO . }’Z Qo +R e~ﬁ3t

chain member 4,
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A’l % 2’3 P0 e“’qt

[l - 1) P - 1) (e - 1)

My 3 Py L L N

(M= )% - 2) (20 - ) (3 - 2) (34 - )

]

(B.81)

M A 2 P, . hhQ

M d A P, . k9

(M= %) (4 = 23] (20 - ha) (3 - 25) (3 - 9]

) + So} e Mt

=2 (o 2 [ 2 (-2 (s - 2] (o - 4

Equations (B.74) through (B.77) can be seen by inspection to be equivalent to Equations (B.78) through (B.81),

respectively, using the following nomenclature identities:

p_ Con® p _ Cm®
At Ay

sz(t) CmZ(O)

Q- ,Q, = —m2
Ao Ao

R = CmB(t)’ Ro - Cm3(0)
A A3

S - Cm4(t) s - Cm4(0)

P Ay
and

A=A i=1,2,3,0r4

(B.82)

(B.83)

(B.84)

(B.85)

- (BS6)

Note that expressions (B.82) through (B.86) include conversion from activity units to atom units as defined by

Equation (B.27) with the constant, k, eliminated for clarity.
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B.3 Time-Integral Operators

This section demonstrates the correctness of the time-integral operator notation, S.{} and S{}. The demonstra-
tions involve integration of the results of the decay operators, A {} and A{}, over a specific time period.

B.3.1 Time-Integral Operator with Removal, S {}

The time-integral operator with removal provides a solution to the integration of an activity or concentration over
a specific time period. The basic equation for the activity or concentration in a medium as a function of time is

given by Equation B.15. Integration of this equation over a time period is the action represented by the time-
integral operator. This integration can be expressed as follows: ‘

Y Y
S.(Cust,} = [AC,t1dt = [C 0t (B37)
[ [}

where ij(t) = concentration factor for chain member radionuclide j evaluated at time t for medium m involving
decay and removal (appropriate activity units, e.g., pCi/g)

t, = example time period of integration (d)

and other terms are as previously defined. Using the expression of Equation B.15 the above equation can be inte-
grated as follows:

0 n=}

5 b j j Y

mej (t)dt = _/‘AI][Z ane—lcntldt = lnz Kj fe 'len(dt
=1

[¢] n 0 ] (8‘88)

1 - e'z'cnty‘

A

en

it

‘ j e “Aont i
A‘rjz; Ki —:“l = A'rjE an

en n=1

where terms are as previously defined. The last term on the right side of Equation (B.88) can be seen by inspec-
tion to be equal to Equation B.15 with the substitution given by Expression (B.20). This demonstrates the correct-
ness of the operator notation for S {}.

B.3.2 Time-Integral Operator, S{}
The correctness of the time-integral operator equations for the case without removal can be demonstrated in the
same manner as shown above for the time-integral operator with removal. The starting activity or concentration is

as provided by the decay operator without removal, A{}, with integration over a specified time. This integration
can be expressed as follows:
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m

5 s
S{Cupt,} = [AIC,that = [C, mat (B.89)
[ [+]

where ij(t) = concentration factor for chain member radionuclide j evaluated at time t for medium m involving
decay without removal (appropriate activity units, e.g., pCi/g)

ty = example time period of integration (d)
and other terms are as previously defined. Using the expression of Equation B.2 the above equation can be inte-

grated as follows: the steps are analogous to Equation (B.88) with the radiological decay rate constant, Ay, replac-
ing the decay rate constant with removal, ).ej, as follows:

4 5 1y i [s '
[Cafat = A:{Z; ane""‘]dt = J\.sz; Ky fe "dt
o 0o In= - 0 j

(B.90)
3 At j = oAty
e 1-e
- x,,zx,..{ - [ -3,y K, Loe™
n=1 ™ n=1 ™

The last term on the right side of Equation (B.90) can be seen by inspection to be equal to Equation B.2 with the
substitution given by Expression (B.8). This demonstrates the correctness of the operator notation for S{}.

B.4 Deposition, Accumulation Operators

This section demonstrates the correctness of the deposition accumulation operator notation, R.{} and R{}. The
demonstration involves derivation of the solution to deposition at a constant rate with removal for the operator
R.{}. Correctness of the corresponding operator without removal is demonstrated by reduction of the equations
for the case with removal.

B4.1 Deposition Accumulation with Removal Operator, R.{}

The agricultural pathway model requires evaluation of activity following deposition at a constant rate from applica-
tion of irrigation water to plants and to soil. The deposition rate is constant because the concentration in the
water is assumed to be represented by an annual average value, as generated from the water-use model for the resi-
dential scenario. The case of deposition to plant surfaces with removal by weathering is selected for illustration.

The change in concentration of a radionuclide on plant surfaces from deposition at a constant rate with weathering
removal can be written as follows:

4G - B.91
TR T kG - O ) G B9
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where C; = concentration of radionuclide chain member j in plants per initial unit average concentration of
parent radionuclide i in water (per Ci/kg wet-weight plant per pCi/L. water)

C,n = concentration of precursor radionuclide chain member n in plants per initial unit average
concentration of parent radionuclide i in water (pCi/kg wet-weight plant per pCi/L. water)

R,; = constant deposition rate of radionuclide chain member j to plants from irrigation water application
during the growing period for plant type v per initial unit average concentration of parent radio-
nuclide i in water (pCi/d+kg wet-weight plant per pCi/L. water)

A = radioactive decay rate constant for radionuclide j @h

Ay, = rate constant for loss of material from plants @h

o
I

nj fraction of precursor radionuclide n transitions that result in production of radionuclide chain
member j (dimensionless).

The normalization to initial average activity of the parent radionuclide is included for consistency with representa-
tions given in Section 5. The solution to Equation (B.91) will be derived for the parent and first progeny radio-
nuclides. Equation (B.91) can be written in terms of these chain members as follows, for the parent (j=1):

dacC,,
d: =Ry - 21Cn (B.92)
and for the first progeny (j=2),
dC,,
d: =Ry + d124,G - 202Gy (B93)

where C,; = concentration of parent radionuclide chain member (j=1) in plants per initial unit average
concentration of parent radionuclide in water (pCi/kg wet-weight plant per pCi/L water)

C,, = concentration of first progeny radionuclide (j=2) in plants per initial unit average concentration of
parent radionuclide in water (pCi/kg wet-weight plant per pCi/L water)

d;, = fraction of precursor radionuclide 1 (parent) transitions that result in production of radionuclide
chain member 2 (dimensionless)

A rate constant for removal and decay of radionuclide 1, evaluated as the sum of A, and i, @h.

el

., = rate constant for removal and decay of radionuclide 2, evaluated as the sum of i, and 1, @h.

The solution to Equation (B.92) is evaluated by first transferring terms containing the concentration of the parent

radiotnuclide in the plant (C,,) to the left side of the equation, and then multiplying by the integration factor,
e’elt
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[4C,; + A Cydt] €™ =R,y &*t' ar (B.94)

The left side of the equation can be written as a differential, and the whole equation can then be integrated to give
the following expression:

At
it Ry e®

el

G € + Constant (B.95)

Evaluation of the constant of integration is performed using the condition that at t = 0, C,; = 0 (no initial radio-
nuclide in plant). The constant is given by

Constant = - V1 (B.96)
el

and the final expression for the amount of parent radionuclide in plants is given by

R,

_ e hat] (B.97)
)’el

G

The solution of Equation (B.93) for the first progeny radionuclide can be found by first moving terms containing
the plant concentration parameter, C,,, to the left side of the equation and multiplying by the integration factor.
The expression of Equation (B.97) is also substituted into Equation (B.93) for the parent concentration in the
plant. The result of these actions is the following expression:

d _
[4C,j + 2pCypdt] €' = Rpe™ 2t + ._12_1“5_& ekt - ePahot] g (B.98)

el

The left side of this equation can be written as a differential, and the whole equation can be integrated to give the
following expression:

ot _ R ot QdeRa apr o d0doReg Gomin

s e v o e v + Constant (B.99)
‘er )'el A'e?. )'el ()"eZ - )"el)

C,q¢

Multiplying through by the inverse of the integrating factor gives the following expression:

_Ra | 40AgR ARy

Cpp = 2 e 1" 4 [Constant] e *' (B.100)
}‘ez he A2 A'v::l('x‘ez - )“el)

The constant can be evaluated from the condition that C,, = 0 at t = 0. Substituting this condition into Equa-
tion (B.100) gives the following expression for the constant:
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_Ra dipdoRy | dpphoRy, (B.101)

Constant =
hez Aeider Ao (g - A’el)

Substituting this expression for the constant and combining terms results in the following expression for the
amount of first progeny radionuclide on the plant as a function of time after start of irrigation:

- d - d - -
C., - Rv2 [1 -], 1242Ryq [1- ] - 1242Rv1 [t o 7eat] (B.102)
A2 Aerden Aoy (Rez = Aeq)

Some algebraic manipulation is required to convert Equation (B.102) to the form indicated by Equations (B.14)
through (B.18) and (B.20). First, the difference of exponentials in the last term of Equation (B.102) is expanded
using the following identity:

e""elt - e'*ezt . 1 - B_ 2! _ 1 - e"}'clt (B.103)
A’el )"el lel

Application of this identity results in the following expression for Equation (B.102):

_Re {1 - e'lezt] , G2A2Ra {1 _ e-lezt]

)
Y )'CZ Ae1der
(B.104)
- -1,
L Qi2deRe [1 - e dipAgRy g - e
Aoz = Aey e hez = At Aei

The second and last terms on the right side of this equation can be combined using the following algebraic
identity:

R RS 1 - - 1 (B.105)

At [ He2 Aoz 7 Aer Aealter = Ae2l

The final expression for the concentration of the first progeny on the plant as a function of time can now be
written:

_ 91222Ryy

C
2
Y ke2 - )"el

Thet ~q
1-e™ ‘} +[&2 i dAlZA'rZva] [1 e 2‘} (B.106)

}‘cl e2 A't:l )‘ez

The equivalence can now be observed between the deposition accumulation with removal operator equations
[Equations (B.14) through (B.18) and (B.20)] and Equation (B.93) for the parent and Equation (B.107) for the
first progeny. Expansion of Equations (B.15) through (B.18) can be performed as demonstrated in Section B.2 for
the first and second chain members. The equivalence can be seen by substitution of the constant deposition rates
(R, and R,,) for the initial activities (Cp,;and C_,) in Equations (B.16) and (B.18), and by substitution of the
exponential term of Equation (B.15) by the expression indicated in Equation (B.20).
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The explicit form of Equation (B.15) becomes

~A

i 1 - ent

<n

The deposition, accumulation operator with removal, R {}, is represented by this equation with constants, K,
defined by Equations (B.16), (B.17), and (B.18).

B.4.2 Deposition, Accumulation Operator, R{}

The deposition, accumulation operator (without removal), R{}, is represented by the general decay Equations
(B.2) through (B.5) with the substitution indicated in Equation (B.10). The correctness of this representation can
be shown by reduction of the equations for the corresponding case with removal, as shown to be correct in Section
B.4.1. The reduction is performed by observing that the effective removal rate constant, A_, is equal to the decay
rate constant, 1., when the removal rate constant, i, is zero (see Equation [B.14]). By inspection, Equation
(B.107) can be seen to reduce to the following:

~A .t

] 1 ~- T
Co®) = 42 Is[——-—,;r'i——w] (8.108)

Also, substitution of the decay rate constant for the effective removal rate constant can be seen to transform
Equation (B.17) to Equation (B.4). This demonstrates that the equations for decay without removal (Equations
[B.2] through [B.5]) with the substitution indicated in Equation (B.10) provide the correct representation for the
deposition, accumulation operator, R{}.

B.5 Use of Deposition, Accumulation, and Time-Integral Equations

This section will show the correctness of the deposition, accumulation, and time-integration operators, G.{} and
G{}.

B.5.1 Deposition, Accumulation, and Time-Integral with Removal Operator G_{}

The correctness of the deposition accumulation with removal operator equations has been demonstrated in
Section B.4. This section will demonstrate that time-integration of the deposition accumulation with removal
operator, R.{}, equations results in the defined equations for the deposition, accumulation, and time-integral with
removal operator, G.{}.

Integration of Equation (B.107) over time is equivalent to the calculations indicated by the deposition accumula-
tion and time-integral operator with removal, G_{}. Equation (B.107) can be integrated over a specific time
period by integrating each term in the summation and evaluating the resulting expression between time zero and
the end of the period of interest. This integration is indicated below for application of irrigation water to plants
over the animal feeding period, t;. Using the nomenclature of Equation (5.38), Equation (B.107) can be expressed
as follows:
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t
G {wa'ptff} J « 1-¢ mt
Cafjc = |—t] = dt

Y E K)nj B

ff n=1 en

¢ -ag e
e *° L
E an T _ (B.109)

[ -
£f n=1 A

)TJE an[ _a- e";‘en[ff)]

tff n=1 en A

<

where C’wﬁc = average concentration factor for radionuclide j in forage crop f, at time of consumption by animal,
from direct deposition onto plant surfaces for an average unit concentration of parent radionuclide
i in water (pCi/kg wet-weight plant per pCi/L water)

t = period of feeding of forage crop f (d)

and other terms are as previously defined. Comparison of this expression with Equation (B.21) proves the validity
of the substitution suggested in Equation (B.21). Note that in evaluation of the coefficients in Equation (B.109),

.» values for the deposition rate, Ry of Equation (5.38) are used in place of Cp;(0) in Equations (B.16) and
(B.18).

B.5.2 Deposition, Accumulation, and Time-Integral with Removal Operator G.{}

The deposition, accumulation, and time-integration operator without removal, G{}, is evaluated in the same
manner as indicated by Equation (B.109), except that the removal term (A, in .) is set to zero, so that
occurrences of A are replaced by A.. Thus, the equations collapse to the general operator notation given by
Equations (B.2) arough (B.5) with ale substitution indicated by Equation (B.12).

B.6 Water-Use Model for the Drinking Water Scenario

This section illustrates use of the operator equations for decay with removal to evaluate radionuclide activities in
the water-use model. The example involves a two-membered decay chain applied to the drinking water scenario
model (Section B.6.1). In this scenario, the water-use model has three compartments (as defined in Section 4.1),
and no recycling of activity from the aquifer (box 3) to the surface (box 1) occurs. This section also shows the
derivation of the equations for the parent activity in all three boxes, plus the equations for the activity of the first
progeny in box 1 (Section B.6.2).

B.6.1 Demonstration of Equations for Drinking Water Water-Use Model
The primary purpose of this example is to show how the various parameters in the water-use model are applied in

the operator setup. As indicated in Figure 4.3, each box of the water-use model contains compartments for each
member of the decay chain. The total number of these compartments that must be accounted for in the operator
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application is the product of the number of chain members and the number of boxes. For the current example,
this is 6 (2 chain members times 3 boxes). These compartments are referred to in the example as "expanded chain
member positions.”

For each expanded chain member position, it is necessary to define all parameters required by the operator. These
parameters include the radioactive decay constant, precursor indices, branching fractions, and removal rate con-
stants. The water-use model involves transfer of activity from box 1 (surface soil) to box 2 (unsaturated-soil layer),
and from box 2 to box 3 (aquifer). Removal from the aquifer is at a constant rate for all radionuclides, with total
aquifer volume being removed in a 1-year period.

The steps in setting up the parameters for the operator equations are described by the following procedure using
the example case. Following this description, derivation of equations for the example case will be given.

1. The expanded chain member positions are defined, and decay rate constants and radionuclide amounts are set
for each expanded chain member position, as follows:

Expanded Decay Rate Radionuclide Equivalent

Chain Member Parameter Constant Amount Notation in
Representation Position Symbol (d‘l) (atoms) Section 4.1.3
Box 1, member 1 1 Y- Y- Cn1 iy
Box 1, member 2 2 S Y Cm2 Cio
Box 2, member 1 3 Y b Cu3 Cy
Box 2, member 2 4 4 hp Cina &%
Box 3, member 1 5 Aes Y- Cus Cyy
Box 3, member 2 6 Arg 9 Cus Cyy

Using the expanded chain member notation requires a slight modification to the definition of "precursor.” Besides
the standard usage to represent transition within a decay chain, there can now be transitions from one box to the
next without radioactive decay. For example, radionuclide 1 in box 1 can be considered a precursor to radio-
nuclide 1 in box 2 because leaching of radionuclide 1 from box 1 to box 2 will result in generation of radio-
nuclide 1 in box 2, even though no radioactive decay has taken place.

2. ‘The branching fractions and precursor indices are set for radioactive decay as follows:

Radioactive
Parameter Transition Branching Fraction
bol From To Set to: Comments
d, 1 2 dyp Chain member 1 to chain member 2 within box 1.
dys 2 3 0.0 No transitions from chain member 2 to chain member 1.
dyy, 3 4 dy, Chain member 1 to chain member 2 within box 2.
dys 4 5 0.0 No transitions from chain member 2 to chain member 1.
dgg 5 6 d,, Chain member 1 to chain member 2 within box 3.

3. For transfer of radionuclides between boxes, rate constants and effective branching fractions must be defined.
The rate constant is treated as the general removal rate constant, 1, as defined in Equation (B.14). The defi-
nitions of the removal rate constants are as follows:
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Compartmental
Parameter Transfer Loss Rate Constant
Symbol From To Set to: Comments
y 1 3 Ly Leakage of chain member 1 from box 1 to box 2.
y 2 4 | Leakage of chain member 2 from box 1 to box 2.
y 3 5 Los Leakage of chain member 1 from box 2 to box 3.
y - 4 6 L3 Leakage of chain member 2 from box 2 to box 3.
Ays 5 - Wy Removal of chain member 1 from the aquifer.
) 6 - Wy Removal of chain member 2 from the aquifer.

The branching fractions associated with transfers between boxes are defined as follows:

Compartmental
Parameter Transfer Branching Fraction
Symbol From To Set to: Comments
dyz 1 3 Lygi/An Chain member 1 leakage from box 1 to box 2.
dyy 2 4 L/ Chain member 2 leakage from box 1 to box 2.
djs 3 5 - Chain member 1 leakage from box 2 to box 3.
dys 4 6 Loso/ap, Chain member 2 leakage from box 2 to box 3.

Compartmental transfer branching fractions (as defined above) can be understood by inspection of the differential
equations for the three-box water-use model of Section 4.1 and those for the decay processor of Section B.1.2. For
example, consider transfer of chain member 2 from box 1 to box 2. This transfer is represented by the branching
fraction symbol, d,,. This transfer appears as the second term on the right side of Equation (4.11). The net trans-
fer rate is L;,, times the quantity in box 1 (C;,). This transfer is evaluated by the operator (for decay with
removal, Section B.1.2) by the term within the summation of Equation (B.17). The operator generates a term of
the form d,, A, times a quantity (represented by the coefficient K.,;). For the implementation to give the correct
solution to the differential equations, it is necessary that

Lizz =0y A (B.110)

or

dyg = Lyga/ Ay (B111)

as defined in step number 3, above.

All other branching fractions are set to zero, as these (and the branching fractions identified in item 2 above) are
the only transfers defined in the water-use model. Branching fractions are not needed for removal from the
aquifer.

The effective removal rate constant for each compartment is defined by Equation (B.14) as the sum of the removal
rate constant and the radioactive decay rate constant as follows:
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Removal from

Parameter Compartment
Symbol Number Set to: Comments
Ae 1 Ligp + 24 Chain member 1 in box 1.
Aeo 2 Ligp + Ap Chain member 2 in box 1.
Ae3 3 Loy + 2y Chain member 1 in box 2.
Aeg 4 Ly + Ay Chain member 2 in box 2.
Aes 5 Wy + Ay Chain member 1 in box 3.
Aeg 6 Wy + Ap Chain member 2 in box 3.

The following discussion will illustrate how the above definitions are used in the general decay equations with
removal (Equations [B.14] through [B.18]) to evaluate results for the water-use model of the drinking water
scenario. The equation derivations are first performed using the nomenclature of the general decay equations, and
then the substitutions of parameters as described above are made to show the final form of the equations. All
derivations are shown for evaluation of the amount of a radionuclide present as a function of time, representative
of the processor notation Ay {C.,tu}, where k represents the box of interest in the three-box water-use model.

Radionuclide 1 in Box 1: Expanded Chain Member Position 1

The activity of chain member 1 remaining in box 1 at time t is evaluated according to Equations (B.15) and (B.16)
as follows:

le (t) = A’thll e'lell (B.l 12)
or
le(t) - le (0) e‘lelt (B.113)

where terms follow the standard nomenclature and g is as defined in item 3 above.
Radionuclide 2 in Box 1: Expanded Chain Member Position 2

The activity of chain member 2 remaining in box 1 at time t is evaluated according to Equation (B.15) as follows:

Cr2(®) = xrz[Km et L K, e"ez‘} (B.114)
Coefficient Ky, is evaluated using Equation (B.17) as follows:
1
PZ=1 Yoo _ G2 Ky (B.115)

Ky =
Aez = Ae Aoz = der

and
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Then, K,, is written as:

where terms follow the standard nomenclature and A, is as defined in item 3 above.

Coefficient K, is evaluated using Equation (B.18) as follows:

Cp2(0) & Cn2©®
w2 m2
27 —— = Y, Ky = - Ky
A'r2 n=1 " l;z
and
_ Cm2(0) _ dlZle(O)
22 T
A2 dez ~ ey
The activity of chain member 2 at time t can now be written as
d C .0y - d C (0
Cop(t) = 1242C01 (O aa | ,(0) - 1242Cm1(0)
o hoy — A o Aeg — A
e2 el e2 el

Radionuclide 1 in Box 2: Expanded Chain Member Position 3

Appendix B

(B.116)

(B.117)

(B.118)

(B.119)

(B.120)

The activity of chain member 1 remaining in box 2 at time t is evaluated according to Equation (B.15) as follows:

t

Aggt At -1,
Cun3(®) =%3[K31 e " +Kype t +Kyze @

Coefficient Ky, is evaluated using Equation (B.17) as follows:

2
d LA
3 1
) p);x S _G3raKyy | disdnKy
l 3 - 2.

(3 el

'K31
Aes - A‘el A'e3 - )‘el

(B.121)

(B.122)

Substituting previous expressions for K;; and K, into Equation (B.122) gives the following expression for coef-

ficient K3;,:

B.31
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_ 913G @  dy3A415C, ()
L=
e = At (heg - Aeq) (Rez - Aen)

(B.123)

This expression can be further reduced by noting that the branching fraction d,; is zero, as indicated in item 2
above. Equation (B.123) then reduces to the following:

_ 413G, 0 (B.124)
R ‘
€3 el

The second coefficient in Equation (B.121) is evaluated using Equation (B.17) as follows:

2
ng s tep 2 _ 3r Ky, (B.125)

K3, =
Aoz = Aea Aez = Aea

However, as before, the branching fraction d,; is zero and Kg, is also zero. The expression for K5 is evaluated
using Equation (B.18) as follows:

Cua@® 2 Cn3(0)
- Y Ky, = = - Kyp - Ky (B.126)
As =1 Aes

Kys =

Using the previous expression for K3;, the following expression for Ky is obtained:

3 =
A3 Ae3 ~ Aey

The amount of radionuclide 1 in box 2 can now be written as follows:

d C (0 - d C_.(0 -
Con(®) = 1343 @ e C..4(0) - 134381 O (B.128)
Aez = Aoy dez = Aey

This expression can be rewritten by substituting the definition for parameter d,5 from the table in item 3 above
(dy3 = Lyyy/A and A5 = A,) tO give the following equation:

L., C..(0) _ L5 C..(0)] -
Cpa(t) = =217 m1© e 4c © - 12 w7 m ©) et (B-129)
m3 X A m3 A Py
e3 T el e3 ~ ‘el

Radionuclide 2 in Box 2: Expanded Chain Member Position 4

The amount of chain member 2 remaining in box 2 at time t is evaluated according to Equation (B.15) as follows:
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Cm4(t) = AT4 {K‘“ e“}.cﬁ . K42 e‘}-cz‘ . K43 e'l¢31 . K44 e*—lﬁt} (B.130)

Coefficient K, is evaluated using Equation (B.17) as follows:

3
hIRL PP st (B.131)
K,, = 2!
BT - Ay
c4 el
and
d K d K d K
K, - 144Ky GadoKyr | d34AiaKy, (B.132)

Aes = Aot Aeg ~her Agg — A

Using previous expressions for Ky;, K;;, and K5, and noting that d,, is zero, the following equation for K, is
obtained:

Gat2012Cn10) d34h3d13C,; 0)

K41 = (B.133)
(le4 - )'el) ()'eZ - Ael) ()‘cd - A't:l) ()’CS - Ael)
Coefficient K, is evaluated using Equation (B.17) as follows:
3
d A
K. . p};z pe ep’p2 _ BaraKa  digdnkKy, (B.134)
42 © =
Aeg = Aea heq = Aez Aeg = ez
Using previous expressions for K,, and noting that K4, is zero, the following equation for K, is obtained:
d4,,C,(0 d d4,,C,,(0
K,, - 2 w2(0)  dy4Ad15Cy; (0) (B.135)
hea = A - ez = A
e4 e2 ()'czi e2)( el el)
Coefficient K, is evaluated using Equation (B.17) as follows:
3
d A
3
‘.- p);; patepKp yhaKy (B.136)
Yeq A3 Aeg = Aes

Using previous expression for Kss, the following equation for K44 is obtained:
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_934Cp30)  d342,5415C (0)

K43 (B.137)
hea = Ae3 ()‘64 - A'e:E}) ()“63 - )'el)
The final coefficient for radionuclide 2 in box 2 is evaluated using Equation (B.18):
Cns (O
Kyg = ——= - K4y ~Kyp - Ky3 (B-138)
Ay
Using the previous expressions for Ky, Ky, and K4, coefficient K4, can be written as follows:
ey 4244:2412C1(0)
44 = -
Ara (%4 - ’~e1) (A'e2 - e1)
A3443013C51(0)  654C2(0)
(Rea = Aea) (Res - hey)  Pea T e B339

G422912Cn1 (0 d34Cy3(0)
()‘e4 - Aez) (3'62 - A'el) heq - 163

+

d344:3413Cy;(0)
(%4 - es) ()"33 - )"el)

Four terms on the right side of Equation (B.139) can be combined using the algebraic identity of Equation (B.51):
terms 2 and 5 become

dy442012Cp 1 (0) (B.140)
("'etz - e1) (%4 - A'eZ)
terms 3 and 7 become
dy,23d;3Ch, (0) (B.141)

(’-ez: - x.:1) ()‘e«i - ’ves)

Substituting these expressions into Equation (B.139) and using expressions for Ky, K,,, K43, and K, in Equa-
tion (B.130), the amount of radionuclide 2 in box 2 at time t can be written as follows:
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Coa®) = G2442012404Ci1 () 3ad3di3 A Gy ) | e
m
~(A'ed - A'e:l) (}'e?. - xel) (z'c4 - lel) (A'e3 - )'el)
192444 Cn2(®)  daaApdy344Coi (0) et
Yea = Aez (%4 - A‘e2) (keZ - Ael)'
L | BeaCn3 @ d3ghadizhyCpyy 0) | o2y (B.142)
Yea ~Res (deq = des) (Aes - Rea)]
d C_.(0 C .0
o 1Cl (@) + G4t 44Cr1 (0) dz:’ﬂ n;z()
(le4 - )'el) (A'e4 - A’eZ) e4 €2

Bad3dishaCni O)  d34heCrs @)
(134 - A'Cl) ()’34 - A'CS) 3'34 - ACS
Substitution of expressions for d,; and d,; from item 3 above (dyy = Lyyp/A,; and dy3 = L 5,/A ), dy, from item 2

above (d34 = dyy), and A4, and A, from item 1 above, into Equation (B.142) gives the following equation for the
amount of radionuclide 2 in box 2 as a function of time:

L1221220C ) diolign 4G O |
‘(7'e4 - )'el) (%2 - lel) (%4 - Ael) (A'e3 - A‘el)

Cm4 o =

L122Cu2 @) L1220122400Cmi (O | i
i hea = Ao (A'ed - x'f:il) (3'62 - 3'e])

G222Cm3 ) 1ol AoCn () | i (B.143)
Aea = Aes (}‘ed - x’e3) (}'CS - A’el)

L12201242Cn1 (@) Ly2C2(0)
(Aea = A1) (Res ~ Rez)  Pet ~Pe2

€

+ Cm4(0) +

42b121 205G O 4122 CryaO)) e
(hes = Rer) (Res = Rea)  Pes o3
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Radionuclide 1 in Box 3: Expanded Chain Member Position 5§

The activity of chain member 1 remaining in box 3 at time t is evaluated according to Equation (B.15) as follows:

CmS(t) = A‘rS {KSI. e_lelt + K52 e"'ezt + K53 e'}'eB‘ + K54 e_l’e‘ft + KSS C—Aest (B144)
Coefficient K, is evaluated using Equation (B.17) as follows:
4
3. dpshpKp a a d4shgK (B.145)
K, - b1 _GishaKyy | dasAoKoy  disdaKy dishiKy '
L= =

Aes — Agy Aes = Aoy Aes = Aey Aes = Aey Aes - )’el

The branching fractions d,5 and d,s are zero because there is no direct transfer from box 1 to box 3. Also, the
branching fraction d,s is zero because there is no production of radionuclide 1 from radionuclide 2. With these
simplifications, and use of the previous expression for K5, Equation (B.145) can be reduced to the following:

_G3shaKyy  d3s5x3013Gh,; (0)

= .146
K1 Res = her (Aes - Ay (Res - Ae) (©149)
The second coefficient of Equation (B.144), Ks,, is evaluated using Equation (B.17) as follows:
4
K,, - pz=:2 s oty _Gs2oKoy  d3shaKap  dish Ky, (B.147)
Aes = ez des ~hes s Aoy Aes ~ Aep
Because K, d,5, and dys are zero (as before), the expression reduces to zero:
K, = 0 (B.148)
The third coefficient of Equation (B.144), K5, is evaluated using Equation (B.17) as follows:
4
K, = PZ=3 o5 epps _ UashgKyy  QysAKys (B.149)

Aes = Ae3 Aes = A3 Aes = Ay

As before, dys is zero and the expression reduces to the following:
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_G35Cp3(0)  d35413413Cy (0)

Kqs (B.150)
Aes = Aes ()”eS - e3) ()'e3 - A'el)
The fourth coefficient of Equation (B.144), Ky, is evaluated using Equation (B.17) as follows:
4
d
. - pg ps ArpKps | dyshgKyg (B.151)
4= =
Aes — Aeq Aes = Aeq
As before, dys is zero and Ks, reduces to zero:
Ksy =0 (B.152)
The last coefficient of Equation (B.144), K, is evaluated using Equation (B.18) as follows:
Cas©)
5° n;-rs - K5y - Ksp - Ks3 - Kgy (B.133)

Using the previous expressions for the first four coefficients of Equation (B.144) gives the following expression for

Kss:
s (O d3543d;3Cy;(0)
s = -
hes (A'eS - }'el) (A'e3 - ;‘el)

_%5Cn30)  d3s5Ai3di3Gy,(0)
hes = Ao ()"85 - e3) (A'eB - A'el}

(B.154)

+0

Using the algebraic identity of Equation (B.51), the second and fourth terms for Ks5 can be combined to give the
following expression:

d354,3d13C, ;1 (0)
(A'CS - A’el) (2'(:5 - A'(33)

