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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 annual 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

{

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 Radionuclides (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 II 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 match 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-
nation 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 account 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 uSv per Bq/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 S 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 (Hp) - 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 = ZwrHry).

Committed dose equivalent (Hr-5,) - 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 (H; 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 5o = Zwp Hpsg).

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 equlvalent (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 hfy. 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 Symbbl 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,} . 2.1)

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

C.

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

t,

time period over which the decay occurs (in time units).
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Nomenclature

Table 2.1 Dosimetry parameters

Symbol

Definition

Agricultural water-use dose factors

AFy

5

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)

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) '

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)

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;

1

DGB;

1

DHB,
TEDEB,

TEDEB;

TEDEB,,

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

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

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

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)

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)

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,

DGO,

External dose for parent radionuclide i for 1 year of building occupancy (mrem)

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; Annual 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,5;  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;
HOCDEj
HOCDE,,
HOCDE
TEDED,
TEDED,,

TEDED,,

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)

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

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)

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)

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)

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)

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)

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

DAR,

1

DEXR,

DGR,;

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

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

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)

NUREG/CR-5512 24



Nomenclature

Table 2.1 Dosimetry parameters (Continued)

Symbol Definition

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

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

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

TEDER,; 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)

TEDER;5;  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)

TEDER 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

DF;

DFj

DFC;

1

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;

DFES;

DFG:;

DFH;

DFO,

10

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)

External dose rate factor for radionuclide j from contamination uniformly distributed on surfaces
(mrem/h per dpm/100 cm 2)

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

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

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

Number of
Parameter subscripts

A 3
Ay 1
Aj 1
A 1
Ay 2
AF (see Table 2.1)
B 2
BA 2

NUREG/CR-5512

Order of
subscripts

Description

W

Concentration of radionuclides for the current year per initial unit
concentration of parent radionuclide i in soil

s -soil (pCi/g per pCi/g)

w -water (pCi/L per pCi/g)

t - current year

i -parent

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

Area of land contaminated in the drinking water scenario (mz)
Activity of radionuclide j (pCi)
Area of land contaminated in the residential scenario (m2)

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)

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)

i - parent radionuclide

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

f - forage crop

g - stored grain crop

h - stored hay crop

v -food crop

Bioaccumulation factor for transfer of activity from water to edible parts
of fish (pCi/kg wet-weight fish per pCi/L water)

i - parent radionuclide

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

f -aquatic foods (fish)
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Table 2.2 Subscripted parameter summary (Continued)

Number of Order of
Parameter subscripts subscripts Description

C 2 Activity or concentration in a medium

- medium is building renovation material (pCi/g)

- medium is box k of water-use model

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

- medium is soil (pCi/g)

- total activity in soil (pCi)

w - medium is water (pCi/L)

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

-~ O T

<

- 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

-0 N e

C 4 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)

1 Contaminating medium (units of denominator of C)
s - medium is soil (pCi/g or total pCi for the drinking water scenario)
r -root uptake from irrigation to the soil path (pCi/L)
w - medium is water (pCi/L)

2 Recieving medium (units of numerator of C)

a - animal product (pCi/kg wet weight)
f - forage crop (pCi/kg wet weight)
g - stored grain crop (pCi/kg wet weight)
h - stored hay crop (pCi/kg wet weight)
s -soil (pCi/kg dry-weight soil)
v -food crop (pCi/kg wet weight) -
w - drinking water (pCi/L)
3 i - parent radionuclide
j - chain member (radionuclide, parent or progeny)
C - carbon-14
H - tritium
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Table 2.2 Subscripted parameter summary (Continued)

Number of Order of

Parameter  subscripts  subscripts Description
C 4 4 ¢ - 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

Ceoil Ratio of the 14C concentration in soil eaten by animal to the initial
concentration of 1*C in the soil, with units conversion from grams to
kilograms (g/kg)

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

dp; ' 2 Fraction of radionuclide p transitions that result in production of
radionuclide j (dimensionless)

d, 1 Density of agricultural soil (g/cm3)

DEXB, DEXO, DEXR (see Table 2.1)

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

DGB, DGO, DGR (see Table 2.1)

DHB, DHO, DHR (see Table 2.1)

DSR, DWR (see Table 2.1)

F 2 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)

N =
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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, box2

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

H - hydrogen

a - medium 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 (pCied)

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 (d1)

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)
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Number of
Parameter subscripts

ML

PPTF

PF

NUREG/CR-5512

1

Table 2.2 Subscribed parameter summary (Continued)

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

g - 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/mz)
d - floor dust-loading for residential scenario (g/mz)

Partial pathway transfer factors (PPTFs) providing activity time integral in
a food type (pCi *y/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)

2.10



Nomenclature

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) v
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 medium
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 s - medium is soil

T - normalized to total activity
w - medium is water

2 a - animal product
VvV -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 - fish intake 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 (Continued)

