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ABSTRACT

The RESRAD-OFFSITE computer code evaluates radiological dose and excess cancer risk to
an individual who is exposed while within and/or outside the area of initial (primary)
contamination. The code considers releases from the primary contamination to the atmosphere,
to surface runoff and to groundwater. It models the movement of the radionuclides, by
groundwater and by air, from the primary contamination to the agricultural areas, pastures, a
dwelling area, a well and a surface water body. It also simulates the accumulation of
contaminants at those locations, where appropriate. Nine exposure pathways are considered in
RESRAD-OFFSITE: direct exposure from contamination in soil, inhalation of particulates,
inhalation of short-lived radon progeny, ingestion of plant food, meat, milk, aquatic foods, water
and soil.

This document describes the processes modeled by the code; the data sources used in the
modeling and the mathematical formulations of the processes are detailed in the Appendices.
The sensitivity analysis feature and the probabilistic analysis feature are described. The options
to model onsite exposure scenarios, to simulate the RESRAD-ONSITE code and the feature to
compute area factors for regions of elevated contamination for offsite exposure scenarios are
illustrated in the appendices. The benchmarking, verification and validation of the models in
RESRAD-OFFSITE are described in this document.
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1 INTRODUCTION

RESRAD-OFFSITE is part of the RESRAD Family of Codes, which Argonne National
Laboratory (Argonne) developed for the U.S. Department of Energy (DOE) and the U.S. Nuclear
Regulatory Commission (NRC). The RESRAD Family of Codes includes five codes that are
actively maintained and updated to run on various computer systems. These five codes are
RESRAD-ONSITE, RESRAD-OFFSITE, RESRAD-BUILD, RESRAD-BIOTA, and RESRAD-
RDD. Descriptions of these codes and their supporting documents are on the RESRAD website
(http://resrad.evs.anl.gov). This report is Volume 1 of a NUREG/CR report that documents the
methodology, models, and radionuclide-specific data used in RESRAD-OFFSITE, and it will
also serve as RESRAD-OFFSITE’s User's Manual. Volume 2 of the NUREG/CR is the User’s
Guide for RESRAD-OFFSITE Code Version 4, which describes how to use the RESRAD-
OFFSITE code and contains screenshots and parameter information.

1.1 Genesis and Evolution of RESRAD-OFFSITE

The first code in the RESRAD Family is RESRAD-ONSITE, which evaluates the radiological
dose and excess cancer risk to an individual who is exposed while residing or working in or
directly above an area where the soil is contaminated with radionuclides (Gilbert et al. 1989;
Yu et al. 1993, 2001). RESRAD-ONSITE was developed by Argonne’s Environmental
Assessment Division in the 1980s and has been widely used to assess radiologically
contaminated sites since its release in 1989. Since then, RESRAD-ONSITE has undergone
continuous improvement in response to feedback from users and sponsors.

The RESRAD team participated in many national and international model intercomparison
studies in which RESRAD-ONSITE analyzed both hypothetical and actual contaminated site-
based scenarios. The evolution of the RESRAD-OFFSITE code from RESRAD-ONSITE began
in the 1990s during the International Atomic Energy Agency’s (IAEA’s) BIOsphere MOdel
Validation Study Il (BIOMOVS II), which compared radiological assessment models
(Gnanapragasam and Yu 1997; IAEA 1996). This study required models to predict exposure to
a receptor located outside the footprint of the primary contamination.

The RESRAD-OFFSITE code was first created by adding an offsite soil accumulation submodel
(BIOMOVS Il 1995) to the basic RESRAD-ONSITE modules. Then, an advective-dispersive
groundwater transport submodel (BIOMOVS Il 1996) was added. The ability to accept temporal
information defining the releases from the contaminated soil was also added during this period.
During the multimedia model comparison study, the advective-dispersive groundwater transport
submodel was improved to better predict the transport of progeny produced in transit
(Gnanapragasam et al. 2000). Subsequently, an atmospheric transport submodel and a surface
water body accumulation submodel were added before the initial release of the code. The ability
to model releases from the primary contamination that were delayed and/or distributed over
time, the ability to model an equilibrium desorption release, and the ability to model transport by
groundwater within the primary contamination were added for the release of version 3.1

(Yu et al. 2013; NUREG/CR-7127). The capability to model a submerged primary contamination
and to offer a choice between the ICRP 38- and ICRP 107-based transformation data were
added in Version 3.2. The option to model solubility-controlled release, diffusive release from
contaminated material, and deposition of particulates over the catchment of the surface water
body were added in Version 4.0. These enhancements allow application of RESRAD-OFFSITE
for assessment of clean-up levels for complex decommissioning sites and performance of low-
level radioactive waste disposal facilities.



Many of the submodels from RESRAD-ONSITE were modified before being incorporated into
RESRAD-OFFSITE, which allowed the new code to model both onsite and offsite exposure
scenarios. While both codes use analytical expressions and are not finite difference- or finite
element-based codes, they use different computational algorithms. RESRAD-OFFSITE uses
analytical expressions to compute the radionuclide transfer rates and radionuclide
concentrations progressively over time based on those values at previous times. The time-
integrated dose and time-integrated risk are computed using these concentrations. RESRAD-
ONSITE numerically evaluates the analytical expressions for dose, risk, and concentration at
any desired time after the site survey.

1.2 Overview of RESRAD-OFFSITE

The RESRAD-OFFSITE computer code evaluates radiological dose and excess cancer risk to
an individual who is exposed while within and/or outside the area of initial (primary)
contamination. The sources of water and the land-based locations of exposure can be outside
the boundary of the primary contamination, as shown in Figure 1-1. They could be entirely
within/on the boundary of the primary contamination, as shown in Figure 1-2, or, as shown in
Figure 1-3, some exposure locations can be onsite, some can be offsite, and some can even
straddle the site boundary.

The primary contamination, which is the source of all releases modeled by the code, is assumed
to be within a layer of soil. The code considers releases of contaminants from the primary
contamination to the atmosphere, to surface runoff, and to groundwater. It models the
movement of the contaminants from the primary contamination to agricultural areas, pastures, a
dwelling area, a well, and a surface water body. It also simulates the accumulation of
contaminants at those locations, where appropriate. Any contribution of contaminants from the
catchment to the surface water body and from the water sources to the land-based locations is
also modeled.

Nine exposure pathways are considered in RESRAD-OFFSITE: direct exposure from
contamination in soil, inhalation of particulates, inhalation of short-lived radon progeny, ingestion
of plant food (i.e., vegetables, grain, and fruits), ingestion of meat, ingestion of milk, ingestion of
aguatic foods, ingestion of water, and (incidental) ingestion of soil.
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1.3 Organization of Manual

Chapters 2 through 5 of this manual describe the process modeled by the code and the data
sources used. Chapters 6 and 7 discuss sensitivity analyses and benchmarking, verification,
and validation of the models and code. Chapter 8 is a list of references. Details about the
formulations in the models and the information in the data sources are described in detail in
Appendices A through J. Appendices K and L describe simulating RESRAD-ONSITE code
using RESRAD-OFFSITE and the onside scenario template file. Appendix M describes
benchmarking of the source term model in the RESRAD-OFFSITE code and the DUST-MS
code. Appendix N presents the risk slope factor for radionuclides. Appendix O describes the
feature in RESRAD-OFFSITE regarding generating the area factors. A user’s guide that
describes the user interface is included in Volume 2 of this NUREG/CR.

The information presented in this manual is organized as follows:
* Chapter 1: Introduction
» Chapter 2: Conceptualization of Primary Contamination and Releases
» Chapter 3: Exposure Pathways, Locations, and Scenarios
» Chapter 4: Calculation of Dose and Risk

* Chapter 5: Concentration of Radionuclides in Environmental Media



Chapter 6: Deterministic Analysis, Sensitivity Analysis, and
Uncertainty/Probabilistic Analysis

Chapter 7: Verification, Benchmarking, and Validation
Chapter 8: References

Appendix A: Radionuclide Transformation Databases and Associated Dose
Coefficient Libraries

Appendix B: External Radiation from Contamination in Soll
Appendix C: Exposure from Inhalation of Particulates
Appendix D: Exposure from Inhalation of Short-Lived Radon Progeny

Appendix E: Exposure from Ingestion of Vegetables, Meat, Milk, Aquatic Food,
Water, and Incidental Ingestion of Soil

Appendix F: Models for Tritium and Carbon-14

Appendix G: Primary Contamination Model

Appendix H: Groundwater Transport

Appendix I: Atmospheric Transport

Appendix J: Concentration in Environmental Media

Appendix K: Simulating the RESRAD-ONSITE Code

Appendix L: The Onsite Scenario Template File

Appendix M: Example Applications and Benchmarking of the Source Term Model
Appendix N: Slope Factor

Appendix O: Area Factors for Offsite Exposure Scenarios






2 CONCEPTUALIZATION OF AND RELEASES FROM THE
PRIMARY CONTAMINATION

This chapter describes the conceptualization of the initial location of the contamination, the
releases that are modeled, the options available to model the release to infiltration, and the
modeling of engineered barriers. Appendix G discusses models and equations for releases from
the primary contamination in detail.

2.1 Location of Primary Contamination

The primary contamination, the initial location of radionuclides, is a layer of soil that is either
directly contaminated or contains radionuclide-bearing material distributed within it. The code
assumes that the primary contamination is uniformly contaminated and is of a constant
thickness. There can be a layer of clean cover on top of the primary contamination. The primary
contamination can be above the water table, it can straddle the water table, or it can be
submerged with its top at the water table, as shown in Figure 2-1.
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Figure 2-1 Location of Primary Contamination

2.2 Releases from the Primary Contamination

The three general releases modeled are (1) the leaching release to the water that infiltrates
through the primary contamination; (2) the release of particulate, both respirable and total, to the
air; and (3) the release of eroded material to runoff, as shown in Figure 2-2. The release of
particulates to air and the release of eroded material to runoff occur from the surface soil layer.
If there is initially a clean cover above the primary contamination, then the surface soil layer will
not release radionuclides until it becomes contaminated. The code models mixing within a
surface layer. As the cover erodes over time, the surface mixing layer can penetrate the primary
contamination at some time in the future and become contaminated. Radionuclides will then be
released with the particulates and eroded materials from the contaminated surface layer. The
code computes the releases from the surface layer under the two transfer mechanisms
described in Sections 2.4.2 and 2.4.3. It does not compute the releases from the surface layer
under the third transfer mechanism (Section 2.4.1) for the reason described in Section 5.1.2.
The leaching release will occur from both the contaminated mixing layer and the primary



contamination. The code computes the infiltration rate using an annual surface hydrology water
balance involving precipitation and irrigation inflows and evapotranspiration, runoff, and
infiltration outflows.
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Figure 2-2 Three General Releases from the Primary Contamination

The code also models the release of gaseous forms for three specific cases: tritiated water
vapor, carbon-14 in the form of carbon dioxide, and the radon isotopes. The release of tritiated
water vapor is modeled in the same manner as evapotranspiration of soil moisture from a
surface layer. The release of carbon-14 dioxide is based on an evasion rate that is input by the
user. The diffusive release of radon gas through the primary contamination, any cover, and the
foundations of any buildings occupied by the receptor is modeled numerically.

2.2.1 Mass Balance

Radiological decay (or transformations); the three general releases; and, when applicable, the
gaseous release are interrelated. They all affect the amount of radionuclide in the primary
contamination that is available for release or for later transformation. The code maintains mass
balance of the nuclide inventory by considering the losses to transformation, the release to
infiltration, the release to runoff, and, when applicable, the release of carbon-14 as carbon
dioxide and hydrogen-3 in water. However, the code does not currently consider losses due to
particulate releases to the atmosphere or the release of radon gas. All three conceptualizations
(Section 2.3) and all three transfer mechanisms to infiltration (Section 2.4) maintain mass
balance. Appendix G describes the verification of mass balance.