The activity of radionuclide 1 in box 3 as a function of time can now be written from Equation (B.144) and the
above expressions for the coefficients as follows:

(B.155)
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d354:3d;34,5Cy1(0) o het
(1e5 - el) (Ae3 - 2'el)

CmS ® =

G5k sCn3 (@)  dasheadiadesCny (O | -2yt (B.156)
A‘eS - 2'23 (Aes - 133) (163 - A‘el)

BshesCn3 (@) | d3shadizhsCny () | e

C -
+1Chus () Aes = Ae3 (ACS - A‘el) (}'eS - e3)

L

Using expressions for d;; and dy5 from item 3 above (dy3 = Lj,y/A,; and dgs = Lyy/A), and A g = A g = A, the
final expression for the amount of radionuclide 1 in box 3 can be expressed as follows:

L1 Lig1 €y (0) et
()-es - 1::1) ("*es - A‘el)

CmS o =

Los1 Cw3@  Loag Lygy €y (0) ket (B.157)
les T Aes (A'CS - 63) ()-33 - A’el)

L2317 Cn3(0) . L3y Li21 Gy (0) o hest

C_.(0) -
s des “Res (s = Aeq) (Aes = Ac)

Further modifications could be made to the above equation by substituting the following expressions for terms in
the denominators of the coefficient terms:

Aez = ey = Ay +Loay = Ay - Lyp; =Lpgy - Ly (B.158)

Aes = Aez = Ay + Wy = Ay ~Lygy =Wy ~ Loy (B.159)

Making these substitutions in Equation (B.157) can be done, but will not result in a simpler expression. The
important point to note from Equations (B.158) and (B.159) is that each term must be non-zero, implying that the
leakage rate constants mast not be the same between any two boxes:

Lz # Lz and Ly, #wy (B.160)
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Radionuclide 2 in Box 3: Expanded Chain Member Position 6

Details of the derivation of equations for this case are not presented. The derivations are performed in a manner
similar to the previous cases. The final result of the derivation is given in the following equation for the amount
of radionuclide 2 in box 3 as a function of time:

Lyaz L122 412 42 Gy (0)

Cus(®) =
’ (‘%’e6 - )‘el) (3'34 - A'«‘:1) (A'ez - l’cl)

Lysz 612 A2 Lygg €y (0) o 912 A2 Logy Ligy Gy (0) et
(A'e6 - A't:l) (Aett - )'el) ()‘e3 - )“el) (2'66 - lel) {)‘CS - A'el) ()‘c3 - A't:l)

-

Losa Ligo G20 Lapsp Lypp 6y Ay Gy (0) et
‘(166 - )‘62) (A'e4 - )'ez) (166 - Aez) (A'e4 - )’eZ) (’162 - )'el)

” L3z 12 Ap Cp3(0) Ly3z 412 A Lygy €y (0 (B.161)
_()'c6 - A’eS) ("-«:4 - "es) (Aes - )‘c3) (%4 - %3) (%3 - }-el)

42 A2 1231 G (0 4y A Lp3g Ly €y (0) et
(l'e6 - A'e?:) ()’es - le3) (A'eé - e3) (2'65 - Ae3) ()‘33 - A‘el)

232 Cas@®  Lasp Ligg dip 4 €y (0) gy Lypy Cpp(0)
Aes = Aed ()’e6 - A'64) ()‘e4 B )"61) (A'e4 - lez) (A'e6 - 2'<z4) (3'6:4 - A'e2)

Lasa 12 Ao Dot Con @ oo iz A Gus©@) | e
(A'e6 - }’64) ()'e4 - )‘el) ('Xe4 - A'<:3) ()'eé - }'e4) ()'34 - )'63)

+
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'd12)“r2cm5(0) _ 9220031 Gus () 124212311121 Cn1 (0) ohest
ko6 = des ("‘66 - A'eS) (2'65 - 3‘e3) (A'e6 - A‘es) (les - )‘el) ()’cS - A‘133)

Ly32 Cma(0) _ 13 43 Cps(®)  Tasp Lugp Cma(® - Lo3z dy2 A Gin3(9)
Aes ~ res Ae6 = Aes (Res - Aez) (Fes = Rea) (Res = 2e3) (Aes - ea)

L Y24 losn Cus@ Losy Ligg diz A G @)
(Ae6 N lef«l) (le6 - )'eS) (;'eé - A't:l) (’"cé - A't:Z) (A‘e6 - A'ed,)

* Cm6(0) -

0 Lo dip A Lypg GO dip A Lysg Lypy G0 o et
(les - el) (A'e() - 7-«:3) (’-ee - ’-e4) (’-es - el) ("ee - les) ()"e6 - les)

As mentioned above, the operator equations have a limitation caused by the form of the denominator to Equation
(B.17): Agj - Ag,- Because the difference between the two rate constants appears in the denominator, the rate
constants must be unequal. This condition is met for all radionuclide chains (unequal half-lives) and all transfers
between boxes (unequal rate constants for transfer out of boxes 1 and 2 for the drinking water scenario).

The activity in each box after a time period for the water-use model of the drinking water scenario is represented
as follows:

Ag fCot) (B.162)

where Ay, {} represents the operator for the activity after a time period in the drinking water water-use model with
results given for box k, C. is the array of initial activities or concentrations of all radionuclides in all boxes of the
water-use model (in pCi/medium), and t is a time period of interest. The units of Ay {} are the same as the units
of C.. Note that the results of the operator are defined for one box at a time by subscript k (replaceable by 1, 2,
or 3). The particular radionuclide of interest is represented by the subscript given on the activity or concentration
array, C.. For example, the results for radionuclide j in box 3 (aquifer) after a time t, are represented as

Ags{Cyprt) (B.163)

Here, the input activity array includes activities of all radionuclides through radionuclide j of the decay chain in all
boxes k of the water-use model. The time-integral operator for the drinking water water-use model is represented
similarly:

Sa{C.ot.} (B.164)

where Sy, {} represents the operation of time integration over a time period, t., in the water-use model with results
given for box k, and other terms are as previously defined. The deposition, accumulation, and time-integration
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operations, R{} and G{}, are not needed for the water-use model because none of the evaluations needed to
implement the water-use model involves deposition.

The operator notation can be related to the equations defined in this section for the activity of each radionuclide
present in each box of the drinking water scenario water-use model. The sample case used to illustrate generation
of the equations involved a two-membered decay chain. Therefore, each box of the water-use model will have two
numerical values generated from application of the decay operator. For example, the notation for the first box
given above, Ay {ij,ty}, represents two numerical values: one for the parent and one for the progeny radio-
nuclide. There will also be a total of six numerical values associated with the total solution: two values for each
of the three boxes. These are related to previous equations as follows:

Chain Water-use Reference

Member  Model Box  Equation Expression
1 1 B.113 Ayl = le(ty)
2 1 B.120 Ayl = sz(ty)
1 2 B.129 Agpil = Cm3(ty)
2 2 B.143 Apil = Cm4(ty)
2 3 B.161 Agufl = Cm6(ty)

B.6.2 Solution to Water-Use Model for the Drinking Water Scenario

This section presents the derivation of the solution to the drinking water scenario water-use model differential
equations. The solution is also compared to the decay operator equations (defined in Section B.1) as illustrated
for a sample case in Section B.6.1. The differential equations for the water-use model are as follows (repeated
from Section 4.1.3):

for box 1 (surface-soil layer),

ac,, 12
. .
el 21 dpidyj Cin - ()‘rj * Lle) Cyj (B.165)
ne=
for box 2 (unsaturated-soil layer),
ac, It
j - .
Tl El iy Con + Ligy Gy - (*q + L23j) Gy (B-166)
=

and for box 3 (aquifer),
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j-1
i;ii = :é dpjhy Cap + Logj G = (A + wy) (B.167)
where C,; = activity of radionuclide j in box 1 at time t (pCi)
Gy = activity of radionuclide j in box 2 at time t (pCi)
G;; = activity of radionuclide j in box 3 at time t (pCi)
Cin = activity of radionuclide n as a precursor to radionuclide j in box 1 at time t (pCi)
Cyn = activity of radionuclide n as a precursor to radionuclide j in box 2 at time t (pCi)

Can

j = index of current chain member position in decay chain

activity of radionuclide n as a precursor to radionuclide j in box 3 at time t (pCi)

i

n = index of precursor chain members in decay chain (n<j)
lej = rate constant for movement of radionuclide j from box 1 to box 2 (d'l)
Ly = rate constant for movement of radionuclide j from box 2 to box 3 @hn
Wy = rate constant for pumping of water from the aquifer (d1)

d

1j

i

fraction of radionuclide n transitions that result in production of radionuclide j

A

ij = decay rate constant for radioactive decay of radionuclide j (d'l).

The solution to these differential equations will be demonstrated for the parent and first progeny radionuclides in

box 1, and for the parent radionuclides in boxes 2 and 3. The differential equation for the parent radionuclide in
box 1 can be written as follows from Equation (B.165):

an
I (A'rl + 1*121) Ch (B.168)

Combining terms containing C,;, and multiplying by the integration factor e (411 + L121)t gives the following
equation:

Aoy + t A+ Lyt B.169
(dcu) el i bt (lrl * Lm) Ci T ( )

This can be written as a differential as follows:
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d [ . e().d + Lm)t]

-0 (B.170)
dt
The integral form can be written as follows:
C, el * L)t congrant (B.171)
and
C,, = Constant ¢~ (% * ! (B.172)

Using the initial condition of C;; = C;;(0) at t=0, the constant is evaluated as equal to C,;(0). Then, the activity
of parent radionuclide in box 1 as a function of time is expressed as follows:

(A + L)t B.173
Cay(t) = Cpy(0) & Pt 1) (BA73)
(Note: this equation is equivalent to Equation [B.113] with 4, + Lig = Aq and Cpy = Cpy.)
The differential equation for the first progeny in box 1 is as follows:
4Cyp 74
—r ~ 4242 Cu - (}‘rZ + lez) Ci2 (B.174)

Arranging terms containing C,, on the left side of the uatioanubstituting the expression for C;; from Equa-
tion (B.173), and multiplying by the integrating factor e Ar2 + L122)t results in the following expression:

dc,, c(arz + Lm)ll
dt

[(l,z + Lym) = (A * Lm)]‘ (B.175)

= djph, C1(0) €

The integral expression is as follows:

dood C. (0 e'(‘rl + Lm)‘ )
Cpt) = 221¢ u® + Constant ¢ (2 * 112! (B.176)
(Arz + Luz) - (7‘:1 t Lm)

Using the condition that C;, = C;,(0) at t = 0, the constant is evaluated as follows:
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di24 C11(0) ®.177)
(1r2 + lez) - (’11 + Lm)

The final expression for the amount of the first progeny radionuclide in box 1 is then

Constant = C,,(0) -

d;54, C11(0) e‘(l“ Lt

o T L) T o Load
2 ¥ hM22) A Yl
(B.178)
e - e O ety
()'r2 * lez) - (’*rl + LlZl)
(Note: This expression is equivalent to Equation [B.120] with C;, = C_,, and Ap + Lygy = Aey)
The differential equation for the activity of parent radionuclide in box 2 is written as follows from
Equation (B.166):
v T Lyt Gy - ()‘rl + L231)C21 (B-179)

Arranging terms containing C,; on the left side of the e(}uation, substituting the expression for C,; from Equa-
tion (B.173), and multiplying by the integrating factor e(*r1 ¥ L23D! results in the following expression:

dC21 e().ﬂ + LG)t
dt

= Ly C1;1(0) e[(l” L) (b + L (B.180)

The integral expression is as follows:

(A + Lyyit
_ Ly €0 e( 1+ L)

- + Constant e et * L)t (B.181)
(’“n + L231) - ()'n * Lm)

Using the condition that C,; = C,,(0) at t=0, the constant is evaluated as follows:

Constant = C,,(0) - L121 €10 (B.182)
( 1t L'131) - (A‘rl + szl)

The final expression for the amount of parent radionuclide in box 2 is then
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ELPRSY )t
Lia Cu@) ¢ o

Cyu®) 4 _ .
(Arl ¥ L231) (Ar} ¥ L121)

(B.183)

- L1z €11 (0) (L
+ 021(0) , . } : Je vt 231

(;'rl L231) ) (Arl * LlZl)

(Note: This expression is equivalent to Equation [B.129] with C;; = C_ 3 and L Ly = X 4 and previous
substitutions as indicated for Equations [B.173] and [B.178].)

The differential equation for the amount of the parent radionuclide in box 3 is written as follows from
Equation (B.167):

dCyy - - +

—r L= Qa (}'u Wd) Qy (B.184)
Arranging terms containing C;; on the left side of the cquaticin, substituting the expression for C,; from

Equation (B.183), and multiplying by the integration factor e(*r1 + Wit regults in the following expression:

l + l “+ - A- -+
dlCgyy e( ! wd)t] - L3 Lygy €400) ek ? w) | " Lm)]t
at (A'rl * L231) (Arl * L121)
[(1,, tw) Bt Lm)]t (B.185)

T Lyg Cp(0) ¢

o w) =6, v )

= Lag Ly C5(0) €
- +

(Arl * LZBl) (lrl

I“121)

As before, the integral of this expression can be written as follows:
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- )'r + L t
Lo Ligy Cu(©@) e (et + L)

[(’“rl + L231) - (Arl + Lm)] {(’-n + Wd) - (’Lﬂ + Lm)]

Cy () =

(g * Loy )t
+ L231 CZI(O) e ( ! 231) . (B.186)
(’-rl + Wd) - ("rl + L231)

Log; Ly C11(0) ¢ b+ L

[l = L) - (o * Lua)] [er =) - (e * L)

The constant can be evaluated from the condition that Cy; = C5,(0) at t=0, as follows:

+ Constant o:t"(lrl * W)t

Loy C(0)
(Aﬂ +wy) - (’Ln + L)
_ Lya; Liz €110
o o) b Ll ) o]
Lysi Lz €110

(her * Lam) = (er * Lyza)]| [(ber W) = bes + Lo)]

Constant = C4,(0) -

This expression can be reduced using the algebraic identity defined in Equation (B.51) witha = 1, + L,
b= A4 + Ly, and ¢ = A, + wy. The expression for the constant becomes

Ly €(0)
(’-rl +wy) - (‘lrl + L231)
Loy Ly C1i(0)

[(’vn +wy) - (An + Lm)] [()"rl + Wd) - (’-:1 + L231)]

Constant = C4,(0) -

(B.188)

+

Substituting this expression into Equation (B.186) results in the following equation for the amount of parent
radionuclide in box 3 as a function of time:
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Cq (0§ e R o o Ludk  * I L €20
l —
!'(lrl * L231) - ()’rl * L121)J l(lrl * wd) B (Arl * LIZI)‘I l(kl'l * wd) P‘rl * L231)

- L231 L12(1 FCII(O)

—()'rl * Lm)‘

L ]y €
l()'n * L231) ) (Arl * Lm)J l()‘n * Wd) ) ()’rl ¥ LBl)J (B159)
) L,y C,i(0)
sle oy . 21 Ca \
2 ® By Twgl By T Ly
+ Loa ngxr €10 ; e"(*,, *wg)t

l()'n ¥ Wd) ) ()'rl ' Lm)J l()'n ¥ Wd) ) (krl * Lm”

(Note: This equation is equivalent to Equation [B.157] with Cy; = Cy,5 and lﬂ +wy = 165 and previous
substitutions as indicated for Equations [B.173}, [B.178}, and [B.183].)

B.7 Water-Use Model for the Residential Scenario

The water-use model for the residential scenario, as described in Section 5.6.6, is very similar to the water-use
model for the drinking water scenario, with one major exception. The residential scenario involves recycling of
activity from the aquifer (box 3) to the surface-soil layer (box 1). This recycling pathway causes a number of
complications in the equations for calculating the activity in each box as a function of time. The decay operator
equations can not be applied directly to solve the problem, as was possible for the simpler drinking water scenario
water-use model. General methods for solving the recycling case have been published based on matrix algebra with
the aid of computers in generating numerical solutions to specific cases. A method for solving the three-box
water-use model with recycling is provided in the discussion that follows.

The three-box ground-water model for a parent and a single radioactive progeny can be solved numerically using
the method of Birchall and James (1989). To apply this method, consider the representation of the three-box
model presented in Figure B.1. This figure illustrates the three-box model for the residential scenario with
recycling from box 3 to box 1 for a two-membered decay chain. Application of the Birchall and James method
requires defining the matrices to represent the system. Table B.1 illustrates the methods for establishing the
system matrix [R]. The [R] matrix is given by the portion of the table within the double lines. The column labeled
"Out" contains additional removal rate terms that do not appear as input to any of the Q;; compartments; these
terms appear below as "further reductions" in the [A] matrix (Birchall and James 1989). Note that quantities are
represented in units of atoms for this application. Conversion between atom units and activity units is performed
on the result according to Equation (B.26).
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A (1-dy)
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wl ¢L121 wify #422
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Q1 > o0
¢L231 r-zsz
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Figure B.1 Residential scenario three-box water-use model
Table B.1 System matrix generation table
To:
matrix [R] Qi  Qu® QuM Qp® QuM Q) Out
From: Qu(t) Qu(0) Lyy A2 An(1-dyy)
QM Qu0®) Ly, A A (1-dyp)
Q) fw, Q30 Az An(1-dpp)+ w(1-f)
Qs2(V) Q200 Ly )
Qqp(1) Qu®) Ly A
Q33(1) fow, Q3,(0) A + w(1-f)

From the matrix [R] is formed the matrix {A] with reductions along the diagonal as shown above. Note that many
of the terms along the diagonal simplify, since A ; = Ayy + A, (1-dy,) and w, = w i, + w(1-f,). The first expres-
sion is a result of the definition of the fractional decay rate constant, 1,,, which is equal to the product of the
branching fraction, d,,, and the radioactive decay rate constant, A ;.
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LTiiAdq 0 fow, 0 0 0 ]
Lip Lty O 0 0 0
0 -W_ - 0 0 0
[A] - L231 1l (B.lg{))
0 Az 0 Lz Lapp-dp O
0 0 A:lz 0 L232 "‘Vr —A‘YZ‘
Multiplying each element in matrix {A] by the scalar t gives:
[—(Lygq +Ap)t 0 fwt 0 0 0
Lint g+t 0 0 0 0
0 t - At 0 0 0
[Alt = b W+ 2a) (B.191)
At 0 0 ~(Ligp At 0 fow,t
0 Agpt 0 Lzt Loz it 0

Let & denote the eigenvalues of [AlL, [e;, €,, €3, €,, €5, €5]. Form a matrix [®] whose diagonal is the exponential
of each eigenvalue:

10 0 0 0 0]
0 ¢ 0 0 0 O
0] - 0 0e*0 00 (B.192)
0 0 0 e*0 0
0 0 0 0 ¢ 0
0 0 0 0 0 &%

Let [¥] denote the matrix of eigenvectors of [A]t, and [‘J?’]‘1 denote its inverse. The general solution to the three-
box model becomes
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[Qy1(1) Q1,(0)
Q) Q,,®
Q3;(1 2] (0] (21" Q3,(0) (B.193)
Q;2(t) Q20
Q2(0) Q,,(0)
s, Q5,00)]

While there are many commercially available programs that can solve the above equation if it contains completely
numeric values and coefficients (including time), solving it symbolically requires the solution of a characteristic
equation that is at least of sixth order, which cannot be done analytically.

The solution matrix expressed by Equation (B.190) is represented by the three-box operator, AL {C,t.}, when mul-

tiplied by the radioactive decay constant for the radionuclide of interest. For example, the activity of the third
chain member in the first box (surface soil) after a time period, t, is given as follows:

A{Ciat} = Az Qy5(0) (B.194)

where A, {} = activity of radionuclide chain member 3 in box 1 after a time period t following definition of the
initial inventory (pCi/g)

Gz = array of initial activities of all chain members through chain member 3 in all boxes of the water-
use model (pCi/g)
A3 = radioactive decay rate constant for radionuclide chain member 3 (d1).
The time-integral operator for the residential scenario, S, {}, can be represented similarly using the numerical solu-

tion to the time integral for each radionuclide activity in the appropriate box. For example, the activity of the
third chain member in the first box after a time period, ty, is given as follows:

Yy
Srl{ 3’ty} = A‘rSJ le(l)dt (B.195)
0

where S, {} = time integral of activity of radionuclide chain member 3 in box 1 after a time period, ty, following
definition of the initial inventory (pCi*d/g)

and other terms are as previously defined.
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Carbon-14 Agricultural Pathway Model

Because of its production in the nuclear fuel cycle, its long half-life, and its environmental mobility, carbon-14 has
attracted significant research and modeling interest. Examples of these efforts include studies by the Nuclear
Energy Agency (1980), Wirth (1982), Till and Meyer (1983), Napier et al. (1988), Sheppard, Sheppard, and Amiro
(1991), and Amiro, Zhuang, and Sheppard (1991). For this study, the transfer of carbon-14 from air, soil, and
water to plants is evaluated using the models for other radionuclides as described in the previous sections. The
transfer from animal feed to animal products is evaluated using the specific activity models and special parameters
described in this appendix.

C.1 Transfer of Carbon-14 from Soil to Plants

The transfer of carbon-14 from soil to plants is based on the concentration factor (B,,) approach. The value selec-
ted for the concentration factor is critical in defining the level of conservatism in the evaluations. Recent experi-
mental work by Sheppard, Sheppard, and Amiro (1991) has addressed the estimation of the concentration factor
for edible plants (radishes and beans). For application of carbon in the form of NaHCO; to two soil types (undis-
turbed soils with high-organic-matter content and acidic low-organic-matter content), they derived experimental B,
values of 0.7 and 1.3, on a dry weight basis for the two soils, respectively. Their experiments also suggested that
most of the transfer from soil to plant was via air, rather than via root uptake. Similar experiments using labeled
2,2,5,5" tetrachlorobiphenyl (14C-PCB) resulted in By, estimates of 0.014 and 0.088 for the two soils, respectively.
A reasonably conservative estimate for the B, value for the residential scenario is taken to be 0.7, representing
uptake in organic soils that are likely to be used for gardening.

C.2 Transfer of Carbon-14 to Animal Products

The model for carbon-14 concentration in animal products is based on the assumption that the specific activity of
carbon-14 in the animal product is equal to the specific activity of carbon-14 in the animal intake as follows:

pCi carbon-14/kg carbon in animal product = pCi carbon-14/kg carbon total intake (€1

where the total animal intake results from the consumption of contaminated fresh forage, stored feed, soil, and
water.

The partial pathway transfer factor (PPTF) for carbon-14 in animal products is estimated for soil sources as in
Equation (C.2). The decay correction for holdup between harvesting of the animal product and its consumption by
humans is not needed because of the long half-life of carbon-14. The time integral of activity over the intake per-
iod is represented as concentration times intake time. The equation for the soil pathway includes the ingestion of
soil by grazing animals.
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PPTF ;¢ = fca [Qf X¢ Copce tor + Qa Wi Q X¢ Cug Ui *+ Qp X Copee g * Qu X Conce tfh]

where  PPTF,
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(C2)

tea SArac/ {(fo Qf tgp + fog Qg Wi Qp ty + £y Qq by + fon Qp ‘fh) 355'25]

partial pathway transfer factor for animal product type a, for carbon-14, for unit initial con-

centration of carbon-14 in soil (pCiey/kg wet-weight per pCi/g)

fraction of carbon in animal product a (kg carbon/kg wet-weight animal product)

fraction of carbon in animal fresh forage f (kg carbon/kg wet-weight animal product)

fraction of carbon in animal stored grain g (kg carbon/kg wet-weight animal product)

fraction of carbon in animal stored hay h (kg carbon/kg wet-weight animal product)

fraction of carbon in soil (kg carbon/kg dry-weight soil)

soil dry-weight consumption rate as a fraction of the fresh forage consumption rate by the
animal (kg dry-weight soil/kg dry-weight forage)

consumption rate of fresh forage by the animal (kg wet-weight forage/d)
consumption rate of stored grain by the animal (kg wet-weight grain/d)
consumption rate of stored hay by the animal (kg wet-weight hay/d)

concentration factor for carbon-14 in fresh forage plant f at time of harvest, from unit initial
concentration of carbon-14 in soil (pCi/kg wet-weight forage per pCi/g dry-weight soil)

concentration factor for carbon-14 in stored grain plant g at time of harvest, from unit
initial concentration of carbon-14 in soil (pCi/kg wet-weight grain per pCi/g dry-weight soil)

concentration factor for carbon-14 in stored hay plant h at time of harvest, from unit initial
concentration of carbon-14 in soil (pCi/kg wet-weight hay per pCi/g dry-weight soil)

ratio of the carbon-14 concentration in soil eaten by the animal to the initial concentration
of carbon-14 in the soil, with units conversion from grams to kilograms (pCi/kg dry-weight
soil per pCi/g dry-weight soil)

time period over which the animal is fed fresh forage (d)

time period over which the animal is fed stored grain (d)

time period over which the animal is fed stored hay (d)

time period over which the animal product is consumed by humans (d for a year of

residential scenario)
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W; = factor for conversion of mass of forage crop from a dry-weight to a wet-weight basis (kg dry
weight per kg wet weight)

SAr,c = specific activity equivalence of animal product type a and the specific activity of the total
fresh forage and stored feed intake (pCi carbon-14/kg carbon in animal product per pCi
carbon-14/kg carbon in fresh forage, stored feed, and ingested soil)

x; = fraction of animal is intake of forage that is contaminated (dimensionless)
x, = fraction of animal is intake of stored grain that is contaminated (dimensionless)

X, = fraction of animal is intake of stored hay that is contaminated (dimensionless)

365.25

unit conversion factor (dfy).

The soil concentration term, C_;, is numerically equal to the conversion factor 1000 g/kg because both soil con-
centrations (soil eaten and initial soil) are defined to be equal. Because carbon-14 is long-lived, the concentration
in soil during the feeding period is equal to the initial carbon-14 concentration in soil.

The PPTF for animal products for carbon-14 in water is evaluated using Equation (C.2), with the subscript w
replacing subscript s. Also, the animal is assumed to drink the contaminated irrigation water. All the carbon in
the irrigation water is assumed to be carbon-14. Therefore, the specific activity equivalence term for animal

products includes the carbon-14 intakes from fresh forage, stored feed, soil, and water and the carbon intakes of
only the fresh forage, stored feed, and soil. The PPTF is evaluated as follows:

PPTF, ¢ = {fCa (Qf X Curce e * QaWr Qr X Cupca i + Qg X5 Cugee U

C3
+ Qh Xh thCc Lep * Qw Xy waCc tfw) tca SATaC] / (©3)

[(fo Q tyg + fcaQqWr Qf tye + fog Qg teg * fop Q ten ) 365-25}

where PPTF,,c = partial pathway transfer factor for animal product type a, for carbon-14, for unit initial
concentration of carbon-14 in water (pCiey/kg per pCi/L for a year of residential scenario)

ty = period over which animal is fed contaminated water (d)

Catce = concentration factor for carbon-14 in fresh forage plant f at time of animal consumption per
unit initial concentration of carbon-14 in water (pCi/kg wet-weight forage per pCi/L)

Cwtca = concentration factor for carbon-14 in soil at the time of animal consumption of soil per unit
initial concentration of carbon-14 in water (pCi/kg dry-weight soil per pCi/L)
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Cwgce = concentration factor for carbon-14 in stored grain plant g at time of animal consumption
per unit initial concentration of carbon-14 in water (pCi/kg wet-weight grain per pCi/L)

Cynce = concentration factor for carbon-14 in stored hay plant h at time of animal consumption per
unit initial concentration of carbon-14 in water (pCi/kg wet-weight hay per pCi/L water)

Cywce = concentration factor for carbon-14 in water per unit initial concentration in water (added
for clarity) (pCi/L. per pCi/L)

x, = fraction of animal water intake that is contaminated (dimensionless)

and other terms are as previously defined.

C.3 Special Parameters for the Carbon-14 Model for Crops and Animal Products

The model for carbon-14 uses several special parameters for which values are provided in Table C.1.

Table C.1 Carbon model parameter values*

Parameter description Value

Fraction of animal product that is carbon:

Beef 0.24
Poultry 0.20
Milk 0.07
Eggs 0.15
Fraction of animal feeds that is carbon:
Beef Forage 0.09
Stored hay 0.09
Stored grain 04
Poultry Forage 0.09
Stored hay 0.09
Stored grain 04
Milk Forage 0.09
Stored hay 0.09
Stored grain 04
Eggs Forage 0.09
Stored hay 0.09
Stored grain 0.4
Fraction of soil that is carbon: 0.03

*Values taken from Napier et al. (1988).
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Appendix D

Tritium Agricultural Pathway Model

Tritium is a radioactive form of hydrogen with a half-life of 12.43 years. It decays to helium-3 by emission of a
low-energy beta particle. Tritium uptake by man can occur by exposure to air, water, or food. Numerous research
studies have investigated the environmental and pathway modeling aspects of tritium, including those by Moghissi
and Carter (1973), National Council on Radiation Protection and Measurements (1979), Murphy (1986 and 1990),
Johnson et al. (1988), Killough and Kocher (1988), Diabate and Strack (1990), Neil (1990), and Straume (1991).
For the scenarios used in this study, a special model is used to evaluate the transfer of tritium in food chains. The
concentration of tritium in each food type is assumed to have the same specific activity as the contaminating
medium. This assumption is approximately valid for situations involving continuous replenishment of tritium in
the medium and represents a conservative approximation for residual radioactive material in soil.

D.1 Transfer of Tritium from Soil to Plants and Animal Products

When soil is contaminated with residual tritium and no tritium from air and water is continually added to the soil,
the contamination would be expected to rapidly escape from the soil or plants that had taken up this tritium. This
analysis, however, conservatively assumes that the soil tritium is retained and remains available for plant uptake
over time. The transfer of tritium from soil to plants is evaluated using a specific activity model for root uptake.
Resuspension of soil onto plants is not considered because the specific activity model predicts plant concentrations
about two orders of magnitude greater than the resuspension contribution. Also, tritium is not normally bound
tightly to soil and would be expected to escape rapidly from suspended particles.

The estimation of concentration in plants from root uptake of tritium in soil assumes equilibrium between tritium
in soil moisture and the plant:

Covttn = 9 figy Cot SAym 1000/[Sy Cyy] (D.1)

s

where Cyy, = concentration factor for tritium in food type v from unit initial concentration of tritium in soil
(pCi/kg wet-weight plant per pCi/g dry-weight soil)

fy, = fraction of hydrogen in total vegetation (kg hydrogen in plant/kg wet-weight plant)
Cyy = initial concentration of tritium in soil (pCi/g)

SA,; = specific activity equivalence of the soil and plant (pCi/kg hydrogen in plant per pCi/kg hydrogen
in soil)

Sy = moisture content of soil (kg water/kg soil)
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N~
fl

conversion from soil water to soil hydrogen based on molecular components of water (kg water
in soil/kg hydrogen in soil)

1000 = units conversion factor (g/kg).
Because the half-life of tritium is long compared to the time periods considered (1 year or less), it is not necessary

to model the decay of tritium concentration in plants. The partial pathway transfer factor (PPTF) for tritium in
soil is evaluated as the product of the time period times the average concentration:

PPTF, ;= Coyap toy/ 36525 D2

where PPTF,y; = partial pathway transfer factor for tritium in Crop type v, per unit initial concentration of
tritium in soil (pCiey/kg wet-weight plant per pCi/g dry-weight soil for a year of residential

scenario)
Cwhn = concentration factor for tritium in crop type v from root uptake at time of harvest for unit
initial concentration of tritium in soil (pCi/kg wet-weight plant per pCi/g dry-weight soil)
o, = time period over which the crop is consumed (d for a year of residential scenario)

365.25 = unit conversion factor (dfy).