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

t - total elapsed time for a period

- 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

< ¥ OBk Taoc e E

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 (kgly)
w - drinking water (L/d)

\% : 1 Volumetric breathing rate (m3/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 Description
Vg Volume of water used for domestic purposes during a year of drinking

water scenario (L)

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

V. ' Volume of water used for irrigation during a year of residential scenario

@L)

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

V4 Total aquifer volume for the drinking water scenario (L)
\Z Total aquifer volume for the residential scenario (L)

w 1 removal rate constant for the water-use models (d’l)
1 d - drinking water scenario
r - residential scenario

w 1 Factor to convert plant concentrations from a dry-weight basis to a wet-
weight basis (kg dry-weight plant per kg wet-weight plant)
1 f - forage crop
g -stored grain crop
h - stored hay crop
v -food crop

X 1 Fraction of animal feed or water intake that is contaminated, defined for
each animal type
1 f -forage
g -stored grain
h -stored hay
W - water

NUREG/CR-5512 2.14



Nomenclature

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
6 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
"blank"” - not dependent on radionuclide
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Table 2.3 Unsubscripted parameters

Symbel Definition

A Area of land under irrigated agricultural production (m?)

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

CDG Dust-loading for gardening activities (g/m?)

CDI Dust-loading for indoor exposure periods (g/m?)

CDO Dust-loading for outdoor exposure periods (g/m3)

DIET Fraction of annual diet derived from home-grown foods (dimensionless)

DL Annual dose limit for evaluation of the potential for adverse impacts (mrem)

F Dilution flow in the ground-water aquifer (L) ‘ |

GB Effective transfer rate for ingestion of loose dust transferred from building surfaces to hands and mouth

during building renovation work (g/h)

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

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

H’ Absolute humidity (L/m3)

i Index of parent radionuclide

j Index of currcﬁt chain member position in decay chain

k 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 A in inverse seconds)

1 Infiltration rate (m/fy)

IR Annual average application rate of irrigation water (L/mz-d)
M Number of parent radionuclides in the mixture

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

Symbol ' Definition

SFI 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,,t*} (2‘2)

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

C.

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 pCied.

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

R {R,t,} (23)

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)

t. = 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

217 NUREG/CR-5512



Nomenclature

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)

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
iime 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 to 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); = Y (Coefficient), (Exponential Term), 23)

n=1

Where the subscript, j, refers to a chain member and the subscript, n, refers to 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,.} B.2 B.3-B.5 exp(-Ag ts) Decay for a time period
A {Csta} B.15 B.16-B.18  exp(-Ats) Decay with removal for a time period
S{C,,t.} B.2 B.3-B5 [1-exp(-A4 t))/Ay Time integral over a time period
Se{Co,ts} B.15 B.16-B.18  [1-exp(-A; ts)]/A Time integral with removal over a time
period
R{R.,te} B.2 B.3-B.5 [1-exp(-Ay t))/Ag Deposition and accumulation of a con-
stant deposition rate over a time period
R.{R,,t.} B.15 B.16-B.18  [1-exp(-A¢; ts))/A Deposition and accumulation of a con-
' : stant deposition rate with removal over a
time period
G{R4t.} B.2 B.3-B.5 {t-[1-exp(-A t.)l/A5}/A5;  Deposition, accumulation, and time-
integration of a constant deposition rate
over a time period
G {Re,ts} B.15 B.16-B.18  {t-[1-exp(-A;ts))/A}/A,;  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 renovation work period, t,;, is calculated from the initial concentration in building materials, ij, and is

written

A{Cpjptyp}

(2.6)

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

S{Cy;s tip}

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 {Cots} B.15 B.16-B.18 exp(-Ag; ts) ‘ Déaay for a time period in drinking water scenario
: water-use model box k

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

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

S {Cste} (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 t, is represented
as follows: :

S{A{Cjt ) 1)} (28)

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,

Conltyy) = Cpy(0) &1 (29)

and for the first progeny,

22912C01 (O -1, Co0) - 22912Cn O | -2zt (2.10)

Soalw) = 5 o

NUREG/CR-5512 220



Nomenclature

where Cy;(1,;,) = concentration of parent radionuclide in building material evaluated at time t,, (activity units)

Cy2(tp) = concentration of first progeny radionuclide in building material evaluated at time t,, (activity units)

Cp1(0)
C2(0)

A1 = radioactive decay rate constant for the parent radionuclide @h

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

initial concentration of parent radionuclide in building material (activity units)

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

d,, = 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 diréctly from Equations (2.9) and (2.10) by integrating the