2.3 Conceptualization of Primary Contamination

RESRAD-OFFSITE offers a choice among the three methods of conceptualizing the primary
contamination described in Sections 2.3.1 through 2.3.3, in addition to the RESRAD-ONSITE
conceptualization described in Section 2.6. These three additional choices arise from the initial
disposition of the radionuclides within the primary contamination (Figure 2-3) and, where
applicable, whether advective-dispersive transport or diffusive transport dominates in the
radionuclide-bearing material (Figure 2-4). The choice of conceptualization method applies to all
the radionuclides in an input file and determines the choices for the infiltration release options
that are described in subsequent sections.
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2.3.1 Entire Site of Primary Contamination Is Contaminated

In this conceptualization, all the solids in the primary contamination are assumed to be
contaminated. The initial activity concentrations of the radionuclides are specified in terms of the
mass of the entire primary contamination. The radionuclides may be transferred from the solid
phase to the aqueous phase (soil moisture) of the primary contamination according to any of the
three transfer mechanisms available in the code (Section 2.4). The code models the one-
dimensional advective-dispersive transport of the radionuclides from where radionuclides are
transferred to the aqueous phase to the bottom of the primary contamination. The properties
specified for the primary contamination are used to model the transfer of radionuclide to the soil
moisture and the transport of the radionuclides through the primary contamination.
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Figure 2-3 Conceptualization of the Initial Disposition of Radionuclides
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Figure 2-4 Flow of Moisture through the Primary Contamination
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2.3.2 Radionuclide-Bearing Material Is as Conductive as the Surrounding Soil

The code assumes that the radionuclide-bearing material is distributed uniformly within the soil
in the primary contamination. The soil is initially uncontaminated. The initial activity
concentrations of the radionuclides are specified in terms of the mass of only the radionuclide-
bearing material. Both the radionuclide-bearing material and the surrounding soil have similar
properties with respect to the movement of water. However, the radionuclides can have different
affinities to the radionuclide-bearing material and to the soil solids. These are quantified by the
respective distribution coefficients. The radionuclides may be transferred from the radionuclide-
bearing material to the agqueous phase of the primary contamination according to any of the
three transfer mechanisms available in the code (Section 2.4). The code models the one-
dimensional advective-dispersive transport of the radionuclides from where they are transferred
to the agueous phase to the bottom of the primary contamination. The properties specified for
the primary contamination and for the radionuclide-bearing material are used to model the
transfer of radionuclide to the soil moisture and the transport of the radionuclides through the
primary contamination.

2.3.3 Diffusion Is the Dominant Transport Mechanism in the Radionuclide-Bearing
Material

The code assumes that the radionuclide-bearing material is distributed uniformly within the soil
in the primary contamination. The soil initially is not contaminated. The initial activity
concentrations of the radionuclides are specified in terms of the mass of only the radionuclide-
bearing material. The infiltrating water is assumed to travel through the soil and not through the
nuclide-bearing material. However, at least some of the pores in the radionuclide-bearing
material are assumed to contain water and diffusion is the dominant transport mechanism in the
radionuclide bearing material. The radionuclides can have different affinities to the radionuclide-
bearing material and to the soil solids. These are quantified by the respective distribution
coefficients. The radionuclides may transfer from the solid phase of the radionuclide-bearing
material to the aqueous phase of the radionuclide-bearing material by only equilibrium
desorption characterized by the distribution coefficient in the radionuclide-bearing material. The
code first models the diffusive transport of the radionuclides through the aqueous phase of the
radionuclide-bearing material into the surrounding soil under the assumption that there is no
advective transport within the radionuclide-bearing material. The properties of the radionuclide-
bearing material are used to model the diffusive transport. The code then models the one-
dimensional advective-dispersive transport of the radionuclides to the bottom of the primary
contamination. The properties specified for the primary contamination are used to model the
transport of the radionuclides through the primary contamination.

2.4 Transfer Mechanisms for Infiltration Release

The code has three mechanisms to model the transfer of radionuclides from the solid phase of
the contamination to the aqueous phase—the soil moisture—of the contamination. Two of these
are based on the equilibrium of the process determining the transfer, and the third is based on
the system being so far from equilibrium that only the forward process is modeled.

2.4.1 Equilibrium Desorption
The radionuclide is modeled as being in linear desorption-adsorption equilibrium between the

solid phase and the aqueous phase of the soil. The equilibrium is characterized by a constant
ratio between the adsorbed concentration and the concentration in the aqueous phase, the
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linear distribution coefficient of the radionuclide. Equilibrium is assumed to be attained
instantaneously; under this assumption, the concentration of the radionuclide in the water that
enters the primary contamination increases rapidly to the equilibrium concentration. Thus, the
transfer of radionuclides from the solid to the agqueous phase will occur at the up-gradient edge
of the contamination and not uniformly over the primary contamination (Figure 2-5).

The code models the advective-dispersive transport of the radionuclide over the primary
contamination and computes the release out of the down-gradient edge of the primary
contamination; however, it does not compute the concentration profile over the primary
contamination. If the concentration profile over the transport distance were computed, it would
shift away from the up-gradient edge because of the transfer from the solid phase to the
aqueous phase, and it will be non-uniform, especially at the trailing edge of the profile, because
of the dispersive component of transport (Figure 2-5). Although the adsorption-desorption
equilibrium is assumed to be instantaneous, the release of the radionuclide from the down-
gradient edge of the primary contamination will occur over an extended period determined by,
among other things, the distribution coefficient of the radionuclide.

Clean
Solids Water

Contaminated

Time|2 Timeg 3

Figure 2-5 Schematic of the Conceptualization of the Equilibrium Desorption Release

2.4.2 Equilibrium Solubility

The code models the radionuclide as being in dissolution-precipitation equilibrium between the
solid phase and the aqueous phase of the soil. The equilibrium is characterized by a total
soluble concentration of the element. This choice applies to all the isotopes of the element, both
radioactive and stable, that are present at the site. However, the code does not deal with stable
isotopes and apportions the soluble concentration between the radioactive isotopes. The code
assumes that equilibrium is attained slowly, with the concentration of the isotopes in the water
that enters the primary contamination increasing gradually to the equilibrium concentration at
the down-gradient edge of the primary contamination. The code assumes that the rate of
transfer of each radioisotope will be uniform over the length of transport in the primary
contamination at any time such that the concentration within the primary contamination is
spatially uniform but changes over time as radionuclides are depleted due to transfer and
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radiological transformations. (Figure 2-6). The rate of transfer can vary with time if the relative
inventories of the isotopes of the element change with time due to radiological transformations.
The code models the un-retarded advective-dispersive transport of the radionuclide over the
primary contamination and computes the release out of the down-gradient edge of the primary
contamination.
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Figure 2-6 Schematic of the Conceptualization of the Equilibrium Dissolution Release

2.4.3 First-Order Rate-Controlled Release

The process that leads to the transfer of the radionuclide from the solid phase to the agueous
phase of the soil, whether it be through dissolution or desorption, is assumed to be so far from
equilibrium that it can be characterized by a single forward transfer rate with the backward rate
being negligible. The transfer rate is assumed to be proportional to the inventory of the
radionuclide and the proportionality constant, the leach rate, is a user input. The rate of transfer
of each radionuclide will be uniform over the length of transport in the primary contamination at
any time, but it will vary with time as the inventory of the isotope changes with time due to
transfer and radiological transformations (Figure 2-7). The thickness of the primary
contamination is not affected by the transfer, and the concentration within the primary
contamination is spatially uniform but changes over time. The code models the advective-
dispersive transport of the radionuclide over the primary contamination and computes the
release out of the down-gradient edge of the primary contamination.

2.4.4 Choice of Mechanisms for Radionuclides in a Transformation Chain

The transfer mechanism chosen for a radionuclide applies to all atoms of that radionuclide,
regardless of whether they were initially present or whether they were produced by the
radiological transformation of their parent radionuclide. The code can model different release
mechanisms for different members of a transformation chain with three exceptions. If
equilibrium solubility is chosen for an isotope of an element, that choice applies to all isotopes of
that element (see Section 2.4.2); the progeny produced during the transport are not counted
toward the soluble concentration, and the progeny produced by transformations of radionuclides
undergoing equilibrium desorption transfer are modeled assuming they too are undergoing
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equilibrium desorption transfer because of the way equilibrium desorption transfer is modeled by
the code (see Section 5).
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Figure 2-7 Schematic of First-Order Rate-Controlled Release

2.5 Temporal Changes in Release

The effects of engineered barriers—such as caps, containers, and others—can be modeled by
temporally changing some of the inputs that affect the release. These inputs can be changed up
to eight times or over eight intervals of time. This section describes the inputs that can be
changed and the manner in which they can be changed over time.

2.5.1 Cumulative Fraction of Nuclide-Bearing Material That Is Releasable

When an engineered barrier is intact and effective, very little of the radionuclide-bearing
material, if any at all, will have infiltration flowing through or past the radionuclide-bearing
material. Over time, the engineered barrier will deteriorate and water will infiltrate through a part
of the radionuclide-bearing material. The radionuclides contained in the part of the material
through which water infiltrates will be susceptible to release. The code simulates the
progressive deterioration and failure of the engineered barrier by specifying—at a number of
times—the fraction of radionuclide-bearing material that is susceptible to release.

2.5.2 Leach Rate and Total Soluble Concentration

The chemical conditions in the waste and in the infiltrating water can change over time. This can
lead to a change in the leach rate, the total soluble concentration, and the distribution
coefficient. The code can accommodate changes in the leach rate and in the soluble
concentration, but not changes in the distribution coefficient. The code cannot accommodate
changes in the distribution coefficient because it does not compute the concentration profile of
the radionuclides in the transport zones.
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2.5.3 Manner in Which Changes Occur over Time

In the code, the releasable fraction, the leach rate, and the soluble concentration can be
specified up to nine times. The first value specified will occur as a step function; the values will
be zero prior to the first value and will change to the specified value at the specified time. For
each of the subsequent changes, the user can specify whether the change in the value occurs
gradually over the preceding time interval or stepwise at the specified time.

2.5.4 First-Order Leaching of the Same Radionuclide in Multiple Forms

Instead of the entire releasable fraction being subject to the same first-order leach rate, the user
can choose to model a scenario in which up to nine different portions of the releasable material
each undergo a different first-order rate-controlled release. In this case, each portion can
become releasable at its own specific time and is released at its own specific leach rate. The
releasable fraction and the leach rate of each portion remain constant over time.

2.6 RESRAD-ONSITE Conceptualization and Transfer Mechanism

When seen in light of the discussions in Sections 2.3 and 2.4, the conceptualization in
RESRAD-ONSITE code can be viewed as one of the two conceptualizations described in
Sections 2.6.1 and 2.6.2. RESRAD-OFFSITE retains this as the “TRESRAD-ONSITE Exponential
Release Model” choice of conceptualization of the primary contamination, and it is used by the
“Simulate the RESRAD-ONSITE code” File menu option in the RESRAD-OFFSITE code. In
addition to this “Simulate the RESRAD-ONSITE code” option, there is also an “onsite scenario
template” option under the File menu. These options in RESRAD-OFFSITE code, described in
Appendices K and L, increase the range of modeling options provided to users to fit their
modeling needs. In both conceptualizations, all the solids in the primary contamination are
assumed to be contaminated. The initial activity concentrations of the radionuclides are
specified in terms of the mass of the entire primary contamination. The temporal changes
described in Section 2.5 are not applicable for these conceptualizations.

2.6.1 First-Order Rate-Controlled Transfer without Transport

In this conceptualization, the code transfers the radionuclides to the soil moisture according to a
user specified leach rate. These radionuclides are modeled as exiting the primary contamination
immediately upon transfer to the soil moisture. The code imposes an upper limit to the user-
specified leach rate.