The model for tritium concentration in animal products from soil contamination is based on the assumption that
the specific activity of the tritium in the animal product is equal to the specific activity of the total animal intake.
For tritium, the total intake results from the consumption of contaminated fresh forage, stored feed, and soil. The
total hydrogen intake considers the hydrogen contained in the fresh forage, stored feed, soil, and uncontaminated
water. This is expressed as follows:

[pCi tritium/kg hydrogen in animal product] = [pCi tritium intake in fresh forage, stored feed,
and soil]/[kg hydrogen intake in fresh ®-3)
forage, stored feed, and water]

The forage, stored grain, and stored hay tritium concentrations are evaluated by Equation (D.1) with subscripts v
and h replaced by subscripts f (g or h) and c, respectively. The ingestion of soil by the animal during the grazing
period is included.

The concentration of tritium in animal products is estimated for soil sources as follows. Again, decay is not
considered because of the long half-life for tritium:
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PPTFasI—I = fHa [(Qf X Cst’Hc e + Qg xg ngHc tfg + Qh Xy Csth h

+ 1000 Q¢ x; Qg Wy ty¢ Coy/ CsH)] tca SATa/ [(fm Qf by 04

where PPTF,y; = partial pathway transfer factor for animal product type a for tritium, per unit initial

concentration of tritium in soil (pCiey/kg wet-weight animal product per pCiey/g for a year of
residential scenario)

fiia = fraction of hydrogen in soil d (kg hydrogen/ kg dry-weight soil)

fyye = fraction of hydrogen in fresh forage f (kg hydrogen/kg wet-weight forage)

fi, = fraction of hydrogen in animal product a (kg hydrogen/kg wet-weight animal product)

fyy, = fraction of hydrogen in stored grain g (kg hydrogen/kg wet-weight grain)

fy, = fraction of hydrogen in stored hay h (kg hydrogen/kg wet-weight hay)

Qg = fraction of forage intake that is soil (kg dry-weight soil/kg dry-weight forage)

Q¢ = consumption rate of fresh forage by the animal (kg wet-weight forage/d)

Q, = consumption rate of stored grain by the animal (kg wet-weight grain/d)

Q,, = consumption rate of stored hay by the animal (kg wet-weight hay/d)

Q,, = consumption rate of water by the animal (kg/d)

W; = factor for conversion of forage plant mass from a dry-weight to wet-weight basis (kg dry-weight
forage/kg wet-weight forage)

9 = conversion factor for environmental water to hydrogen based on the molecular components of
water (kg water/kg hydrogen)

Cim = concentration factor for tritium in fresh forage plant f at time of consumption by animal, per
unit initial concentration of tritium in soil (pCi/kg wet-weight forage per pCi/g dry-weight soil)

Csgre = concentration factor for tritium in stored grain plant g at time of consumption by animal, per
unit initial concentration of tritium in soil (pCi/kg wet-weight grain per pCi/g dry-weight soil)

Cenpic = concentration factor for tritium in stored hay plant h at time of consumption by animal, per
unit initial concentration of tritium in soil (pCi/kg wet-weight hay per pCi/g dry-weight soil)

ty = time period over which the animal is fed fresh forage (d)
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Xy

1000

time period over which the animal is fed stored grain (d)
time period over which the animal is fed stored hay (d)

time period over which the animal product is consumed by humans (d for a year of residential
scenario)

time period over which the animal is fed water (d)

specific activity equivalence of animal product type a and the specific activity of the total
tritium and hydrogen intakes (pCi tritium/kg hydrogen in animal product per pCi tritium
intake/total hydrogen intake)

fraction of animal is intake of forage that is contaminated (dimensionless)

fraction of animal is intake of stored grain that is contaminated (dimensionless)

fraction of animal is intake of stored hay that is contaminated (dimensionless)

unit conversion factor (g/kg).

D.2 Transfer of Tritium from Irrigation Water to Plants and Animal Products

The concentration of tritium in plants from contamination by irrigation with ground water is evaluated based on
equilibrium between water and the plant’s moisture concentration. For a unit initial tritium concentration in water
{pCi/L) and for unit density of water (1 kg/L), the plant concentration is evaluated as follows:

C

where wvHh

CWH

va

SAuwH

Covtn = 9 fuy Gon SAWH/Gon (D.5)

concentration factor for tritium in food type v at harvest from unit average concentration of
tritium in water (pCi/kg wet-weight plant per pCi/L. water)

average concentration of tritium in water (pCi/L water)
fraction of hydrogen in total vegetation (kg hydrogen/kg wet-weight plant)

specific activity equivalence of plant type v and tritium in water (pCi tritium/kg hydrogen in
wet-weight plant per pCi tritium/kg bydrogen in water)

conversion from environmental water to hydrogen based on molecular components of water
(kg water/kg hydrogen).

The partial pathway transfer factor for food crops for tritium in water is evaluated using Equation (D.2), with the
subscript w replacing subscript s:
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PPT'FVWH = wvHh tcv/365-25 (D.6)

where PPTF,,,;; = partial pathway transfer factor for tritium in food type v for irrigation with contaminated water,

Cuwvih

t

(%

365.25

I

per unit average concentration of tritium in water (pCisy/kg wet-weight plant per pCi/L. water
for a year of residential scenario)

concentration factor for tritium in crop type v from root uptake at time of harvest, for unit
average concentration of tritium in water (pCi/kg wet-weight plant per pCi/L. water)

time period over which food type v is consumed (d for a year of residential scenario)

unit conversion factor (dfy).

The partial pathway transfer factor for tritium from water to animal products is based on tritium concentration in
animal feed, evaluated by Equation (D.5) for forage crops and stored hay and grain crops. The animals are also
assumed to drink contaminated water and ingest contaminated soil. The partial pathway transfer factors are
calculated as follows:

PTF,yy = [fHa (Qf % Cgrie tr * Qg X5 Cwgnic g * @ *n Cwnre tn * Qu We Qf ¥ Carna Uit

where PPTF 4

waHc

Cwch

waHc

Cotrd

SA’I‘aH

il

(D.7)
* Qw Xw C\vac tfw) tca SATaHl/(fo Qf Ly + ng Qg tfg

+ th Qh Yp * fHd Qd Wf Qf tep + Qw tfwlg) 365.25

partial pathway transfer factor for animal product type a for tritium, for unit average concen-
tration of tritium in water (pCiey/kg wet-weight animal product per pCi/L water for a year of
residential scenario)

concentration factor for tritium in fresh forage plant f at time of animal consumption, from
unit average concentration of tritium in water (pCi/kg wet-weight forage per pCi/L. water)

concentration factor for tritium in stored feed plant s at time of animal consumption, from
unit average concentration of tritium in water (pCi/kg wet-weight stored feed per pCi/L water)

concentration factor for tritium in water per unit average concentration of tritium in water
(added for clarity) (pCi/L. per pCi/L)

concentration factor for tritium in soil at time of animal consumption of soil per unit average
concentration of tritium in water (pCi/kg dry-weight soil per pCi/L. water)

specific activity equivalence factor for tritium in animal product a (pCi tritium/kg hydrogen in
animal product per total pCi tritium in fresh forage, stored feed, soil, and water/kg hydrogen in
fresh forage, stored feed, soil, and water)

x,, = fraction of animal water intake that is contaminated (dimensionless)
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and other terms are as previously defined. The concentration factor for tritium in soil, CatHg 18 evaluated from
the total deposition of tritium to soil from irrigation. The deposition rate is evaluated as per Equation (5.58). For
tritium, the expression is written as follows:

Rysnr = IR / B, [Cuyy / Cod] (D8)

where Ry = deposition rate of tritium from irrigation water to soil during the forage-feeding period per unit
activity of tritium in irrigation water (pCi/d+kg dry-weight soil per pCi/L water)

IR = annual average application rate of irrigation water (L/mz-d)
P, = areal soil density (kg dry-weight soil/m?)
Cuu = average concentration of tritium in water over the current 1-year period (pCi/L).
The average concentration in soil is evaluated as the deposition, accumulation and, time-integral over the forage-

feeding period, divided by the forage-feeding period. Because tritium has a relatively long half-life, the average soil
concentration factor can be expressed as follows

Cwena = Rusnr e/ 2 (D.9)
where terms are as previously defined.
D.3 Special Parameters for the Tritium Model for Crops and Animal Products

The tritium model for agricultural pathway transfer factors uses several special parameters. Values for these
parameters were taken from Napier et al. (1988) and are given in Table D.1.
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Table;D.1 Tritium agricultural model parameter values*

Parameter Description

Value

Fraction of food plant that is hydrogen:
Leafy vegetables
Other vegetables
Fruit
Grain

Fraction of animal product that is hydrogen:

Beef

Poultry

Milk

Eggs

Fraction of animal feeds that is hydrogen:

Beef Forage
Stored hay
Stored grain

Poultry Forage
Stored hay
Stored grain

Milk Forage
Stored hay
Stored grain

Eggs Forage
Stored hay
Stored grain

Fraction of soil that is hydrogen:

Soil moisture content (kg/kg):

0.1
0.1
0.1
0.068

0.10
0.10
0.11
0.1

0.1
0.1
0.068
0.1
0.1
0.068
0.1
0.1
0.068
0.1
0.1
0.068

0.011**

0.1

*From Napier et al. (1988).

**Eyaluated as soil moisture content divided by 9.
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Appendix E

Supplemental Data

This appendix contains supplemental data needed in the calculation of annual total effective dose equivalents
(TEDE:) for the residual radioactive contamination scenarios defined in this study. The tables provided in this
appendix are shown in a computer-readable form, anticipating their direct use in user-friendly software implement-
ing the scenario/pathway analysis. The numbers of significant figures shown in each table were obtained from pri-
mary references and are included for completeness.

E.1 Contents and Units of Tables

Table E.1 contains radioactive decay data and decay-chain specifications for the listing of radionuclides considered
in this study. As described in Section 6.1.2, the radioactive decay database contains information taken directly
from ICRP Publication 38 (ICRP 1983). The database contains a data set for each radionuclide or chain, except
for natural thorium or natural uranium, for which dose factors are calculated from the radionuclides in the decay
chain. The entries are organized by increasing atomic number and by decay chain. Within each chain, members
follow according to their decay sequence. Progeny radionuclides are treated as implicit or explicit, as defined in
Section 6.1.1. The columns in Table E.1 include listings for 1) parent radionuclide, 2) progeny radionuclides in the
chain, 3) radioactive half-life (in days), 4) position of each radionuclide in the chain, 5) branching information for
the first parent of each radionuclide (index and fraction), 6) branching information for the second parent, if any, of
each radionuclide (index and fraction), and 7) atomic number.

Tables E.2 through E.5 contain the standardized databases of external and internal effective dose equivalent
factors, committed effective dose conversion factors, and the organ dose equivalent factors used in this generic
screening analysis. These factors are obtained from recent Federal Guidance published by the EPA, implementing
the recommendations of the ICRP (Eckerman, Wolbarst, and Richardson 1988; Eckerman and Ryman 1992).
Entries are included for each parent radionuclide with implicit progeny immediately following the parent entry.
Implicit progency are signified by an entry showing in the second column of each table.

Table E.2 lists the internal committed effective dose equivalent (CEDE) and the external effective dose equivalent
factors. The columns in Table E.2 include listings for 1) radionuclide, 2) implicit progeny fraction, 3) internal
committed effective dose equivalent for ingestion (Sv/Bq), 4) internal CEDE for inhalation (Sv/Bq), and 5) external
effective dose equivalents for surface sources (Sv/d per Bq/m?) and volume sources with 15-cm thickness (Sv/d per
Bq/m>). The implicit progeny fraction is the parameter F, used in Equation (6.7) to calculate combined dose
factors for parent radionuclides with implicit (short-lived) progeny.

Tables E.3 through E.5 contain ingestion organ dose equivalent factors for use in the drinking water scenario.
Each table contains columns showing the radionuclide, implicit progeny fraction, and organ dose equivalent factors
in units of Sv per Bq ingested. Table E.3 includes factors for adrenals, urinary bladder wall (Bld Wall), bone sur-
face (B Surface), brain, breast, stomach wall (S Wall), and small intestine wall (SI Wall). Table E4 includes
factors for upper large intestine wall (ULI Wall), lower large intestine wall (LLI Wall), kidneys, liver, lungs,
ovaries, and pancreas. Table E.5 includes factors for red bone marrow (R Marrow), skin, spleen, testes, thymus,
thyroid, and uterus.
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Table E.6 lists by radionuclide the inhalation translocation class and the gastrointestinal (GI) tract uptake fractions
(f,) used in this study. In most cases, the solubility class selection will maximize the potential inhalation dose. For
plutonium, the solubility class represents the most common chemical form that will likely be encountered in envi-
ronmental situations. For the other radionuclides, the translocation classes and GI uptake fractions are defined for
the combination resulting in the highest dose.

E.Z References

Eckerman, K. F., and J. C. Ryman. 1992. Dose Coefficients for External Exposure to Radionuclides Distributed in
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No. 11, EPA-520/1-88-020, U.S. Environmental Protection Agency, Washington, D.C.

International Commission on Radiation Protection (ICRP). 1983. Radionuclide Transformations - Energy and
Intensity of Emissions. ICRP Publication 38, vol. 11-13, Pergamon Press, New York.
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Table E.1 Radioactive decay data and decay chain specifications

Appendix E

Parent Branching information

radio- Progeny Half-life  Position First parent Second parent Atomic

nuclide* in chain d)* in chain Index VFraction Index Fraction Number**
3H 4.51E+03 1 1
10ge 5.84E+08 1 4
e 2.09E+06 1 6
18p 7.62E-02 1 9
22Na 9.50E+02 1 11
%ANa 6.25E-01 1 11
32p 1.43E+01 1 15
33p 2.54E+01 1 15
355 8.74E+01 1 16
36y 1.10E+08 1 17
g 4.68E+11 1 19
ca 5.11E+07 1 20
45Ca 1.63E+02 1 20
465¢ 8.38E+01 1 21
Sicr 277TE+01 1 24
54Mn 3.13E+02 1 25
56Mn 1.07E-01 1 25
55Fe 9.86E+02 1 26
59Fe 4.45E+01 1 26
STco 2. 71E+02 1 27
58co 7.08E+01 1 27
%0co 1.93E+03 1 27
SN{ 2.74E+07 1 28
63Ni 3.51E+04 1 28
65Ni 1.05E-01 1 28
64cy 5.29E-01 1 29
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Table E.1 Radioactive decay data and decay chain specifications (Continued)

Parent Branching information
radio- Progeny Half-life  Position First parent Second parent Atomic
nuclide* in chain @* in chain Index Fraction Index Fraction Number**
657n 2.44E+02 1 30
9mz, 5.73E-01 1 30
97n 1 0.9997
97n 3.96E-02 1 30
T6As 1.10E+00 1 33
155 1.20E+02 1 34
Mse 2.37E+07 1 34
82y 1.47E+00 1 35
83y 9.96E-02 1 35
83my 1 1.0000
84gy 2.21E-02 1 35
86Rb 1.87E+01 1 37
88Rp 1.24E-02 1 37
89Rb 1.06E-02 1 37
89gr 5.05E+01 2 1 1.0000 0 0.0000 38
85gr 6.48E+01 1 38
89gr 5.05E+01 1 38
Wgr 1.06E+04 1 38
Ky 2.67E+00 2 1 1.0000 0 0.0000 39
gy 3.96E-01 1 38
my 1 0.5780
Ny 5.85E+01 2 1 1.0000 0 0.0000 39
Ny 2.67E+00 1 39
my 3.45E-02 1 39
Ny 5.85E+01 2 1 1.0000 0 0.0000 39
Nty 5.85E401 1 39
2y 1.48E-01 1 39
By 4.21E-01 1 39
Bzy 5.59E+08 2 1 1.0000 0 0.0000 40
BmN 4.97E+403 3 2 1.0000 0 0.0000 41
By 5.59E+08 1 40
EELS M) 4.97E+03 2 1 1.0000 0 0.0000 41
BZr+C (Same data as for named radionuclide)
7y 6.40E+01 1 40
95mNp 3.61E+00 2 1 0.0070 0 0.0000 41
I5Nb 3.52E+01 3 2 1.0000 1 0.9930 41
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Table E.1 Radioactive decay data and decay chain specifications (Continued)

Parent Branching information
radio- Progeny Half-life  Position First parent Second parent Atomic
nuclidet in chain @a@* in chain Index Fraction Index Fraction Number**
M7x 7.04E-01 1 40
9TmNp 1 0.9470
TNb 1 0.0530
Bmpp, 4.97E+03 1 41
%Nb 7.41E+06 1 41
95mNp 3.61E+00 1 41
BNb 3.52E+01 2 1 1.0000 0 0.0000 41
SNb 3.52E+01 1 41
ITmNp 6.94E-04 1 41
9Nb 5.01E-02 2 1 1.0000 0 0.0000 41
9"Nb 5.01E-02 1 41
Mo 1.28E+06 1 42
Bmyp, 4.97E+03 2 1 1.0000 0 0.0000 41
Mo 2.75E+00 1 42
9mT, 1 0.8760
P Te 7.78E+07 2 1 1.0000 0 0.0000 43
99m. 2.51E-01 1 43
PTc 7.78E+07 2 1 1.0000 0 0.0000 43
PTc 7.78E+07 1 43
101 9.86E-03 1 43
103Ry 3.93E+01 1 44
103mpy  3.90E-02 2 1 0.9970 0 0.0000 45
105Ry 1.85E-01 1 44
105Rh 1.47E+00 2 1 1.0000 0 0.0000 45
106R Y 3.68E+02 1 44
106RH 1 1.0000
103mp 3.90E-02 1 45
105Rh 1.47E+00 1 45
103pg 1.70E+01 1 46
103mpp 1 0.9997
107pgq 2.37TE+09 1 46
109pq4 5.59E-01 1 46
110m Ao 2.50E+02 1 47
1104, 1 0.0133
Hlpg 7.45E+00 1 47
1094 4.64E+02 1 48

ES
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Table E.1 Radioactive decay data and decay chain specifications (Continued)

Parent Branching information
radio- Progeny Half-life  Position First parent Second parent Atomic
nuclide* in chain @* in chain Index Fraction Index Fraction Number**
13mey 497E+03 1 48
115mcg 4.46E+01 1 48
5¢cq 2.23E+00 1 48
HSmp, 1 1.0000
Ny 2.83E+00 1 49
114myy 4.95E+01 1 49
N4y 1 0.9570
115myy, 1.87E-01 1 49
117mgy 1.36E+01 1 50
119mgy, 2.93E+02 1 50
12lmgy 2.01E+04 1 50
121y 1.13E+00 2 1 0.7760 0 0.0000 50
121gy 1.13E+00 1 50
123gp 1.29E+02 1 50
125gn 9.64E+00 1 50
125gp 1.01E+03 2 1 1.0000 0 0.0000 51
125me  5.80E401 3 2 0.2280 0 0.0000 52
126gn 3.65E+07 1 50
126mgy, 1 1.0000
126gp 1.24E+01 2 1 0.1400 0 0.0000 51
1265n+C (Same data as for named radionuclide)
1245 6.02E+01 1 51
125gy, 1.01E+03 1 51
125mre  580E+01 2 1 0.2280 0 0.0000 52
126mgy, 1.32E-02 1 51
126gp 1.24E+01 2 1 0.1400 0 0.0000 51
126gp 1.24E+401 1 51
127gy, 3.85E+00 1 51
127mre 1 .09E+02 2 1 0.1760 0 0.0000 52
1271¢ 3.90E-01 3 2 0.9760 1 0.8240 52
123mre 1.20E402 1 52
125mpe 5.80E+01 1 52
12T, 1.09E+02 1 52
1271e 3.90E-01 2 1 0.9760 0 0.0000 52
1277¢ 3.90E-01 1 52
129mre 3.36E+01 1 52
1297¢ 1 0.6500
1291 5.73E+09 2 1 1.0000 0 0.0000 53
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Table E.1 Radioactive decay data and decay chain specifications (Continued)

Parent Branching information
radio- Progeny Half-life  Position First parent Second parent Atomic
nuclidet in chain @)= in chain Index Fraction Index Fraction Number**
1297 4.83E-02 1 52
1291 5.73E+09 2 1 1.0000 0 0.0000 53
131mpe 1.25E+00 1 52
13le 1 0.2220
1311 8.04E+00 2 1 1.0000 0 0.0000 53
131 1.74E-02 1 52
131y 8.04E+00 2 1 1.0000 0 0.0000 53
1327 3.26E-+00 1 52
1321 1 1.0000
133me 3.85E-02 1 52
1337¢ 1 0.1300
1331 8.67E-01 2 1 1.0000 0 0.0000 53
1337 8.65E-03 1 52
1331 8.67E-01 2 1 1.0000 0 0.0000 53
1347¢ 2.90E-02 1 52
1341 1 1.0000
1251 6.01E+01 1 53
1294 5.13E+09 1 53
1301 5.15E-01 1 53
131y 8.04E+00 1 53
132y 9.58E-02 1 53
133y 8.67E-01 1 53
1341 3.65E-02 1 53
1351 2.75E-01 1 53
135mye 1 0.1540
134mcg 1.21E-01 1 55
134cg 7.53E+02 2 1 1.0000 0 0.0000 55
134¢ 7.53E+02 1 55
135¢y 8.40E+08 1 55
136¢ 1.31E+01 1 55
137¢y L10E+04 1 55
137mp, 1 0.9460
138¢ 2.24E-02 1 55
1398, 5.74E-02 1 56
140g, 1.27E+01 1 56
1401 5 1.68E+00 2 1 1.0000 0 0.0000 57
l4lgy 1.27E-02 1 56
141y 5 1.64E-01 2 1 1.0000 0 0.0000 57
e 3.25E+01 3 2 1.0000 0 0.0000 58
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Table E.1 Radioactive decay data and decay chain specifications (Continued)

Parent Branching information
radio- Progeny Half-life Position First parent Second parent Atomic
nuclide® in chain @* in chain Index Fraction Index Fraction Number**
142, 7.36E-03 1 56
1421 4 6.42B-02 2 1 1.0000 0 0.0000 57
1 1.68E+00 1 57
141y 5 1.64E-01 1 57
lce 3.25E+401 2 1 1.0000 0 0.0000 58
1421 5 6.42E-02 1 57
41ce 3.25E+01 1 58
143ce 1.38E+00 1 58
143p; 1.36E+01 2 1 1.0000 0 0.0000 59
144ce 2.84E+02 1 58
144mp, 1 0.0178
144pp 1 1.0000
143py 1.36E+01 1 59
144p, 1.20E-02 1 59
147Ng 1.10E+01 1 60
147pm 9.58E+02 2 1 1.0000 0 0.0000 61
147pm 9.58E+02 1 61
148mp 4.13E+01 1 61
148pr, 537E+00 2 1 0.0460 0 0.0000 61
148pmy 537E+00 1 61
149pm 2.21E+00 1 61
Llpm 1.18E+00 1 61
151gm 3.29E+04 2 1 1.0000 0 0.0000 62
479m 3.87E+13 1 62
151gm 3.29E+04 1 62
153gm 1.95E+00 1 62
152gy 4.8TE+03 1 63
154py 3.21E+03 1 63
155py 1.81E+03 1 63
136py 1.52E+01 1 63
153G4q 242E+02 1 64
160y, 7.23E+01 1 65
166mpy,, 438E+05 1 67
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Table E.1 Radioactive decay data and decay chain specifications (Continued)

Parent Branching information
radio- Progeny Half-life  Position First parent Second parent Atomic
nuclide* in chain @* in chain Index Fraction Index Fraction Number**
181y 1.21E+02 1 74
185w 7.51E+01 1 74
187y 9.96E-01 1 74
187Re 1.72E+13 2 1 1.0000 0 0.0000 75
187Re L72E+13 1 75
1850 9.40E+01 1 76
910 1.54E+01 1 76
1921 7.40E+01 1 77
198 Ay 2.70E+00 1 79
203y 4.66E+01 1 80
210py, 8.15E+03 1 82
210g; 5.01E+00 2 1 1.0000 0 0.0000 83
210p, 1.38E+02 3 2 1.0000 0 0.0000 84
212py, 4.43E-01 1 82
212p; 1 1.0000
212p 1 0.6407
2081y 1 03593
210g; 5.01E+00 1 83
210p,, 1.38E+02 2 1 1.0000 0 0.0000 84
212g; 4.20E-02 1 83
212p, 1 0.6407
2081y 1 0.3593
210p, 1.38E+02 1 84
222pn 3.82E+00 1 86
218p, 1 1.0000
Zl4py, 1 1.0000
214p; 1 1.0000
2l4p 1 0.9998
210py, 8.15E+03 2 1 1.0000 0 0.0000 82
210p; 5.01E+00 3 2 1.0000 0 0.0000 83
210p,, 1.38E+02 4 3 1.0000 0 0.0000 84

E9

NUREG/CR-5512



Appendix E

Table E.1 Radioactive decay data and decay chain specifications (Continued)

Parent Branching information
radio- Progeny Half-life  Position First parent Second parent Atomic
nuclide® in chain (d*  inchain Index Fraction Index Fraction Number**
223Ra 1.14E+01 1 88
219 1 1.0000
25pg 1 1.0000
21py, 1 1.0000
211 ; 1 1.0000
211p 1 0.0028
20711 1 0.9972
224Ra 3.66E+00 1 88
220Rn 1 1.0000
216p,, 1 1.0000
22py 4.43E-01 2 1 1.0000 0 0.0000 82
25Ra 1.48E+01 1 88
2B55¢ 1.00E+01 2 1 1.0000 0 0.0000 89
226Ra 5.84E+05 1 88
222pn 3.82E+00 2 1 1.0000 0 0.0000 86
210py, 8.15E+03 3 2 1.0000 0 0.0000 82
210g; 5.01E+00 4 3 1.0000 0 0.0000 83
210pg 1.38E+02 5 4 1.0000 0 0.0000 84
226Ra+C (Same data as for named radionuclide)
228Ra 2.10E+03 1 88
228pc 1 1.0000
2281y 6.99E+02 2 1 1.0000 0 0.0000 90
22%Ra 3.66E+00 3 2 1.0000 0 0.0000 88
212py 4.43E-01 4 3 1.0000 0 0.0000 82
25 Ac¢ 1L.OOE+01 1 89
22y 1 1.0000
27 a4 1 1.0000
213g; 1 1.0000
213pg 1 0.9784
2091 1 0.0216
209pp 1 1.0000
21 ac 7.95E+03 1 89
2Bpy 1 0.0138
227Th 1.87E+01 2 1 0.9862 0 0.0000 90
23Ra L.14E+01 3 2 1.0000 1 0.0138 88
22T Ac+C (Same data as for named radionuclide)
228 p¢ 2.55E-01 1 89
2281y 6.9E+02 2 1 1.0000 0 0.0000 90
224Ra 3.66E+00 3 2 1.0000 0 0.0000 88
212py, 4.43E-01 4 3 1.0000 0 0.0000 82
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Table E.1 Radioactive decay data and decay chain specifications (Continued)

Parent Branching information
radio- Progeny Half-life  Position First parent Second parent Atomic
nuclide®  in chain (d)* in chain Index Fraction Index Fraction Number**
227Th 1.87E+01 1 90
223Ra 1.14E+01 2 1 1.0000 0 0.0000 88
228y 6.99E+02 1 90
224Ra 3.66E+00 2 1 1.0000 0 0.0000 88
212py, 4.43E-01 3 2 1.0000 0 0.0000 82
28Th4C (Same data as for named radionuclide)
29Th 2.68E+06 1 90
225Ra 1.48E+01 2 1 1.0000 0 0.0000 88
2BA¢ 1.00E+01 3 2 1.0000 0 0.0000 89
229Th+C (Same data as for named radionuclide)
230y 2.81E+07 1 90
22%6Ra 5.84E+05 2 1 1.0000 0 0.0000 88
222Rn 3.82E+00 3 2 1.0000 0 0.0000 86
210py, 8.15E+03 4 3 1.0000 0 0.0000 82
210g; 5.01E+00 5 4 1.0000 0 0.0000 83
210p, 1.38E+02 6 5 1.0000 0 0.0000 84
B0Th+C (Same data as for named radionuclide)
2317 1.06E+00 1 90
21py 1.20E+07 2 1 1.0000 0 0.0000 91
27 A¢ 7.95E+03 3 2 1.0000 0 0.0000 89
227 1.87E+01 4 3 0.9862 0 0.0000 90
23Ra 1.14E+01 5 4 1.0000 0 0.0000 88
2321y 5.13E+12 1 90
228Ra 2.10E+03 2 1 1.0000 0 0.0000 88
2281p 6.99E+02 3 2 1.0000 0 0.0000 90
2%Ra 3.66E+00 4 3 1.0000 0 0.0000 88
212py, 4.43E-01 5 4 1.0000 0 0.0000 82
B2Th+C (Same data as for named radionuclide)
841 2.41E+01 1 90
Z4mp, 1 0.9980 91
2Z4py 1 0.0020 91
B4y 8.93E+07 2 1 1.0000 0 0.0000 92
Blpy 1.20E+07 1 91
227 A¢ 7.95E+03 2 1 1.0000 0 0.0000 89
227y 1.87E+01 3 2 0.9862 0 0.0000 90
223Ra 1L.14E+01 4 3 1.0000 0 0.0000 88
Blpayc (Same data as for named radionuclide)
Lpy 2.70E+01 1 91
233y 5.79E+07 2 1 1.0000 0 0.0000 92
229Tp 2.68E+06 3 2 1.0000 0 0.0000 90
225Ra 1.48E+01 4 3 1.0000 0 0.0000 88
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Table E.1 Radioactive decay data and decay chain specifications (Continued)

Parent Branching information
radio- Progeny Half-life  Position First parent Second parent Atomic
nuclide® in chain @* in chain Index Fraction Index Fraction Number**
25a¢ 1.00E+01 5 4 1.0000 0 0.0000 89
234p, 2.79E-01 1 91
22y 2.63E+04 1 7]
2281h 6.9E+02 2 1 1.0000 0 0.0000 90
24Ra 3.66E+00 3 2 1.0000 0 0.0000 88
212py, 4.43E-01 4 3 1.0000 0 0.0000 82
By (Same data as for named radionuclide)
33y 5.79E+07 1 27)
2291y 2.68E+06 2 1 1.0000 0 0.0000 90
25Ra 1.48E+01 3 2 1.0000 0 0.0000 88
D5ac 1.00E+01 4 3 1.0000 0 0.0000 89
B3yy+c (Same data as for named radionuclide)
24y 8.93E+07 1 37)
25y 2.57TE+11 1 57)
211 LO6E+00 2 1 1.0000 0 0.0000 90
Blpy 1.20E+07 3 2 1.0000 0 0.0000 91
LN 7.95E+03 4 3 1.0000 0 0.0000 89
227y 1.87E+01 5 4 0.9862 0 0.0000 90
223Ra 1.14E+01 6 5 1.0000 0 0.0000 88
2Sy+C (Same data as for named radionuclide)
236y 8.55E+09 1 57)
A1y 6.75E+00 1 57)
ZINp  7.82E+08 2 1 1.0000 0 0.0000 93
233p, 2.70E+01 3 2 1.0000 0 0.0000 91
238y 1.63E+12 1 57)
24T 2.41E+01 2 1 1.0000 0 0.0000 )
24y 8.93E+07 3 2 1.0000 0 0.0000 7]
201y 2.81E+07 4 3 1.0000 0 0.0000 90
226Ra 5.84E+05 5 4 1.0000 0 0.0000 88
222Rn 3.82E+00 6 5 1.0000 0 0.0000 86
Z10py, 8.15E+03 7 6 1.0000 0 0.0000 82
210g; 5.01E+00 8 7 1.0000 0 0.0000 83
210p 1.38E+02 9 8 1.0000 0 0.0000 84
28y4C (Same data as for named radionuclide)
240y 5.88E-01 1 7]
240mNp 1 1.0000
ZNp 7.82E+08 1 93
33py 2.70E+01 2 1 1.0000 0 0.0000 91
B3y 5.79E+07 3 2 1.0000 0 0.0000 47)
2291y 2.68E+06 4 3 1.0000 0 0.0000 90
25Ra 1.48E+01 5 4 1.0000 0 0.0000 88
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Table E.1 Radioactive decay data and decay chain specifications (Continued)