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

t

tb At
J'e—zrjt dt = [1 - e (2.11)
o i
the results are as follows for the parent radionuclide:
iy
_lr t 2.12
[ Ca at = Cu@ [1 - et /2, @12
o
and for the first progeny,
Ly »
d 0 - d 0 -
[ Coptv) dt = 229120 [1-e™t] /o] +|cy0 - 2l2Cn©) [1-etate]/a, @13)
o A'r2 - )'rl l'r2 - 2'rl
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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 TEDE:s 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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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
* beta-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 absorption may be important for only a few radio-
nuclides, most notably >H. To 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 residual 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,. -1
_d(?! = Xy 4G - MGy (3:2)

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

Cpn = concentration of precursor radionuclide n present in building material at time t (pCi/g)
d,; = fraction of radionuclide n transitions that result in production of radionuclide j.
A = 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:

tlb

21 (33)
L= . dt
< Yo { < .

where C—Zb is the average concentration of radionuclide j in building material over the period of renovation work
(pCi/g), and t,y, 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, ¥ (DFERj S{ij,ttb}/ttb) (34)
j=

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

pCilg)
t, = exposure duration for renovation period (d)

S{Cyj t,} = 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)

G; = initial concentration of radionuclide j in building material (pCi/g) -
ty, = 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:

${Con t) = {Cun@ [1 - e 2], (5)

where 1, is the radioactive decay constant for the parent radionuclide (first chain member) (d'}), Cy,1(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 Equatlon (3.5). The value for the
first progeny is given by the following equation:

Co1(0)d12 4, (1_ At

S{cbz’ ttb} = (%2 Y ) o [b)/ A1
1

(3.6)

d122,C1(0) (1

-ll'Zl[b) / A‘r
T ’

+1Cy,(0) -

where A, is the radioactive decay constant for the first progeny radionuclide (sécond chain member), C,, is the value
of Cy; 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)
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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.

DHB, - 24 t, V,, CDB 3 DFH, S{Cop tin)/t (38)
j=
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)
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] 39)
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

J;

DGB, = 24 t, GB Y, DFG; S{Cyj, typ}/tip (3.10)
j=1

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

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

GB

DFG; = 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 TEDEB, 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)
i=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 TEDEBg; 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 self-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. As in 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 buildihg 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

e 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 seenario, 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] (3.15)
x [Average Surface Activity per Unit Area]

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

J‘
DEXO; = 241, ° DFES; 8 {C,tio}/t,o (3.16)

0j’ to
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 mtent of the building oocupancy scenario, as
described in Section 6 (mrem/h per dpm/100 cm?)

C,j = initial activity per unit area for radionuclide j on building surfaces (dpm/100 cmz)

S{Cy tyo} = 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{Cy;t,,},
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

%
o, s, =
)= o

where DHO; = CEDE for inhalation for parent radionuclide i (mrem for 1 year of building occupancy)
RF, = resuspension factor for building occupancy (m™1)
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)

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 Occhpancy]

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

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

J.

DGO; = 45.05 [24 to] GO Z DFG; S {C,j tio} Mo (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; = 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 preﬁomly 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,, = 21: (DEXO; + DHO; + DGO;) (3.23)
1=
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where TEDEO,, 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:

TEDEO,, = 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 (pSv/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

Relative — e o et o mm mm mm em mm ms =

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_clj=).r.j§ Ay Cyy - (A + Lig) Gy 42)
dt J & "njTln i %)
where C;; = activity of radionuclide j in box 1 at time t (pCi)
C,n = 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)

Ly = rate constant for movement of radionuclide j from box 1 to box 2 @h

d,; = fraction of radionuclide n transitions that result in production of radionuclide j (dimensionless)

A = decay rate constant for decay of radionuclide j @h.

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 ]
- [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:

dcC,, i1
2 _ - . 44
5 " M :Z; 0y Can *LigCyj = [ +La3) S
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)
I_,23j = rate constant for movement of radionuclide j from box 2 to box 3 @h

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 t]
- [Removal of j from Box 3 by Pumping at Time t].
The differential equation for box 3 is similar to box 2:
) M, 0 46
ﬂ A'rJX: dn]CBn) I"23j j—krj —wdC3}\T (4.6)

1—
where C3(] = activity of radionuclide j in box 3 at time t (pCi)
ng) = activity of precursor radionuclide n in box 3 at time t (pCi)
wy = rate constant for pumping of water from the aquifer for the drinking water scenario (d?)