2.6.2 Desorption-Adsorption Equilibrium Release from a Continuously Mixed
Primary Contamination

In this conceptualization, the entire primary contamination is within the mixing layer and mixing
occurs frequently enough to be modeled as continuously mixed. Transfer from the solid phase
to the aqueous phase in the primary contamination takes place according to an instantaneous
linear desorption-adsorption equilibrium. In this conceptualization, the expression for the
temporal variation of the release is identical to that from a first-order rate-controlled release
without transport. This conceptualization is similar to the conceptualization of the accumulation
in the mixing layer at offsite locations.
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3 EXPOSURE PATHWAYS, LOCATIONS, AND SCENARIOS

The RESRAD-OFFSITE computer code evaluates the radiological dose and excess cancer risk
to an individual who is exposed while within or outside the area of initial (primary) contamination
(Figure 3-1). The primary contamination, which is the source of all the releases modeled by the
code, is assumed to be a layer of soil. The code considers releases of contaminants from the
primary contamination to the atmosphere, to surface runoff, and to groundwater. It models the
movement of the contaminants from the primary contamination to agricultural areas, pastures, a
dwelling area, a well, and a surface water body. It also models the accumulation of
contaminants at those locations, where appropriate. Any contribution of the contaminants from
the water sources to the land-based locations is also modeled. Figure 3-2 depicts the primary
and secondary contamination locations that contribute to exposure.

In RESRAD-OFFSITE, the general principles for computing exposure are the same as for
RESRAD-ONSITE (Yu et al. 2001). The primary difference between the two codes is that
RESRAD-OFFSITE uses media concentrations at the time of exposure, while RESRAD-
ONSITE uses environmental transfer factors.
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Figure 3-1 Environmental Pathways and Exposure Locations
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Figure 3-2 Primary and Secondary Contamination Locations

3.1 Identification of Exposure Pathways

Table 3-1 identifies potential exposure pathways. The three major headings in the table—
external radiation, inhalation, and ingestion—correspond to the three exposure pathways by
which the receptor is subjected or exposed to radiation. In the first pathway, exposure is due to
external radiation from radionuclides outside the body. In the second and third pathways,
exposure is due to internal radiation from radionuclides that an individual inhales or ingests.
These three types of exposure pathways correspond to the three kinds of dose conversion
coefficients discussed in Section 4.

For each exposure pathway, radionuclides can migrate from a source to a human exposure
location (Figure 3-2) via many environmental transport pathways. The human receptor can be
onsite and/or offsite, as shown in Figure 3-1.

The footnotes of Table 3-1 describe the major pathways RESRAD-OFFSITE uses to calculate
dose or risk. When calculating dose or risk, the code does not account for minor pathways (e.g.,
air submersion) for exposure because the dose or risk contribution from these pathways is
expected to be insignificant. The transport and dosimetry for gaseous airborne radionuclides
other than radon decay products (e.g., C-14 occurring in CO> or tritium occurring in tritiated
water vapor) require special consideration (see Appendix F). Some of the minor pathways

(e.g., air submersion) that are not considered in RESRAD-OFFSITE are considered in
RESRAD-BUILD (Yu et al. 2003).



Table 3-1 Potential Exposure Pathways

External radiation
Ground shine
Volume source2P
Air submersion
Dust
Radon and radon decay products
Other gaseous airborne radionuclides
Water immersion

Inhalation
Dust®@
Radon and radon decay products?
Other gaseous airborne radionuclides®¢<

Ingestion
Food
Plant foods (vegetables, grains, and fruits)®¢
Meat?
Milka
Aquatic foods (fish, crustaceans, and mollusks)?
Water
Well water?
Surface water?
Soil?

& Pathway used to calculate dose or risk in RESRAD-
OFFSITE.

b The surface source can be approximated by assuming a very
thin layer of contamination (e.g., 0.1 cm).

¢ Special model for tritium includes a 50% dose increase to
account for dermal absorption of tritiated water. Inhalation of
H-3 in particulate form is not considered; only inhalation of
tritiated water vapor is considered.

4 Inhalation of C-14 in particulate form as well in carbon
dioxide form is considered.

¢ Special model for C-14 includes incorporation of CO; by
photosynthesis.

3.2 External Radiation from Contamination in Soil

Gamma and beta radiation from radionuclides distributed in soil due to primary or secondary
contamination are the dominant external radiation pathways and the only external radiation
pathways taken into account in calculating dose or risk in RESRAD-OFFSITE. Figure 3-3 shows
the direct external exposure locations and pathways RESRAD-OFFSITE considers for primary
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contamination and areas of secondary contamination. For example, an indoor or outdoor
receptor at the location of primary contamination is exposed directly to this primary
contamination; the receptor located at an offsite dwelling is exposed both to primary
contamination and to deposited contamination at the offsite dwelling (i.e., the secondary
contamination at that location). Chapter 5 discusses how the contamination from the primary
contamination is transported to areas of secondary contamination.

Fruit, grain, non-\
leafy vegetables

Offsite dwelling

Livestock grain

Figure 3-3 Direct External Exposure Locations and Pathways in
RESRAD-OFFSITE

3.2.1 Exposure from Primary Contamination

RESRAD-OFFSITE models the external radiation from primary contamination in soil for the
following situations:

» Exposure to radiation from the primary contamination while located indoors and
outdoors on the primary contamination.

» Exposure to radiation from the primary contamination while located indoors and
outdoors in an offsite dwelling that is outside the perimeter of the primary
contamination.

» Exposure to radiation from the primary contamination in an offsite agricultural

area that is outside the perimeter of the primary contamination while located
outdoors.
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3.2.2 Exposure from Secondary Contamination

RESRAD-OFFSITE models the external radiation from secondary contamination in soil for the
following situations:

» Exposure to radiation from the accumulation in the soil in the offsite dwelling
while indoors and outdoors in that dwelling.

» Exposure to radiation from the accumulation in the soil in an offsite agricultural
area while outdoors in that area.

3.3 Inhalation of Respirable Dust Particulates

An inhalation pathway consists of two segments: (1) an airborne release and a dispersion
segment that links the primary contamination with the respirable airborne radionuclides at an
exposure location, and (2) an inhalation segment that links the airborne radionuclides with the
exposed individual. The inhalation segment is characterized by an occupancy factor (equivalent
fraction of time during which an individual inhales contaminated air) and a factor for the
inhalation rate. Numerical values for these factors can be obtained using well-established
procedures (ICRP 1975). There are two steps to modeling the airborne release and dispersion
segment: (1) modeling the process by which radionuclides become airborne and (2) modeling
the process by which the airborne radionuclides are transported to a human exposure location
and diluted before inhalation. Details on calculating the air concentration of radionuclide
attaching to respirable dust particles at onsite and offsite locations are discussed in Chapter 5.
Special models for tritium as tritiated water vapor and C-14 as CO are presented in
Appendix F.

Figure 3-4 shows the inhalation exposure locations and pathways RESRAD-OFFSITE
considers, from both primary contamination and areas of secondary contamination. For
example, a receptor inside or outside at the primary contamination site is exposed to an air
concentration there, and the receptor located at an offsite dwelling is exposed to an air
concentration transported from the primary contamination, as well as an air concentration from
secondary contamination.

3.3.1 Particulates and Gaseous Radionuclides from Primary Contamination

RESRAD-OFFSITE models the effects of inhaling contaminated particulates and gaseous
radionuclides from primary contamination in the following situations:

* Inhalation of particulate matter and/or gaseous radionuclides released from the
primary contamination while located indoors and outdoors in an onsite dwelling
above the primary contamination.

* Inhalation of particulate matter and/or gaseous radionuclides released from the
primary contamination and transported to the offsite dwelling site by the
atmosphere while located indoors and outdoors in an offsite dwelling that is
outside the perimeter of the primary contamination.

* Inhalation of particulate matter and/or gaseous radionuclides released from the

primary contamination and transported to the offsite agricultural area while
located outdoors in that offsite agricultural area.
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Figure 3-4 Inhalation Exposure Locations and Pathways in RESRAD-OFFSITE

3.3.2 Particulates and Gaseous Radionuclides from Secondary Contamination

RESRAD-OFFSITE models the effects of inhaling contaminated particulates and gaseous
radionuclides from the secondary contamination for the following situations:

* Inhalation of re-suspended particulate matter and/or gaseous radionuclides from
the secondary contamination at the offsite dwelling site while located indoors and
outdoors there.

* Inhalation of re-suspended particulate matter and/or gaseous radionuclides from
the secondary contamination at the agricultural areas and pasture location while
located outdoors there.

3.4 Inhalation of Short-lived Radon progeny

For the radon pathway, inhalation dose results primarily from inhalation of radon decay
products. For this pathway, the radon decay product air concentrations onsite and offsite are
calculated. Quantitative details are presented in Appendix D.



3.4.1 Radon Emanating from Primary Contamination

RESRAD-OFFSITE models the effects of inhaling radon and its short-lived progeny emanating
from primary contamination for the following situations:

* Inhalation of radon that emanated from the primary contamination and its short-
lived progeny, while indoors and outdoors at the onsite dwelling location.

* Inhalation of radon that emanated from the primary contamination and was
transported to the offsite dwelling site by the atmosphere, and its short-lived
progeny that were produced during transport while indoors and outdoors at the
offsite dwelling.

* Inhalation of radon that emanated from the primary contamination and was
transported to the agricultural areas by the atmosphere, and its short-lived
progeny that were produced during the transport while outdoors in the offsite
agricultural area.

3.4.2 Radon Emanating from Secondary Contamination

RESRAD-OFFSITE models the effects of inhaling radon and its short-lived progeny emanating
from secondary contamination for the following situations:

» Inhalation of radon that emanated from the secondary contamination and its
progeny while indoors and outdoors at the offsite dwelling.

» Inhalation of radon that emanated from the secondary contamination and its
progeny while outdoors in the offsite agricultural area.

3.4.3 Radon Outgassing from Household Water

RESRAD-OFFSITE models the effects of radon outgassing from household water for the
following situation:

» Inhalation of radon released from contaminated water used inside a dwelling
(both onsite and offsite dwellings) and its progeny.

35 Ingestion of Food and Water

RESRAD-OFFSITE assesses five food and water ingestion pathway categories: plant foods,
meat, milk, aquatic foods, and water. The plant foods pathway activates when the crops
consumed grow in primary or secondary contaminated areas. The meat and milk pathway
activates when there is a potential of contamination in consumed meat or milk products. The
aguatic food pathway occurs only in areas where the topography and soil characteristics are
favorable for a manmade pond or any other surface water body. The water pathway activates
when well or surface water is used for drinking. The well cannot be within the primary
contamination, and the surface water body should not be on the primary contamination.

Plant foods are contaminated by root uptake while the roots grow in contaminated soil, foliar

uptake from contaminated dust deposited on the foliage, and foliar uptake from contaminated
irrigation water. Appendix F presents a special model to incorporate C-14 as CO; as a result of
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photosynthesis in plant foods. The meat is contaminated when the meat animal ingests
contaminated plant foods, water, and soil. The milk is contaminated when the milk-producing
animal ingests contaminated plant foods, water, and soil. Contamination in surface water
contaminates aquatic food. The offsite surface water body is contaminated by the influx of
contaminated soil removed from the primary contamination and catchment areas by surface
erosion, contaminated groundwater entering a surface water body, and dust from atmospheric
transport. Concentrations in plant foods, meat, milk, aquatic food, surface water, and
groundwater are discussed in Chapter 5.

3.5.1 Ingestion of Vegetables
Two types of plant foods consumed by humans include (1) leafy vegetables and (2) fruit, grain,
and nonleafy vegetables. Adding the doses from both food types produces the total dose.

RESRAD-OFFSITE models plant ingestion for the following situations:

» Ingestion of plants grown at the site of primary contamination and contaminated
by root uptake and foliar deposition.

* Ingestion of plants grown at the site of secondary contamination and
contaminated by root uptake and foliar deposition.

» Ingestion of plants irrigated with contaminated water.
3.5.2 Ingestion of Meat

Two types of plant foods consumed by the meat-producing animal include (1) grain and
(2) pasture and silage.

RESRAD-OFFSITE models the ingestion of meat from an animal grazing at the site of primary
contamination, and/or grazing at the site of secondary contamination, and/or consuming
contaminated water.

3.5.3 Ingestion of Milk

Two types of plant foods consumed by a milk-producing cow include (1) grain and (2) pasture
and silage.