Appendix E

Parent

Branching information

radio- Progeny Half-life  Position First parent Second parent Atomic
nuclide* in chain @)* in chain Index YFraction Index Fraction Number**

2Bac 1.00E+01 6 5 1.0000 0 0.0000 89

237Np+C (Same data as for named radionuclide)
Z38Np 2.12E+00 1 93
Z9Np 2.36E+00 1 93
Bépy 1.04E+03 1 94
22y 2.63E+04 2 1 1.0000 0 0.0000 27)
2281y 6.99E+02 3 2 1.0000 0 0.0000 90
22%4Ra 3.66E+00 4 3 1.0000 0 0.0000 88
212py, 4.43E-01 5 4 1.0000 0 0.0000 82
B7py 4.53E+01 1 94
ZINp 7.82E+08 2 1 1.0000 0 0.0000 93
23py 2.70E+01 3 2 1.0000 0 0.0000 91
238py 3.20E+04 1 94
B4y 8.93E+07 2 1 1.0000 0 0.0000 92
BIpy 8.79E+06 1 94
240py 2.39E+06 1 94
Ulpy 5.26E+03 1 94
ZAlam 1.58E+05 2 1 1.0000 0 0.0000 95
2A2py 1.37E+08 1 94
A3py 2.07E-01 1 94
Z4py 3.02E+10 1 94
20y 5.88E-01 2 1 0.9988 0.0000 92
40py 2.39E+06 3 2 1.0000 0.0000 94
Alam 1.58E+05 1 95
242mAm 5.55E+04 1 95
22Am  6.68E-01 2 1 0.9952 0 0.0000 95
2420m 1.63E+02 3 2 0.8270 0 0.0000 96
42py 1.37E+08 4 2 0.1730 0 0.0000 94
Z8Np 2.12E+00 5 1 0.0048 0 0.0000 93
238py 3.20E+04 6 5 1.0000 3 1.0000 94
A2Am 6.68E-01 1 95
A2cm 1L63E+02 2 1 0.8270 0 0.0000 96
%Alpy 1.37E+08 3 1 0.1730 0 0.0000 94
238py 3.20E+04 4 2 1.0000 0 0.0000 94
#3Am 2.70E+06 1 95
Z9Np 2.36E+00 2 1 1.0000 0 0.0000 93
2%y 8.79E+06 3 2 1.0000 0 0.0000 94
2Cm L63E+02 1 9
238py 3.20E+04 2 1 1.0000 0 0.0000 94
23cm 1.04E+04 1 96
3am  2.70E+06 2 1 0.0024 0 0.0000 95

E.13
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Appendix E

Table E.1 Radioactive decay data and decay chain specifications (Continued)

Parent Branching information
radio- Progeny Half-life  Position First parent Second parent Atomic
nuclide® in chain (d)* in chain Index Fraction Index Fraction Number**
Z9Np 236E+00 3 2 1.0000 0 0.0000 93
239py 8.79E+06 4 1 0.9976 3 1.0000 94
Z4cm 6.61E+03 1 9%
240py, 2.39E+06 2 1 1.0000 0 0.0000 94
A5cm -~ 3.10E+06 1 96
A1py 5.26E+03 2 1 1.0000 0 0.0000 94
2Am 1.58E+05 3 2 1.0000 0 0.0000 95
26Cm 1.73E+06 1 9
Alem 5.70E+09 1 9%
243py 1 1.0000
3Am  2.70E+06 2 1 1.0000 0 0.0000 95
B9Np  236E+00 3 2 10000 0 0.0000 93
B9y 8.79E+06 4 3 1.0000 0 0.0000 94
248Cm 1.24E+08 1 96
22ct 9.64E+02 1 98
480 1.24E+08 2 1 0.9691 0 0.0000 96

+ Radionuchdes with a "+C" representation use the same data as defined for the named radionuclide. The differences in the
reported dose factors are due to differences in definition of initial actmty for chain members. For the named radionuclide
(without "+C") the progeny have zero initial activity. For the "+C" entries, the progeny have equilibrium initial activity.
Values of radioactive half-life are given for all parent radionuclides and for all exphaitly defined progeny. Blank entries signify
that the radionuclide is short-lived and is considered to be an imphicit progeny of the parent radionuchide.

** The atomic number is defined and used only for explicit radionuclides.
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Appendix E

Table E.2 Internal committed effective dose equivalent and external effective dose equivalent factors

External
Radio- Implicit Ingestion Inhalation Surface 15 cm®
nuclide progeny fraction (Sv/Bq) (Sv/Bg) (Sv/d per Bq/m?) (Sv/d per Bg/m®)
3H 1.73E-11 1.73E-11 0.00E+00 0.00E+00
10, 1.26E-09 9.58E-08 3.56E-14 4.90E-16
l4c 5.64E-10 5.64E-10 1.39E-15 6.22B-18
18p 3.31E-11 2.26E-11 8.73E-11 2.52E-12
22Na 3.10E-09 2.07E-09 1.82E-10 5.45E-12
24Na 3.84E-10 3.27E-10 3.12E-10 1.02E-11
32p 2.37B-09 4.19E-09 2.51E-13 5.18E-15
33p 2.48E-10 6.27E-10 3.85E-15 2.73E-17
35g 1.98E-10 6.69E-10 1.45E-15 6.88E-18
36¢y 8.18E-10 5.93E-09 5.81E-14 1.06E-15
40K 5.02E-09 3.34E-09 1.26E-11 3.95E-13
ey 3.44E-10 3.64E-10 0.00E+00 0.00E+00
$ca 8.55E-10 1.79E-09 3.98E-15 2.89E-17
46g¢ 1.73E-09 8.01E-09 1.66E-10 5.01E-12
Sicy 3.98E-11 9.03E-11 2.66E-12 7.56E-14
54Mn 7.48E-10 1.81E-09 7.01E-11 2.07B-12
56Mn 2.64E-10 1.02E-10 1.36E-10 4.23E-12
N 1.64E-10 7.26E-10 0.00E+00 0.00E+00
Fe 1.81E-09 4.00E-09 9.71E-11 2.97E-12
o 3.20E-10 2.45E-09 9.97E-12 2.29E-13
_38¢co 9.68E-10 2.94E-09 8.20E-11 2.42E-12
0co 7.28E-09 5.91E-08 2.03E-10 6.26E-12
59Nj 5.67E-11 7.31E-10 0.00E+00 0.00E+00
63N 1.56E-10 1.70E-09 0.00E+00 0.00E+00
65N 1.68E-10 9.32E-11 4.45E-11 1.38E-12
64y 1.26E-10 7.48E-11 1.61E-11 4.67E-13
657n 3.90E-09 5.51E-09 4.78E-11 1.45E-12
69mz, 3.55E-10 2.20E-10 3.56E-11 1.02E-12
97n 0.9997 2.40E-11 1.06E-11 6.20E-14 1.02E-15
97n 2.40E-11 1.06E-11 6.20E-14 1.02E-15
T6A5 1.41E-09 1.01E-09 3.66E-11 1.08E-12
753e 2.60E-09 2.29E-09 3.26E-11 8.75E-13
793¢ 2.35E-09 2.66E-09 1.79E-15 8.60E-18
82Br 4.62E-10 4.13B-10 2.20E-10 6.57E-12
83y 2.47E-11 2.41E-11 7.02E-13 1.95E-14
8mygy 1.0000 0.00E+00 0.00E+00 3.28E-14 1.40E-17
84py 491E-11 2.61E-11 1.38E-10 4.45E-12
86Rb 2.53E-09 1.79E-09 8.04E-12 2.41E-13
88Rb 4.71E-11 2.26E-11 5.14E-11 1.63E-12
89Rb 2.65E-11 1.16E-11 1.65E-10 5.18E-12
85gr 5.34E-10 1.36E-09 432E-11 1.24E-12
895r 2.50E-09 1.12E-08 1.96E-13 3.99E-15
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Appendix E

Table E.2 Internal committed effective dose equivalent and external effective dose equivalent factors (Continued)

External

Radio- Tmplicit Ingestion Inhalation Surface 15 cm®
nuclide progeny fraction (Sv/Bg) (Sv/Bq) (Sv/d per Bq/mz) (Sv/d per Bq/m3)
%0gr 3.85E-08 3.51E-07 2.46E-14 3.21E-16
Ngr 8.39E-10 4.49E-10 5.84E-11 1.74E-12
Nmy 0.5780 1.12E-11 9.82E-12 4.52E-11 1.31E-12
Ny 2.91E-09 2.28E-09 4.60E-13 1.03E-14
lmy 1.12E-11 9.82E-12 452E-11 1.31E-12
Ny 2.57E-09 1.32E-08 4.95E-13 1.31E-14
Ny 5.15E-10 2.11E-10 2.18E-11 6.54E-13
By 1.23E-09 5.82E-10 7.87E-12 2.37E-13
Bzy 4.48E-10 8.67E-08 0.00E+00 0.00E+00
Szy 1.02E-09 6.39E-09 6.24E-11 1.84E-12
MTzr 2.28E-09 1.17E-09 1.50E-11 4.51E-13
9TmNp 0.9470 0.00E+00 0.00E+00 6.15E-11 1.81E-12
9Nb 0.0530 6.30E-11 2.24E-11 5.57E-11 1.63B-12
BN 1.41E-10 7.90E-09 8.11E-14 4.80E-17
9Nb 1.93E-09 1.12E-07 1.32E-10 3.91E-12
95mNp 6.22E-10 6.59E-10 5.41E-12 1.41E-13
9Nb 6.95E-10 1.57E-09 6.46E-11 1.90E-12
9TmNp 0.00E +00 0.00E+00 6.15E-11 1.81B-12
97Nb 6.30E-11 2.24E-11 5.57E-11 1.63E-12
SMo 3.64E-10 7.68E-09 4.61E-13 2.73E-16
Mo 1.36E-09 1.07E-09 1.27E-11 3.65E-13
99me 0.8760 1.68E-11 8.80E-12 1.04E-11 2.51E-13
99mre 1.68E-11 8.80E-12 1.04E-11 2.51E-13
STc 3.95E-10 2.25E-09 6.73E-15 5.79E-17
101 1.14E-11 4.84E-12 2.83E-11 8.03E-13
1083Ru 8.24E-10 2.42E-09 4.00E-11 1.15E-12
105Ry 2.87E-10 1.23E-10 6.64E-11 1.94E-12
106Ry 7.40E-09 1.29E-07 0.00E+00 0.00E+00
106R K 1.0000 0.00E+00 0.00E+00 1.83E-11 5.31E-13
103mp 3.14E-12 1.38E-12 1.08E-13 1.13E-16
105R R 3.99E-10 2.58E-10 6.58E-12 1.86E-13
103pgy 2.13E-10 4.24E-10 9.37E-13 1.15E-15
103mph 99974 3.14E-12 1.38E-12 1.08E-13 1.13E-16
107pq 4.04E-11 3.45E-09 0.00E+00 0.00E+00
109pq4 5.87E-10 2.96E-10 9.69E-13 8.38E-15
110mA g 2.92E-09 2.17E-08 2.29E-10 6.85E-12
H0Ag 0.0133 0.00E+00 0.00E+00 3.30E-12 9.25E-14
Hlpg 1.37E-09 1.66E-09 2.31E-12 6.45E-14
109¢q 3.55E-09 3.09E-08 1.94E-12 6.80E-15
113mcy 435E-08 4.13E-07 2.27E-14 2.95E-16
1Smey 4.37E-09 1.95E-08 2.02E-12 5.88E-14
Sy 1.54E-09 1.14E-09 1.99E-11 5.71E-13
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Appendix E

Table E.2 Internal committed effective dose equivalent and external effective dose equivalent factors (Continued)

Radio- Implicit Ingestion Inhalation Surface 15 ecm®
nuclide progeny fraction (Sv/Bq) (Sv/Bqg) (Sv/d per Bq/mz) (Sv/d per Bg/m?)
115myy, 1.0000 9.33E-11 3.59E-11 1.36E-11 3.69E-13
Uy, 3.59E-10 2.27E-10 3.37E-11 8.73E-13
14mp, 4.61E-09 2.40E-08 7.90E-12 2.05E-13
4p, 0.9570 0.00E+00 0.00E+00 2.33E-13 6.85E-15
115myy 9.33E-11 3.59E-11 1.36E-11 3.69E-13
117mgp 7.97E-10 1.17E-09 1.31E-11 2.97E-13
119mgy, 3.76E-10 1.69E-09 9.01E-13 1.39E-15
12imgy, 4.19E-10 3.11E-09 4228-13 9.11E-16
121gn 2.44E-10 1.38E-10 9.07E-15 9.02E-17
123gp 2.27E-09 8.79E-09 7.22E-13 2.02E-14
1256 3.33E-09 4.18E-09 2.60E-11 7.88E-13
1269 5.27E-09 2.69E-08 4.72E-12 6.82E-14
126mgy, 1.0000 2.54E-11 9.17E-12 1.31E-10 3.83E-12
124gp, 2.74E-09 6.80E-09 1.48E-10 4.54E-12
125gp 7.59E-10 3.30E-09 3.67E-11 1.02E-12
126mgy, 2.54E-11 9.17E-12 1.31E-10 3.83E-12
126gp, 2.89E-09 3.17E-09 2.40E-10 7.02E-12
127gp 1.95E-09 1.63E-09 5.84E-11 1.70E-12
123me 1.53E-09 2.86E-09 1.23E-11 2.84E-13
125mre 9.92E-10 1.97E-09 3.12E-12 7.00E-15
127mpe 2.23E-09 5.81E-09 9.73E-13 2.49E-15
1271¢ 1.87E-10 8.60E-11 4.47E-13 1.22E-14
129m, 2.89E-09 6.47E-09 3.27E-12 7.58E-14
1291e 0.6500 5.45B-11 2.42E-11 5.19E-12 1.38E-13
1291¢ 5.45E-11 2.42E-11 5.19E-12 1.38E-13
131me 2.46E-09 1.73E-09 1.18E-10 3.50E-12
1311e 0.2220 2.44E-10 1.29E-10 3.54E-11 9.94E-13
13lre 2.44E-10 1.29E-10 3.54E-11 9.94E-13
1321e 2.54E-09 2.55E-09 1.97E-11 4.80E-13
132y 1.0000 1.82E-10 1.03E-10 1.91E-10 5.67E-12
133m-y, 2.26E-10 1.17E-10 1.92E-10 5.72E-12
1331¢ 0.1300 4.73E-11 2.49E-11 7.72E-11 2.30E-12
1337¢ 4.73E-11 2.49E-11 7.72E-11 2.30B-12
1341¢ 6.63B-11 3.44E-11 7.48B-11 2.12E-12
1341 1.0000 6.66E-11 3.55E-11 2.18E-10 6.53E-12
125y 1.04E-08 6.53E-09 3.69E-12 7.65E-15
1291 7.46E-08 4.69E-08 2.23E-12 5.98E-15
130y 1.28E-09 7.14E-10 1.81E-10 5.30E-12
1317 1.44E-08 8.89E-09 3.24E-11 9.21E-13
1321 1.82E-10 1.03E-10 1.91E-10 5.67E-12
1331 2.80E-09 1.58E-09 5.15E-11 1.50E-12
1341 6.66E-11 3.55E-11 2.18E-10 6.53E-12
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Appendix E

Table E.2 Internal committed effective dose equivalent and external effective dose equivalent factors (Continued)

External

Radio- Implicit Ingestion Inhalation Surface 15 cm”
nuclide progeny fraction (Sv/Bq) (Sv/Bg) (Sv/d per Bqg/m?) (Sv/d per Bq/m3)
135y 6.08E-10 3.32E-10 1.27E-10 3.94E-12
135mye 0.1540 0.00E+00 0.00E+00 3.66E-11 1.05E-12
134mcg 1.33E-11 1.18E-11 2.24E-12 3.33E-14
134 1.98E-08 1.25E-08 1.31E-10 3.86E-12
135¢y 1.91E-09 1.23E-09 2.87E-15 1.77E-17
136¢g 3.04E-09 1.98E-09 1.80E-10 5.33E-12
B¢ 1.35E-08 8.63E-09 2.46E-14 3.40E-16
137mp, 0.9460 0.00E+00 0.00E+00 5.06E-11 1.48E-12
138 5.25E-11 2.74E-11 1.89E-10 5.90E-12
1394 1.08E-10 4.64E-11 3.96E-12 9.91E-14
140p, 2.56E-09 1.01E-09 1.56E-11 4.34E-13
141gy 5.65E-11 2.18E-11 7.04E-11 2.06E-12
l42p, 3.01E-11 1.11E-11 8.68E-11 2.56E-12
1407 5 2.28E-09 1.31E-09 1.86E-10 5.78E-12
141 5 3.74E-10 1.57E-10 3.92E-12 1.18E-13
1421 5 1.79E-10 6.84E-11 2.12E-10 6.85E-12
llce 7.83E-10 2.42E-09 6.37E-12 1.45E-13
143¢ce 1.23E-09 9.16E-10 2.41E-11 6.28E-13
14, 5.68E-09 1.01E-07 1.75E-12 3.28E-14
144mp, 0.0178 0.00E+00 0.00E+00 1.13E-12 6.33E-15
144py 1.0000 3.15E-11 1L.17E-11 3.27E-12 9.71E-14
143p, 1.27E-09 2.19E-09 6.05E-14 9.90E-16
144pp 3.15E-11 1.17E-11 3.27B-12 9.71E-14
147Ng 1.18E-09 1.85E-09 1.20E-11 2.84E-13
47pm 2.83E-10 1.06E-08 2.94E-15 2.30E-17
148mpyy, 2.07E-09 6.10E-09 1.69E-10 4.94E-12
148pm 2.94E-09 2.95E-09 4.73E-11 1.44E-12
149pm, 1.07E-09 7.93E-10 9.80E-13 2.68E-14
15lpm 8.09E-10 4.73E-10 2.72E-11 7.37E-13
147gm 5.01E-08 2.02E-05 0.00E+00 0.00E+00
151gm 1.05E-10 8.10E-09 4.34E-16 4.55E-19
1535m 8.07E-10 5.31E-10 5.37B-12 7.27E-14
152y 1.75E-09 5.97E-08 9.53E-11 2.78E-12
154py 2.58E-09 7.73E-08 1.02E-10 3.04E-12
155gy 4.13E-10 1.12E-08 5.10E-12 8.42E-14
156gy 2.48E-09 3.82E-09 1.07E-10 3.30E-12
153G4 3.17E-10 6.43E-09 9.13E-12 1.13E-13
160y, 1.82E-09 6.75E-09 9.32E-11 2.76E-12
166mpy, 2.18E-09 2.09E-07 1.47E-10 4.23E-12
181y 9.31E-11 4.09E-11 3.39E-12 3.53E-14
1859y 5.38E-10 2.03E-10 1.59E-14 1.99E-16
187y 7.46E-10 1.67E-10 4.05E-11 1.14E-12
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Appendix E

Table E.2 Internal committed effective dose equivalent and external effective dose equivalent factors (Continued)

External
Radio- Implicit Ingestion Inhalation Surface 15 cm”
nuclide progeny fraction (Sv/Bg) (Sv/Bq) (Sv/d per Bq/mz) (Sv/d per Bg/m3)
187Re 2.57E-12 1.47E-11 0.00E+00 0.00E+00
1850 6.11E-10 2.80E-09 6.07E-11 1.71E-12
Blog 6.23E-10 1.13E-09 6.37E-12 1.11E-13
1921, 1.55E-09 7.61E-09 6.93E-11 1.97E-12
198 Ay 1.14E-09 8.87E-10 3.46E-11 9.86E-13
203y 3.09E-09 1.98E-09 2.00E-11 5.52E-13
210py, 1.45E-06 3.67E-06 2.14E-13 1.13E-15
212py, 1.23E-08 4.56E-08 1.23E-11 3.13E-13
212g; 1.0000 2.87E-10 5.83E-09 1.54E-11 4.63B-13
212p 0.6407 0.00E+00 0.00E+00 0.00E+00 0.00E+00
2081 0.3593 0.00E+00 0.00E+00 2.58E-10 8.36E-12
210p; 1.73E-09 5.29E-08 9.06E-14 1.61E-15
212p; 2.87E-10 5.83E-09 1.54E-11 4.63E-13
212p 0.6407 0.00E+00 0.00E+00 0.00E+00 0.00E+00
2081 0.3593 0.00E+00 0.00E+00 2.58E-10 8.36E-12
210p, 5.14E-07 2.54E-06 7.16E-16 2.11E-17
222Rn 0.00E+00 0.00E+00 3.41E-14 9.81E-16
218p,, 1.0000 0.00E+00 0.00E+00 7.67E-16 2.27E-17
Zldpy, 1.0000 1.69E-10 2.11E-09 2.10E-11 5.78E-13
214p4 1.0000 7.64E-11 1.78E-09 1.22E-10 3.77E-12
2l4p, 0.9998 0.00E+00 0.00E+00 7.02E-15 2.07E-16
223Ra 1.78B-07 2.12E-06 1.11E-11 2.67E-13
29=n 1.000 0.00E+00 0.00E+00 4.74E-12 1.33E-13
215p 1.000 0.00E+00 0.00E+00 1.51E-14 4.30E-16
211py, 1.000 1.42E-10 2.35E-09 438E-12 1.26E-13
2lig; 1.000 0.00E+00 0.00E+00 3.96B-12 1.10E-13
2l1p, 0.0028 0.00E+00 0.00E+00 6.57E-13 1.94E-14
2077y 0.9972 0.00E+00 0.00E+00 3.25E-13 8.19E-15
24Ra 9.89E-08 8.53E-07 8.26E-13 2.26E-14
220Rn 1.000 0.00E+00 0.00E+00 3.29E-14 9.52E-16
216p 1.000 0.00E+00 0.00E+00 1.43E-15 4.21E-17
225Ra 1.04E-07 2.10E-06 1.15E-12 5.09E-15
226Ra 3.58E-07 2.32E-06 5.56E-13 1.42E-14
228Ra 3.88E-07 1.29E-06 0.00E+00 0.00E+00
28 1.0000 5.85E-10 8.33E-08 8.01E-11 2.38E-12
2Bac¢ 3.00E-08 2.92E-06 1.37E-12 2.89E-14
25y 1.000 0.00E+00 0.00E+00 2.57E-12 6.82E-14
217 A 1.000 0.00E+00 0.00E+00 2.61E-14 7.43E-16
213g; 1.000 1.95E-10 4.63E-09 1.14E-11 3.24E-13
213p, 9784 0.00E+00 0.00E+00 0.00E+00 0.00E+00
2091y 0216 0.00E+00 0.00E+00 1.64E-10 4.99E-12
209py 1.000 5.75E-11 2.56E-11 2.60E-14 3.52E-16
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Appendix E

Table E.2 Internal committed effective dose equivalent and external effective dose equivalent factors (Continued)

External
Radio- Implicit Ingestion Inhalation Surface 15 cm®
nuclide progeny fraction (Sv/Bq) (Sv/Bg) (Sv/d per Bq/m?) (Sv/d per Bg/m3)
27 p¢ 3.80E-06 1.81E-03 1.36E-14 2.26E-16
23py 0.0138 2.33E-09 1.68E-09 4.88E-12 8.74E-14
28A¢ 5.85E-10 8.33E-08 8.01E-11 2.38E-12
227Th 1.03E-08 4.37E-06 8.94E-12 2.29E-13
228 1.07E-07 9.23E-05 2.03E-13 3.60E-15
229Th 9.54E-07 5.80E-04 7.38E-12 1.47E-13
B0y 1.48E-07 8.80E-05 6.48E-14 5.52E-16
217 3.65E-10 2.37E-10 1.60E-12 1.68E-14
221 7.38E-07 4.43E-04 4.76E-14 2.40E-16
234 3.69E-09 9.47E-09 7.18E-13 1.12E-14
BAmp, 0.9980 0.00E+00 0.00E+00 1.32B-12 3.62E-14
B4py 0.0020 5.84E-10 2.20E-10 1.59E-10 4.65E-12
231py 2.86E-06 3.47E-04 3.52E-12 8.30E-14
23p, 9.81E-10 2.58E-09 1.69E-11 4.45E-13
234py 5.84E-10 2.20E-10 1.59E-10 4.65E-12
232y 3.54E-07 1.78E-04 8.73E-14 4.12E-16
23y 7.81E-08 3.66E-05 6.18E-14 6.25E-16
24y 7.66E-08 3.58E-05 6.46E-14 1.85E-16
BSy 7.19E-08 3.32E-05 1.28E-11 3.24E-13
36y 7.26E-08 3.39E-05 5.61E-14 9.878-17
27y 8.57E-10 9.54E-10 1.15E-11 2.40E-13
238y 6.88E-08 3.20E-05 4.76E-14 4.76E-17
240 1.20E-09 6.13E-10 3.65E-13 6.58E-16
240mNp 1.0000 0.00E+00 0.00E+00 2.82E-11 8.20E-13
Z3Np 1.20E-06 1.46E-04 2.48E-12 3.59E-14
28Np 1.08E-09 1.00E-08 4.57E-11 1.36E-12
239Np 8.82E-10 6.78E-10 L41E-11 3.37E-13
236py 3.15E-07 3.91E-05 8.47E-14 1.04E-16
237py 1.20E-10 5.33E-10 4.01E-12 7.47E-14
238py 8.65E-07 1.06E-04 7.23E-14 6.97E-17
239py 9.56E-07 1.16E-04 3.17E-14 1.31E-16
240py 9.56E-07 1.16E-04 6.93E-14 6.77TE-17
Alpy 1.85E-08 2.23E-06 1.67E-16 2.72E-18
2AZpy 9.08E-07 1.11E-04 5.76E-14 591E-17
A3py 9.02E-11 4.44B-11 2.08E-12 3.63E-14
244py 8.97E-07 1.09E-04 4.82E-14 3.49E-17
Alam 9.84E-07 1.20E-04 237E-12 2.02E-14
242m A 9.50E-07 1.15E-04 2.60E-13 7.77E-16
%42Am 3.81E-10 1.58E-08 1.35E-12 2.30E-14
#3Am 9.79E-07 1.19E-04 4.62E-12 6.57E-14
20 3.10E-08 4.67E-06 8.25E-14 7.83E-17
3cm 6.79E-07 8.30E-05 1.08E-11 2.61E-13
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Appendix E

Table E.2 Internal committed effective dose equivalent and external effective dose equivalent factors {Continued)

External
Radio- Implicit Ingestion Inhalation Surface 15 cm®
nuclide progeny fraction (Sv/Bg) (Sv/Bq) (Sv/d per Bq/mz) (Sv/d per Bq/m3)
Hiem 5.45E-07 6.70E-05 7.58E-14 5.82E-17
245Cm 1.01E-06 1.23E-04 7.51E-12 1.56E-13
2460m 1.00E-06 1.22E-04 6.78E-14 5.37E-17
cm 9.24E-07 1.12E-04 2.68E-11 7.59E-13
243py 1.0000 9.02E-11 4.44E-11 2.08E-12 3.63E-14
248Ccm 3.68E-06 4.47E-04 5.18E-14 4.06E-17
22¢ct 2.93E-07 4.24E-05 6.23E-14 8.11E-17

* Based on a density of 1.625 x 10® g/m3 (EPA 1992).
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Appendix E

Table E.3 Ingestion organ dose equivalent factors for organ set 1

Organ name
Radio- Implicit Adrenals Bld wall B surface Brain Breast S wall
nuclide progeny fraction (Sv/Bg) (Sv/Bq) (Sv/Bg) (Sv/Bg) (Sv/Bg) (Sv/Bq) S1I wall
3H 1.73E-11  1.73E-11  173E-11  173E-11  1.73E-11  173E-11 1.73E-11
10ge 242E-11 242E-11  2.15E09 242E-11  242B-11  3.1SE-10 747E-10
l4c 564E-10 5.64E-10 S5.64E-10 5.64E-10 5.64E-10 5.64E-10 S5.64E-10
18g 970E-12 3.23E-12 602E-11 767E-12 636E-12 287E-10 6.99E-12
2Na 403609 2.83E-09 S54E-09 2.52E-09 2.58E-09 293E-09 2.98E-09
%Na 3.73E-10 3.01E-10 4.68E-10 239E-10 271E-10 118E-09 3.22E-10
32p 6.55E-10 6.55E-10 7.87E-09 0.00E+00 6.55E-10 1.45E-09 1.05E-09
33p 937E-11  937E-11  132E-09 000E+00 937E-11  1.82E-10 1.38E-10
359 953E-12 9.53E-12 953E-12 9.53E-12  9.53E-12  6.58E-11 1.36E-10
3601 7.99E-10 7.99E-10 799E-10 7.99E-10 7.99E-10 L11E-09 7.99E-10
oK 537E-09 S.O0E-09 4.88E-09 4.79E-09 4.89E-09 S5.48E-09 5.02E-09
4 324B-12 2.56E-12 401E-09 3.86E-12 3.19E-12  5.53E-12 7.73E-12
45Ca 536E-11 S36E-11  523E-09 536E-11  536E-11  1.43E-10 2.10E-10
65 134E-10 6.06E-10 139E-10 2.82E-12 251E-10  6.83E-10 2.31E-09
Sley 6.76E-12 147E-11  786E-12 328E-12 751E-12 181E-11 4.68E-11
S4Mn 413E-10  3.72E-10 S71E-10 000E+00 277E-10  4.11E-10 9.85E-10
56Mn 1.76E-11  256E-11  1.06E-11 0.00E+00 176E-11  9.02E-10 1.05E-09
SSFe 1.06E-10 1.00E-10 1.0SE-10 1.03E-10 1.04E-10 1.08E-10 1.16E-10
59Fe 1L02E-09 1.08E-09 661E-10 4.65E-10 7.37E-10 1.11E-09 2.09E-09
5TCo 1.99E-10 2.05E-10 2.12E-10 0.00E+00 1.58E-10 2.25E-10 3.41E-10
Bco 593E-10 6.67E-10 4.07E-10 0.00E+00 4.50E-10 7.01E-10 1.25E-09
60co 8.74E-09 6.64E-09 481E-09 0.00E+00 508E-09 5.85E-09 8.18E-09
INi 370E-11  341E-11  3.62E-11 356E-11  3.58E-11  4.10E-11 S5.11E-11
63N 850E-11 850E-11 8S50E-11 850E-11  850E-11  1.05E-10 1.32E-10
65Nj 6.02E-12 855E-12  289E-12 439E-13  563E-12  6.18E-10 7.26E-10
64Cu 1L71E-11  219E-11  1.39E-11 3.62E-11  1.59E-11  1.73E-10 2.13E-10
657n 4776E-09 4.07E-09 450E-09 2.85E-09 328E-09 3.39E-09 4.27E-09
69mz 456E-11 S90E-11  7.27E-11 308E-11 442E-11  268E-10 4.90E-10
697n 417E-13  4.17E-13  5.18E-13 4.17E-13 4.17E-13  2.14E-10 1.09E-10
T6As 1.13E-10  1.32E-10  1.02E-10 898E-11  1.09E-10  1.36E-09 1.66E-09
B3se 283E-09 1.59E-09 1.70E-09 9.56E-10 145E-09 2.18E-09 2.16E-09
e 9.06E-10 9.06B-10  9.06E-10 9.06E-10  9.06E-10  9.70E-10 9.38E-10
82p; 562E-10 4.83E-10 3.80E-10 2.84E-10 3.81E-10 829E-10 4.98E-10
83gr 738E-12 7.34E-12  733E-12  731E-12  7.34E-12  2.97E-10 7.38E-12
84pr 847E-12 S5.86E-12  S.S56E-12 449E-12 6.62E-12  6.82E-10 861E-12
86Rb 219E-09 2.17E-09 6.86E-09 2.13E-09 2.14E-09 2.92E-09 2.17E-09
881 336E-12 2.55B-12  275BE-12 233E-12  2.82E-12  7.32E-10 3.25E-12
89Rb 4.71E-12  2.62E-12  4.19E-12 191E-12 3.38E-12  3.63E-10 4.64E-12
855y 339E-10 3.00E-10 6.06E-10 0.00E+00 2.53E-10  3.09E-10 6.20E-10
89gr 240E-10  2.40E-10 4.81E-09 0.00E+00 240E-10 9.12E-10 1.41E-09
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Appendix E

Table E.3 Ingestion organ dose equivalent factors for organ set 1 (Continued)

Organ name

Radio- Implicit Adrenals Bld wall B surface Brain Breast S wall

nuclide progeny fraction (Sv/Bg) (Sv/Bq) (Sv/Bg) (Sv/Bg) (Sv/Bq) (Sv/Bg) SI wall
Pgr 1.51E-09 1.51E-09 4.19E-07 0.00E+00 151E09 1.75E-09 1.98E-09
gy 246E-11  6.88E-11 2.02E-11 0.00E+00 3.57E-11  8.50E-10 1.75E-09
Wy 126E-14 126E-14 367BE-13 126E-14 127E-14 1.07E-09 2.55E-09
my 2.00E-12 232E-12 871E-13 197E-14 184E-12 4.92E-11 3.09E-11
Ny 350E-13 123E-12 6.13E-12 120E-13 554E-13  6.94E-10 1.73E-09
Ry 3.14E-12 S5.58E-12  1.75E-12 4.65E-14 3.55B-12 1.42E-09 2.00E-09
By 223E-12  645E-12 1.73E-12 346E-14 3.13E-12 128E-09 251E-09
Bzr 295E-13  461E-14 9.14E-09 0.00E+00 197E-13 227E-11 5.65E-11
57y 6.09E-11 243E-10 4.86E-10 0.00E+00 105E-10 3.57E-10 1.12E-09
Nzr 489E-11  1.76E-10  4.55E-11 0.00E+00 8.12E-11  121E-09 3.39E-09
9TmND 0.9470 Note: Contribution included with parent.