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

- 4.7
Lizj H, 6, Rt;; 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)

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

365.25 = unit conversion factor (d/y). (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:

4.9)

Kd,. p, /1) <%
Rtlj = 1 + lJ pl C
3 ny
S

IS

where Kd,; is the partmon coefficient for radionuclide j in the surface-soil layer (mL/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, 6;, 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

b3 * 1, R, 36525 *19

where 6, = volumetric water content of the unsaturated-soil layer (dimensionless)
thj = 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:
8, =n, f, ‘ (4.11)

where n, is the total porosity of the unsaturated-soil layer (dimensionless) and f, 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:
Kd,. 7\ E
Ri, =1+ %2 P2 /1" cw (4.12)
2] n2 MM l

49 NUREG/CR-5512



Drinking Water

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 .

yer (/ofR) o |
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:

Ct, (8)

é (4.13)
swjt [‘\Td Iy]
where Cg,; = 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)
S43{Cypty} = 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 t, of 365.25d Permemy of

.pa:em—nﬁmcnﬂeﬁuml—m-nme-ﬂef?(pa- d@ﬂ-pCi—uHﬁ)
Ckf‘é array of activities of each radionuclide j in each box k at the start of the current year t per unit activity
P oof parent radionuclide i in soil at time zero (pCi per-p€i.in soil)

7

G5;(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 boxes in the three-box water-use model
t, = averaging time period over 1 year (d)

V14 = total volume of water in the aquifer, constant during a 1-year period (L).
The total water volume in the aquifer or dilution volume, V-, 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:

Viq =1 A, 1000-1 (4.14)

where V|4 = annual infiltration volume through the contaminated area (L)

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

&
]

1000 = unit conversion factor (L/m>)

[
I

time period for infiltration (y)
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and other terms are as previously defined. The dilution volume (V) 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, wy, 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
follows:

wy = Fractional Removal” y ] (4.15)

y 365.25 d

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

Vv .
Fractional Removal = _9¢ (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 Jess 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 demy operator notation,
S43{}, 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
x [Ingestion Period] @17)
x [Ingestion Dose Factor]

x [Average Concentration of Radionuclides in Water for 1 Year].
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In mathematical notation, this equation is

J.

4.18
TEDED; - U, t4 Cy;3- Cougs DFG; (4.18)
j=

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)

Cawit = 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)

DFG; = 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 (Cswje) is evaluated as described below in this
section and in Appersl‘gix 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 maximum. This calculation is as follows:

M
TEDED,, =} TEDED; (4.19)
i=1
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,g, = 270.3 TEDED, (4.20)

where TEDED;g; 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;
HOCDE, = U, t; C;; ¥ C,; DFO; (4.21)
j=1

swjt jo

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;, = oomm:‘t;ad 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 o) 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:

J.

M
HOCDE_ = U, t, C; ¥ o

i
i=1 j=1

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 S, {} (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
¢ Dbeta-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 dilution 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 Agricultui'al 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 to 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 TEDEs 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 resuspended 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 plém 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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Eq. (5.67)

Intake from Food
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Eq. (5.72)
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Eq. (5.71)
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TEDE summed over all pathways
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Scenario TEDE
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Figure 5.6 Soil-plant-human pathway
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Figure 5.7 Change in rélative 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:

d Cs'(.B i (1'\ v
j\ 2 5.1
at nz‘;l dnj )'rj CsnA_ lrj Csj(.r> G-
where Csj(f)= concentration of radionuclide j in soil during the growing period (pCi/g dry soil) v
C, /)= concentration of radionuclide n in soil during the growing period (pCi/g dry soil) v
dy = decay branching fraction for transitions of radionuclide n to radionuclide j (dimensionless)
A = decay rate constant for radionuclide | @h.

The solution to the above equaiion 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),

v
C, (1) = C,y(0) e 52)
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and for the first progeny (J=2),

d C,(0) _ d C..(O -
1242C1 (O -aqe | €., 0) - 12421 O] -1t (5.3)

C -
2() Ao - A Ao - Ay

where Cg;(0), Ci5(0), C; (1), and Cy,(t) represent the initial concentration of a radionuclide in soil and the concentra-
tion at time t, respectively.

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

A{C, 1 54
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:

Cyyjn = 1000 (MI_V + ij) W, A{Csj, tgv}/Csié (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{ Csj,tgv} = 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)
inT el . . S . &M‘ ‘{ . . . .
C,; = .concentration of radionuclide j in soil duﬂn-g-t-htla\ growing period (pCi/g dry-weight soil)

sj N
k&ﬂ)‘ initial concentration of parent radionuclide i in soil (pCi/g dry-weight soil)

t

gv = 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: Cg; in the decay operator and C;(0) in the denom-
inator. This ratio represents normalization of plant concentration to unit initial concentration of parent radionuclide
in soil. The concentration of decay-chain-member radionuclide j (Cg) 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:

Covip = A{Covjo th) (56)

svjp s

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 {Cgjptny} = 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,v = 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:

C

svip ~ C

svl

n e_lrl Ly (5.7)

1

where Cg, 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)

Cyin = 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{Cgyjp» o} 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,

vsij

= s{c t }/365.25 (5-8)

svjp’ ¢cv

where PPTF,.. = partial pathway transfer factor for plant v, for radionuclide j as a progeny of radionuclide i, for
vsij = P p y P ] progeny
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)