RESRAD-OFFSITE models the ingestion of milk from a milk-producing cow grazing at the site
of primary contamination, and/or grazing at the site of secondary contamination, and/or
consuming contaminated water.

3.5.4 Ingestion of Aquatic Food

The aquatic food pathway describes the ingestion of fish, crustaceans, and mollusks from a
nearby surface water body contaminated by radionuclides. The radionuclides in the surface
water body come from three potential sources: (1) radionuclides in eroded soil from the primary
contamination or the catchment area that is carried by runoff, (2) radionuclides in groundwater,
and (3) deposition of airborne particulates.
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3.5.5 Ingestion of Water
Both well water and surface water can be used for drinking. RESRAD-OFFSITE uses the

fraction of well water blended with or supplemented by surface water to calculate the total
contribution from the well and from the surface water.

3.6 Incidental Ingestion of Soil

The soil ingestion pathway corresponds to direct ingestion of contaminated soil. The surface soll
at offsite locations is contaminated from deposition of contaminated particulates from the
atmosphere and runoff and due to irrigation with contaminated water.

3.6.1 Exposure from Primary Contamination

RESRAD-OFFSITE models the soil ingestion from the site of primary contamination.

3.6.2 Exposure from Secondary Contamination

RESRAD-OFFSITE models the soil ingestion from the site of secondary contamination.

3.7 Exposure Scenarios

Exposure scenarios are patterns of human activity that can affect the release of radioactivity
from the contamination and the amount of exposure received at the exposure location. This
section describes the principal exposure scenarios that RESRAD-OFFSITE can model.
Additional potential scenarios that require refinements and additional components for the code
are also discussed, where appropriate. The four principal scenarios are rural resident farmer,
urban resident, worker, and recreationist. The principal exposure scenarios can give rise to
specific sub-scenarios, such as office worker, industrial worker, or construction worker within the
worker scenario. Sections 3.7.1 through Section 3.7.4 list these possibilities. The pathways
relevant to the various scenarios are summarized in Table 3-2 through Table 3-11.

As described in Travers (2003), the exposure scenarios that need to be considered for each site
can be arrived at by determining the potential land use of that specific site and then considering
the exposure groups of receptors that are relevant to each of those potential land uses. The
land use of a site is governed by the zoning and planning of the municipality. Hence, a reliable
exposure scenario can be developed by considering the municipality zoning district and future
planning/development of the site.

Different combinations of land use and exposure group can lead to the same generic exposure
scenario. For example, a maintenance worker in a public park or golf course and a resident
maintenance worker in a large apartment complex would both fall under the generic
maintenance worker scenario. These exposure scenarios would each have different input
parameters to reflect the differences in land use and in activities these people perform. Thus,
the land use/exposure group approach is necessary for conducting site-specific analyses and
developing input values for the exposure scenarios.

This report focuses on the principal exposure scenarios that RESRAD-OFFSITE can model. It
does not deal with the selection of exposure scenarios or parameter development for them.
Thus, it does not use the land use/exposure group approach. Instead, it overviews the main
generic exposure conditions associated with the principal exposure scenarios.
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It is not practical to provide an exhaustive list of all the exposure scenarios that RESRAD-
OFFSITE can model. Chapter 2 presents information that is useful in deciding whether this code
can be used to model other exposure scenarios. Methods for developing site-specific scenarios
and for modifying principal scenarios based on site characteristics are given in Chapter 5 and
Appendix | of NUREG-1757 (Schmidt et al. 2006). The general scenarios given in Table 1.3 of
NUREG-1757, Volume 2, for sites with contamination in soil can be modeled using either the
principal scenarios listed in Sections 3.7.1 through Section 3.7.4 or as a sub-scenario of one of
the principal scenarios.

Table 3-2 Exposure Pathways Considered for a Rural Resident Farmer Scenario

Location of Contamination

Agricultural  Surface

Dwelling  Land and Water

Exposure Pathway Site Pasture Body Well
External radiation Yes Yes No NA2
Inhalation of dust particulates and Yes Yes NA NA
gaseous radionuclides
Inhalation of short-lived radon progeny Yesb Yesb Yesb Yesb
Ingestion of vegetables, fruit, and grain NA Yes Yes Yes
Ingestion of meat NA Yes Yes Yes
Ingestion of milk NA Yes Yes Yes
Ingestion of aquatic food NA NA Yes NA
Ingestion of soill Yes Yes NA NA
Ingestion of water NA NA Yes Yes

a NA = not applicable.

b The radon pathway can be excluded for decommissioning of contaminated
facilities and sites seeking unrestricted release under the NRC's license
termination rule (Federal Register, July 21, 1997, at 62 FR 39083).
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Table 3-3 Contamination Pathways Considered for a Rural Resident Farmer Scenario

Location of Contamination

Agricultural  Surface
Dwelling  Land and Water

Contamination Pathway Site Pasture Body  Well
Deposition of dust from primary Yes Yes Yes NA2
contamination
Interception of groundwater infiltrating NA NA Yes Yes
from primary contamination
Surface runoff from primary Yes Yes Yes NA
contamination
Surface runoff from catchment No No Yes NA
Irrigation water from well and/or Yes Yes NA NA

surface water body

a NA = not applicable.

Table 3-4 Exposure Pathways Considered for an Urban Resident Scenario

Location of Contamination

Agricultural  Surface
Dwelling  Land and Water

Exposure Pathway Site Pasture Body Well
External radiation Yes NA2 No NA
Inhalation of dust particulates and Yes NA No NA

gaseous radionuclides

Inhalation of short-lived radon progeny YesP NA YesP Yesb
Ingestion of vegetables, fruit, and grain  Maybe® NA Maybe  Maybe
Ingestion of meat NA NA NA NA
Ingestion of milk NA NA NA NA
Ingestion of aquatic food NA NA Maybe NA
Ingestion of sail Yes NA NA NA
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Table 3-4 (Cont.)

Location of Contamination

Agricultural  Surface
Dwelling Land and Water
Exposure Pathway Site Pasture Body Well

Ingestion of water NA NA Maybe  Maybe

a NA = not applicable.

b The radon pathway can be excluded for decommissioning of contaminated
facilities and sites seeking unrestricted release under the NRC’s license
termination rule (Federal Register, July 21, 1997, at 62 FR 39083).

¢ Maybe = not suggested for the default scenario; can be considered, if appropriate.

Table 3-5 Contamination Pathways Considered for an Urban Resident Scenario

Location of Contamination

Agricultural  Surface
Dwelling Land and Water

Contamination Pathway Site Pasture Body Well
Deposition of dust from primary Yes NA2 MaybeP NA
contamination
Interception of groundwater infiltrating NA NA Maybe  Maybe
from primary contamination
Surface runoff from primary NA NA Maybe NA
contamination
Surface runoff from catchment NA NA Maybe NA
Irrigation water from well and/or Maybe Maybe NA NA

surface water body

a NA = not applicable.
b Maybe = not suggested for the default scenario; can be considered, if appropriate.
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Table 3-6 Exposure Pathways Considered for the Worker Scenario

Location of Contamination

Surface
Work Agricultural  Water
Exposure Pathway Sited Land® Body Well
External radiation Yes Yes NAC NA
Inhalation of dust particulates and Yes Yes NA NA
gaseous radionuclides
Inhalation of short-lived radon Nod Nod NA NA
progeny
Ingestion of vegetables, fruit, and NA NA NA NA
grain
Ingestion of meat NA NA NA NA
Ingestion of milk NA NA NA NA
Ingestion of aquatic food NA NA NA NA
Ingestion of soail Yes Yes NA NA
Ingestion of water NA NA Maybe¢ Maybe

a  For office worker, industrial worker, and construction worker scenarios.

b For agricultural worker scenario.

¢ NA = not applicable.

d  The radon pathway can be excluded for decommissioning of
contaminated facilities and sites seeking unrestricted release under the
NRC'’s license termination rule (Federal Register, July 21, 1997, at 62

FR 39083).

e Maybe = not suggested for the default scenario; can be considered, if

appropriate.
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Table 3-7 Contamination Pathways Considered for the Worker Scenario

Location of Contamination

Surface
Work  Agricultural  Water
Contamination Pathway Site?d LandP Body Well
Deposition of dust from primary Yes Yes Yes NAC¢
contamination
Interception of groundwater infiltrating from NA NA Yes Yes
primary contamination
Surface runoff from primary contamination NA No Yes NA
Surface runoff from catchment NA No Yes NA
Irrigation water from well and/or surface NA Yes NA NA

water body

a  For office worker, industrial worker, and construction worker scenarios.
b For agricultural worker scenario.

¢ NA = not applicable.

Table 3-8 Exposure Pathways Considered for a Sportsperson or Outdoorsperson
Recreational Scenario

Location of Contamination

Agricultural Land
and Pasture

Representing Surface Well to
Dwelling Forest or Other Water  Represent

Exposure Pathway Site Outdoor Areas Body a Spring
External radiation NA2 Yes No NA
Inhalation of dust particulates and NA Yes No NA
gaseous radionuclides
Inhalation of short-lived radon
progeny
Internal radiation NA Yesb NA NA
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Table 3-8 (Cont.)

Location of Contamination

Agricultural Land
and Pasture

Representing Surface Well to
Dwelling Forest or Other Water Represent
Exposure Pathway Site Outdoor Areas Body a Spring
Ingestion of vegetables, fruit, and NA Maybe¢ Maybe Maybe
grain
Ingestion of meat NA Yes Yes Yes
Ingestion of milk NA NA NA NA
Ingestion of aquatic food NA NA Yes NA
Ingestion of soail NA Yes NA NA
Ingestion of water NA NA Maybe Maybe

a NA = not applicable.

b The radon pathway can be excluded for decommissioning of contaminated facilities and
sites seeking unrestricted release under the NRC's license termination rule (Federal
Register, July 21, 1997, at 62 FR 39083).

¢ Maybe = not suggested for the default scenario; can be considered, if appropriate.

Table 3-9 Contamination Pathways Considered for a Sportsperson or Outdoorsperson
Recreational Scenario

Location of Contamination

Agricultural Land  Surface Well to
Dwelling and Pasture (for Water Represent
Contamination Pathway Site forest) Body a Spring

Deposition of dust from primary NA2 Yes Yes NA
contamination

Interception of groundwater NA NA Yes MaybeP
infiltrating from primary
contamination
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Table 3-9 (Cont.)

Location of Contamination

Agricultural Land  Surface Well to
Dwelling and Pasture (for Water Represent
Contamination Pathway Site forest) Body a Spring
Surface runoff from primary NA No Yes NA
contamination
Surface runoff from catchment NA No Yes NA
Irrigation water from well and/or NA NA NA NA

surface water body

a NA = not applicable.

b Maybe = not suggested for the default scenario; can be considered, if appropriate.

Table 3-10 Exposure Pathways Considered for the Park or Playfield

Recreational Scenario

Location of Contamination

Agricultural
Land and
Pasture (for Surface
Dwelling park or Water
Exposure Pathway Site playfield) Body Well
External radiation NA2 Yes NA NA
Inhalation of dust particulates and NA Yes NA NA
gaseous radionuclides
Inhalation of short-lived radon
progeny
Internal radiation NA YesP NA NA
Ingestion of vegetables, fruit, and NA NA NA NA
grain
Ingestion of meat NA NA NA NA
Ingestion of milk NA NA NA NA
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Table3-10 (Cont.)

Location of Contamination

Agricultural
Land and
Pasture (for  Surface
Dwelling park or Water
Exposure Pathway Site playfield) Body Well
Ingestion of aquatic food NA NA NA NA
Ingestion of soill NA Yes NA NA
Ingestion of water NA NA Maybe¢ Maybe

a NA = not applicable.

b The radon pathway can be excluded for decommissioning of contaminated
facilities and sites seeking unrestricted release under the NRC’s license
termination rule (Federal Register, July 21, 1997, at 62 FR 39083).

¢ Maybe = not suggested for the default scenario; can be considered, if
appropriate.