N 0.0530 337E-12 433E-12 160E-12 0.00E+00 3.30BE-12 3.88E-10 2.96E-10
Bmnp 2.52E-12  252E-12  598E-11 2.50E-12  257E-12  3.62E-11 8.83E-11
%4Nb 3.41E-10 6.05E-10  7.65E-10 0.00E+00 347E-10 7.71E-10 2.24E-09
9SmNp 6.67E-12  2.54E-11  431E-11  0.00E+00 1.06E-11  2.15E-10 S5.46E-10
SNb 6.79E-11  243E-10  294E-10 0.00E+00 107E-10 2.80E-10 9.13E-10
9TmNp 6.79E-11  243E-10 294E-10 O0.00E+00 107E-10 2.80E-10 9.13E-10
97Nb 337E-12 433E-12 160E-12 0.00E+00 330E-12 3.88E-10 2.96E-10
Mo 131E-10  1.02E-10  1.15E-09 0.00E+00 996E-11  1.09E-10 1.06E-10
Mo 2.54E-11 746E-11  6.32E-11 000E+00 343E-11  S5.14E-10 1.25E-09
MmTe 433E-12  453E-12  4.06E-12 182E-12 3.57E-12 7.17E-11 222E-11
ST 6.04E-11  6.04E-11 6.04E-11 6.04E-11 6.04E-11  3.39E-09 1.19E-10
101, 5.60E-13  2.86E-13  255E-13 9.46E-14 4.06E-13 1.50E-10 228E-11
103py L11E-10  221E-10  9.63E-11 5.12E-11  1.20E-10  3.14E-10 8.51E-10
105Ry 1.29E-11  2.71E-11  889E-12 127E-12 159E-11 4.97E-10 7.89E-10
106Ry 146E-09 1.50E-09 143E-09 139E-09 144E-09 3.10E-09 5.53E-09
103mpy, 3.50E-15 3.87E-15 529E-15 3.24E-15 865E-15 256E-11 1.60E-11
105ph 636E-12 1.85E-11  6.75E-12 2.74E-12 897E-12 195E-10 4.43E-10
103py 297E-13 166E-12 2.00E-12 4.51E-14 158E-12 3.50E-11 1.55E-10
103mpp 0.99974 3.50E-15 3.87E-15 529E-15 324E-15 865E-15 256E-11 1.60E-11
107pq 991E-15 991E-15 143E-13 991E-15 991E-15 1.07E-11 2.65E-11
109pq 2.18E-13  9.02E-13  1.02E-12 930E-14 6.27E-13  4.84E-10 1.00E-09
110m o 1.63E-09 1.05E-09 4.93E-10 1.00E-10 751E-10 1.50E-09 3.47E-09
1104g 0.0133 Note: Contribution included with parent.

Hlpg 1.10E-11  1.58E-11  9.67E-12 7.33E-12  1.09E-11 4.22E-10 9.85E-10
109¢q 5.89E-10  2.94E-10  3.28E-10 2.64E-10 3.10E-10  4.09E-10 S5.93E-10
B3mcy 344E-09 3.44E-09 344E-09 344E-09 3.44E-09 3.65E09 3.94E-09
15my 1.79E-10  1.69E-10  1.64E-10 1.60E-10 1.66E-10 8.70E-10 1.84E-09
504 3.92E-11 957E-11  3.06E-11 833E-12 4.44E-11 4.65E-10 1.30E-09
USmyy, 1.0000 251E-12  539E-12  219E-12 1.14E-13  3.16E-12  195E-10 3.04E-10
Hlyy, 2.52E-11 114E-10  3.73E-11 2.02E-12 437E-11  159E-10 4.95E-10
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Appendix E

Table E.3 Ingestion organ dose equivalent factors for organ set 1 (Continued)

Organ name
Radio- Imaplicit Adrenals  Bld wall B surface Brain Breast S wall
nuclide progeny fraction (Sv/Bg) (Sv/Bg) (Sv/Bg) (Sv/Bg) (Sv/Bg) (Sv/Bqg) SI wall
14myy, 139E-10 1.51E-10 181E-09 118E-10 132E-10 115E-09 2.73E-09
épy 0.9570 Note: Contribution included with parent.
115myy, 251E-12 S539E-12 2.19E-12 1.14E-13  3.16E-12  195E-10 3.04E-10
Wimg, 1.16E-11 6.26E-11  4.78E-10 3.58B-12  239E-11  244E-10 6.60E-10
9mg, 916E-12 1.17E-11  182E-10 9.63E-12 10SE-11  1.06E-10 2.61E-10
Rimg, 289E-11 3.02E-11  6.12E-10 294E-11 295E-11  7.49E-11 1.71E-10
121gn 2.00E-13 2.00E-13 251E-11 200E-13 200B-13  129E-10 2.86E-10
123gp 320E-11 3.34E-11  6.62E-10 3.15E-11  3.22E-11  632E-10 1.50E-09
1256 291E-11 936E-11  238E-10 1.03E-11 441E-11  102E-09 2.54E-09
1265 892E-10 1.06E-09 S5.06E-09 7.28E-10 796E-10 160E-09 441E-09
126mgy, 1.0000 260E-12 1.82E-12 953E-13 321E-14 206E-12  264E-10 7.03E-11
124gy, 130E-10 S5.91E-10 189E-10 125E-11  230E-10  945E-10 2.84E-09
125gp 9.52E-11 185E-10 5.86E-10 4.31E-11  1O00E-10  297E-10 7.65E-10
126mgy, 260E-12 1.8E-12 953E-13 3.21E-14 206E-12 264E-10 7.03E-11
126y, 1.89E-10 862E-10 227E-10 106E-11  3.53E-10  L.14E-09 3.63E-09
127gp 4.14E-11 182E-10 S524E-11 324E-12 760E-11  562E-10 1.63E-09
123mpe 129E-10 131E-10 241E-08 000E+00 126E-10 247E-10 4.90E-10
125mre 429E-11 4.80E-11 127E-08 0.00E+00 4.64E-11  1.86E-10 3.76E-10
127mrpe 9.75E-11 9.66E-11  2.07E-08 0.00E+00 9.74E-11  212E-10 4.34E-10
1271¢ 297E-12 3.17E-12  646E-12 0.00E+00 3.00E-12  243E-10 3.91E-10
129mere L68E-10 1.75E-10 7.99E-09 0.00E+00 166E-10 627E-10 147E-09
1291¢ 0.6500 607TE-13 6.72E-13  S40E-13 0.00E+00 6.0SE-13  3.98E-10 2.74E-10
1291e 1LO2E-10 246E-10 324E-10 445E-11  135E-10 601E-10 1.51E-09
131Te 0.2220 447E-12  S527B-12  3.69E-12 2.18E-12 496E-12  627E-10 5.50E-10
1317e 447E-12 S527E-12 3.69E-12 218E-12 496E-12  627E-10 5.50E-10
1327¢ 406E-10 422E-10 830E-10 286E-10 3.50E-10  523E-10 8.06E-10
1321 1.0000 323E-11 2.44E-11  2.19E-11 000E+00 2.52E-11  631E-10 3.17E-11
133mrem 126E-11 1.20E-11 661E-12 271E-12  114E-11  6.55E-10 4.10E-10
1331¢ 161E-12 893E-13 7.73E-13 4.89E-13  123E-12  239E-10 4.21E-11
1347 165E-11 157E-11  123E-11 952E-12 137E-11  234E-10 122E-10
1341 1.0000 1.58E-11 1L04E-11 932E-12 000E+00 1.17E-11  549E-10 161E-11
1251 252E-11 2.90E-11  6.63E-11 0.00E+00 145E-10  6.80E-11 3.06E-11
129¢ 132E-10 135E-10 2.17E-10 0.00E+00 3.31E-10  219E-10 141E-10
130y 741E-11  585E-11  6.12E-11 0.00E+00 7.32E-11  5.82E-10 6.86E-11
1311 5.62B-11 408E-11 872E-11 0.00E+00 121E-10 3.06E-10 447E-11
1324 323E-11 244E-11  2.19E-11 0.00E+00 252E-11  631E-10 3.17E-11
1331 437E-11 369E-11  4.07E-11 0.00E+00 4.68E-11  554E-10 4.03E-11
1341 158E-11  1.04E-11 932E-12 0.00E+00 117E-11  549E-10 1.61E-11
1351 484E-11 3.56E-11  336E-11 0.00E+00 3.85E-11  S541E-10 4.11E-11
135mye 0.1540 Note: Contribution included with parent.
134mcg 732E-12 696E-12 657E-12 O0.00E+00 6.28E-12  1L15E-10 7.21E-12
134cg 232E-08 2.14E-08 1.74E-08 0.00E+00 1.72E-08 2.01E-08 2.18E-08
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Appendix E

Table E.3 Ingestion organ dose equivalent factors for organ set 1 (Continued)

Organ name
Radio- Implicit Adrenals  Bld wall B surface Brain Breast S wall
nuclide  progeny fraction (Sv/Bg) (Sv/Bq) (Sv/Bq) (Sv/Bg) (Sv/Bq) (Sv/Bg) SI wall
135¢y 191E-09 191E-09 191E-09 O0.00E+00 191E09 199E-09 1.91E-09
136¢y 347B-09 346E-09 271E-09 O0.00E+00 265E-09 338E-09 3.42E-09
3¢ 1.50E-08 1.41E-08 1.26E-08 0.00E+00 124E-08 139E-08 1.44E-08
137mp, 0.9460 Note: Contribution included with parent.
138¢g 1.22E-11 6.83E-12 647E-12 0.00E+00 8.00E-12 7.01E-10 1.06E-11
1393, 541E-13  5.75E-13  438E-13 259E-13  5.17E-13  6.90E-10 S5.55E-10
1405, 120E-10 3.71E-10 553E-10 567E-11  159E-10 S5.83E-10 1.70E-09
14lgy 170E-12  1.03E-12 127E-12 1.52E-13 122E-12 3.94E-10 1.86E-10
142, 3.01E-12 295E-12 124E-12 1.17E-13 252E-12  2.02E-10 1.11E-10
1401 5 1.05E-10  4.50E-10 9.77E-11 2.03E-12 1.80E-10 1.09E-09 2.96E-09
M1y 4 636E-13  1.27E-12  6.06E-13 2.82E-14 7.07E-13 933E-10 1.37E-09
1421 5 171E-11  2.06E-11  740E-12 3.36E-13  1.54E-11  853E-10 7.76E-10
Mlee 4.55E-12  329E-11  230E-11 0.00E+00 1.11E-11  2.23E-10 S5.88E-10
143ce 1.18B-11  557E-11  161E-11 0.00E+00 232E-11  S561E-10 1.37E-09
144ce 891E-12 243E-11  1.28E-10 0.00E+00 122E-11  1.11E-09 3.71E-09
144mpy 0.0178 Note: Contribution included with parent.
l44p, 1.0000 5.20E-14 264E-14 1.52E-14 997E-16 3.38E-14 4.09E-10 9.63E-11
143p, 5.60E-19 265E-18 1.03E-12 7.35E-21 1.09E-18 3.61E-10 8.95E-10
144p, 5.20E-14  264E-14  1.52E-14 9.97E-16 338E-14 4.09E-10 9.63E-11
147Ng 769E-12  496E-11  222E-11 8.19E-14 187E-11  3.58E-10 9.43E-10
147pm 423E-16  205E-15 261E-10 S5.78E-17 7.45E-16 7.14E-11 1.78E-10
148mp 1.32E-10  6.45E-10  1.74E-10 2.80E-12 259E-10 7.89E-10 2.59E-09
148pm, 328E-11  1.58E-10 3.49E-11 6.04E-13 6.11E-11  9.71E-10 2.53E-09
149p 535E-13  262E-12  9.59E-13 3.82E-15 1.02E-12  4.19E-10 9.97E-10
Blpm 130E-11  5.84E-11  162E-11 9.72E-14 242E-11  4.19E-10 1.02E-09
147gm 0.00E+00 0.00E+00 8.59E-07 0.00E+00 0.00E+00 5.18E-10 1.29E-09
lgm 1.16E-15 866E-16 345E-10 3.14E-16 1.03E-15 228E-11 5.70E-11
153gm 221E-12  1.83E-11 838E-12 528E-15 691E-12 3.32E-10 8.10E-10
152py 478E-10  429E-10 2.09E-09 120E-10 2.85E-10 6.42E-10 1.7SE-09
154y 437E-10 442E-10 446E-09 106E-10 2.79E-10 8.19E-10 2.23E-09
155gy 1.60E-11  3.07E-11  1.29E-09 3.78E-12 144E-11  103E-10 2.80E-10
156py 830E-11 3.85E-10 1.16E-10 2.09E-12 152E-10 832E-10 2.40E-09
153G4 5.80E-12 S5.07E-11  7.92E-11 450E-13 180E-11  9.86E-11 3.18E-10
1601y, 7.62E-11  3.52E-10  1.57E-10 245E-12 143E-10 6.12E-10 1.88E-09
166myy,, 4.74E-10  625E-10  235E-09 9.46E-11 348E-10 898E-10 2.38E-09
181y 2.08E-12 200E-11 103E-11 1.19E-13 7.01E-12 3.08E-11 1.03E-10
1859y 3.14E-15 267E-14 490E-12 1.06E-16 898E-15 146E-10 3.61E-10
187wy 1.80E-11  7.31E-11  2.12E-11 1.87E-13 322E-11  4.29E-10 1.03E-09
187Re 3.94E-13  3.94E-13  3.94E-13 3.94E-13 3.94E-13 221E-11 7.74E-13
1850y 1.15E-10  2.69E-10  891E-11 0.00E+00 1.25E-10 285E-10 8.78E-10
910 838E-12 3.78E-11  1.72E-11 0.00E+00 151E-11  1.90E-10 5.01E-10
1921, 1.34E-10  336E-10 1.11E-10 0.00E+00 1.51E-10 S5.62E-10 1.57TE-09
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Appendix E

Table E.3 Ingestion organ dose equivalent factors for organ set 1 (Continued)

Organ name
Radio- Implicit Adrenals Bld wall B surface Brain Breast S wall
nuclide progeny fraction (Sv/Bg) (Sv/Bg) (Sv/Bq) (Sv/Bg) (Sv/Bq) (Sv/Bq) SI wall
198 Ay 398E-11 1.84E-10 4.06E-11 167E-11  551E-11  494E-10 1.15E-09
203 L7T9E-09 132E09 151E-09 116E-08 123E-09 161E-09 150E-09
210py, 125E-07 125BE-07 2.16E-05 0.00E+00 125E-07 125E-07 125E-07
212py, 166E-09 171E-09 166E-07 O0.00E+00 167E-09 293E-09 5.76E-09
212g; 1.0000 127E-11 129E-11  9.14E-12 000E+00 1.18E-11  160E-09 1.08E-09
22p, 0.6407 Note: Contribution included with parent.
2081y 0.3593 Note: Contribution included with parent.
210p; 197E-11  197E-11  197E-11 O0.00E4+00 197E-11  4.65E-10 1.06E-09
22g; 127E-11 1.29E-11 9.14E-12 000E+00 1.18B-11  160E-09 1.08E-09
22p, 0.6407 Note: Contribution included with parent.
2087y 0.3593 Note: Contribution included with parent.
210p, 823E-08 823E-08 823E-08 O0.00E+00 823E-08 836E-08 851E-08
222 823E-08 823E-08 823E-08 O0.00E+00 823E-08 836E-08 8.51E-08
218pg 1.0000 Note: Contribution included with parent.
2l4pg 1.0000 250E-11 247E-11  L10E-09 000E+00 242E-11 875E-10 5.62E-10
214p; 1.0000 361E-12 225E-12 151E-12  0.00E+00 255E-12  865E-10 2.32E-10
2dpg 0.9998 Note: Contribution included with parent.
28Ra 423E-08 424E-08 293E-06 O0.00E+00 4.23E-08 4.83E-08 5.64E-08
219n 1.000 Note: Contribution included with parent.
25pg 1.000 Note: Contribution included with parent.
2iipy, 1.000 191E-11  191E-11  1.60E-10 0.00E+00 191E-11  117E-09 5.74E-10
21 1.000 Note: Contribution included with parent.
2ipg 0.0028 Note: Contribution included with parent.
e 0.9972 Note: Contribution included with parent.
24Ra 206E-08 208E-08 1.59E-06 0.00E+00 2.06E-08 249E-08 3.03E-08
220Rn 1.000 Note: Contribution included with parent.
216p, 1.000 Note: Contribution included with parent.
2Z5Ra 337E-08 337E-08 178E-06 O0.00E+00 3.37E-08 3.38E-08 3.41E-08
26Ra 9.19E-08 9.15SE-08 6.83E-06 O0.00E+00 9.17E-08 9.25E-08 9.37E-08
228Ra 158E-07 157E-07 S5.82E-06 O000E+00 1.57E-07 157E-07 1.58E-07
2Bac 1.0000 180E-11 4.09E-11 3.01E-09 254E-13  231E-11  6.21E-10 L12E-09
B¢ 130E-11 7.45E-11 994E-08 244E-13  2.73E-11  523E-09 167E-08
2lpp 1.000 Note: Contribution included with parent.
A7 pt 1.000 Note: Contribution included with parent.
213g; 1.000 486E-12 484E-12 445E-12 000E+00 4.73E-12  131E-09 746E-10
213pg 0.9784 Note: Contribution included with parent.
2097y 0.0216 Note: Contribution included with parent.
209pp 1.000 537E-13 537E-13  209E-11 0Q.00E+00 S5.37E-13  188E-10 224E-10
227 Ac 3.89E-10 S533E-11  6.73E-05 131E-10 141E-10  196E-10 2.90E-10
2283py 0.0138 232E-09 232E-09 232E-09 5.44E-12  232E-09  249E-09 2.32E-09
28a¢ 180E-11  4.09E-11 3.01E-09 2.54E-13 231E-11  621E-10 L12E-09
27Th 130E-10 1.73E-10 6.84E-08 0.00E+00 1.40E-10  1.63E-09 4.09E-09
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Appendix E

Table E.3 Ingestion organ dose equivalent factors for organ set 1 (Continuved)

an name

Radio- Implicit Adrenals  Bld wall B surface Brain Breast S wall
nuclide  progeny fraction (Sv/Bq) (Sv/Bq) (Sv/Bg) (Sv/Bg) (Sv/Bg) (Sv/Bq)  SI wall
2281y 232E-09 238E09 237E-06 000E+00 233E-09 3.64E-09 6.07E-09
229Th 4.57E-09 459E-09 238E-05 O0.00E+00 4.57E-09 5.84E-09 7.84E-09
230 6.80E-10  6.80E-10 3.60E-06 O0.00E+00 6.80E-10 1.77E-09 3.41E-09
Bl 393E-13 289E-12 3.17E-12 0.00E+00 1.44E-12 1.95E-10 4.54E-10
221 131E-09 121E-09 185E-05 000E+00 1.26E-09 2.14E-09 3.56E-09
24y 164E-12  9.15E-12  208E-11 000E+00 3.57E-12 9.95E-10 2.55E-09
Z4mp, 0.9980 Note: Contribution included with parent.
Z4py 0.0020 3.72E-11  9.06E-11  2.74E-11 448E-13 4.99E-11  7.80E-10 1.48E-09
Bip,y 9.83E-11 5.06E-11  7.22E-05 128E-10 7.81E-11  125E-09 3.11E-09
3p, 125E-11  7.58E-11  1.02E-10 341E-13 2.71E-11  2.92E-10 8.02E-10
24p, 3.72B-11  9.06E-11  2.74E-11 448E-13 4.99E-11  7.80E-10 1.48E-09
By 849E-09 8.1SE-09 6.63E-06 0.00E+00 833E-09 938E-09 1.12E-08
B3y 2.62E-09 262E-09 1.16E-06 O0.00E+00 2.62E-09 3.74E-09 5.28E-09
34y 2.58E-09 258E-09 1.13E-06 O0.00E+00 258E-09 3.70E-09 5.23E-09
A5y 250E-09 249E-09 1.05E-06 O0.00E+00 249E-09 3.56E-09 5.24E-09
26y 245E-09 245E-09 1.07E-06 O0.00E+00 245E-09 3.50E-09 4.95E-09
BTy 728E-12  5.18E-11  3.39E-11 0.00E+00 1.81E-11  2.75E-10 7.34E-10
B8y 231E-09 230E-09 1.01E-06 0.00E+00 231E-09 3.28E-09 4.65E-09
2015 9.90E-12 339E-11 1.02E-11 O0.00E+00 1.60E-11 834E-10 2.03E-09
240mNy, 1.0000 Note: Contribution included with parent.
ZNp 228B-10 839E-11  272E-05 2.11E-10 145E-10 1.29E-09 3.13E-09
ZENp 277E-11  106E-10  177E-09 4.71E-13 4.81E-11  4.28E-10 1.13E-09
Z9Np 791E-12  4.74E-11  3.59E-11 793E-14 1.72E-11  3.46E-10 8.76E-10
236py 5.96E-13  265E-13  5.61E-08 280E-13 3.90E-13  1.34E-09 3.36E-09
Z7py 244E-12  211E-11  740E-12 598E-15 7.07E-12 3.80E-11 122E-10
Pu 897E-14  154E-13  1.58E-07 834E-14 1.80E-13 128E-09 3.20E-09
L9py 828E-14 125E-13  176E-07 7.66E-14 121E-13 1.19E-09 2.99E-09
240py 863E-14 150E-13 176E-07 791E-14 1.73E-13  120E-09 3.00E-09
Alpy 6.58E-15 143E-15 348E-09 282E-15 279E-15 6.07E-12 1.52E-11
A2py 1.25E-13  3.84E-13 167E-07 7.88E-14 254E-13 1.14E-09 2.85E-09
%3py 357E-13  103E-12  571E-13  8.11E-16 593E-13  1.79E-10 2.88E-10
%4py, 263E-11  137E-10  1.65E-07 3.03E-12 536E-11  126E-09 3.69E-09
Zlam 4.62E-11  229E-11  1.81E-05 225E-11 262E-11  134E-09 334E-09
A2mam 259E-11  792E-12  176E-05 1.04E-11 122E-11  7.88E-11 2.72E-10
#2Am 4.10E-13  208E-12  1.52E-09 2.13E-14 938E-13 2.04E-10 4.41E-10
23Am 3.04E-10 991E-11  1.80E-05 126E-10 141E-10 1.40E-09 3.40E-09
X0, 886E-12 892E-12  4.46E-07 8.83E-12 895E-12 143E-09 3.55E-09
A3cm 126E-10  7.72E-11  123E-05 S5.03E-11 696E-11 1.59E-09 3.96E-09
Ao, 9.15E-12 858E-12 9.77E-06 869E-12 882E-12  1.35E-09 337E-09
#5Cm 123E-10  6.52E-11  186E-05 534E-11 6.80E-11  1.40E-09 3.46E-09
46Cm 6.55E-11  3.07E-11  1.85E-05 335E-11 391E-11  130E-09 3.23E-09
#cm 490E-10  2.07E-10  1.70E-05 1.94E-10 229E-10 147E-09 3.66E-09
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Appendix E

Table E.3 Ingestion organ dose equivalent factors for organ set 1 (Continued)

Organ name
Radio- Implicit Adrenals Bld wall B surface Brain Breast S wall
nuclide progeny fraction (Sv/Bq) (Sv/Bq) (Sv/Bg) (Sv/Bg) (Sv/Bg) (Sv/Bq)  SIwall
23py 1.0000 3.57E-13 1.03E-12 5.71E-13 8.11E-16 5.93E-13 1.79E-10 2.88E-10
248cm 2.02E-08 8.13E-09 6.75E-05 9.01E-09 1.10E-08 1.73E-08 3.89E-08
B2t 1.22B-09 268E-09 S.84E-06 6.09E-10 149E-09 S549E-09 1.63E-08
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Table E.4 Ingestion organ dose equivalent factors for organ set 2

Appendix E

Radio- Implicit Organ name (Sv/Bq)

nuclide  progeny fraction  ULJI wall LLIwall  Kidneys Liver Lungs Ovaries  Pancreas
3H 1.73E-11 1.73E-11 173E-11  173E-11 L173E-11 1.73E-11 1.73E-11
10ge 4.30E-09 129E-08 242E-11  242E-11 242E-11 242E-11 242E-11
e 5.64E-10  5.64E-10 5.64E-10 564E-10 S5.64E-10 5.64E-10 5.64E-10
18 754E-12  552E-12 836E-12 5.74E-12 6.54E-12 4.97E-12 291E-11
22Na 2.86E-09  3.08E-09 284E-09 2.70E-09 251E-09 281E-09 2.83E-09
%Na 3.10E-10  339E-10 298E-10 293E-10 2.60E-10 3.43E-10 4.37E-10
32p 2.95E-09 7.24E-09 6.55E-10 6.55E-10 6.55E-10 6.55E-10 6.55E-10
33p 3.50E-10  845E-10 937E-11  937E-11 937E-11 937E-11 9.37E-I1
g , 7.53E-10  223E-09 9.53E-12 953E-12 953E-12 9.53E-12 9.53E-12
3¢y 799E-10  7.99E-10 7.99E-10  7.99E-10 7.99E-10 7.99E-10 7.99E-10
40 497E-09  S5.02E-09 493E-09 4.95E-09 4.85E-09 S5.07E-09 4.93E-09
4ca 3.19E-11  882E-11 3.06E-12 278E-12 284E-12 271E-12 3.21E-12
$ca 994E-10  2.80E-09 536E-11  536E-11 536E-11 5.36E-11 5.36E-11
465¢ 4.66E-09 LO4E-08 284E-10 2.02E-10 4.86E-11 201E-09 2.60E-10
Sicy 1.06E-10  248E-10 848E-12  701E-12 438E-12 4.00E-11 8.96E-12
5Mn 135E-09  220E-09 3.82E-10 1.00E-09 229E-10 9.48E-10 3.81E-10
56Mn 137E-09  5.40B-10 3.20E-11  263E-11 8.80E-12 853E-11 5.62E-11
53Fe 1.72E-10  3.04E-10 1.03E-10 3.44E-10 1.02E-10 1.07E-10 1.04E-10
9pe 394E-09  843E-09 9.09E-10 154E-09 635E-10 166E-09 9.03E-10
5o 5.61B-10  1.08E-09 197E-10 4.65E-10 1.63E-10 294E-10 2.17E-10
8o 1.86E-09  3.33E-09 S5.74E-10 101E-09 4.05E-10 1.08E-09 5.65E-10
0co 9.58E-09  135E-08 641E-09 128E-08 4.96E-09 7.23E-09 6.23E-09
SN 116E-10  2.70E-10 3.56E-11  3.58E-11 3.50E-11 3.83E-11 3.61E-11
63Ni 3.62E-10  9.18E-10 8.52E-11  850E-11 850E-11 850E-11 8.50E-11
65Nj 934E-10  3.65E-10 1.06E-11  727E-12 275E-12 243E-11 1.80E-11
S4cy 6.07E-10  7.51E-10 195E-11  3.71E-11 128E-11 4.78E-11 4.27E-11
63575 423E-09  497E-09 387E-09 3.68E-09 3.08E-09 3.51E-09 3.56E-09
69mz 1.77E-09  239E-09 S5.16E-11  4.63E-11 3.63E-11 123BE-10 5.92E-11
97n 0.9997 6.16E-11 LO4E-11 4.17E-13  4.17E-13 4.17E-13 4.17E-13 4.17E-13
97n 6.16E-11 1.04E-11 4.17E-13 4.17E-13 4.17E-13 4.17E-13 4.17E-13
T6As 6.55E-09 1.1I8E-08 3.83E-10 3.19E-10 9.83E-11 216E-10 1.2SE-10
3se 224E-09  197E-09 7.17B-09 573E-09 166E-09 1.80E-09 4.00E-09
s 1.10E-09  148E-09 125E-08 648E-09 9.06E-10 9.06E-10 3.89E-09
82pp 485E-10  495E-10 4.58E-10 4.52E-10 3.84E-10 4.14E-10 5.05E-10
83g; 738E-12  736E-12 737E-12  736E-12 735E-12 7.35E-12 7.54E-12
Smy 1.0000 Note: Contribution included with parent.