S{Cqjplte} = 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,
C _ Aoty
PPTE,, = op(1-¢ ~ (59)
365.25| A,
and for the first progeny (j=2),
1 d12A'r2csvlp[ 1- e"-n‘w
PPTF, =
36525 | (Ap~A) | An (5.10)

. [C _ dlZA‘rZCsvlp] [l—e"""t“]]
2 Ok U

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 (pCi* 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

NUREG/CR-5512 5.14



Residential

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) com.muously 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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Figure 5.8 Soil-plant-animal-human pathway
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Figure 5.9 Change in relative concentrations over time for soil, stored feed, animal products, and human
foods from the root-uptake pathway
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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:

’

A~ Cynje = 1000 (ML, + By ) W, A{Ct,, }/C; - (51

where Cg;. = 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—wcight-to-wet-weight conversion factor for stored hay crop h (kg dry-weight hay per kg wet-weight
hay)

A{C

sj,tgh} = decay operator notation used to develop the concentration of radionuclide j in soil at the end of the

hay-crop growing season, t,;, (pCi/g dry-weight soil)

S & 5ok K
G Aconccntratlon of radionuclide j in soil damg-&he growing period (pCi/g dry-weight soil)

Cs;(ﬂ?' initial concentrauon of parent radionuclide i in 9011 at start of growing period (pCi/g dry-weight soil)
ton = growing period for stored hay crop h (d)
1000 = 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 io 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:

- Cygjc = 1000(ML, + B, )w A{Cy 1y} @ (5.12)
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where Cg;. = 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)

B;, = 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)

ML, = 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{Cyte,} = decay operator notation used to develop the concentration of radionuclide j in soil at the end of the
Crop-growing season, log (pCi/g dry-weight soil)

t,, = 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:
Cygje = 1000 (ML, + By} W, A{C,; ¢} 1C 07 | (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)

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

Bi¢
’ 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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Figure 5.10 Changes in relative concentrations over time for soil, fresh feed, animal products, and human
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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{Csj t} = 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:

Y L

Icsﬁld[ = IA{Csj,t}dt = S{Cgtg} (5-14)
o o

where terms are as previously defined. Using this expression and dividing by the feeding period, t5, the average plant
concentration is evaluated as follows:

Csfjc

= 15

= 1000 (MLy + Byg) We S{Cyitee} /[ty € (-15)

where Cg. = 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{Cyj tyr} = concentration time-integral factor for radionuclide j in soil over the feeding period, t (pCi*d/g dry-
weight soil)

t;, = 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

Cajs(hay) = Faj @u *n Conje (5.16)
For stored grain the animal concentration factor is
Csajs(grain) = Faj Qg X, ngjc (5.17)

and for fresh forage the average animal product concentration factor is

5.21 NUREG/CR-5512



Residential

where Csajs(hay)

Cajs(grain)

sajf

3

Xph

Csajt = Faj Q¢ x¢ Cgjc (-18)

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) — b\f\\\\\ N P <

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

Ci/L for milk Ci/g dry-weight soil \ ‘
[or pCi/L for milk] per pCi/g dry-weight soil) ‘mjﬁ%*(

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)

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) ’

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

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

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

fraction of animal forage intake that is contaminated (dimensionless)

fraction of animal stored grain intake that is contaminated (dimensionless)

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):

Qd=

NUREG/CR-5512

Cyaja = 1000 F; Qg W¢ Q¢ x; s{cy; tﬂ}/[tff Csa@?) (5.19)

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)

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(gx'ain)’ tlm}’ tm} + A{Csajf’ tha} tca (5.20)

+ A{Copjar 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
pCiey/kg for other animal products per pCi/g dry-weight soil for a year of residential scenario)

A{Cgjs(hayythal = 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{Cgjs(grainythal = 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{Cqjptpa} = 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{Cgjatha} = 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)

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)

S{A{}, t,}

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

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

N
D
o
N
G
1l

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 timej 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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Water (Cwi) :

Irigation water deposition onto soil

Irrigation water deposition onto plants

Eq. (5.23) Eq. (5.28)

Plant at Harvest Soil at Harvest
(Cwvih) (Cwvjh [soil])

lnootuptakeandresuspensiomoedblep!am
Eq. (5.31)

Plant at Harvest
(Crvih)

g
Decay during holdup and time integral over crop consumption period

Y Eq (5.32)
mogral of Activiy Animal Product Pathway
(PPTFvwi) PPTF Values (water)

Total intake in consumed foods, summed over food types
Egq (5.68)

Intake from Food
Ingestion (PFwi)

Dose from food consumption per unit activity in water

Eq. (5.76

Dose from Food Dose from Drinking

per Unit Activity Water per Unit Activity
(AFwi) (AFdj)

p—

—_ —— -~
- - Dose for defined inventory

Eq. (5.74)
Food and Water -
Ingestion Dose Factor Dose Factors J
(water) (DWRi) for Other Pathways |

TEDE summed over all pathways
Eq. (5.93)
ial

Scenario TEDE
(TEDERI)

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:

devjt

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)

Cywvnt = 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)

NUREG/CR-5512
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Rynjg = 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)
d,; = decay branching fraction for transitions of radionuclide n to radionuclide j (dimensionless)
A = decay rate constant for radionuclide j (d1)

A, = rate constant for loss of activity from plant surfaces due to weathering @h.