Table 3-11 Contamination Pathways Considered for a Park or Playfield Recreational

Scenario
Location of Contamination
Agricultural
Land and
Pasture (for  Surface
Dwelling park or Water
Contamination Pathway Site playfield) Body Well
Deposition of dust from primary NA2 Yes Yes NA
contamination
Interception of groundwater infiltrating from NA NA Yes Yes
primary contamination
Surface runoff from primary contamination NA No Yes NA
Surface runoff from catchment NA No Yes NA
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Table 3-11 (Cont.)

Location of Contamination

Agricultural
Land and
Pasture (for  Surface
Dwelling park or Water
Contamination Pathway Site playfield) Body Well
Irrigation water from well and/or surface NA MaybeP NA NA

water body

a NA = not applicable.

b Maybe = not suggested for the default scenario; can be considered, if appropriate.
3.7.1 Rural Resident Farmer Scenario

The most conservative case that would result in the highest exposure would be a self-sufficient
resident farmer-survivalist who produces all food to meet his dietary needs in the affected area.
All exposure pathways would be active. A more likely variation would be the sub-scenario of a
semi-self-sufficient resident farmer who purchases some food to meet his dietary needs from
outside the affected area. Although we expect that all the pathways would still be active, the
ingestion parameters would reflect the reduced reliance on food from the affected area.
Depending on the location and topography, the farmer could obtain water primarily from a well
or from a surface water body. It is also possible that some portion or all of the farmed areas and
the dwelling would be located directly above the primary contamination.

A second variation of this principal scenario would arise if the extent of the impacted area was
large. In this case, a significant portion of the food a person used to meet dietary needs would
be produced in the affected area, although not by the same individual. The occupancy factor
would need to decrease to reflect the applicable situation. For example, a person who lives
elsewhere might pick the food at a cooperative farm or purchase it from a roadside stand or
farmer’s market.

3.7.2 Urban Resident Scenario

In the urban resident scenario, it is likely that the meat, milk, and aquatic food pathways would
be inactive and that input appropriate for the location of the affected area would be used for
modeling. Depending on the location of the water supply and the type of water treatment
process, the drinking water and household water pathways might be inactive. If the resident’s
dwelling is a house, seasonal vegetable consumption from a home garden would be a
possibility. If the dwelling is an apartment or townhome, the vegetable pathway might be
inactive. The urban resident might work at a different location that was also in the affected area.
Direct modeling of this variation is not currently possible, but an informed user can adjust the
occupancy in the unused agricultural area to model this sub-scenario. The code can expand to
include an offsite work area at a location different from the offsite dwelling when the dwelling
model is refined.
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3.7.3 Worker Scenario

In the worker scenario, the drinking water, vegetables, meat, milk, and aquatic food pathways
would be inactive. The occupancy, shielding, inhalation, and incidental soil ingestion parameters
would be different for various types of workers, for example, office worker, industrial worker, and
construction worker. Either the offsite or the onsite dwelling location could be appropriate for
these scenarios. The relevant agricultural area would be used to model a farm worker. A
combined urban resident worker sub-scenario would be necessary if the worker also resided in
an affected area.

3.7.4 Recreationist Scenario

Numerous recreational use scenarios are possible. They could range from an avid sportsperson
or outdoorsperson who would obtain a significant portion of his meat and fish from the affected
area to a person who would hike in an affected area for only a few hours in a year.

The vegetable, milk, and drinking water pathways would be turned off for the
sportsperson/outdoorsperson scenario, although the ingestion of some wild berries,
mushrooms, and spring water would be plausible. The ingestion rates for meat and aquatic food
would depend on the available game and aquatic organisms at the location. All the water used
by livestock would probably come from surface water. The irrigation rate should be set to reflect
the situation modeled, because the foraging area would likely not be irrigated.

A person who routinely trains or exercises in an affected playfield or park, or a person who
regularly spends time in a park, is another likely candidate for recreational exposure. The
vegetable, meat, milk, aquatic food, and drinking water pathways would be turned off for this
scenario. The park or playfield could be modeled as the outdoor occupancy of the offsite
dwelling, since the park/playfield option is not available.

RESRAD-OFFSITE is not currently equipped to model a swimmer or boater. A module to
compute the direct exposure from the contaminants in the lake would have to be added. A more
detailed lake model, which considers potential stratification and turnover of the lake and the
rate-controlled release from the sediments, might also be necessary.

3-19






4 CALCULATION OF DOSE AND RISK

RESRAD-OFFSITE calculates radionuclide concentrations in different environmental media as
a function of time and then uses the concentrations in different environmental media to compute
intake, dose, and risk. The total dose or risk is the sum of dose or risk from individual pathways.

The radiological doses and risks are all time-integrated quantities. The dose reported for a
particular time is the dose over a period of 1 year beginning at the specified time. The risk
reported for a particular time is the value over an exposure duration beginning at the specified
time. The exposure duration for risk calculation is the length of time the receptor is exposed to
radiation at the site. Hence, exposure duration may be different for different exposure scenarios.

RESRAD-OFFSITE finds the time-integrated dose (or risk) by performing a trapezoidal
integration using the dose (or risk) rates at the beginning and end of the time interval and at all
the calculation time points that fall within the time interval (1 year for dose and the exposure
duration for risk). If the end of the time integration interval does not coincide with a calculation
time point, the rate at the end is found by interpolating between the two calculation time points
around it.

The total annual dose, D(t), received by a member of the critical population group at time t
following the radiological survey of the site (mSv/yr [mrem/yr]) is given by

DB = ) Y Diyp(®)

i=1n p

where Dip(t) is the annual dose received by a member of the critical population group beginning
at time t from the it principal radionuclide transported through the pt" environmental pathway,
together with its associated decay products (mSv/yr [mrem/yr]). D(t) is the sum of annual doses
over all active pathways, p, and the number of principal radionuclides present, n.

Principal radionuclides are radionuclides with half-lives greater than the cutoff half-life selected.
In RESRAD-OFFSITE, the user can select any cutoff half-life greater than or equal to

10 minutes. The decay products of any principal radionuclide down to, but not including, the
next principal radionuclide in its decay chain are called associated radionuclides. The code
assumes that the associated radionuclides are in secular equilibrium with the preceding
principal radionuclide during transport and at the point of exposure. Appendix A contains a
detailed discussion on the radionuclide database used in RESRAD-OFFSITE.

The criterion for releasing a site for use without radiological restrictions is generally based on
dose limit. For dose limit criteria, the site should not exceed the dose limit within the time
horizon:

D(t)<D,t,. <t<t,
where
D(t) = annual dose received by a member of the critical population group at time

t following the radiological survey of the site (mSv/yr [mrem/yr]) from all
active pathways, p, and all principal radionuclides, n, present at a site,

D. = basic dose limit,

tr = time at which the site is released for use without radiological restrictions

following the radiological survey, and

tn = time horizon.
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The time at which a radiological survey is performed is the time of origin, or time 0. The time at
which a site is released after the radiological survey has been performed is the release time, or
time t,.

4.1 External Pathway Dose and Risk from Contamination in Soil

RESRAD-OFFSITE calculates external pathway dose/risk from primary contamination and
secondary contamination for different situations, as discussed in Section 3.2. The exposure for
each of the situations is computed as the product of the following:

* The dose conversion factor or slope factor for external radiation, for a volume
source of infinite thickness and infinite area, from the chosen dose factor library

(ImSv yr"V[Ba g™ or [risk yri)/[Ba g”);
* The concentration of the radionuclide in the soil (Bq g'l [pCi g'l]);

* An occupancy and indoor shielding factor to account for the time spent at the
location and for the shielding from any building components while indoors;

» A cover and depth factor to account for the finite thickness of the contamination
and for any intervening clean cover between the contamination and the receptor;
and

* An area and shape factor to account for the finite area and shape of the
contaminated soil and for the position (location) of the receptor in relation to the
contaminated area.

All the above factors, except for the occupancy factor, depend on the radionuclide. The shape of
the primary contamination can be specified to be circular or polygonal. The location of the onsite
and offsite dwellings in relation to the primary contamination can also be specified. The offsite
areas (dwelling and agricultural areas) are assumed to be circular, with the receptor located at
the center of the circle, when calculating the exposure from external radiation. Detailed
discussion on external dose calculation is included in Appendix B.

4.2 Inhalation Pathway Dose and Risk from Respirable Dust Particulates

The code calculates inhalation pathway dose/risk for each of the situations discussed in
Section 3.3 as the product of the following:

» The dose conversion factor or slope factor for the radionuclide from the chosen
dose factor library ([mSv Bq™] or [risk Bq™']),

* An occupancy and indoor filtration factor to account for the time spent at the
location and for the filtration of dust by any building components while indoors,

e The inhalation rate (m3yr?), and

« The concentration of the radionuclide in the air at the exposure location (Bq m=).
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The inhalation of gaseous carbon-14 (CO,) and hydrogen-3 in vapor form (H;O) is also
computed and reported under this exposure pathway. Thus, the inhalation exposure reported for
carbon-14 includes exposure from both the particulate form and the gaseous form. Different
dose conversion factors can be used for the two forms of carbon-14. The inhalation exposure
reported for hydrogen-3 is for the vapor form only and includes a 50% increase to account for
the absorption of 3HHO through the skin at a rate equal to 50% of the breathing rate (ICRP
1979-1982). Appendix C contains a detailed discussion of inhalation dose calculation.

4.3 Inhalation Pathway Dose and Risk from Radon and Short-lived Progeny

Appendix D describes the methodology used to calculate the radon pathway. RESRAD-
OFFSITE models exposure by using the concentration of radon and its short-lived progeny at
indoor and/or outdoor locations; time spent indoors and/or outdoors; and radon and its progeny
slope factors or radon dose conversion factors from the risk factor library or dose factor library.

4.4 Ingestion Pathway Dose and Risk from Food and Water

The exposure from the ingestion of water, plant-derived food, meat, milk, and aquatic food is
computed as the product of the following:

» The dose conversion factor or slope factor for the radionuclide and food type
from the chosen dose factor library ([mSv Bq'l] or risk library [risk Bq'l]),

» The ingestion rate (kg yr? or L yr?),
* The fraction of the food that was obtained from the contaminated areas, and
» The concentration of the radionuclide in the food (Bq kg*or Bq L?).

4.5 Incidental Soil Ingestion Pathway Dose and Risk

The exposure from the incidental ingestion of soil is computed by summing the product of the
following at the onsite location and at each of the offsite locations:

* The dose conversion factor or slope factor for the radionuclide from the chosen
dose factor library ((mSv Bq™] or [risk Bq™]),

« The incidental ingestion rate of soil (g yr?),
» The fraction of time spent at the onsite or offsite location, and

* The concentration of the radionuclide in the soil at the onsite or offsite location
-1
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5 CONCENTRATIONS OF RADIONUCLIDES
IN ENVIRONMENTAL MEDIA

The locations of contamination considered for each exposure pathway are discussed in
Chapters 3 and 4. These locations are listed below with a brief indication of why the
concentrations of radionuclides need to be evaluated at each location:

» Concentrations of radionuclides in the primary contamination (activity/g of porous
medium in the primary contamination). These are used to compute the onsite
exposure from external radiation, inhalation of radon progeny, and ingestion of
vegetables, meat, and milk for exposure scenarios that are wholly or partially
onsite; the exposure from external radiation at offsite exposure locations; and
release from the primary contamination to infiltration.

» Concentrations of radionuclides in the surface soil at the primary contamination
(activity/g of surface soil). These are used to compute the exposure from the
inhalation of particulates; ingestion of vegetables, meat, and milk; incidental
ingestion of soil for exposure scenarios that are wholly or partially onsite; and
releases from the primary contamination to the atmosphere, to runoff and to
infiltration.

» Concentrations of radionuclides contained in respirable particulates in the air
above the primary contamination (activity/m?3 of air). These are used to compute
the exposure from the inhalation of particulates at onsite exposure locations.

» Concentrations of radionuclides contained in all particulates in the air above the
primary contamination (activity/m?® of air). These are used to compute the
deposition on the foliage for scenarios that are wholly or partially onsite.