84pr 9.16E-12  7.10E-12 9.10E-12  7.70E-12 6.99E-12 6.75E-12 2.54E-11
86Rb 2.16E-09  217E-09 2.16E-09 2.16E-09 2.14E-09 2.14E-09 2.15E-09
88pb 343E-12  291E-12 341E-12 3.06E-12 291E-12 2.78E-12 7.56E-12
89Rb 517E-12  3.56E-12 521E-12  4.07E-12 3.68E-12 332E-12 1.77E-11
85gr 8.69E-10 1.S0E-09 2.54E-10  2.17E-10 2.06E-10 625E-10 2.53E-10
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Appendix E

Table E4 Ingestion organ dose equivalent factors for organ set 2 (Continued)

Radie- Implicit Organ name (Sv/Bq)

puclide progeny fraction  ULI wall LLIwall  Kidneys Liver Lungs Ovaries  Pancreas
89gr 730E-09  2.07E-08 240E-10 240E-10 240E-10 240E-10 240E-10
gy 574E-09  197E-08 151E-09 151E-09 151E-09 151E-09 1.51E-09
gp 488E-09  S.11E-09 S47E-11  395E-11 9.81E-12 248E-10 595E-11
Ilmy 0.5780 3.08E-11  239E-11 392E-12 246E-12 128E-12 694E-12 1.12E-11
Ny 132E-08  3.16E-08 126E-14 365E-13 1.26E-14 143E-14 126E-14
my 308E-11  239E-11 392E-12 246E-12 128E-12 694E-12 112E-11
Sy LO2E-08  3.02E-08 6.10E-13 6.17E-12 2.02E-13 3.54E-12 S.61E-13
92y 331E-09  174E-09 6.52E-12 4.53E-12 139E-12 196E-11 1.00E-11
By 780E-09  884E-09 474E-12 352E-12 867E-13 220E-11 5.67E-12
Bzr 334E-10  1.00E-09 1.09E-13 827E-14 1.1SE-13 9.23E-14 1.28E-13
B7zy 305E-09  781E-09 1.13E-10 7.78E-11 234E-11 8.16E-10 1.05E-10
7x 121E-08 179808 1.10E-10 797E-11 1.76E-11 6.22E-10 1.07E-10
97Nb 0.9470 Note: Contribution included with parent.

97Nb 0.0530 220E-10  475B-11 6.84E-12  436E-12 198E-12 145E-11 1.66E-11
F3mpr 4.96E-10 147E-09 344E-11  247E-12 245B-12 5.77E-12 253E-12
4Nb 5.19E-09 125E-08 6.95E-10 282E-10 1.72E-10 1.80E-09 3.73E-10
SN 259E-09  647E-09 180E-11  802E-12 282E-12 9.30E-11 1.14E-11
SNb 182E-09  400E-09 137E-10 829E-11 2.74E-11 8.0S5SE-10 1.12E-10
97mNp, L82E-09  400B-09 137E-10 829E-11 2.74E-11 80SE-10 112E-10
9TNb 220E-10  47SE-11 6.84E-12 436E-12 198E-12 145E-11 1.66E-11
BMo 1.33E-10 181E-10 1.65E-09 180E-09 1.06E-10 1.27E-10 1.07E-10
Mo 5758-09  137E-08 177E-10 1.79E-10 151E-11 2.18E-10 3.84E-11
99mre 0.8760 3.70E-11  2.54B-11  S.19E-12  472E-12 3.14E-12 9.75E-12 1.07E-11
99mre 370E-11  2.54E-11 S5.9E-12 4.72E-12 3.14E-12 9.75E-12 1.07E-11
9 Tc 4.05E-10 LI10E-09 6.04E-11 823E-11 6.04E-11 6.04E-11 6.04E-11
10lre 495E-12  757E-13 827E-13  537E-13 4.13E-13 6.29E-13 3.24E-12
103Ry 253E-09  6.53E-09 131E-10  L12E-10 7.31E-11 S5.72E-10 1.28E-10
105y 1.59E-09 134E-09 2.70E-11  192E-11 621E-12 967E-11 3.86E-11
106Ru 247E-08  7.09E-08 145E-09 144E-09 142E-09 164E-09 1.45E-09
106Rh 1.0000 Note: Contribution included with parent.

103mpp 9.05E-12 145E-12 4.76E-15  496E-15 493E-15 4.02E-14 4.46E-14
105Rp 1.89E-09  3.79E-09 1.06E-11 837E-12 3.86E-12 5.80E-11 1.12E-11
103py 830E-10  232B-09 2.04E-11  1.13E-11 1.28E-13 4.13E-11 7.75E-13
103m 0.99974 905E-12  145E-12 4.76E-15 496E-15 4.93E-15 4.02E-14 4.46E-14
107pg 157E-10  472B-10 6.71E-12  347E-12 991E-15 991E-15 991E-15
109p4 353E-09 473E-09 6.76E-12  3.68E-12 149E-13 7.90E-12 8.68E-13
10mp o 5.86E-09 1LOSE-08 1.50E-09 862E-09 830E-10 299E-09 164E-09
1107y 0.0133 Note: Contribution included with parent.

Hipg S40E-09  1.48E-08 124E-11 920E-10 884E-12 3.58E-11 1.27E-11
1094 1.80E-09  462E-09 4.08E-08 7.38E-09 3.17E-10 3.46E-10 3.55E-10
113mey 6.43E-09 125E-08 5.64E-07 9.72E-08 3.44E-09 3.44E-09 3.44E-09
115mey 989E-09  2.89E-08 2.58E-08 447E-09 164E-10 1.84E-10 1.74E-10
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A}

Table E4 Ingestion organ dose equivalent factors for organ set 2 (Continued)

Radio- Implicit Organ name (Sv/Bq)

nuclide progeny fraction  ULI wall LLI wall Kidneys Liver Lungs Ovaries Pancreas
N5cg 6.30E-09 1.50E-08 9.94E-10 207E-10 165E-11 3.17E-10 5.29E-11
1Smy, 1.0000 5.74E-10  3.55E-10 6.04E-12  4.17E-12 1.03E-12 220E-11 8.38E-12
S 1.07E-09 201E-09 6.76E-11  4.71E-11 835E-12 4.15E-10 5.53E-11
Ndmyy, 149E-08  436E-08 397E-09 198E-09 123E-10 249E-10 1.41E-10
Hamp 0.9570 Note: Contribution included with parent.

115my, 5.74E-10  3.55E-10 6.04E-12 4.17E-12 1.03E-12 220E-11 8.38E-12
17mgy 2.90E-09 7.94E-09 248E-11 1.77E-11 5.50E-12 223E-10 2.61E-11
119mgy 137E-09  4.04E-09 934E-12 946E-12 920E-12 4.11E-11 9.95E-12
121mg, 1.14E-09 447E-09 289E-11  2.90E-11 290E-11 431E-11 293E-11
21gy 1.27E-09 2.36E-09 2.00E-13  2.00E-13 2.00E-13 2.00E-13 2.00E-13
12365 868E-09  259E-08 3.24E-11 320E-11 3.15E-11 3.80E-11 3.23E-11
12560 132E-08  367E-08 495E-11 3.65E-11 160E-11 288E-10 4.69E-11
126gn 1.57E-08  433E-08 8.19E-10 6.85E-10 S5.99E-10 241E-09 7.78E-10
126mgy, 1.0000 2.59E-11 7.59E-12 4.53B-12 2.77E-12 1.88E-12 529E-12 1.72E-11
124gy, 8.85E-09 233E-08 255E-10 2.18E-10 5.40E-11 1.78E-09 2.40E-10
125y 222E-09  S79E-09 1.13E-10 249E-10 6.03E-11  S5.24E-10  1.15E-10
126mgy, 2.59E-11 7.59E-12 4.53E-12  2.77E-12 188E-12 529E-12 1.72E-11
126gp, 8.48E-09 1.94E-08 3.93E-10 299E-10 6.85E-11 2.89E-09 3.71E-10
127y 7.31E-09 1.96E-08 8.71E-11  735E-11 1.57E-11 6.14E-10 8.40E-11
123mpe 1.67E-09  4.54E-09 1.20E-10 1.03E-10 1.10E-10 2.7SE-10 1.29E-10
125mre 167E-09  4.72E-09 4.18E-11  423E-11 436E-11 127E-10 4.42E-11
127mre 3.07E-09 1L.11E-08 9.52E-11  949E-11 9.62E-11 125E-10 9.59E-11
127Te 1.17E-09 126E-09 3.09E-12 3.02E-12 289E-12 4.02E-12 3.17E-12
129mpe 841E-09  247E-08 1.66E-10 1.62E-10 1.59E-10 241E-10 1.65E-10
129Te 0.6500 1.86E-10  3.70E-11 8.84E-13  6.82E-13 491E-13 1.59E-12 191E-12
1291e 186E-10  3.70E-11 8.84E-13  6.82E-13 491E-13 1.59E-12 1.91E-12
131mpe 4.65E-09 823E-09 1.58E-10 124E-10 626E-11 7.38E-10 1.65E-10
1317e 0.2220 5.26E-10 149E-10 7.27E-12  528E-12 339E-12 157E-11 1.44E-11
131e 5.26E-10 149E-10 7.27E-12  528E-12 339E-12 157E-11 1.44E-11
1321¢ 1.87E-09  3.80B-09 3.72E-10  3.65E-10 3.30E-10 5.41E-10 3.69E-10
132 1.0000 3.32E-11 2.77B-11 3.26E-11  2.84E-11 264E-11 233E-11 7.73E-11
133m, 2.74E-10  5.66E-11 2.06E-11  140E-11 833E-12 3.68E-11 5.16E-11
1337, 0.1300 9.53E-12 1.92E-12 2.09E-12 143E-12 1.22E-12 185E-12 7.48E-12
1331¢ 9.53E-12 L92E-12  2.09E-12  143E-12 122E-12 1.85BE-12 7.48E-12
1341e 732E-11 243E-11  177E-11  157E-11 129E-11 2.03E-11 291E-11
134y 1.0000 1.75E-11 1.29E-11 1.75E-11  1.40E-11 126E-11 1.10E-11 5.39E-11
1251 3.10E-11 297E-11 271B-11  294E-11 4.08E-11 293E-11 3.33E-11
129 1.42E-10 1.39E-10 1.34E-10  1.38E-10 1.65E-10 1.38E-10 1.41E-10
1301 7.00E-11 636E-11 6.78E-11  6.40E-11 7.18E-11 531E-11  1.20E-10
131y 4.43E-11 424E-11 4.51E-11  4.95E-11 1.02E-10 4.07E-11 5.98E-11
132 3.32E-11 2.77E-11 3.26E-11  2.84E-11 264E-11 2.33E-11 7.73E-11
1331 4.08E-11 3.89E-11 3.99E-11 393E-11 4.53E-11 3.57E-11 S5.57E-11
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Table E4 Ingestion organ dose equivalent factors for organ set 2 (Continued)

Radio- Implicit Organ name (Sv/Bq)

nuclide  progeny fraction  ULI wall LLIwall  Kidneys Liver Lungs Ovaries  Pancreas
1341 1.75E-11 129E-11 175E-11  1.40E-11 126E-11 1.10E-11 5.39E-11
1351 4.19E-11 3.93E-11 4.08E-11  3.82E-11 3.75BE-11 361E-11 7.60E-11
135mye 0.1540 Note: Contribution included with parent.

134meg 720E-12  7.11E-12 6.88E-12 6.83E-12 6.42E-12 6.48E-12 7.82E-12
134 214E-08  2.19E-08 2.01E-08 201E-08 176E-08 1.81E-08 194E-08
135¢g 191E-09  191E-09 191E-09 191E-09 191E-09 191E-09 191E-09
B6cg 329E-09  340E-09 3.16E-09 3.15E-09 2.62E-09 271E-09 3.08E-09
137 1.42E-08  144E-08 137E-08 136E-08 127E-08 129E-08 1.34E-08
137mp, 0.9460 Note: Contribution included with parent.

138¢g 120E-11  877E-12 116E-11 944E-12 853E-12 800E-12 3.56E-11
1394 438E-10  9.86E-11 795E-13 6.02E-13 3.89E-13 1.56E-12 1.58E-12
140, 7.75E-09  2.64E-08 1.51E-10 1.17E-10 6.63E-11 996E-10 1.36E-10
14lp, 2.16E-10 11SE-10 252E-12  1.60E-12 1.10E-12 2.86E-12 9.16E-12
l42g, 9.37E-11 243E-11 497E-12 337E-12 167E-12 988E-12 133E-11
1401 9.12E-09  1.75E-08 223E-10 169E-10 4.01E-11 1.34E-09 2.19E-10
1411 5 2.46E-09 145E-09 120E-12 126E-12 272E-13 3.77E-12 1.75E-12
1421 o 7.18E-10 191E-10 296E-11  2.08E-11 840E-12 6.99E-11 642E-11
e 299E-09  864E-09 1.19E-11 196E-11 143E-12 108E-10 1.23E-11
43¢ 5.71E-09 L17E-08 2.79E-11  2.18E-11 3.82E-12 2.12E-10 297E-11
144ce 222E-08  6.64E-08 130E-11 691E-10 6.52E-12 698E-11 1.30E-11
14dmp, 0.0178 Note: Contribution included with parent.

144p, 1.0000 1.78E-11  9.68E-13 7.26E-14 4.72E-14 3.15E-14 738E-14 2.76E-13
143p, 5.15E-09 147E-08 1.70E-12  823E-12 191E-19 899E-18 1.13E-18
144p, 1.78E-11  9.68E-13 7.26E-14 4.72E-14 3.15E-14 738E-14 2.76E-13
147Ng 4.63E-09 128E-08 191E-11  1.88E-11 244E-12 1.79E-10 1.90E-11
47pm 1.05E-09  3.17E-09 846E-16 697E-11 196E-16 6.86E-15 8.80E-16
148mp 5.79E-09 137E-08 283E-10 225E-10 4.44E-11 2.18E-09 2.66E-10
148pm 1.19E-08  3.10E-08 6.99E-11  557E-11 1.19E-11 4.72E-10 647E-11
149p 5.00E-09  1.14E-08 1.23E-12 189E-12 162BE-13 9.19E-12 126E-12
Blpm 385E-09  7.05E-09 3.07E-11 223E-11 4.23E-12 2.11E-10 3.26E-11
147gm 749E-09  230E-08 0.00E+00 2.36E-07 0.00E+00 0.00E+00 O0.00E+00 .
15igm 3.37E-10 LOIE-09 5.16E-16 921E-11 6.52E-16 2.12E-14 7.36E-16
153gm 3.13E-09  8.18E-09 7.19E-12 5.80E-12 7.13E-13 7.17E-11 8.06E-12
152py 4.21E-09 1L.OOE-08 4.65E-10 2.99E-09 240E-10 133E-09 4.71E-10
154gy 6.87E-09 1.80E-08 4.49E-10  3.69E-09 2.16E-10 137E-09 4.44E-10
155gy 121E-09  345E-09 237E-11 4.13E-10 9.64E-12 9.83E-11 223E-11
156y 863E-09  228E-08 1.86E-10 1.59E-10 3.24E-11 1.22E-09 164E-10
153G4 1.02E-09  2.71E-09 1.69E-11  2.75E-11 2.19E-12 197E-10 1.74E-11
160y, 591E-09  1.56E-08 1.63E-10 134E-10 2.72E-11 1.17B-09 148E-10
166mpy, 497E-09  1.12B-08 5.17E-10 2.05E-09 2.16E-10 205E-09 3.10E-09
181y 2.81E-10 7.11E-10 8.70E-12  4.97E-12 623E-13 7.33E-11  6.60E-12
185w 2.12E-09  632E-09 1.32E-11  235E-12 9.45E-16 8.74E-14 932E-15
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Table E.4 Ingestion organ dose equivalent factors for organ set 2 (Continued)

Radio- Implicit Organ name (Sv/Bq)

nuclide  progeny fraction  ULI wall LLIwall  Kidneys Liver Lungs Ovaries  Pancreas
187y 3.56E-09  599E-09 4.34E-11 3.03E-11 639E-12 2.59E-10 4.38E-11
187Re 2.64E-12  7.16E-12 3.94E-13  S37E-13 3.94E-13 3.94E-13 394E-13
1850 1.44E-09  2.83E-09 248E-10 248E-10 524E-11 835E-10 1.60E-10
Bl 237E-09  6.61E-09 592E-11 5.05E-11 5.06E-12 1.18E-10 1.69E-11
192y, 4.90E-09 1.29E-08 4.81E-10  4.43E-10 6.54E-11 1.03E-09 1.92E-10
19845 467E-09  1.07E-08 6.25E-11 495E-11 244E-11 343E-10 6.38E-11
203y, 1.45E-09  134E-09 188E-08 142E-09 1.23E-09 137E-09 1.68E-09
210py, 126B-07  130E-07 281E-06 6.08E-06 125E-07 1.25E-07 1.25E-07
212py, 1.67E-08 1.99E-08 1.00E-08 221E-08 163E-09 196E-09 1.69E-09
212g; 1.0000 6.61E-10  127E-10 1.11E-09 136E-11 9.86E-12 2.76E-11 3.18E-11
HU2p, 0.6407 Note: Contribution included with parent.

2087y 0.3593 Note: Contribution included with parent.

210g; 577E-09  1.54E-08 5.88E-09 197E-11 197E-11 197E-11 197E-11
212g; 6.61E-10  127E-10 1.11E-09 136E-11 9.86E-12 2.76E-11 3.18E-11
H12p, 0.6407 Note: Contribution included with parent.

20871y 0.3593 Note: Contribution included with parent.

210p, 9.82E-08 131E-07 2.55E-06 4.39E-07 823E-08 823E-08 8.23E-08
22Rn 9.82E-08  131E-07 255E-06 439E-07 823E08 823E-08 823E-08
218pg 1.0000 Note: Contribution included with parent.

Z14py, 1.0000 2.49E-10  4.89E-11 4.17E-11  5.68E-11 2.32E-11 3.19E-11 3.86E-11
2l4g; 1.0000 5.86E-11  731E-12 625E-11 325E-12 238E-12 5.17E-12 1.58E-11
2l4p, 0.9998 Note: Contribution included with parent.

2Ra 125E-07  277E07 423E-08 4.23E-08 4.23E-08 426E-08 4.23E-08
219:n 1.000 Note: Contribution included with parent.

2L5pg 1.000 Note: Contribution included with parent.

2l1py, 1.000 227E-10  4.14E-11 2.73E-11  368E-11 190E-11 197E-11 206E-11
Alg; 1.000 Note: Contribution included with parent.

Zl1p, 0.0028 Note: Contribution included with parent.

207y 0.9972 Note: Contribution included with parent.

24pa 825E-08  1.99E-07 2.06E-08 2.06E-08 2.05E-08 2.12E-08 2.06E-08
22021 1.000 Note: Contribution included with parent.

216pg 1.000 Note: Contribution included with parent.

225Ra 391E-08  639E-08 3.37E-08 3.37E-08 3.37E-08 337E-08 337E-08
2%6Ra 1.05E-07  1.31E-07 9.16E-08 9.15E-08 G.16E-08 9.16E-08 9.17E-08
228Ra 1.63E-07  1.78E-07 157E-07 157E-07 1.57E-07 1.58E-07 1.57E-07
2Ba¢ 1.0000 242E-09  190E-09 3.88E-11 820E-10 7.34E-12 1.79E-10 5.05E-11
LN 9.77E-08  2.82E-07 296E-11  270E-08 3.98E-12 1.36E-09 2.60E-11
2 1.000 Note: Contribution included with parent.

A7 A4 1.000 Note: Contribution included with parent.

213g; 1.000 427E-10  1.04BE-10 6.05E-10 492E-12 4.56E-12 6.17E-12 7.69E-12
23py, 0.9784 Note: Contribution included with parent.

2097 0.0216 Note: Contribution included with parent.
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Table E.4 Ingestion organ dose equivalent factors for organ set 2 (Continued)

Radio- Implicit Organ name (Sv/Bq)

nuclide  progeny fraction  ULI wall LLI wall Kidneys Liver Lungs Ovaries  Pancreas
209py, 1.000 350E-10  173E-10 166E-12 3.02E-12 537E-13 537E-13 S5.37E-13
2T pc 1.52E-09  7.66E-09 295E-10 154E-05 220E-10 831E-07 3.24E-10
23y 0.0138 232E-09 232E-09 232E-09 232E-09 232E-09 232E-09 232E-09
B¢ 242E-09 190E-09 3.88E-11 820E-10 7.34E-12 179E-10 S5.05E-11
27 253E-08  9.13E-08 141E-10 1.06E-09 125E-10 2.95E-10 1.40E-10
2281y 3.11E-08  132E-07 233E-09 201E-08 231E-09 253E-09 232E-09
2291h 232E-08  632E-08 4.57E-09 398E-08 4.56E-09 4.69E-09 4.57E-09
B0y 1.65E-08  493E-08 6.80E-10 5.94E-09 6.80E-10 6.82E-10 6.80E-10
Blyy 190E-09  342E09 126E-12 978E-13 143E-13 2.08E-11 1.72E-12
B2 147E-08  4.27E-08 125E-09 1.02E-08 1.25E-09 125E-09 1.25E-09
B4y 147E-08  430E-08 3.71E-12 4.17E-12 7.05E-13 3.12E-11 3.49E-12
24mpy 0.9980 Note: Contribution included with parent.

24py 0.0020 3.13E-09  246E-09 829E-11 5.88E-11 1.51E-11 3.30E-10 1.06E-10
Blp,y 175E-08  S535SE-08 6.79E-09 4.36E-09 680E-11 121E-10 7.19E-11
233p, 3.62E-09  1.02E08 340E-11 241E-11 3.70E-12 2.58E-10 2.93E-11
24p, 3.13E-09  246E-09 829E-11 5.88E-11 1.51E-11 3.30E-10 1.06E-10
22y 253E-08  6.09E-08 1.57E-06 821E-09 829E-09 827E-09 8.30E-09
B3y 1.80E-08  4.98E-08 4.74E-07 262E-09 262BE-09 2.62E-09 2.62E-09
B4y 1.79E-08  4.95E-08 4.68E-07 2.58E-09 2.58E-09 2.59E-09 2.58E-09
B5y 1.84E-08  531B-08 433E-07 246E-09 246E-09 2.67E-09 249E-09
26y 1.69E-08  4.68E-08 4.43E-07 245E-09 245E-09 245E-09 245E-09
By 337E-09  889E-09 296E-11  133E-11 217E-12 181E-10 202E-11
B8y 161E-08  4.57E-08 4.15E-07 230E-09 230E-09 231E-09 230E-09
%0y 6.99E-09  9.50E-09 262E-11 1.62E-11 3.69E-12 124E-10 2.35E-11
240“‘Np 1.0000 Note: Contribution included with parent.

Z7Np 1.74E-08  S532E-08 165E-10 9.73E-07 153E-10 2.46E-07 1.78E-10
28Np 420E-09 893E-09 6.00E-11 107E-10 1.02E-11 3.89E-10 5.74E-11
B9Np 3.85E-09  872E-09 205E-11  1.54E-11 240E-12 162E-10 2.16E-11
Bépy 1.94E-08  S596E-08 4.34E-13 1.13E-08 349E-13 7.8SE-10 4.93E-13
Bipy 3.96E-10 1.03E-09 730E-12 493E-12 7.54E-13 7.22E-11 7.56E-12
B8py 1.85E-08  S5.68E-08 9.03E-14 292E-08 864E-14 233E-09 121E-13
2%y 1.73E-08  531E-08 8.78E-14 3.14E-08 7.89E-14 264E-09 9.95E-14
240py 1.74E-08  534E-08 869E-14 3.14E-08 8.22E-14 264E-09 1.17E-13
Alpy 896E-11  270E-10 5.5E-15 5.44E-10 4.48E-15 5.66E-11 5.56E-15
A2py 1.65E-08  S06E-08 175E-13 298E-08 9.18E-14 2.51E-09 1.98E-13
43py 599E-10  4.10E-10 9.94E-13  6.19E-13 147E-13 4.56E-12 157E-12
24py 239E-08  835E-08 4.94E-11 296E-08 9.29E-12 294E-09 4.38E-11
Aam 1.90E-08  S5.82E-08 399E-11 325E-06 336E-11 270B-07 4.24E-11
242mAm 238E-09 9.72E-09 194E-11 3.09E-06 165E-11 266E-07 2.04E-11
2A2Am 1.66E-09  2.54E-09 1.17E-12 3.84E-10 158E-13 2.74E-11 1.46E-12
243Am 191E-08  6.03E-08 2.58E-10 3.22E-06 195E-10 2.71E-07 2.76E-10
A20m 205E-08  6.25E-08 884E-12 1.13E-07 884E-12 520E-09 8.88E-12
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Table E.4 Ingestion organ dose equivalent factors for organ set 2 (Continued)

Appendix E

Radio- Implicit Organ name (Sv/Bq)

nuclide  progeny fraction  ULI wall LLI wall  Kidneys Liver Lungs Ovaries  Pancreas
3Cm 220E-08  6.69E-08 1.15E-10 239E-06 7.73E-11 1.73E-07 121E-10
X4cm 195E-08  597E-08 875E-12 199E-06 881E-12 1.33E-07 8.77E-12
A5Cm 1.93E-08  S5.86E-08 1.17E-10 331E-06 834E-11 2.80E-07 1.24E-10
%6Cm 1.83E-08  5.62E-08 5.80E-11  330E-06 267E-11 2.77E-07 530E-11
#Tcm 198E-08  6.06E-08 3.88E-10 3.03E-06 266E-10 2.56E-07 4.32E-10
A3py 1.0000 599E-10  4.10E-10 9.94E-13  691E-13 147E-13 4.56E-12 1.57E-12
%8cm 1.06E-07  2.88E-07 1.78E-08 120E-05 6.52E-09 1.02E-06 1.60E-08
252¢¢ 525E-08  153E-07 160E-09 565E-07 4.67E-10 539E-08 1.46E-09
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Table E.5 Ingestion organ dose equivalent factors for organ set 3

Implicit
Radio- progeny

Organ name (Sv/Bq)

nuclide  fraction R marrow Skin Spleen Testes Thymus Thyroid Uterus
3H 1.73E-11 1.73B-11  1L73E-11  173E-11  L173E-11  173E-11 1.73E-11
10ge 7.23E-10 242E-11  242B-11  242E-11  242E-11  242E-11  242E-11
e 5.64E-10 5.64E-10  5.64E-10  S5.64E-10  5.64E-10  5.64E-10  5.64E-10
18p 5.94E-11 425E-12 172E-11  227E-12  333E-12  452E-12  3.57E-12
22Na 4.29E-09 191E-09 2.73E-09  269E-09  2.52E-09  250E-09  2.86E-09
%Na 3.74E-10 211E-10  3.14E-10  282E-10 3.02E-10  260E-10  3.26E-10
3zp 8.09E-09 6.55E-10 6.55E-10  655E-10  6.55E-10  6.55E-10  6.55E-10
3p 4.99E-10 937E-11  937E-11  937E-11  937E-11  937E-11  937E-11
35g 9.53E-12 953E-12  953E-12  953E-12  9.53E-12  9.53E-12 9.53E-12
3¢y 7.99E-10 799E-10  7.99E-10  7.99E-10  7.99E-10  799E-10  7.99E-10
g 4.91E-09 476E-09  491B-09  493E09 S5.02E-09  485E-09  4.96E-09
41ca 1.78E-09 334E-12  364B-12  260E-12  3.03E-12  284E-12  260E-12
SCa 3.47E-09 536E-11  536E-11  536E-i1  5.36E-11 5.36E-11 536E-11
465¢c 4.03E-10 968E-11  243E-10  1.76E-10  2.18E-11  7.69E-12  8.52E-10
Sicy 1.25E-11 395E-12  746E-12  678E-12  5.04E-12  3.71E-12  1.88E-11
54Mn 4.89E-10 160E-10  2.65E-10  2.11E-10  1.60E-10  133E-10  5.03E-10
S6Mn 2.43E-11 784E-12  3.54E-11  7.70E-12  445E-12  240E-12  5.88E-11
SSke 1.05E-10 9.99E-11  564E-10  1.058E-10  1.03E-10  110E-10  10SE-10
S9Fe 8.45E-10 503E-10 1.82E-09  747E-10  632E-10  6.03E-10  1.25E-09
STco 2.67E-10 1.04E-10  1.80E-10  1.38E-10 1.66E-10 1.ISE-10  2.48E-10
8Co 5.40E-10 2.75E-10  5.10E-10  491E-10  3.54E-10 3.64E-10 7.85E-10
80co 5.49E-09 354E-09 558E-09  542B-09  527BE-09  4.68E-09  7.13E-09
SNi 3.66E-11 3.40B-11  374E-11  365E-11  3.53E-11  3.90E-11 3.66E-11
63N 8.50E-11 850E-11  850E-11  8.50E-11 8.50E-11 850E-11  8.50E-11
65N 7.26E-12 251E-12  L17E-11  225E-12 1.43E-12  6.79E-13 1.93E-11
$4cy 1.94E-11 1.14E-11  1.88E-11  1.47E-11 1.16E-11 1.13E-11  2.83E-11
657n 4.50E-09 229E-09  363E-09  356E-09  3.03E-09 321E-09  4.72E-09
9mzn 9.15E-11 331E-11  S5.04E-11  4.10E-11 3.51E-11  3.28E-11 7.49E-11
97n 0.9997 5.36E-13 417E-13  4.17E-13  417E-13  4.17E-13  4.17E-13  4.17E-13
97a 5.36E-13 417E-13  4.17E-13  4.17E-13  4.17E-13  4.17E-13  4.17E-13
T6As 1.20E-10 9.52E-11  244E-10  1.06BE-10  9.54E-11  9.35E-11 1.50E-10
73se 2.07E-09 8.76E-10  3.65E-09  1.18E-09 1.85E-09 1.13E-09 1.90E-09
79ge 9.06E-10 9.06E-10  432E-09  906E-10  9.06E-10  9.06E-10  9.06E-10
82pr 4.14E-10 265E-10  4.83E-10  4.48E-10  3.87E-10  383E-10  5.05E-10
83y 7.35B-12 731E-12  745B-12  734E-12  733E-12  733E-12  735E-12
8mgy  1.0000 Note: Contribution included with parent.