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

where Ry, = 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)

Gy = 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/m2ed)

Yy
]

fraction of initial deposition (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)
Y, = yield of plant v (kg wet-weight plant/m?).
The deposition rate to plants, R, is constant over the irrigation period because the concentration in water is con-

stant (at the average value for Cwj . 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., Cw, = 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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Cavin = Re {Runjp teu} (-23)

where Cg.;;, = 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)
tyy = growing period for plant v (d)
Re{Ryyjptey} = 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,

“heyt

l-¢ =¥
Convin = valg[—)_——] (5-24)
el

and for the first progeny (j=2),

_ dlz)‘ﬂvalg l-e-)'dt"'
wvZh —

(AeZ—lel) A
(5.25)

. [szg _ dipAgR ) [l-e'hzls"]

A'c:2 - A'c:l

A'eZ

where C,;, = 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)

Cuvzn = 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)

Ao = 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, (d)

A, = effective weathering and decay constant for radionuclide 2 (second chain member) evaluated as the
sum of the weathering rate constant, A, and the radioactive decay constant, A , (d'l)
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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 Cui Concentration
Concentration in Irrigation
Water
0 1y
Growing
) Period
Relative Concentration
Ccncentration in Soil
1
0 tov 1y
Relative Concentration
Concentration in Plant
]
0 tgv 1y
Holdup
eriod [*+—Consumption Period, t:,,— .
Relative K P 1od, ev Concentration
Concentration in Consumed
: Food Plants
hv I

0 th 1 y tgv+thv+ tev

Figure 5.13 Change in relative concentrations over time for irrigation water, soil, plants, and human foods
from deposition of irrigation water on soil 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:

dC, i-1
wsjt _ 5.26
it Rwsjg + 21 dnj A‘rjcwsm - A‘rj Cwsjt ( )
n=

where Cijt = 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)

Cwsnt = 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:
Rwsjg = IR /Ps [ij /Cwi] (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)

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

C; = 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/mz).

s

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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o ' 5.28
Corviigeoit) = R{Rusjgr v} (>-28)

where Cyuinsoiy = 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)

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)

R{Rwsjg"gv}

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,

1- e_l'rlt

= 1-e¢ 7% (5.29)
Cawin(soil) Rwslg{ Aﬂ ]

and for the progeny (j=2),

dlZA‘rZRwslg(l-e-lrlt"]

Connit) = l O ) | o

(5:30)

dlzlrszslg][ 1- e'lfztl"]]

‘[R“z" ey wal e

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:

Crvjn = (MLv + ij) W, Cavjh(soil) (5:31)

where C;, = concentration factor for radionuclide j in plamt 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)
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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 PPTE:

(5.32)

PPTF, s {A{ Corvjhr th tcv} +S {A{ijh, thy },tcv} ]/365.25

vwij ~

where PPTF‘,wij = 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 i in water
(pCiey/kg wet-weight plant per pCi/L in water for a year of residential scenario)

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 (t,,,) for an aver-
age unit concentration of parent radionuclide i in water (pCi/kg wet-weight plant per pCi/L
water)

A{Gujntne?}

A{Cjptpy} = 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{},to}

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)

t,y = 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 rvih of Equation (5.31). The concentration of the parent after decay during the holdup period
can be expressed as follows

Crvlp (thv) = Crvl h ([gv) e—lﬂthv (533)

where C_,;(t;,,) is the concentration factor for the parent radionuclide in plant v at the start of the consumption
period (pCP i/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:

d12 42 Crvin (tgv) oMty

Ay - Ay

+ CrVZh(tgv) -

szp(lhv) = 12‘72 rvih gv)] Aathy (5:34)

where Cy1(t5y) and Cy(t,y) represent the initial concentrations of the parent and first progeny radionuclide in
plant v at the start of the decay period (holdup period), and Cy, (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:

thV + t(:v

-A 4t
1 -e 1l cv
f Crvlp(l)cll = Crvlp(thv) [——] (5-35)
ll:uv krl

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:

Lt Loy -
j' C _ d12)‘r2Crvlp(thv) 1-e bertoy +le (t ) _ dp2 ll'2(:1"’113(tl"’)
2p(t)dt ~ 2p\'h
WO TR - A

(5.36)

1- e rZ tev
oy

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:

Rygje = IR 1¢ T /Yy [ijlcwi]

(5.37)

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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C,i = 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/m2ed)