» Concentrations of radionuclides contained in all particulates in the air above
offsite exposure locations and above the catchment (activity/m? of air) due to
release from the primary contamination. These are used to compute the
deposition on the foliage, offsite exposure locations, surface water body, and
catchment.

« Concentrations of radionuclides dissolved in a surface water body (activity/m? of
water). These are used to compute the exposure from the use of water from the
surface water body for cooking, drinking, and other household purposes; for
irrigation; for livestock; and from the ingestion of aquatic food.

» Concentrations of radionuclides dissolved in well water (activity/m? of water).
These are used to compute the exposure from the use of well water for cooking,
drinking, and other household purposes; for irrigation; and for livestock.

» Concentrations of radionuclides in surface soil at offsite exposure locations
(activity/g of surface soil). These are used to compute the exposure from external
radiation; inhalation of particulates; inhalation of radon progeny; ingestion of
vegetables, meat, and milk; and incidental ingestion of soil for exposure
scenarios that are wholly or partially offsite.
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» Concentrations of radionuclides contained in respirable particulates in the air
above offsite exposure locations (activity/m?® of air) from both the release from the
primary contamination and the local area of secondary contamination. These are
used to compute the exposure from the inhalation of particulates at offsite
exposure locations.

RESRAD-OFFSITE models the release of radionuclides from the primary contamination, the
transport of the radionuclides that were released from the primary contamination to the locations
of exposure, and the accumulation of the radionuclides at those exposure locations in order to
compute the concentrations of the radionuclides at the locations listed above. These are
described in the following sections (i.e., Sections 5.1, 5.2, and 5.3).

51 Concentrations at the Location of and Releases from the Primary
Contamination

Section 2.3 of this manual describes different conceptualizations of the primary contamination
available in the code. Section 2.4 describes different mechanisms available in the code to model
the transfer of radionuclides from the solid to the agueous phase of the contaminated media.
This section describes how the code computes the concentrations of the radionuclides in the
primary contamination and in the surface mixing layer and the releases to infiltration, surface
runoff, and the atmosphere. The mathematics of these computations and detailed descriptions
of the output files to which the calculated values are written are in Appendix G.

5.1.1 Concentrations of Radionuclides in the Release-Immune Part of
Contaminated Media

Radionuclides in contaminated media that is isolated from the environment by intact and
effective engineered barriers will be immune from release (Section 2.5). The concentrations of
release-immune radionuclides are affected only by radiological transformation; the Bateman
eguations compute these concentrations as a function of time. The code does not output
temporal values of the release-immune concentrations, but it outputs the sum of the release-
immune and release-susceptible concentrations to the file SFSIN.DAT (Section G.16).

5.1.2 Concentrations of Radionuclides in the Release-Susceptible Part of
Contaminated Media

Radionuclides in contaminated media that is subject to the environmental processes of
infiltration, erosion, and/or mixing are susceptible to release. The concentrations of release-
susceptible radionuclides are affected by transfer to infiltration and by radiological
transformation. Release to the infiltrating water occurs uniformly over the primary contamination
when the transfer mechanism is first-order rate controlled; it is modeled as being uniform under
the equilibrium solubility transfer mechanism. Thus, the code uses a modified form of the
Bateman equations to compute the release-susceptible concentrations of radionuclides for
which the user selects the equilibrium solubility or the first-order rate-controlled transfer options.
The code does not output the temporal values of the release-immune concentration, but it
outputs the sum of the release-immune and release-susceptible concentrations to the file
SFSIN.DAT (Section G.16).

The desorption-adsorption equilibrium of the radionuclide between the solid phase and the

aqueous phase of the contaminated material is modeled as being achieved instantaneously.
The transfer of the radionuclides occurs at the up-gradient part of the primary contamination

5-2



under this assumption; the concentration is not constant over the primary contamination. The
code does not calculate the release-susceptible concentration profiles of the radionuclides for
which the equilibrium desorption option is chosen; for these radionuclides, it only computes the
release at the down-gradient edge of the primary contamination. Therefore, the releases of
radionuclides in particulates to the air and in eroded material to runoff are not generally modeled
for radionuclides for which the user chooses the equilibrium desorption transfer mechanism.
The gaseous release of hydrogen-3, carbon-14, and the two isotopes of radon are also not
generally modeled, if the equilibrium desorption transfer mechanism is chosen for those
radionuclides.

5.1.3 Concentrations of Radionuclides Being Transported in the Primary Contamination

Concentration profiles of radionuclides during transport in the primary contamination are not
currently computed by the code under any of the three transfer mechanism options.

5.1.4 Concentrations of Radionuclides in the Surface Soil Mixing Layer above the
Primary Contamination

If the primary contamination has a clean cover on top of it, the surface soil layer will remain
clean until the cover erodes and is of the same thickness as the mixing layer. The code
computes the erosion rate using the universal soil-loss equation (Shen and Julien 1993).

As the cover continues to erode, increasing amounts of material from the primary contamination
will mix into the surface soil mixing layer, and erosion will remove some of the mixed soil. Thus,
the volume fraction of material from the primary contamination in the mixing layer will increase
over time, but the fraction will not be linearly related to time. If the cover and the primary
contamination have different densities, the density of the mixing layer will also change over
time. The code models the volume fraction and the density by considering the changes in these
guantities due to material from the primary contamination entering the mixing layer and the loss
of mixed material from the mixing layer due to erosion. The code outputs the ratio of the
concentration in the mixing layer to the concentration in the primary contamination to the file
CZTHICKS3.DAT (Section G.16).

5.1.5 Release of Particulates to the Atmosphere

Radionuclides in the surface soil layer at the top of the primary contamination can be released
into the atmosphere because of human activity such as farming, or because of a non-
anthropogenic process such as wind. The code models release into the air under the
assumption that the rate of release of particulates from the surface soil layer to the air is equal
to the rate of deposition of the particulates from the air to the surface soil layer. The code uses
two user inputs, the mass loading of particulates in the air above the primary contamination and
the deposition velocity of the particulates, to compute the release rate of the particulates. The
release-susceptible concentrations of radionuclides in the surface layer and the release rate of
the particulates are used to calculate the release rates of radionuclides associated with
particulates. Both the release of radionuclides associated with respirable particulates and the
release of radionuclides associated with all particulates are calculated. The code outputs the
release associated with particulates to the atmosphere to the file AIFLUXIN.DAT (Section G.16).
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5.1.6 Release of Eroded Material to Runoff

Radionuclides in the surface soil layer at the top of the primary contamination can be released
to runoff following intense rainfall. The code computes the erosion rate of the surface layer
using the universal soil-loss equation (Shen and Julien 1993) which takes into account user
input values related to the erodibility of the soil, energy/intensity of the rainfall, length and slope
of the surface, vegetation, agricultural practices, and conservation practices. The code uses the
release-susceptible concentrations of radionuclides in the surface layer and the erosion rate to
calculate the release rate of radionuclides to runoff. The code outputs the release associated
with erosion to runoff to the file SWFLUXIN.DAT (Section G.16).

5.1.7 Equilibrium Desorption Release to Infiltration

Section 2.4.1 describes the equilibrium desorption transfer mechanism. The code assumes that
equilibrium between the radionuclides adsorbed on the soil solids and the radionuclides in
solution in the interstitial pore water is attained instantaneously and is characterized by a linear
distribution coefficient. Under these assumptions, radionuclides transfer rapidly to the infiltrating
water at the up-gradient edge of the primary contamination until the concentrations of
radionuclides in the water reach values proportional to the concentrations that remain in the rest
of the primary contamination. The proportionality constant is the distribution coefficient. Once
the infiltrating moisture attains the equilibrium concentration, there is no further net transfer of
radionuclides from the radionuclide-bearing material to the infiltrating water as it moves through
the primary contamination. The advective-dispersive transport of radionuclides from where they
are transferred to the down-gradient edge of the primary contamination is modeled to compute
the release from the primary contamination. The releases at the down-gradient boundary are
output to the file AQFLUXIN.DAT (Section G.16).

Because the concentration of radionuclides in the pore water is proportional to the concentration
in the primary contamination at desorption-adsorption equilibrium characterized by the
distribution coefficient, the rate of transfer is proportional to the concentration in the primary
contamination while the duration of transfer is independent of the concentration in the primary
contamination. Hence, the magnitude of the release, the concentration of the radionuclide in
groundwater and computed dose vary linearly with the concentration of radionuclides in the
primary contamination. This allows the code to extrapolate or interpolate the results of a single
deterministic run to compute a derived concentration guideline level (DCGL). The DCGL is the
activity concentration of a radionuclide in the contaminated medium that will ensure that the
predicted dose from that radionuclide and the progeny that grow from its transformations stay
within the specified dose limit over the time horizon.

5.1.8 Equilibrium Dissolution Release to Infiltration

Section 2.4.2 describes equilibrium dissolution release. The equilibrium is characterized by the
total soluble concentration of the element. The soluble concentration of the element is
apportioned between isotopes of the element in proportion to their inventories. The code
assumes that radionuclides of each isotope transfer from the solid phase to the infiltrating water
uniformly over the transport dimension of the primary contamination so that the concentration of
the isotope attains its apportioned soluble concentration when the water reaches the down-
gradient edge of the primary contamination. The rate of transfer is constant over the length of
transport but varies over time as the relative inventory of the isotope changes because of the
different half-lives of the isotopes and/or if the user specifies changes to the soluble
concentration over time. The code models the un-retarded advective-dispersive transport of the
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radionuclides from where they are transferred to the down-gradient edge of the primary
contamination to compute the release from the primary contamination. The transfer from the
solid phase to the soil moisture is output to the file AQTRANIN.DAT, and the release at the
down-gradient boundary is output to the file AQFLUXIN.DAT. These two files are described in
Section G.16.

Because the total soluble concentration of an isotope does not vary linearly with that isotope’s
concentration in the primary contamination, the rate of transfer, too, will not vary linearly with the
concentration in the primary contamination. Furthermore, the duration of the transfer depends
on the concentration in the primary contamination. Thus, the computed dose will not necessarily
vary linearly with the concentration of the radionuclide in the primary contamination, and the
code cannot compute the guideline by extrapolating the results of a single deterministic run.

5.1.9 First-Order Rate-Controlled Release to Infiltration

Section 2.4.3 describes first-order rate-controlled release. The radionuclide’s rate of transfer
from the solid phase of the primary contamination to the pore water is proportional to that
radionuclide’s concentration in the primary contamination and occurs uniformly over the
transport length of the primary contamination. The code models the advective-dispersive
transport of radionuclides from where they are transferred to the down-gradient edge of the
primary contamination to compute the release from the primary contamination. The transfer
from the solid phase to the soil moisture is output to the file AQTRANIN.DAT, and the release at
the down-gradient boundary is output to the file AQFLUXIN.DAT. These two files are described
in Section G.16.

Because the radionuclide’s rate of transfer from the solid phase to the infiltration water is
proportional to the radionuclide’s concentration in the primary contamination, the computed
dose will vary linearly with the concentration of the radionuclide in the primary contamination.
This allows the code to extrapolate or interpolate the results of a single deterministic run to
compute a DCGL. The DCGL is the activity concentration of a radionuclide in the contaminated
medium that will ensure that the predicted dose from that radionuclide and its progeny stay
within the specified dose limit within the time horizon.

5.1.10 Diffusion-Controlled Release to Infiltration

Section 2.3.3 describes diffusion-controlled release. Some of the pores of the nuclide-bearing
material contain water. The code models radionuclides in the pore water as being in desorption-
adsorption equilibrium with the radionuclides in the solid phase of the radionuclide-bearing
material; the equilibrium is characterized by a linear distribution coefficient. The code assumes
this pore water has a continuous connection within the radionuclide-bearing material and the
initially clean soil surrounding the radionuclide-bearing material. The code models the diffusive
transport of the radionuclide through the connected pore water in the nuclide-bearing material
into the surrounding soil.