84py 6.21E-12 5.19E-12  162E-11  527E-12  5.88E-12  520E-12  6.93E-12
86Rb 3.72E-09 211E-09  2.16E-09  2.15E-09  2.13E-09  2.14E-09  2.20E-09
8Rb 2.76E-12 252E-12  524E-12  245E-12  261E-12  243E-12  277E-12
89Rb 3.53E-12 247E-12  109E-11  226E-12  2.76E-12  221E-12  3.25E-12
85gr 5.97E-10 166E-10  239E-10  2.15E-10  1.78E-10  2.05E-10  3.27E-10
89gr 3.23E-09 240E-10  2.40E-10  240E-10  2.40E-10  240E-10  2.40E-10
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Table E.5 Ingestion organ dose equivalent factors for organ set 3 (Continued)

Appendix E

Implicit
Radio- progeny Organ name (Sv/Bq)
nuclide  fraction R marrow Skin Spleen Testes Thymus Thyroid Uterus
Hgr 1.94E-07 151E-09  1.51E-09  151E-09  151E-09  151E-09  1.51E-09
gy 5.53E-11 138E-11  4.21E-11  198E-11  451E-12  190E-12  1.26E-10
Nmy 0.5780 2.24E-12 7.09E-13  6.39E-12  323E-13  267E-13  117E-13  S5.75E-12
Wy 3.70E-13 126E-14  126E-14  126E-14  126E-14  126E-14  1.26E-14
lmy 224E-12  7.09E-13  6.39BE-12  323E-13  267E-13  1.17E-13  5.75E-12
Ity 6.59E-12  290E-13  5.08E-13  4.14E-13  154E-13  129E-13  163E-12
Ry 491E-12 140E-12  646E-12  139E-12  590E-13  177E-13  130E-11
By 4.93E-12 121E-12  3.87E-12  177E-12  360E-13  126E-13  1.13E-11
By 742E-10  225E-13  183E-13  462E-14  105E-13  731E-14 4.75E-14
Szr 2.14E-10  4.19E-11  883E-11  804E-11  131E-11  827E-12  333E-10
N7¢ 130E-10  3.04E-11  802BE-11  521E-11  753E-12 266E-12  2.83E-10
TmNB  0.9470 Note: Contribution included with parent.
97Nb 0.0530 4.20E-12 1.28E-12  9.72E-12  7.83E-13  5.71E-13  211E-13  1L11E-11
9Bm 2.32E-11 243E-12  329E-11  334E-11  251E-12  244E-12  251E-12
Nb 7.39E-10 1.85E-10  627E-10  525E-10  134E-10  1.23E-10  821E-10
9SmNp 3.33E-11 424E-12  1.52E-11  145E-11 1.97E-12  1.63E-12  3.44E-11
9Nb 1.99E-10  440E-11  1.I2B-10  9.66E-11 1.65E-11  1.18E-11  3.35E-10
97mNy, L99E-10  440E-11  LI12B-10  9.66E-11 1.65E-11  1.18E-11  3.35E-10
9TNb 4.20E-12 128E-12  9.72E-12  7.83B-13  571E-13  2.11E-13  1.11E-11
Mo 2.82E-10 728E-11  9.64E-11  830E-11 120E-10  942E-11  943E-11
PMo 832E-11 1.74E-11  3.10E-11  272E-11  122E-11  1.03E-11  9.93E-11
9mre 0.8760 6.29E-12 191E-12  7.03E-12  229E-12  3.07E-12  846E-11  7.17E-12
SmTe 6.29E-12 191E-12  7.03E-12  229E-12  307E-12  846E-11  7.17E-12
PTe 6.04E-11 6.04E-11  6.04E-11  6.04E-11  6.04E-11  1.62E-09  6.04E-11
101 4.36E-13 2.01E-13 1.85E-12  1.22E-13 1.55E-13  3.89E-12  6.39E-13
103py 1.66E-10 6.85E-11 1.18E-10  122E-10  6.73E-11  625B-11  2.66E-10
105Ry 2.35E-11 651E-12  250E-11  7.59E-12  3.02E-12 1.82E-12  5.53E-11
106Ry 1.46E-09 140E-09  145E-09  145E-09  142E-09  141E-09  1.52E-09
1%Rh 10000 Note: Contribution included with parent.
103mpp 1.01E-14 3.58E-15  L11E-14  3.23E-15  3.32E-15 327E-15  1.60E-14
105ph 1.47E-11 4.69E-12  868E-12  7.22E-12  341E-12  291E-12  261E-11
103py 6.58E-12 1.83E-13  2.78E-13 1.55E-13  4.87E-14  440E-14  1.88E-12
103mp 099974  1.01E-14 3.58E-15  1.11E-14  323E-15 3.32E-15 327E-15  1.60E-14
107py 5.36E-14 991E-1S  991E-15  991E-15 991E-15 991E-15  991E-15
109pq4 2.04E-12 1.80E-13  4.54E-13  2.19B-13  1.03E-13  948E-14  1.71E-12
110m 5 o 942E-10  3.75E-10  7.13E-10  437E-10  4.04E-10  181E-10  1.41E-09
04g 0.0133 Note: Contribution included with parent.
Hipg 1.38E-11 853E-12  103E-11  9.85E-12  801E-12  748E-12  1.90E-11
109¢4 3.70E-10  255E-10  427E-10  257E-10  294E-10  275E-10  2.87E-10
H3mey 3.44E-09 3.44E-09  344E-09  344E-09  344E-09 344E-09  3.44E-09
115my 1.68E-10 1.62E-10  1.72E-10  163E-10  1.62E-10  1.61E-10  1.72E-10
5¢cq 7.40E-11 205E-11  437E-11  3.58E-11  123E-11  949E-12  1.28E-10
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Appendix E

Table E.5 Ingestion organ dose equivalent factors for organ set 3 (Continued)

Implicit

Radio- progeny Organ name (Sv/Bq)

nuclide  fraction R marrow Skin Spleen Testes Thymus Thyroid Uterus
Bmpy  1.0000 6.11E-12 1.08E-12  S23E-12  122E-12  3.69E-13  1.86E-13  1.17E-11
iy, 1.08E-10 1.39E-11  4.18E-11  307E-11  456E-12  2.10E-12  1.65E-10
N4my, 3.51E-09 1.20E-10  994E-10  126E-10  120E-10  117E-10  1.65E-10
Uy 0.9570 Note: Contribution included with parent.

15mp, 6.11E-12 1.08E-12 S523E-12  122E-12  369E-13  186E-13  1L17E-11
17mgy 1.03E-10 832E-12  1.88E-11 1.67B-11  3.79E-12  3.03E-12  851E-11
19mgy, 8.07E-11 879E-12  940E-12 892E-12  907E-12  889E-12  1.24E-11
121imgy 2.32E-10 2.85E-11  290E-11  2.86E-11  287E-11  2.86E-11  3.08E-11
121gp 2.23E-12 2.00E-13  2.00E-13  200E-13  200E-13  2.00E-13  2.00E-13
123gp 2.41E-10 3.16E-11  321B-11  3.19E-11  3.14E-11  3.13E-11  3.43E-11
125gn 2.08E-10 221E-11  403B-11  341E-11  L19E-11  9.78B-12  1.28E-10
126gn 2.12E-09 548E-10 7.28E-10  6.80E-10  532E-10  551E-10  1.27E-09
126mgp  1.0000 2.16E-12 823E-13  9.71B-12  295E-13  460E-13  1.73E-13  4.60E-12
124gp, 3.81E-10 9.54E-11  2.00E-10  1.84E-10  3.04E-11  1.76E-11  7.55E-10
125gp 2.26E-10 5.46E-11  9.43E-11  904E-11  525E-11  462E-11  2.30E-10
126mgy, 2.16E-12 823E-13  9.71E-12  295E-13  460E-13  1.73E-13  4.60E-12
126, 5.93E-10 132E-10  3.03E-10  279E-10  344E-11  174E-11  1.18E-09
12751 1.33E-10 290E-11  6.68E-11  5.89E-11  828E-12  4.64E-12  2.54E-10
123m e 233E-09  869E-11  103E-10  940E-11  854E-11  9.44E-11  1.59E-10
125me 1.21E-09 3.82E-11  430B-11  382E-11  392E-11  393B-11  527E-11
127me 5.43E-09 937E-11  9.55B-11  931E-11  934E-11  943B-11  9.86E-11
127 6.57E-12 2.90E-12  3.06E-12  293E-12  2.87E-12  2.86E-12  3.41E-12
129me 3.50E-09 1.56E-10  1.63E-10  161E-10  156E-10  1.57E-10  1.83E-10
12919 0.6500 7.64E-13 4.17E-13  120E-12  3.77E-13  361E-13  3.36E-13  1.27E-12
1251e 7.64E-13 417E-13  120E-12  377E-13  361E-13  336E-13  1.27E-12
131me 2.42E-10 6.83E-11 133E-10  9.86E-11  7.00E-11  4.29E-08  3.59E-10
13le 0.2220 6.60E-12 272E-12  9.13E-12  211E-12  423E-12  421E09  LI8E-11
131e 6.60E-12 2.72E-12 9.13E-12  2.11E-12 423E-12  421E09  1L.18E-11
1321¢ 4.44E-10 2.62E-10  365E-10  363E-10 3.77E-10  S59SE-08  4.63E-10
132y 1.0000 2.46E-11 1L79E-11  S30E-11  221E-11  252E-11  3.87E-09  269E-11
133me 1.31E-11 5.67E-12  3.1SE-11  445E-12  6.04E-12  4.17E-09  2.96E-11
1331e 0.1300 1.18E-12 697E-13  442E-12  491E-13  9.76E-13  9.39E-10  1.76E-12
1331¢ 1.18E-12 6.97E-13  442E-12  491E-13 976E-13  939E-10  1.76E-12
134T 1.49E-11 9.82E-12  2.18E-11  126E-11  121E-11  882E-10  2.15E-11
134y 1.0000 1.09E-11 790E-12  3.42E-11  886E-12  995E-12  621E-10  1.24E-11
1251 6.82E-11 6.96E-11  3.05B-11  238E-11  127E-10  3.44E-07  2.94E-11
1291 2.21E-10 2.11E-10 1.40E-10  129E-10  3.51E-10  248E-06  1.38E-10
1301 6.74E-11 505B-11  934E-11  S552E-11  1.14E-10  3.94E-08  6.19E-11
131y 9.44E-11 831E-11  5.53E-11  377BE-11  3.09E-10  4.76E-07  4.29E-11
132y 2.46E-11 1.79E-11  5.30E-11 221E-11  252E-11  3.87E-09  2.69E-11
133 4.30E-11 3.74E-11  4.78E-11 3.63E-11  7.15E-11  9.10E-08  3.75E-11
1341 1.09E-11 7.90E-12  342E-11  886E-12  995E-12  621E-10  1.24E-11
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Table E.5 Ingestion organ dose equivalent factors for organ set 3 (Continued)

Appendix E

Implicit
Radio- progeny Organ name (Sv/Bq)
nuclide  fraction R marrow Skin Spleen Testes Thymus Thyroid Uterus
1351 3.65E-11 294E-11  5.55BE-11  320E-11  5.12E-11  1.798-08  3.85E-11
135mye  0.1540 Note: Contribution included with parent.
134mcg 6.91E-12 532B-12  730E-12  6.72E-12  624E-12  622B-12  7.19E-12
134c 1.87E-08 124E-08  201E-08 2.06E-08 170E-08 1.76E-08  2.23E-08
135¢s 1.91E-09 191E-09  191E09  191E-09 191E09 191E-09 191E-09
136¢g 2.95E-09 1.87E-09  3.14E-09  3.04E-09 266E-09 274E-09  3.84E-09
Bicg 1.32E-08 1.04E-08  1.37E-08 1.39E-08  124E-08  126E-08  1.44E-08
137mBa  0.9460 Note: Contribution included with parent.
138¢ 7.37E-12 593E-12  2.22E-11  6.01E-12  7.04E-12  5.73E-12  7.98E-12
1398, 8.59E-13 335E-13  1.02B-12  3.07E-13  289E-13  266E-13  123E-12
140, 4.39E-10 8.58E-11 1.27E-10 143E-10  5.84E-11 5.25E-11 4.15E-10
g, 1.47E-12 5.58E-13  527E-12  3.10E-13  408E-13  225E-13  2.56E-12
l42p, 3.00E-12 1.09E-12  7.88E-12  8.11E-13  7.09E-13  271E-13  7.41E-12
1401 4 2.81E-10 7.25E-11 1.75B-10  1.22B-10  1.75E-11  640E-12  6.28E-10
1411 5 1.07E-12 2.96E-13 1.18E-12  3.18E-13  129E-13  529E-14  2.55E-12
1421 5 1.93E-11 6.54E-12  3.86BE-11  530E-12  321E-12  116E-12  S.17E-11
M4lce 3.39E-11 3.14E-12 1.80E-11 7.58E-12  5.15E-13 1.80E-13  4.51E-11
143ce 5.07E-11 748E-12  2.25E-11 1.53E-11 143E-12  4.35E-13  8.53E-11
Mdce 8.92E-11 739E-12  5.75E-10  LO2B-11  554E-12  5.15E-12  3.07E-11
M4mpr 00178 Note: Contribution included with parent.
44pp 1.0000 3.22E-14 1.51E-14 1.58E-13  6.73E-15 1.05E-14  3.59E-15  6.84E-14
M3p, 1.03E-12 4.01E-19  934E-19  832E-19 824E-20 266E-20  3.67E-18
l44p, 3.22E-14 1.51E-14  1.58E-13  6.73BE-15  1.05E-14  3.59E-15  6.84E-14
47Ng S.0SE-11 577E-12  1.45E-11 1.37E-11  894E-13  264E-13  6.85E-11
147py 2.09E-11 2.11E-16  5.56E-16  4.52E-16  549E-17  3.12E-17  2.83E-15
148mpp, 4.41E-10 946E-11  217E-10  205E-10  192E-11  647E-12  8.76E-10
148pmy 9.85E-11 242E-11  5.50E-11 430E-11  525E-12  185E-12  2.11E-10
149pm 2.27E-12 339E-13  9.05E-13  7.49E-13  628E-14 178E-14  381E-12
151 4.94E-11 801E-12  231E-11  161E-11  157E-12  455E-13  9.01E-11
147gm 6.87E-08 0.00E+00 0.00E+00 O0.00E+00 O0.00E+00 O0.00E+00 0.00E+00
151gm 2.76E-11 2.29E-16 1.97E-16  837E-17  437E-17  327E-17 1.02E-15
153gm 2.72E-11 1.62E-12  556E-12  363E-12  157E-13  236E-14  287E-11
152y 9.19E-10 146E-10  2.40E-10 1.58E-10  1.03E-10  6.66E-11  5.94E-10
154py 1.15E-09 141E-10  240E-10  1.60E-10  9.72E-11  571E-11  6.15E-10
155py 1.56E-10 483E-12  1.06E-11 749E-12  262E-12  178E-12  4.33E-11
156y, 2.56E-10 6.07E-11 1.35E-10  1.17B-10  141E-11  523E-12  5.14E-10
153Gq 8.07E-11 425E-12  1.23E-11 1.04E-11  492E-13  2.18E-13  7.23E-11
160y, 2.54E-10 5.40E-11 1.25E-10  1.01E-10  121E-11  429E-12  4.93E-10
166mpy, 8.12E-10 1S5E-10  395E-10  2.17B-10  1.03B-10  5.53E-11  8.64E-10
181y 3.26E-11 1L66E-12  7.13E-12  4.52B-12  1.19BE-13  S541E-14  3.08E-11
1859y 1.64E-12 2.32E-15 1.14E-11  5.92E-15  244E-16  7.64E-17  3.87E-14
187y 5.89E-11 1.14E-11 3.33E-11 2.13E-11  245E-12  7.70E-13 1.15E-10
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Appendix E

Table E.5 Ingestion organ dose equivalent factors for organ set 3 (Continued)

Implicit

Radio- progeny Organ name (Sv/Bq)

nuclide  fraction R marrow Skin Spleen Testes Thymus Thyroid Uterns
187Re 3.94E-13 3.94E-13  3.94E-13  394BE-13  3.94E-13  1.05E-11 3.94E-13
1850y 2.16E-10 521E-11  20SE-10  1.02E-10  3.51E-11  265E-11  3.60E-10
Blog 4.82E-11 6.13E-12  4.98E-11 1.09E-11  396E-12  340E-12  537E-11
1921, 2.54E-10 6.80E-11  4.00E-10  128E-10  5.36E-11  3.78E-11  4.40E-10
198Au 8.57E-11 287E-11  521E-11  4.80E-11  2.17BE-11  1.85E-11 1.53E-10
203g 1.69E-09 1.03E-09  165E-09 1LI3E-09 148E-09 129E-09  1.44E-09
210py, 1.48E-06 125807  1.25E-07 125E-07  1.25E-07 1.25E-07 1.25E-07
212py, 1.51E-08 164E-09 167E-09  165E-09 163E-09 162E-09  1.78E-09
212g; 1.0000 1.29E-11 886E-12  216E-11  822E-12  7.80E-12  7.11E-12  230E-11
212p, 0.6407 Note: Contribution included with parent.

20817 03593 Note: Contribution included with parent.

210g; 1.97E-11 1.97E-11 1.97E-11 1.97B-11 1.97E-11 1.97E-11 1.97E-11
212g; 1.29E-11 886E-12  216E-11  822E-12  7.80E-12  7.11E-12  230E-11
212pg 0.6407 Note: Contribution included with parent.

2081y 0.3593 Note: Contribution included with parent.

210p, 8.23E-08 823E-08  4.38E-06 823E-08  823E-08  823E-08  823E-08
222Rp 8.23E-08 823E-08  438E-06 823E-08  823E-08  823E-08  8.23E-08
218pg 1.0000 Note: Contribution included with parent.

214py, 1.0000 1.12E-10 2.24E-11 3.15E-11 2.19E-11  2.19E-11 2.14E-11 3.05E-11
214g; 1.0000 2.51E-12 1.49B-12  935E-12  105E-12  129E-12  855E-13  4.76E-12
2l4pg 0.9998 Note: Contribution included with parent.

28Ra 2.80E-07 423E-08  423E-08  423E-08  423E-08  423E-08  4.24E-08
ZRn 1000 Note: Contribution included with parent.

25pg 1.000 Note: Contribution included with parent.

211py, 1.000 3.07E-11 1.89E-11 1.98E-11 1.89E-11 1.89E-11 1.88E-11 1.96E-11
Alg; 1.000 Note: Contribution included with parent.

Zlpg 0.0028 Note: Contribution included with parent.

207 0.9972 Note: Contribution included with parent.

22%Ra 1.52E-07 2.06E-08  206E-08 206E-08 205E-08  205E-08  2.08E-08
20Rn  1.000 Note: Contribution included with parent.

) 1.000 Note: Contribution included with parent.

225Ra 1.68E-07 337E-08  337E-08 3.37E-08 337B-08  3.37E-08  3.37E-08
226Ra 5.98E-07 9.16E-08  9.15E-08  9.5B-08 9.15E-08  9.15E-08  9.15E-08
228Ra 6.53E-07 157807  157E-07  157E-07  157E-07 157E-07  LS57E-07
28 1.0000 2.75E-10 884E-12  337E-11  438E-11  3.06B-12  939E-13  843E-1
25 7.99E-09 943E-12  209BE-11  1.14E-09  1.68E-12  S549E-13  995E-11
gy 1.000 Note: Contribution included with parent.

A7 74 1.000 Note: Contribution included with parent.

213g; 1.000 4.89E-12 438E-12  6.19B-12  427E-12  426BE-12  420E-12  S5.89E-12
U3po 0.9784 Note: Contribution included with parent.

2097y 0.0216 Note: Contribution included with parent.

209py 1.000 2.19E-12 S37E-13  S37E-13  S37E-13  S$37E-13  S37E-13 537E-13

NUREG/CR-5512
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Table E.5 Ingestion organ dose equivalent factors for organ set 3 (Continued)

Appendix E

Implicit

Radio- progeny Organ name (Sv/Bq) ,

nuclide  fraction R marrow Skin Spleen Testes . Thymus Thyroid Uterus
Rp¢ 5.40E-06  862E-11  1.07E-10  831E-07  9.10E-11  7.55B-11  7.02E-11
223y 0.0138 2.32E-09 232E09 232E-09 232E-09 232E09 232E-09 2.32E-09
28¢ 275E-10  884E-12  337E-11  4.38E-11  3.06E-12  939E-13  843E-11
227 5.69E-09 128E-10  136E-10  137E-10  124E-10  123E-10  1.90E-10
281y 1.93E-07 231E-09  232E-09 233E-09 231E-09  230E-09  2.38E-09
291 191E-06  4.55E-09  456E-09  4.56E-09  4.55E-09  4.55E-09  4.60E-09
2301p 2.89E-07  6.80E-10  6.80E-10  6.80E-10 6.80E-10  6.80E-10  6.80E-10
BTy 5.30E-12 2.88E-13  1.00E-12  524E-13  339E-14  880E-15  4.85E-12
2321y 1.48E-06 124E-09  1.23E-09 123E-09 123E-09 1.21E-09  1.22E-09
2341 1.84E-11 131E-12  290E-12  253E-12  4.15E-13  288E-13  1.26E-11
B4mpa 09980 Note: Contribution included with parent.

234py 0.0020 7.86E-11 1.87E-11  7.04E-11  234E-11  606E-12  186E-12  1.83E-10
Blpy 5.78E-06 545E-11  531E-11  4.53E-11  402E-11  6.33E-11  6.08E-11
B3py 6.89E-11 858E-12  216E-11  2.10BE-11 141E-12  481E-13  1.03E-10
B4py 7.86E-11 1.87E-11  7.04E-11  234E-11  606E-12  1.86E-12  1.83E-10
B2y 4.19E-07 824E-09  820E-09  826E-09 820E-09 8.11E-09  8.14E-09
23y 7.36E-08 2.62E-09  262E-09  2.62E-09  262E-09  2.62E-09  2.62E-09
B4y 7.21E-08 2.58E-09  2.58E-09  2.58E-09  258E-09  2.58E-09  2.58E-09
By 6.81E-08 245E-09  246E-09 24509  243E-09 24509  2.52E-09
Z6y 6.83E-08 245E-09  245E-09  245E-09  245E-09  2.45E-09  2.45E-09
BTy 5.69E-11 504E-12  1.46E-11 121E-11  742BE-13  231E-13  7.38E-11
B8y 6.80E-08 230E-09  230E-09  230E-09  230E-09 230E09  2.30E-09
20y 2.62E-11 595E-12  1.69E-11  9.56E-12  152E-12  5.59E-13  S5.62E-11
MO‘“Np 1.0000 Note: Contribution included with parent.

"Np 2.18E-06 997E-11  1.00E-10  2.46E-07  818E-11 1.1I0E-10  9.69E-11
28Np 2.17E-10 1.84E-11  4.63E-11  463E-11  458E-12  1.50E-12  1.64E-10
Z9Np 4.66E-11 S.O04E-12  1.51E-11  1L14E-11  813E-13  2.07E-13  6.88E-11
236py 4.49E-09 232E-13  238E-13  7.82E-10  234E-13  1.56E-13  2.95E-13
27py 2.35E-11 1.82E-12  547E-12  4.28E-12  2.10E-13  3.28E-14  2.87E-11

Pu 1.27E-08 9.14E-12  889E-14  233E09 802E-14  799E-14  1.64E-13
3%y 1.41E-08 817E-14  847E-14  264E-09  754E-14  750E-14  1.38E-13
240py 1.41E-08 868E-14  850E-14  264E-09  756E-14  751E-14  1.61E-13
Alpy 2.78E-10 140E-15  177E-15  5.66E-11 1.04E-15 1.01E-15  1.89E-15
A2py 1.34E-08 1.16E-13  1.50E-13  251E-09  7.86E-14  738E-14  4.39E-13
23py 1.82E-12 1.50E-13  9.46E-13 1.65E-13  3.12E-14  5.50E-15  2.60E-12
244py 1.33E-08 197E-11  3.64E-11  256E-09  465E-12  2.22E-12  1.62E-10
HAlam 1.45E-06 161E-11  194E-11  270E07  136E-11 1.32E-11  3.00E-11
242m A 1.41E-06 639E-12  7.44E-12  2.66E-07  5.18E-12  3.77E-12  9.83E-12
H2am 1.24E-10  241E-13  '9.10E-13  1.80E-11  5.60E-14  261E-14  3.57E-12
3am 1.44E-06 797E-11  1.00E-10  2.71E-07  730E-11  6.80E-11  1.28E-10
2A2cm 3.57E-08 884E-12  883E-12  520B-09 882E-12  88E-12  893E-12
H3cm 9.81E-07 393E-11  535E-11  1.72E-07  337E-11  3.15E-11  1.01E-10

E.41
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Appendix E

Table E.5 Ingestion organ dose equivalent factors for organ set 3 (Continued)

Implicit

Radio- progeny Organ name (Sv/Bq)

nuclide  fraction R marrow Skin Spleen Testes Thymus Thyreid Uterus
%4cm 782B-07  857E-12  854E-12  133E-07  846E-12  844E-12  861E-12
%45cm 1.49E-06 3.80E-11  SO4E-11  2.80E-07  346E-11  3.02E-11  840E-11
%6cm 148E-06  265E-11  273B-11  277E-07  208E-11  187E-11  3.44E-11
ATcm 1.36E-06 137E-10 179E-10  2S55E07  140E-10  120E-10  257E-10
43py 1.0000 1.82E-12 1.50E-13  946E-13  165E-13  3.12E-14  S550E-15  2.60E-12
%8cm 540806  6.60E-09 690E-09  101E-06  463E-09 387E-09  9.42E-09
B2t 4.69E-07 6.71E-10  9.66E-10  4.83E-08  3.12E-10  268E-10  3.11E-09
NUREG/CR-5512 E.42



Appendix E

Table E.6 Inhalation class and gastrointestinal tract nptake fractions for internal dose factors

GI tract GI tract
Inhalation uptake Inhalation uptake
Radionuclide class fraction (f1) Radionuclide class fraction (f1)
3H v® 1.0 657n Y 5E-1
9mz Y 5E-1
10ge Y 5E3 S7n Y 5E-1
l4c c® 1.0 T6As w 5E-1
18 D 1.0 55e w 8 E-1
95e w 8 E-1
22Na D 1.0
%Na D 1.0 82p; w 1.0
83gy w 1.0
32p w 8E-1 84pr D 1.0
33p W 8E-1
8Rb D 1.0
35g W 1E-1 88pb D 1.0
89Rb D 1.0
36¢1 w 1.0
855r Y 3E-1
oK D 1.0 89gr Y 1E2
Pgr Y 3 E-1
4y w 3E-1 gy Y 1E-2
4ca W 3E-1
Ny Y 1 E-4
465 Y 1E-4 lmy Y 1 E-4
Ny Y 1E-4
Sley Y 1E-1 Ry Y 1E-4
By Y 1 E-4
34%Mn w 1E-1
56Mn D 1E-1 37y D 2E3
9321+ (Values for each chain member are
SSFe D 1E-1 used.)
SFe D 1E-1 57y D 2E3
7y Y 2 E-3
57co Y 3E-1
8¢y Y 3E-1 Bmpp Y 1E2
0co Y 3E-1 %4Nb Y 1E-2
95SmNp Y 1E2
SN v® SE-2 95Nb Y 1E2
63Nj v@ 5E-2
65Ni v@ SE-2 97mNb (dose not included: short-lived)
97Nb Y 1E-2
%4Cu Y 5 E-1
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Appendix E

Table E.6 Inhalation class and gastrointestinal tract uptake fractions for internal dose factors (Continued)

GI tract Gl tract
Inhalation uptake Inhalation uptake
Radionuclide class fraction (f1) Radionuclide class fraction (fl)
BMo Y 8 E-1 126mgy, D 1E-2
Mo Y 5E-2 1265y, w 1E-2
1278y W 1E-2
99wy D 8E-1
PTe D 8 E-1 1Bmre w 2 E-1
101 D 8 E-1 125me w 2 E-1
127mepe w 2 B-1
103Ry Y 5E2 127e W 2 E-1
105Ry Y 5E-2 129me w 2 E-1
106Ry Y 5E2 1297 D 2 E-1
131me W 2 E-1
103mpy D 5E2 1317e D 2 E-1
105RH Y 5E2 13271¢ w 2 E-1
133mpe D 2 E-1
103py Y 5E-3 1337¢ D 2 E-1
107pq Y 5E3 1341e D 2 E-1
109p4 Y 5E-3
125y D 1.0
110m A g Y 5E2 129 D 1.0
Hlag Y 5E2 1301 D 1.0
131y D 1.0
109¢g D SE2 1321 D 1.0
113mey D 5E-2 1331 D 1.0
15mey D 5E2 1341 D 1.0
¢y Y 5E-2 135 D 1.0
My, w 2 E-2 134m g D 1.0
114mg D 2E2 134cg D 1.0
15mpy D 2E-2 135¢g D 1.0
136¢g D 1.0
117mgy w 2 E-2 137G D 1.0
119mgy w 2E2 138¢g D 1.0
121mgy, w 2E2
R2igy w 2E2 1398, D 1 E-1
123gp w 2 E2 140, D 1 E-1
125gp w 2E-2 14, D 1 E-1
gs © w 2E2 1423 D 1E-1
. )
Sn+C g;g::lh)ms for each chain member are 1:{1}1"3 W 1E-3
: La D 1E-3
124gp, W 1 E-2 La D 1E-3
125gp w 1 E-1
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Appendix E

Table E.6 Inhalation class and gastrointestinal tract uptake fractions for internal dose factors (Continued)

GI tract
Inhalation uptake
Radionuclide class fraction (f1)

1410, Y 3E-4
143¢e Y 3E-4
144, Y 3E-4
143p, Y 3E-4
144p, Y 3E-4
147Ng Y 3E-4
M7pm Y 3E-4
148mp Y 3E-4
148pm Y 3E-4
149pm Y 3E-4
151py Y 3E-4
479 w 3E-4
151gm W 3E-4
153gm W 3E-4
152py W 1E-3
154py W 1E-3
155y w 1E-3
136y W 1E-3
153Gq D 3E-4
160y, w 3E-4
166mpy, W 3E-4
181y D 1E-2
185wy W 1E-2
187w D 1E-2
187Re w 8E-1
1850yg D 1E-2
191054 Y 1E-2
1924, Y 1E-2
1921 Y 1E-2
198 Ay Y 1E-1
2031y D 1.0

210py, D 2E-1
212py, D 2E-1
210p; w 5E-2

E.45

GI tract
Inhalation uptake
Radionuclide class fraction (f1)

212p; D 5E-2

210p, D 1E-1

222Rn(® (Values for each chain member are

used.)

223Ra w 2E-1

22Ra w 2E-1

2Ra w 2E-1

2%Ra w 2E-1

#26Ra+C© (Values for each chain member are
used.)

228Ra w 2E-1

225 ¢ D 1E-3

2iac D 1E-3

227 Ac+C© (Values for each chain member are
used.)

2Bpc D 1E-3

27y Y 2E-4

2281 Y 2E-4

28T +C( (Values for each chain member are
used.)

2297 w 2E-4

29Th+C( (Values for each chain member are
used.)

207y w 2E-4

B0Th+C© (Values for each chain member are
used.)

BlTp Y 2E-4

By w 2E-4

B2Th+C© (Values for each chain member are
used.)

Th-Nat(®) (same as for 232Th)

241 Y 2E-4

Blpy W 1E-3

B1pa+C© (Values for each chain member are
used.)

23py Y 1E-3

24pa Y 1E-3
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Appendix E

Table E.6 Inhalation class and gastrointestinal tract uptake fractions for internal dose factors (Continued)

GI tract GI tract
Inhalation uptake Inhalation uptake
Radionuclide class fraction (f1) Radionuclide class fraction (f1)
B2y Y 5E-2 242m Ay w 1E-3
2254-C(4) (Values for each chain member are X2Am w 1E-3
- used.) 23Am w 1E-3
U Y SE2 a2
B3+ (Values for each chain member are 24322 ¥ ig:g
By SV B2 24 W 1E3
235 ” A5cm w 1E-3
U Y SE-2 246 W 1E-3
25U +C(©) (Values for each chain member are 247(;; W 1 "3
used.) 28Cy W 15_3
By Y SE-2 "
By Y 2E-3 252c¢ Y 1E-3
By Y 5E-2
U-Nat(f) gsame as 234U, 235U, and 238U) (a) V denotes that intake is in the form of vapor.
28.4+C© (Values for each chain member are (b) C denotes *C is treated as labeled organic compounds.