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)
Y; = 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, Cy5.. The general solution is
indicated in operator notation as follows:

Cutjc = GCe {&vfjf’ tff}/ Ly (5-38)

where Cw,jc = 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)

iy = period of feeding of forage crop f (d)
G, {Rwﬁf,tff} = 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,

Curic = Rusie {‘ff - [l'e-ldt"]/(lel )}/(‘ft Aey ) (539)
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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,

dyp A Rype [ 1 - ¢ tertu]
Cut2c = — tee - ! (Rextep)
)‘r2 A‘rl )'el
ot (5.40)
[ - N
dip A Rygy 1 - et
- teg = ! (Aeatep)
Az - A | ez

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:

A

- 5.41

Cutre = Ryprf|—5— (>4D)

el

where Cgn, = 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
Cogic = t—ﬁJRe{wajf’t}dt = QGe{wajf’lff} >42)
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-soil-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.¢., 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 soil 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/d *kg dry-
weight soil per pCi/L water)

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

Gai
C.; = 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/m2-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

Cutjc soil) = G{Rwsjf’ tff}/ Lee | (5-44)

where Cwqc(mu) = 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,tﬁ} = 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:

=t 5.45
Cwtic(soiy = Rusif {‘fr' [l‘e l“]“ﬁrl}/("rl tff) (>:43)
and for the first progeny radionuclides,
Ay A Ry | 1 - e tnte
Cwfze(soil) = pa— ter — - [ (A1tep)
- : (5.46)
d;, A, R, [ 1 - Aty
12 A2 Rwsit e
- " |t - I (Aztep)
Az = Ay L A
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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:

C (5.47)

rfjc = (MLf + ij) W C

wijc (soil)

where Crﬁc - = average concentration factor for radionuclide j in forage crop f at 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)

Bj; = concentration factor for uptake of radionuclide j from soil in forage crop f (pCi/kg dry-welght 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 cfop f from a dry-weight to a wet-weight basis (kg dry- weight
forage per kg wet-weight forage)

and Cyg is as previously defined. Equation (5.47) applies to all members of the decay chain iﬂcluding 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]):

Runjg = IR 1 Ty/ Yy, [Coy /ol (5-48)

where Ry, = 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/L
water)

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

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

5.41 NUREG/CR-5512



Residential

Average
Relative | Average Water Congentretion Concentration
Concentration in lrrigation
Water
0 1y
Growing c orC )
) Period & “whie = Fwgle Concentration
ge'at"’et ion in Stored
encentralt Feed Plant
]
0 tgs 1y
' +—Feeding Period, t ,;—‘J
lati Concentration
ggna;::tration in Animal
Product
]
0 tgs 1 Yy tgs+ tfs
g <+——Consumption Period, t ,,—
Cwat ™ [~ | _Cuai Concentration
A Holdup " inake= o, | N COnsumed
Concentration Period waip™ | Animal Product
tha |
0 tgs 1y tgs+ that tca

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
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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:

- .49
thjc - Re{Rwhjg’ tgh} (54 )

where  Cyp. = 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)

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

R ARypjgoten} = 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 [ij/Cwi] (5.50)

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)

where Rwsjg

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

Coi
C,j = 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/mz‘d)

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

w

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
root uptake by stored feed crops
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Cahje (soil) = R{Rwsjg’ tgh} (5-31)

where  Cypicisoify = 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)
t, = growing period of stored hay crop h (d)
R{Rjgtn} = 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:

Crnje = (MLh +By) W, Cuwhic (soil) , (5-52)

where Cg;. = 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
Rygjg = IR T T,/ Y, [Cy/ Cys] (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)

. = average concentration of parent radionuclide i in irrigation water over the current annual period
g p & p
(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?.q)

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
ngjc =R, {ngjg’tgg} (5->4)

where C, ;. = 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)

tyg = growing period of stored grain type g (d)
Re{ngjg,tgg} = 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:

Istjg = IR/P [ij/Cwi] (5-33)

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)

Cwi = 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/mz-d).

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
Cugjc (soil) = R{Rwsjg’tgg} 49

where Cypicsoiy = 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)

leg

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:

C.. = [MLg + ng] W_ C (5.57)

rgjc g ~wgjc (soil)
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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:

Rygjt = IR / P[Cyi/Cyl (5:58)

where R is the average deposition rate of radionuclide j to soil from irrigation water application onto soil during
forage-feedmg 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:

Cesja = O{Rusje> tar) /e (5:39)

where Cq = 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)

operator notation used to develop the deposition, accumulation, and time integral of the transfer rate
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)

G{Ryyp et

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(foragc) = Faj Qf x [wajc * Crgic * Qa Wi Crfid] 60

where Cyainrorage) = 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)

o3|
I

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)