To compute the release from the primary contamination, the code models the advective-

dispersive transport of radionuclides from where they enter the surrounding soil to the down-
gradient edge of the primary contamination.
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5.1.11 Gaseous Releases to the Atmosphere

The code models gaseous releases of hydrogen-3 and carbon-14 as occurring from the
releasable inventory of radionuclides contained within the evasion layer. It assumes
radionuclides below the evasion layer are unable to escape as water vapor or as carbon
dioxide; the thickness of the evasion layer for carbon-14 is a user input, while that for hydrogen-
3 is fixed in the code. The evasion rate, the fraction of the releasable inventory within the
evasion layer released per unit time, is a user input for carbon-14, and the code computes the
rate for hydrogen-3. The details of the computation appear in Appendices F and G.

The code numerically models diffusive transport of the radon isotopes, generated in the primary
contamination, through the pores in the primary contamination and through any clean cover to
determine the release of radon into the atmosphere. The release of radon into any building on
or above the contaminated layer is modeled by including diffusion through the concrete floor of
the building. Appendix D contains the details of these computations. The flux of radon is output
to the file RadonFlux.OUT.

5.1.12 Concentrations of Radionuclides in Airborne Particulates above the
Primary Contamination

The particulates in the air above the primary contamination are a mixture of particulates that
originated from the primary contamination and particulates that blew in from elsewhere. The
code uses the particle size and average wind speed to compute the fraction of particulates that
came from the primary contamination. It then uses the mass load of the particulates above the
primary contamination and the concentrations of radionuclides in the surface soil to compute the
concentrations of radionuclides in particulates above the primary contamination. The code
computes the concentrations of radionuclides in respirable particulates and in particulates of all
sizes.

5.1.13 Concentrations of Gaseous Radionuclides above the Primary Contamination

The code computes the concentration of hydrogen-3 in the form of water vapor and the
concentration of carbon-14 as carbon dioxide in the air above the primary contamination by
assuming that the releases of these forms—described in Section 5.1.11—mix within a
rectangular prism of air above the primary contamination.

The code calculates concentrations of radon isotopes and their short-lived progeny in the air
above the primary contamination by assuming that releases of radon isotopes (Section 5.1.11)
mix within a rectangular prism of air above the primary contamination. It also computes the
ingrowth of the short-lived progeny as the radon is transported from various parts of the primary
contamination to the onsite receptor.

5.2 Transport from Primary Contamination to Offsite Locations

The code models the atmospheric transport of the particulate and gas releases and the
groundwater transport of the aqueous release to infiltration. It also accepts input of the fate of
the erosion release to runoff. The offsite location to which transport is modeled can be an
exposure location or it can be an intermediate location from which the radionuclides are
transported by a different mechanism.
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5.2.1 Atmospheric Transport

The code contains formulations to model the transport of radionuclides by wind, from the
primary contamination to the locations of accumulation and exposure: the farmed areas, the
offsite dwelling, the surface water body, and the catchment of the surface water body.

The code contains formulations for a sector-averaged Gaussian plume from a chronic release. It
uses atmospheric conditions (joint frequency data of wind direction, wind speed, and stability
class) in stability array (STAR) format; has three built-in options to compute the atmospheric
dispersion coefficients; considers confinement of the plume by a stable layer with different
mixing heights before and after noon; and accounts for both wet and dry deposition. It also
considers buoyancy-induced dispersion, heat energy of the plume, wind speed corrections, and
height adjustments for terrain that slopes up from the primary contamination to the offsite
location. It models ingrowth of the three short-lived radon progeny during the atmospheric
transport of radon.

These formulations are implemented in two different ways. The concentrations of radionuclides
in the air at the offsite locations (for inhalation, foliar deposition, and deposition on the offsite
locations) are computed using an implementation that has been in the code since the first
version. The primary contamination and the offsite locations are split into a number of small
rectangles with side lengths that are less than a user-specified value. The code computes the
atmospheric transport from each congruent small rectangle in the source to each congruent
small rectangle in the offsite location, then sums and averages the resulting concentrations over
the offsite location. This implementation can be applied when the primary contamination and the
offsite location do not overlap. The accuracy of the computations depends on the user-specified
limit to the side length of the small rectangle. The code outputs the results of the atmospheric
transport calculations to the file CHIOVERQ.OUT.

Because it is conceivable that the catchment area of the surface water body and the primary
contamination could overlap, a new method to model atmospheric transport and deposition to
and from overlapping areas is developed. The code calculates deposition from atmospheric
transport from an increasing number of points within the primary contamination over the
catchment until the results converge to within a user-specified criterion. The code outputs
intermediate results of these calculations to SectorDepletedFraction.OUT. Appendix | describes
the formulations and the output file.

5.2.2 Groundwater Transport

The code contains formulations to model the transport of radionuclides by ground water—
vertically down the unsaturated layers and horizontally from the primary contamination—to the
well and the surface water body.

The code models vertical transport in the unsaturated layers, which can include the primary
contamination, by considering advective and dispersive transport in the vertical direction,
radiological transformations that occur during the transport, and radionuclide-specific
interactions between the solid and aqueous phases of the unsaturated layer. These
formulations compute the transfers, i.e., the areally integrated flux, across the boundary
between each adjacent pair of unsaturated zones and finally across the water table. The
transfer across the water table is output to the file WTFLUXIN.DAT (Section G.16).
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Transport in the saturated layers, which can include submerged primary contamination, is
modeled by considering advective transport in the horizontal direction; longitudinal and
transverse dispersive transport including reflections of the plume off the lower impermeable
boundary and the water table, as necessary; radiological transformations that occur during
transport; and radionuclide-specific interactions between the solid and aqueous phases of the
saturated layer. The formulations can compute both the profile of the flux across a vertical plane
surface and the profile of the concentration over a vertical plane. The areally integrated fluxes
from the aquifer to the surface water body are output to the file GWtoSWBFLUX.DAT

(Section G.16). The transverse profiles of the fluxes and concentrations of the radionuclides at
the locations of the well and the surface water body are output to files PROFILEW.OUT and
PROFILES.OUT. Appendix H describes the formulations.

5.2.3 Fate of Eroded Material in Runoff

The code does not model in detail the fate and transport of material eroded by runoff. Instead, it
accepts user input specifying the fractions of the material eroded from the primary
contamination and subsequently deposited at the offsite exposure locations and in a surface
water body, as well as the fraction of material deposited on the catchment and subsequently
washed out to the surface water body.

5.3 Accumulation and Concentrations at Offsite Locations

Concentrations at some of the offsite locations are obtained directly from the formulations for
release and transport. The concentrations at other offsite locations also involve formulations for
accumulation at the final and or intermediate locations.

5.3.1 Concentrations of Radionuclides in Well Water

The groundwater transport formulations compute the concentration profile of each radionuclide
in the transverse plane—the plane perpendicular to the direction of groundwater flow—that
contains the well. The code does not model any effects well pumping will have on this
concentration profile. It estimates the concentration in the well water by finding the average
concentration over the flow lines in the transverse section that are assumed to be intercepted by
the well. This is described in Appendix H.

5.3.2 Concentrations of Radionuclides in a Surface Water Body

Concentrations of radionuclides in the surface water body are modeled by considering its water
balance, sediment balance, and radionuclide balance. The processes considered in each
balance are listed below. Appendix J describes the formulations.

The water balance considers the interception of groundwater by the surface water body, inflow
of runoff and stream flow from the catchment into the surface water body, precipitation on the
surface water body, evaporation from the surface water body, stream flow and extraction out of
the surface water body, and infiltration from the surface water body into the aquifer (Figure 5-1).
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Precipitation Evaporation
Stream inflow and runoff

Figure 5-1 Water Balance of the Surface Water Body

The sediment balance considers the influx of eroded material from the catchment, removal of
sediments with stream flow and extraction out of the surface water body, settling of suspended
sediment, and changes in the amount of suspend sediment (Figure 5-2).

From erosion and washout

ant - cacdimeaents - ack Hibatim

Figure 5-2 Sediment Balance of the Surface Water Body

The radionuclide balance includes the influx of radionuclides in the water that is intercepted
from the aquifer, in the eroded particulates from the primary contamination, in the runoff from
the catchment containing a fraction of the airborne contaminated particulates that were
deposited there, and in the airborne particulates that are deposited directly on the surface water
body; also considered are the removal of radionuclides with stream flow and extraction out of
the surface water body, in the infiltration from the surface water body to the aquifer, and in the
sediments that are isolated in the deeper layers of the bottom sediment; and finally the
equilibrium partitioning of radionuclides between the water, the suspended sediments and the
bottom sediments, and the effect of radiological transformations (Figure 5-3).
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Figure 5-3 Radionuclide Balance in Surface Water Body

5.3.3 Concentrations of Radionuclides in Surface Soil at Offsite Locations

The code models the concentrations of the radionuclides in the surface soil layer at the offsite
locations by considering the deposition of particulates containing radionuclides from the
atmosphere, settling eroded material out of the runoff from the primary contamination, influx of
radionuclide in irrigation applied to the offsite location, mixing of the surface layer, erosion of the
surface layer, linear adsorption-desorption partitioning between the solid and aqueous phases
of the surface layer, and radiological transformations of each radionuclide and its parent
radionuclides Figure 5-4). The formulations are described in Appendix J, and the concentrations
are available in the deterministic graphics viewer.

Influx (irrigation water, eroded material, particulates from air)
Lost to erosion

Linear adsorption / desorption leaching

Figure 5-4 Radionuclide Balance in Offsite Mixing Layer
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5.3.4 Concentrations of Radionuclides in Air in Particulates at Offsite Locations

The contaminated particulates in the air at the offsite locations are a mixture of the
contaminated particulates released from the primary contamination and transported by the
atmosphere, and the contaminated particulates released from secondary contamination at the
offsite locations. The code computes the contribution of the former using the release rate of the
radionuclide in particulates in Section 5.1.5 and the concentration to release rate ratio from the
atmospheric transport in Section 5.2.1. It computes the contribution from the latter using the
concentration of the radionuclide in the surface soil at the offsite location in Section 5.3.3 and
the mass loading of particulates from the offsite location. Both the concentration of the
radionuclide associated with respirable particulates and the concentration of the radionuclide
associated with all the particulates are computed. The formulations are described in Appendix J,
and the concentrations are available in the deterministic graphics viewer.

5.3.5 Concentrations of Radionuclides in Vegetables and in Livestock Feed

The code models the root uptake from the primary and secondary contaminations, the foliar
interception of particulates released from the primary contamination but not from the secondary
contamination, foliar interception of contaminated irrigation water, translocation of the
radionuclides intercepted by the foliage to the edible part of the plant, and losses due to
weathering. The code models two classes of vegetables and two classes of animal feed. The
formulations are described in Appendix J, and the concentrations are available in the
deterministic graphics viewer. The code also models the incorporation of carbon-14 into plants
by photosynthesis from carbon dioxide released from the primary and secondary contamination.

5.3.6 Concentrations of Radionuclides in Meat and in Milk

The code computes concentrations of the radionuclide in meat and milk using transfer factors
that are in essence ratios of the concentrations to the intake rates. It models the intake of
radionuclides from ingesting livestock feed and water and the incidental ingestion of soil with the
feed. The formulations are described in Appendix J, and the concentrations are available in the
deterministic graphics viewer.

5.3.7 Concentrations of Radionuclides in Aquatic Food

The code computes concentrations of the radionuclide in two classes of aquatic food—fish and
crustaceans—using transfer factors or bioaccumulation factors. This factor is simply the ratio of
the concentration in the aquatic food to the concentration in the water where the fish lived. The
formulations are described in Appendix J, and the concentrations are available in the
deterministic graphics viewer.
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6 UNCERTAINTY AND SENSITIVITY ANALYSIS TOOLS

RESRAD-OFFSITE code has built-in tools to study parameter sensitivity and uncertainty of
calculated dose and risk. Both sensitivity analysis and uncertainty analysis help users to
understand the effects of input parameters on model results. Once the important parameters are
identified, resources might be focused to refine and understand their potential values.