(c) Radioactive decay chain members with half-lives less than

used.) 9 hours and less than 10% of the half-life of the parent are
Y 2E-3 included with the parent. For decay chains having two or
237N W 1E-3 more radionuclides that reach secular equilibrium (i.e., a con-
237 p C(c) R stant activity ratio as a function of time), a "+C" notation is
Np+ (Values for each chain member are included when all progeny of the chain member have half-
used.) lives less than 10% of the half-life of the listed member,
238Np W 1E-3 (d) The dose factors for 2Ry represent the dose from
239Np W 1E-3 short-lived daughters that are in equilibrium with the parent
radon. These entries are provided because 2Ry is an
236Pu Y 1E-5 explicit daughter of Z6Ra ax}d dose values for all e:fglicit
B7py A 1E-5 d‘::{;gshters are needed to estimate dose for non-equilibrium
2391;11 Y 1E-5 (€) Where Th-Nat mcludes an equilibrium mixture of Z?Th
u Y 1E-5 plus 10 daughters in the decay chain. Note that the dose
240py, Y 1E-5 entries for Th-Nat are equal to those for Z2Th+C.
Alp, v 1E-5 (f) Where 1 Ci U-Nat equals 48.9% 2®U plus 48.9% 2'U
242 plus 2.25% 2°U.
Pu Y 1E-5
23py Y 1E-5
244py Y 1E-5
“1Am w 1E-3
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Appendix F

Glossary

Absorbed dose - The energy imparted by ionizing radiation per unit mass of irradiated material. The units of
absorbed dose are the rad and the gray (Gy).

Activity - The rate of disintegration (transformation) or decay of radioactive material. The units of activity are the
curie (Ci) and the becquerel (Bq).

Airborne radioactive material - Radioactive material dispersed in the air in the form of dusts, fames, particulates,
mists, vapors, or gases.

Annual total effective dose equivalent (annual TEDE) - The total effective dose equivalent (TEDE) received during
a year of exposure. The duration of exposure for each pathway is determined by the scenario considered and need
not be 8766 hfy. For example, an individual may reside or work at a contaminated site for only a fraction of the
year.

Class (or "lung class" or "inhalation class") - A classification scheme for inhaled material according to its rate of
clearance from the pulmonary region of the lung. Materials are classified as D, W, or Y, and apply to a range of
clearance half-times for D(Days) of less than 10 days, for W(Weeks) from 10 to 100 days, and for Y(Years) of
greater than 100 days.

Collective dose - The sum of the individual doses received in a given period of time by a specified population from
exposure to a specified source of radiation.

Committed dose equivalent (Hy o) - The dose equivalent to organs or tissues of reference (T) that will be received
from an intake of radioactive material by an individual during the 50-year period following the intake.

Committed effective dose equivalent (Hg 50) - The sum of the products of the weighting factors applicable to each of
the body organs or tissues that are irradiated by internally deposited radionuclides and the committed dose
equivalent to these organs or tissues (Hg 50 = ZwpHy 50)-

Conservative - The application of a cautious approach to a dose analysis that is likely to produce an overestimate
of the expected result. A conservative analysis involves the deliberate selection of parameter values that maximize
the expected resulit.

Deep dose equivalent (H,) - Applied to external whole-body exposure, Hy is the dose equivalent at a tissue depth of
1 cm (1000 mg/cmz). Note: for this generic application, the annual TEDE is calculated using the external effec-
tive dose equivalent, using dose factors from the U.S. Environmental Protection Agency (EPA), as described in
Section 6.

Dose or "radiation dose” - A generic term that means absorbed dose, dose equivalent, effective dose equivalent,

committed dose equivalent, committed effective dose equivalent, or total effective dose equivalent, as defined in
other paragraphs of this appendix.
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Appendix F

Dose equivalent (Hy) - The product of the absorbed dose in tissue, quality factor, and all other necessary modifying
factors at the location of interest. The units of dose equivalent are the rem and sievert (Sv).

Effective dose equivalent (Hg) - The sum of the products of the dose equivalent to the organ or tissue (Hy) and the
weight factors (wr) applicable to each of the body organs or tissues that are irradiated (Hg =XZwHr).

Exposure - Being exposed to ionizing radiation or to radioactive material.

Extemal dose - That portion of the dose equivalent received from radiation sources outside of the body.
Gray (Gy) - The SI unit of absorbed dose. One gray is equal to an absorbed dose of 1 joule/kg (100 rad).
Internal dose - That portion of the dose equivalent received from radioactive material taken into the body.

Licensed material - Source material, special nuclear material, or byproduct material received, possessed, used, or
transferred under a general or specific license issued by the U.S. Nuclear Regulatory Commission (NRC).

Member of the public - An individual in a uncontrolled or unrestricted area. However, an individual is not a
member of the public during any period in which the individual receives an occupational dose.

NRC - The U.S. Nuclear Regulatory Commission or its duly authorized representatives.

Pathway - The potential routes through which people may be exposed to radiation or radioactive materials. Typi-
cal radiation exposure pathways include external exposure to penetrating radiation, inhalation of airborne
materials, and ingestion of materials contained in surface contamination, food products, or drinking water.

Public dose - The dose received by a member of the public from exposure to radiation and to radioactive material
released by a licensee, or to another source of radiation either within a licensee’s controlled area or in unrestricted
areas. It does not include occupational dose, or dose received from natural background, as a patient from medical
practices, or from voluntary participation in medical research programs.

Rad - The special unit of absorbed dose. One rad is equal to an absorbed dose of 100 ergs/g or 0.01 joule/kg
(0.01 gray).

Radiation (ionizing radiation) - Alpha particles, beta particles, gamma rays, x-rays, neutrons, high-speed electrons,
high-speed protons, and other particles capable of producing ions. Radiation, as used here, does not include
nonionizing radiation, such as sound, radio, or microwaves, or visible, infrared, or ultraviolet light.

Reference man - A hypothetical aggregation of human physical and physiological characteristics arrived at by inter-
national consensus. These characteristics may be used by researchers and public health workers to standardize
results of experiments and to relate biological insult to a common base.

Rem - The special unit of dose equivalent. The dose equivalent in rem is equal to the absorbed dose in rad multi-
plied by the quality factor (1 rem = 0.01 Sv).

Scenario - A combination of radiation exposure pathways used to model conceptually the potential conditions,
events, and processes that result in radiation exposure to individuals or groups of people.
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Sievert - The SI unit of dose equivalent. The dose equivalent in sieverts is equal to the absorbed dose in grays
muitiplied by the quality factor (1 Sv = 100 rem).

Total effective dose equivalent (TEDE) - The sum of the deep dose equivalent (for external exposures) and the
committed effective dose equivalent (for internal exposures).

Uranium fuel cycle - The operations of milling of uranium ore, chemical conversion of uranium, isotopic enrich-
ment of uranium, fabrication of uranium fuel, generation of electricity by a light-water-cooled nuclear power plant
using uranium fuel, and reprocessing of spent uranium fuel, to the extent that these activities directly support the
production of electrical power for public use. The uranium fuel cycle does not include mining operations, opera-
tions at waste disposal sites, transportation of radioactive material in support of these operations, and the reuse of
recovered non-uranium special nuclear and byproduct materials from the cycle.

Weighting factor, wy, for an organ or tissue (T) - The proportion of the risk of stochastic effects resulting from
irradiation of that organ or tissue to the total risk of stochastic effects when the whole body is irradiated uniformly.
For calculating the effective dose equivalent, the values of w are:

Organ or tissue W
Gonads 0.25
Breast 0.15
Red bone marrow 0.12
Lung 0.12
Thyroid 0.03
Bone surfaces 0.03
Remainder 0.30*
Whole body 1.0%*

* 0.30 results from 0.06 for each of
5 "remainder organs” (excluding the
skin and the lens of the eye) which
receive the highest doses.

**For the purpose of weighting the
external whole-body dose (for add-
ing it to the internal dose), a

single weight factor, wp = 1.0, has
been specified. The use of other
weighting factors for external expo-
sure will be approved on a case-by-
case basis until such time as
specific guidance is issued.

Whole body - For purposes of external exposure, head, trunk (including male gonads), arms above the elbow, and
legs above the knee.

F3 NUREG/CR-5512






NUREG/CR-5512
PNL 7994, Vol. 1

1AN, 1CF, 1CO, 1RE,
1RH, IRR, 1RW, 1RO,
1XC, 1XG, 11D, 19L

DISTRIBUTION
No of
Copies Copies
OFFESITE Jack Bell
Office of Nuclear Reactor
U.S. Nuclear Regulatory Regulation

10

10

Division of Technical Information
and Document Control

7920 Norfolk Avenue
Washington, DC 20555

R. A. Meck

U.S. Nuclear Regulatory

Commission

Division of Regulatory Application
Office of Nuclear Regulatory Research
Washington, DC 20555

D. A. Cool, Chief

Radiation Protection & Health
Effects Branch

U.S. Nuclear Regulatory Commission
Division of Regulatory Application
Office of Nuclear Regulatory
Research

Washington, DC 20555

Director, Office of NMSS
U.S. Nuclear Regulatory
Commission

Washington, DC 20555

Director, Division of Waste
Management

U.S. Nuclear Regulatory
Commission

Washington, DC 20555

John Austin

Office of Nuclear Material
Safety & Safeguards

U.S. Nuclear Regulatory
Commission

Washington, DC 20555

Distr.1

U.S. Nuclear Regulatory Commission
Washington, DC 20555

Regis Boyle

Office of Nuclear Material
Safety & Safeguards

U.S. Nuclear Regulatory
Commission

Washington, DC 20555

George Brown

Office for Analysis & Evaluation
U.S. Nuclear Regulatory
Commission

Washington, DC 20555

John Buchanan

Office of Nuclear Reactor Regulation
U.S. Nuclear Regulatory Commission
Washington, DC 20555

Richard Codell

Office of Nuclear Material Safety &
Safeguards

U.S. Nuclear Regulatory Commission
Washington, DC 20555

Christine M. Daily

Office of Nuclear material Safety &
Safeguards

U.S. Nuclear Regulatory
Washington, DC 20555



NUREG/CR-5512
PNL 7994, Vol. 1

1AN, ICF, 1CO, IRE,
1RH, IRR, 1RW, 1RO,
1XC, 1XG, 11D, 19L

No of No of
Copies Copies
Rateb Eid William Lahs
Office of Nuclear Material Office of Nuclear Material
Safety & Safeguards Safety & Safeguards
U.S. Nuclear Regulatory U.S. Nuclear Regulatory
Commission Commission
Washington, DC 20555 Washington, DC 20555
Peter Erickson Catherine Mattsen
Office of Nuclear Reactor Regulation Office of Nuclear Regulatory
U.S. Nuclear Regulatory Research
Commission U.S. Nuclear Regulatory
Washington, DC 20555 Commission
Washington, DC 20555
David Fauver
Office of Nuclear Material Thomas Nicholson
Safety & Safeguards Office of Nuclear Regulatory Research
U.S. Nuclear Regulatory U.S. Nuclear Regulatory Commission
Commission Washington, DC 20555

Washington, DC 20555
George Ed Powers

Carl Feldman Office of Nuclear Regulatory
Office of Nuclear Reactor Regulation Research
U.S. Nuclear Regulatory Commission U.S. Nuclear Regulatory
Washington, DC 20555 Commission
Washington, DC 20555
John Hickey
Office of Nuclear Material Kevin Ramsey
Safety & Safeguards Office of Nuclear Material
U.S. Nuclear Regulatory Safety & Safeguards
Commission U.S. Nuclear Regulatory
Washington, DC 20555 Commission
Washington, DC 20555
Charles Hinson
Office of Nuclear Reactor Regulation Fredrick Ross
U.S. Nuclear Regulatory Office of Nuclear Material
Commission Safety & Safeguards
Washington, DC 20555 U.S. Nuclear Regulatory
Commission
Davis Hurt - Washington, DC 20555
Office of Nuclear Material
Safety & Safeguards
U.S. Nuclear Regulatory
Commission

Washington, DC 20555

Distr.2



Edward Shum

Office of Nuclear Material
Safety & Safeguards

U.S. Nuclear Regulatory
Commission

Washington, DC 20555

Dennis Solenberger
Office of Governmental
and Public Affairs

U.S. Nuclear Regulatory
Commission
Washington, DC 20555

R. John Starmer

Office of Nuclear Material
Safety & Safeguards

U.S. Nuclear Regulatory
Commission

Washington, DC 20555

Jerry Swift

Office of Nuclear Material
Safety & Safeguards

U.S. Nuclear Regulatory
Commission

Washington, DC 20555

Michael Weber Office of Nuclear Material
Safety & Safeguards

U.S. Nuclear Regulatory Commission
Washington, DC 20555

Lynn Anspaugh

Lawrence Livermore National Lab
7000 East Avenue

Livermore, CA 94550

Dr. Thomas E. Blue

Ohio State University
2091 Robinson Laboratory
206 West 18th Avenue
Columbus, OH 43210

Distr.3

No of
Copies

NUREG/CR-551
PNL 7994, Vol.

1AN, ICF, 1CO, 1R]
1RH, IRR, 1RW, 1R(
1XC, 1XG, 11D, 191

Dr. Thomas B. Borak

Department of Radiological Health
Sciences

Colorado State University

Ft. Collins, CO 80523

Dr. Alan K. Bruce

State University of New York at Buffalo
Cook Hall - Biology

Buffalo, NY 14260

Dr. Wesley E. Boich

Department of Nuclear Engineering
Texas A&M University

129 Zachry

College Station, TX 77843-3133

Dr. Robert D. Busch

Department of Chemical and Nuclear
Engineering

University of New Mexico

FEC 209

Albuquerque, NM 87131-1341

Kenneth C. Brog
Decontamination and
Decommissioning Operations
Battelle Memorial Institute
505 King Avenue

Columbus, OH 43201-2693

Dr. Herman Cember

McCormick School of Engineering &
Applied Science

Northwestern University

Evanston, IL. 60208

Dr. Ralph C. Christensen

Division of Radiation Sciences
Room 130 Medical Center Annex 2
Lexington, KY 40536-0080



Copies

Dr. Ralph C. Christensen

Division of Radiation Sciences
Room 130 Medical Center Annex 2
Lexington, KY 40536-0080

Dr. Gregg Claycamp

Department of Environmental and
Occupational Health

University of Pittsburgh

130 DeSotto Street

Pittsburgh, PA 15261

Dr. Norman Cohen

Laboratory for Radiological Studies
Institute of Environmental Medicine
New York University Medical Center
Sterling Lake Road

Tuxedo, NY 10987

Dr. Jack G. Couch
Physics Department
Bloomsburg University
Bloomsburg, PA 17815

William Condon

New York State Department of
Health

Bureau of Environmental
Radiation Protection
Environmental Radiation Section
2 University Plaza

Albany, NY 12237

Dr. James CH. Chu

Department of Medical Physics
Rush-Presbyterian-St. Luke’s Medical
Center

Chicago, IL. 60612

Distr.4

NUREG/CR-5512
PNL 7994, Vol. 1

1AN, ICF, 1CO, 1RE,
1RH, IRR, IRV, 1RO,
1XC, 1XG, 11D, 19L

Copies

Dr. Paul M. DeLuca, Jr.

t of Medical Physics
University of Wiscoasin - Madison
1530 Medical Sciences Center
1300 University Avenue
Madison, W1 53706-1532

Dr. Brian Dodd

Department of Nuclear Engineering
Oregon State University

Radiation Center C116

Corvallis, OR 97331-5902

Donald E. Dunning, Jr.
Environmental Assessment and
Information Sciences Division
9700 South Cass Avenue
EID/S00

Argonne, II. 60439-4832

Dr. Roy Eckart

Department of Mechanical, Industrial
& Nuclear Engineering

University of Cincinnati

ML 72

Cincinnati, OH 45221-0072

Dr. Robert A. Fjeld

Department of Environmental Systems
Engineering

Clemson University

Clemson Research Park

Clemson, SC 29634-0919

Ms. Donna R. Foster

Northern New Mexico Community
College

1002 N. Onate

Espanola, NM 87532



No of
Copies

Dr. Gary D. Fullerton

Department of Radiology

University of Texas Health Science Center
- San Antonio

7703 Floyd Curl Drive

San Antonio, TX 78284-7800

Keith Eckerman

Oak Ridge National Laboratory
PO Box X

Oak Ridge, TN 37830

Dr. Peter A. J. Englert
Nuclear Science Facility
San Jose State University
One Washington Square
San Jose, CA 95192-0163

Dr. Douglas G. Gossen
Health Physics Department
Lakeshore Technical College
1290 North Avenue
Cleveland, WI 53015

Roger W. Granlund

Health Physics Office

The Pennsylvania State University
228 Academic Projects Building
University Park, PA 16802

Wayne Hansen

Los Alamos National Laboratory
PO Box 1663

Los Alamos, NM 87545

Dr. Jesse Y. Harris

Radiological Sciences Program
Department of Physics

University of Massachusetts at Lowell
1 University Avenue

Lowell, MA 01854

Distr.5

NUREG/CR-5512
PNL 7994, Vol. 1

1AN, ICF, 1CO, 1RE,
IRH, IRR, 1IRW, 1RO,
1XC, 1XG, 11D, 19L

Copies

Dr. Francis J. Haughey
Radiation Science Program
Rutgers University
Building 4087

Livingston Campus

New Brunswick, NJ 08903

Dr. Lynn D. Hendrick

Department of Chemistry & Physics
Francis Marion College

PO Box 100547

Florence, SC 29501

Dr. Charles T. Hess
Department of Physics
University of Maine
Bennett Hall

Orono, ME 04469

Dr. David E. Hintelang
Department of Nuclear Engineering
Sciences

University of Florida

202 Nuclear Sciences Center
Gainesville, FL. 32611

Ellen Hochheiser

Salem Community College
460 Hollywood Avenue
Carneys Point, NJ 08069

Dr. Keith E. Holbert

Nuclear Engineering Science Program
Electrical & Computer Engineering
Department

Tempe, AZ 85287-5706

Cort Horton

Decontamination and Decommissioning
Operations

Battelle Memorial Institute

505 King Avenue

Columbus, OH 43201-2693



NUREG/CR-5512
PNL 7994, Vol. 1

1AN, 1CF, 1CO, IRE,
1RH, 1RR, 1RV, IRO,

1XC, 1XG, 11D, 19L.

No of No of

Copies Copies
Lawrence Hough Dr. E. N. Lambremont
Department of Radiological & Health Nuclear Science Center

Sciences
Riverdale, NY 10471

Baton Rouge, LA 70803-5820

David Layton
Dr. H. K Huang Los Alamos National Laboratory
Department of Radiological Sciences PO Box 1663

Biomedical Physics Graduate Program
University of California - Los Angeles

Los Alamos, NM 87545

AR-277 CHS David C. Langstaff

Los Angeles, CA 90024-1721 U.S. Department of Energy
Richland Field Office

George E. Kirsch PO Box 550 A5-90

RC and HP Oversight operational and

Richland, WA 99352

Environmental Health Physics

Battelle Memorial Institute Albert M. F. Lau

505 King Avenue Physical Science Department

Columbus, OH 43201-2693 Sandia National Laboratories
Livermore, CA 94551-0969

Will Ivie

Office of Radiation Safety Dr. E. N. Lambremont

Case Western Reserve University Nuclear Science Center

10900 Euclid Louisiana State University

Cleveland, OH 44106

Dr. Timothy K. Johnson

Baton Rouge, LA 70803-5820

Dr. Robert R. Landolt

Department of Radiology School of Health Sciences
University of Colorado Health Science Purdue University
Center Civil Building

C-278, 4200 East 9th Avenue
Denver, CO 80262

West Lafayette, IN 47907

Don Lee
David C. Kocher Oak Ridge National Laboratory
Oak Ridge National Laboratory PO Box 2008
Building 7509 Oak Ridge, TN 37832
PO Box 2008

Oak Ridge, TN 37832

Distr.6

Gene Leyendecker

Waste Water Utilities
Division City of Albuquerque
4201 Second Street SW
Albuquerque, NM 87015



Copies

Dr. Abraham R. Liboff
Department of Physics
Oakland University
Rochester, M1 48309-4401

Dr. James E. Martin

School of Public Health
University of Michigan

Ann Arbor, M1 48109-2029

Dr. John Luetzelschwab

Department of Physics and Astronomy

Dickinson College
Carlisle, PA 17013-2896

Jerome B. Martin
Battelle Pantax

PO BOX 30020
Amarilio, TX 79117

Charles Massey
Sandia National Laboratory

PO Box 5800
Division 7722
Albuquerque, NM 07185

Richard W. McKinley
Department of Health Services
Health and Welfare Agency
State of California

8455 Jackson Road, Suite 120
Sacramento, CA 95826

Charles W. Miller, Ph.D.
Radiation Studies Branch
Centers for Disease Control
Mail Stop F-28

1600 Clifton Road

Atlanta, GA 30333

Distr.7

NUREG/CR-5512
PNL 7994, Vol. 1

1AN, 1CF, 1CO, 1RE,
1RH, 1RR, 1RW, 1RO,
1XC, 1XG, 11D, 19L

Copies

Dr. Laurence F. Miller

Department of Nuclear Engineering
University of Tennessee - Knoxville

208 Pasqua Nuclear Engineering Building
Knoxville, TN 37996-2300

Dr. William Miller

Nuclear Engineering Program
University of Missouri-Columbia
333 EBW

Columbia, MI 65211

Dr. Larry D. Milne

University of Arkansas for Medical
Sciences

Slot #522

4301 W. Markham Street

Little Rock, AR 72205

Dr. Dade W. Moeller

Office of Continuing Education
Harvard School of Public Health
677 Huntington Avenue

Boston, MA 02115

Dr. Sabee Molloi

Department of Radiology
University of California - Irvine
Medical Sciences 1, B140
Irvine, CA 92717

National Technological University
Health Physics Program

700 Centre Avenue

Fort Collins, CO 80526-9903



NUREG/CR-5512
PNL 7994, Vol. 1

1AN, ICF, 1CO, 1RE,
1RH, 1RR, IRV, 1RO,
1XC, 1XG, 11D, 19L

No of No of

Copies Copi
Dr. James H. O'Rear Dr. Charles E. Roessler/
Physics Department W. Emmet Bolch
Idaho State University Department of Environmental
Campus Box 8106 Engineering Sciences
Pocatello, ID 83209 University of Florida

A.P. Black Hall

Dr. James W. Osborne Gainsville, FL. 32611
Radiation Research Laboratory
University of lowa Keith J. Schiager
14 Medical Laboratories ALARA, Inc.

Iowa City, JA 52242

Dr. Patrick J. Papin

3671 Millbrook Terrace
Salt Lake City, UT 84106

Department of Physics Dr. Daniel D. Sprau
San Diego State University Department of Physics
San Diego, CA 92182 East Carolina University

Hal Peterson
U.S. Department of Energy
Forrestal Building - MS EH-23

Greenville, NC 27858-4353

Dr. R. Gene Schreckhise
Environmental Science program

Washington, DC 20585 Washington State University
MSIN: K3-54
Dr. William J. Potvin Richland, WA 99352
Department of Radiology
Medical College of Ohio John Till
PO Box 10008 Radiological Assessments Corporation
Toledo, OH 43699 Rt. 2, Box 122

Dr. James E. Rodgers
Department of Radiation Science LL Bles

Neeses, SC 29107

Dr. William F. Tivol

Georgetown University School of Public Health
3800 Reservoir Road Wadsworth Center for Laboratories and
Washington, DC 20007 Research

State University of New York at Albany
Professor Robert M. Ryan Empire State Plaza

Department of Nuclear Engineering and
Engineering Physics

Rensselaer Polytechnic Institute

Troy, NY 12180-3590

Distr.8

Albany, NY 12201-0509

Dr. Nicholas Tsoulfanidis
Department of Nuclear Engineering
University of Missouri-Rolla

225 Fulton Hall

Rolla, MI 65401



No of
Copies

Dr. Henry N. Wagner
615 North Wolfe Street
Baltimore, MD 21205-2179

Andy Wallo III

Air, Water and Radiation
Division, EH-232

U.S. Department of Energy
1000 Independence Avenue S.W.
Washington, DC 20585

Dr. James E. Watson, Jr

Department of Environmental Science
and Engineering

University of North Carolina

Chapel Hill, NC 27599-7400

Dr. William J. Wepfer

Associate Director

G.W. Woodruff School of Mechanical
Engineering

Georgia Institute of Techaology
Atlanta, GA 30332-0405

Ward F. Whicker
Department of Radiology &
Radiation Biology
Colorado State University
Fort Collins, CO 80523

Richard Wheet

Nuclear Technology Department
Texas State Technical College at Waco
3801 Campus Drive

Waco, TX 76705

Dr. Jacquelyn C. Yanch
Massachusetts Institute of Technology
45 Carleton Street

E25-326

Cambridge, MA 02140

Distr.9

NUREG/CR-5512
PNL 7994, Vol 1

1AN, ICF, 1CO, 1RE,
1RH, 1RR, 1RW, 1RO,
1XC, 1XG, 11D, 19L

Copies

Charley Yu

Argonne National Laboratory
9700 South Cass Avenue, Bldg 362
Argonne, IL. 60439-4815

Paul Ziemer

U.S. Department of Energy

1000 Independence Avenue S.W. EH-1
Washington, DC 20585

FOREIGN

L. Baekelandt

Organisme National des Dechets
Radioactifs et des Matieres Fissiles
"ONDRAF"

Place Madou 1 - B** 24/25

1030 Bruxelles

Brussels

BELGIUM

G. Fraser

Commission of the European
Communities

Batiement Jean Monnet
Pateau du Kirchberg L-2920
LUXEMBORG

Michele Laraia
ENEA/DISP

Via Vitaliano Brancati, 48
00144

ROME

Gordon Linsley

International Atomic Energy
Agency (IAEA)

Division of Nuclear Fuel Cycle
Waste Management Fuel Cycle
Wagramerstrasse 5

P.O. Box 100, A-1400

Vienna

AUSTRIA



No of
Copies

Marsha Sheppard
Atomic Energy of Canada Limited

Research Company
Whiteshell Nuclear Research
Establishment

Pinawa, Manitoba

ROEILO

CANADA

Yuji Nakamura
National Institute of
Radiological Sciences
9-1, Anagawa-4
Chiba 260

JAPAN

Marlene Sauk

Atomic Energy of Canada Limited
Scientific Document Distribution
Office

Station 14

Chalk River Nuclear Laboratories
Chalk River, Ontario

KOJ 1JO

CANADA

Graham M. Smith

Environmental Sciences Group
Intera-Exploration Consultants, Limited
Highlands Farm, Greys Road
Henley-on-Thames

Oxon RG9 4PS

ENGLAND

Distr.10

No of

NUREG/CR-5512
PNL 7994, Vol. 1

1AN, ICF, 1CO, 1RE,
1RH, 1RR, 1IRW, 1RO,
1XC, 1XG, 11D, 1SL

@pm
ONSITE

50

Pacific Northwest 1.aborato

W. J. Bair

C. R. Cole

E. E. Hickey

T. A. Ikenberry

D. J. Hanley

J. R. Johnson

W. E. Kennedy, Jr. (10)

R. A. Kennedy (10)

C. T. Kincaid

B. A. Napier

S. M. Neuder

L. H. Sawyer

J. M. Selby

S. F. Snyder

J. K. Soldat

P. S. Stansbury

D. L. Strenge (10)

D. J. Strom

HPD Technical Library

NRC Program Office Publishing
Coordinator (2)

Technical Information RL
Office (2)



'ggg; FORM 335 US. NUCLEAR REGULATORY COMMISSION § 1. Z@%ﬁé@;&y&ﬂ?y» Rev.,
3201, 3200 BIBLIOGRAPHIC DATA SHEET NUREG/CR-5512
{See instructions on the reverse) PN L - 7994
2 TITLE AND SUBTITLE Vol. 1
Residual Radioactive Contamination From Decommissioning
3. DATE REPORT PUBLISHED
Technical Basis for Translating Contamination Levels 0c§§E§r | 1955m
to Annual Total Effective Dose Equivalent SR ST
Final Report B2908

5 AUTHOR({S)

6 TYPE OF REPORT

Technical

W. E. Kennedy, Jr., D. L. Strenge

7. PERIOD COVERED (inclusive Dates}

el

8 PERFORMING ORGANIZATION — NAME AND ADDRESS (/f NRC, provide Diision, Office or Region, U.S Nuclear Regul, v Ce
name and mashing address.}

Pacific Northwest Laboratory
Richland, WA 99352

, and , if contractor, provide

9. SPONSORING ORGANIZATION — NAME AND ADDRESS (11 NRC, type “Same as above”, if tor, provide NRC D , Office
and mailing address,}

Division of Regulatory Applications
Office of Nuclear Regulatory Research
U.S. Nuclear Regulatory Commission
Washington, DC 20555

or Regron, U S. Nuclear R v O

10. SUPPLEMENTARY NOTES

11. ABSTRACT (200 words or Jess)

This document is the first volume of a three-volume report to provide generic and site-specific estimates of
radiation dose for exposures to residual radioactive contamination after decommissioning of facilities

licensed by the U.S. Nuclear Regulatory Commission (NRC). The detail included in this volume serves as
the basis for user-friendly computer software developed under strict quality-assurance procedures.
Volume 1 describes the scenarios, models, mathematical formulations, assumptions, and justifications of
parameter selections. The generic modeling addresses residual radioactive contamination inside buildings
and in soils. For buildings, two scenarios are presented to relate volume and surface contamination levels
to estimates of the annual total effective dose equivalent (TEDE), as defined in 10 CFR 20, received
during a year of exposure. Because of concerns about potential ground-water contamination, a generic
water-use model was developed to permit evaluation of the annual TEDE for drinking water from wells.
The generic water-use model was also used in the evaluation of multiple pathways associated with
contaminated soil. The information in this volume is intended to serve as the technical basis for the
NRC’s derivation of screening values supporting its development of policy applied to residual radioactive
contamination from decommissioning.

12 KEY WORDS/DESCR!PTORS {List words or phrases that will assist researchers in focating the report. | 13. AVAILABILITY STATEMENT

Unlimited

Decommissioning, Residual Radioactivity, Pathway Analysis -

14, SECURITY CLASSIFICATION

{Ttis Page}
Unclassified

{This Report)

Unclassified

15. NUMBER OF PAGES

18 PRICE

NRC FORM 335 {2.89}




UNITED STATES
NUCLEAR REGULATORY COMMISSION
Washirigton, D.C. 20555

November 13, 1992

ERRATA SHEET

Report Number: NUREG/CR-5512
PNL-7994
Vol. 1

Residual Radioactive Contamination

Report Title:
From Decommissioning

Technical ‘Basis for Translatirig Contamination
Levels to Annual Total Effective Dose Equivalent

Final Report

Prepared by: Pacific Northwest Laboratory

Date Published: . October 1992

Please make the following change to the title page:

Instructions:
R. A. Meek to R. A. Meck

Division of Freedom of Information and Publications Services
Office of Administration