3

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 [Qh xh(thjc + Crhjc) + Qg xg (ngjc + Crgjc)] ( )

where Ciosioredy = 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)
Qg = 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

3

and other terms are as previously defined.
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The animal product concentration at the beginning of the feeding period (time of/{larv&st) is equal to Cyicstoredy’

C

wajh (stored) = Cwajc(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:

= .63
Cwajp(foragc) - A{Cwajh (forage)’ tha} (563)
and for the stored-feed pathway,
= S.
Cwajp(stored) - A{Cwajh(stored)’ tha} (564)

where  Cyinioragey = 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{ijh(fomge),tha} = 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{C‘"ajh(stom),tha} = 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:

Cwajw = Faj Qw Xw [ij/cwi] (5.65)

where Cg,,.,, 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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l:.PTFawij = |tea CWajp(forage) * S{Cwajp(stored)’tca} + i A{Cwajw’tha}]/365°25 (5.66)

where PPTF,;. = 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
(pCiey/kg wet-weight animal product per pCi/L water for a year of residential scenario)

A{C\vajw’tha}

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)

S{} = 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 (pCied/kg wet-weight animal product per pCi/L water)

t,, = 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:
N,

v Nﬂ

5.67

PF,;; = 2; U, PPTF,,; + z; U, PPTF,,; (5-:67)
= a=

where PFSij = 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)

PP’I'FVSij = 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)

PP"I‘Fasij = 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)

N, = number of animal products considered in the diet

N, = 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)

U, = ingestion rate of food crop type v by an individual (kg wet-weight/y).

A similar expression is used to evaluate the PFs for unit average concentration of a parent radionuclide in irrigation
water:

' N, N,
5.68
PFyj = 2; U, PPTE,,; + El U, PPTF, (5-68)
= 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)

PPTF,,; = 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):

NUREG/CR-5512 5.52



Residential

H20
Soil —p{ Human
Gardening, Indoor, Exposure
Outdoor
Air

Figure 5.19 Residential scenario external dose pathway
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(5.69)

Ji
+ 124 (ti/t“,) SFI ¢ jgl: S{As”., ttr} DFERJ'

where DEXR,; = external dose from 1 year of residential scenario exposure to radionuclide i in soils (mrem for a
year of residential scenario)

DFER; = 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)

Ay = 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)

C,; = concentration of parent radionuclide i in soil at time of site release (pCi/g dry-weight soil)

SFI = shielding factor by which external dose rate is reduced during periods of indoor residence
(dimensionless)

SFO = shielding factor by which external dose rate is reduced during periods of outdoor residence and
gardening (dimensionless)
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J; = number of explicit members of the decay chain for parent radionuclide i
S{Agt,;} = 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{Astj,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)

ty = 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
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(5.70)

inhalation committed effective dose equjvalexit 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 (m3/h)
dust-loading for outdoor exposure periods (g/m?)
dust-loading for gardening activities (g/m3)

volumetric breathing rate for time spent outdoors (m3/h)

inhalation committed effective dose equivalent factor for radionuclide j for exposure to contami-

nated air (in units of mrem per pCi inhaled)

5.55

NUREG/CR-5512



Residential

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.
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:

0 J;
DGR, = csg DIET ¥ A,,; AF, (571)
A j=1
where DGR, = ingestion committed effective dose equivalent from a 1-year intake of home-grown food and animal
products (mrem for a year of residential scenario)

DIET

fraction of annual diet derived from home-grown foods (dimensionless)

AF

S|

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)

N
Csito-‘- 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 =g

Human
1 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 (AFj;) is calculated from pathway transfer factors as follows:

L

5.72

AF; :Z}j PF,; DFG; - (572)
J=

where PF; 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 DFG; 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: ( T.+ Tr + 1") / ‘l‘.,.“
)
C$'|(0\‘li
DSR; = G N S ) DFG; S{Ay;t,} 7

=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{Agj 4} = 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 (pCi+d/g per pCi/g for 1 year of residential scenario)

“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. Itis evaluated for drinking water and ingestion of irrigated foods, as follows:

where DWR; =

Ay =

CS'-@)P 3,

(5.74)
DWR, =-G-E A,j AFy + DIETE Ay AF,;

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)

initial concentration of radionuclide i in soil at the time of site release (pCi/g)

= 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) '

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)

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 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, C_, as used in the inhalation and

si?

external dose equations. Therefore, the ingestion dose is on the same concentration basis as the other dose values.

H20 -
y \
Soil r» Plants
\ Human
‘ Exposure
Animals
- Animal ]| >
Air Products

Figure 5.23 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
AF, i = U, DFGj td(ij/ij) (5.75)

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, G/Cy;j (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:
J i
5.76
AF,; = ¥ PF,; DFG; (5.76)

j=1

where PF;. is the pathway transfer factor for agricultural products for irrigation for radionuclide j as a progeny of
radionuclidjc 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 i<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>