Many factors may contribute to the uncertainty of predicted dose and risk. These factors include
uncertainty of exposure scenarios, future use and zoning of the site, applicability of the models
and their limitations, and uncertainty and variability of input parameters. Furthermore, user
experiences and training may affect their interpretation of scenario and selection of parameter
values. RESRAD-OFFSITE has built-in features to prevent users from misuse of the code such
as setting and checking parameter bounds and prompting users when calculated quantities are
outside normal ranges or design of the code. Among all these uncertainty factors, parameter
uncertainty can be studied using the built-in sensitivity analysis and probabilistic uncertainty
analysis tools.

6.1 Overview of Tools

Uncertainty and probabilistic analysis are used to determine the variation in predictions (dose,
risk, or media concentrations) due to uncertainty in the values of some parameters and the
probabilistic nature of other parameters. This type of analysis can also be used to identify input
parameters that are responsible for much of the variation in output. Then the resources can
focus on reducing any uncertainty in those parameters in order to efficiently reduce the variation
in the predicted dose, risk, or media concentrations.

Deterministic sensitivity analysis is much simpler and quicker to set up, run, and interpret results
because it considers the change of some result based on a discrete change in only one input
parameter. Probabilistic uncertainty and sensitivity analyses are more comprehensive, but
correspondingly more difficult and slower to set up, run, and interpret because multiple
parameters can vary simultaneously based on both a probabilistic input distribution (e.g.,
normal, uniform, log-normal) and input correlations between input parameters.

With the capabilities of studying multiple parameters and their correlations simultaneously,
probabilistic uncertainty analysis can address more complex aspects of parameter sensitivity,
generate probabilistic results, and generate results based on regulatory standards. Regulatory
guidance issued by the NRC for decommissioning nuclear facilities (NUREG-1757, Vol. 2)
discusses consideration of peak of the mean (POM) and mean of the peak (MOP) outputs from
probabilistic analyses for demonstrating compliance with regulatory standards for license
termination found in 10 CFR Part 20, Subpart E.
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6.2 Deterministic Sensitivity Analysis

Sensitivity of some model result, R, to an input parameter, X, is often defined as the fractional
change in R given a small factional change in x (i.e., [AR/R]/[ Ax/x]). This sensitivity will in
general depend on the value of the input parameter, x, the size of the increment in the input
value (although hopefully this will be somewhat independent as the increment decreases), the
value of all other input values (X), the time, and the specific result of interest. For regulatory
purposes, the sensitivity value of interest might be the sensitivity of the peak total annual dose,
with all parameters set at the agreed-upon use scenario (e.g., subsistence farming at the site).

The RESRAD-OFFSITE code does not calculate this sensitivity, but instead graphically show
the result R as a function of time for three values of the input parameter of interest. The three
input values are the base input value multiplied and divided by a user-provided factor

(Figure 6-1). This allows a quick visual interpretation of the importance of the parameter along
with its time, pathway, and nuclide dependence. Although the selection of the factor is not very
important, since the default will indicate a good qualitative indication of whether the result is
sensitive to the parameter, the factor might be chosen to match the potential range of the input
value based on the uncertainty or variability of the parameter.

Set Sensitivity Analysis Range

Yanable Description:

Longitudinal dispersivity of Saturated Zone to
well

Variable Name:

ALPHALOW

Multiply and Divide
the vanable's
deterministic value

by:
o _.1—:'5 Lower Value: 1.5
g i- pa‘?> Base Value: 3
o5 Upper Value: 6
ofr |

0K Cancel ‘ No Analysis

Figure 6-1 Form to Set Sensitivity Range

6.2.1 Examples

Some examples of expected sensitivities are helpful. Several are provided in Table 6-1.
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Table 6-1 Examples of Deterministic Sensitivity Analysis Results

Scenario

Example Plot

If the result is directly proportional to the
input R = ax, then the sensitivity is 1. The
graphs would show that the result doubles if
the input parameter doubles.
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Sometimes the time dependence of the
result will change with a parameter’s value
(the graph shows the dependence of the
timing of peak dose on precipitation rate).
However, the DCGL is based on the peak
dose, so in this case there is very little
sensitivity of the result (peak dose) to the
input (precipitation rate).

6.2.2 Parameters to Determine Release Contributions

Sometimes it is easier to determine contributions of environmental transport/release or
exposure pathways to the total dose, and then focus on the parameters that influence the

dominant pathway. Table 6-2 lists parameters that different release and exposure pathways
(air, water, external, erosion) are most sensitive to.
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Table 6.2 Parameters That Determine Release Conditions

Release/Exposure

Pathway Variable
Erosion to pond Sediment delivery ratio.
Release to air Deposition velocity (in primary contamination form).
External dose Direct external dose is split in the graphics by the “waterborne” and

“direct and airborne” components. To distinguish the latter two, the
deposition velocity (in the Nuclide form) can be used.

Release to groundwater For transport pathways through the well, the well-water usage

and surface water parameters can be set. For transport pathways to the surface
water body (which can also be contaminated by air deposition and
erosion), there are no specific parameters that control release to
the pond without having a side effect on other pathways.

6.3 Uncertainty

6.3.1 Overview

Parameter uncertainty might arise from a lack of detailed characterization, the variability of a
parameter, or problems forecasting future conditions. Although it would be nice to have a
functional form of the uncertainty of the result, given the uncertainty of the inputs, this is rarely
simple to do. In the simplest case, if the result is the product of two normally distributed input
parameters, then the probability distribution of the result would be the convolution of the input.
This would result in a normal distribution with a wider standard deviation.

In general, it is easier to construct the probability distribution of the result based on many
standard calculations where each calculation is based on single values of the input. The values
to use from the input distributions are based on their relative probability. There are two ways of
doing this. The first is a standard random method (Monte Carlo) that generates a probability
between 0 and 1 and then back-calculates the corresponding input value (i.e., the cumulative
probability of the input being less than the identified value is the random number). A more
refined way to select the input values, which gives the same statistically determined results but
does not require as many calculations, is the Latin hypercube sampling (LHS) method (see the
following section for discussion). A typical uncertainty/probabilistic analysis input/output is
illustrated in Figure 6-2. The process starts on the left with the user specifying a series of
probability distributions for inputs. When the code is run, these distributions are sampled to
generate a series of complete set of RESRAD-OFFSITE input values. Each set is run,
generating dose results which are saved. When all the sets have been run, the code performs
statistical analysis on the set of results and prepares the data for the user to interactively
explore the results.
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Figure 6-2 Uncertainty/Probabilistic Analysis

6.3.2 Input

Probability distributions for parameters. The users need to select the probability distribution
function and the corresponding distribution parameters. Default distributions are available in
RESRAD OFFSITE for many parameters. If default distributions are unavailable or it is
appropriate to use site-specific information to develop parameter distributions, parameter
distributions can be developed based on the following considerations:

* When available or important to the decision being made, site-specific information
about the site, region, or some characteristics such as soil type should be used
to develop the parameter distribution.

* A uniform distribution should be selected, if the relative probability is unknown
but should be tested over a range. This also includes log-uniform, triangular, and
normal distribution (Figure 6-3) as more information is gathered.

» Adiscrete distribution should be selected, if only specific values of the parameter
are used (Figure 6-4). This, in conjunction with another parameter set with a
smooth distribution, will lead to multiple distinct result curves to test its
dependence on the two parameters.
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Help on Statistical Distributions
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Figure 6-4 Specifying a Discrete Distribution for
Probabilistic Analysis

Correlations between pairs of input parameters. This is based on rank correlation, so the
correlation is between +1, fully positive correlation i.e., the highest value of one parameter
matches with the highest value of the correlated parameter, to -1, where the highest values of
one parameter are matched with the lowest of the second. Figure 6-5 shows an example of an
input screen for specification of the correlation between two parameters. Precipitation rate and
erosion rate are correlated with a positive rank correlation coefficient of 0.9. The following are
some considerations when specifying correlations between parameters:

* No default nonzero correlations are specified (i.e., the user must provide input on
parameter correlations).



* Some parameters are expected to be correlated, such as precipitation and

erosion.

Input Rank Correlations ]

Yanable 1

Precipitation

Yariable 2

— Rank Comelations

Dutput specifications

|PRECIP

=]

vz

Contaminated zone erosion rate

=l

Remove cormnelation

|

Rank Cormrelation Coefficient

| Update Correlation table |

Figure 6-5 Specifying Input Correlations

» Distribution coefficients, Kds, should be considered for correlation, especially if
the default distributions (very wide log-normal distribution with ranges of about
1 million) are used (Figure 6-6). If there is some commonality between the zones
(e.g., the distribution coefficient is similar in the zones but just not known), then a
positive correlation should be used between each pair of zones. For example,
with a primary contaminated zone (PCZ), unsaturated zone (UZ), and saturated
zone (SZ), correlations of the Kd in these zones should include PCZ/UZ,
PCz/Sz, and UZ/SZ. If this last correlation is not specified, the code might not be
able to generate a usable sample.

Sample specifications

1 Parameter distributions ] Input Rank Comelations ] Dutput specifications

Variable 1 Variable 2 RCC
DCACTC(Cs-137) DCACTS(Cs-137) E
DCACTC[Cs-137) DCACTU1([Cs-137) 99
DCACTS(Cs-137) DCACTU1(Cs-137) .99

—Rank Cormelations

Variable 1 DCACTC[Cs-137) =

Kd of C¢-137 in Contaminated Zone

Variable 2 [pcacTui(Cs-13: + ]

Kd of Cs-137 in Unsaturated Zone 1

Figure 6-6 Setting up Correlation among Three Related Parameters
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* Another special case is the distribution coefficients for isotopes, which are
assumed to be isotope-dependent, not just element-dependent (Figure 6-7).
Therefore, if the distribution coefficients for uranium-238 and uranium-234 are set
up for uncertainty analysis in a zone, then the Kd values would very likely need to
be correlated (i.e., Kd(U238)/Kd(U234)).

Input Rank Correlations 1 Dutput specifications

—Rank Comrelations

Variable 1 DCACTU1(U-238 ~

Kd of U-238 in Unsaturated Zone 1

Variable 2 DCACTU1(U-234 ~

Kd of U-234 in Unsaturated Zone 1

Rank Comelation Coefficient

Figure 6-7 Setting up Correlation
among Isotopes

Number of Observations. This is the number of values that will be sampled from the distribution
of each input parameter specified in the parameter distributions tab. This number must exceed
the number of input parameters, if correlations are specified between inputs or if regression
statistics are to be produced. The accuracy of the probabilistic predictions can be improved by
increasing the number of observations.

Sampling Technique. The code offers a choice of two sampling techniques: LHS or Monte
Carlo. In the LHS technique, the distribution is divided into equally probable segments, equal in
number to the desired number of observations. Then a value is picked at random from each
segment according to the probability density function within that segment. This ensures that the
sample covers the entire range of the distribution, even when the number of samples is
relatively small. In the Monte Carlo technigue, the desired observations are each picked at
random from the entire distribution according to the probability density function. When the
number of samples is small, the sampled values do not represent the distribution as well as the
values obtained using LHS.

Number of Repetitions. This is the number of times the analysis needs to be repeated in order
to obtain a measure of the accuracy of the probabilistic predictions. Increasing the number of
observations increases the accuracy of the probabilistic predictions, but a measure of the
accuracy can be obtained only if the analysis is repeated. The closeness of the results, or the
lack thereof, is an indication of the accuracy, or lack of accuracy, of the predictions.

Figure 6-8 shows the sampling of a normal distribution with eight observations and three

repetitions, for a total of 24 points. Each repetition covers the range of inputs and is therefore
considered a separate complete sample set.
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Figure 6-8 Setting up the Number of Observations and Repetitions

6.3.3 Example of Sampling

A simple example of the sampling process demonstrates what the RESRAD-OFFSITE code
does. In this example, there is one parameter, the distribution coefficient of uranium-238 in the
saturated zone, selected for uncertainty analysis. This distribution is shown at the top of Figure
6-9. It is very difficult to understand this distribution because it very skewed, so instead the
cumulative probability distribution (Figure 6-9, middle) is shown. It is still difficult to determine
the range of the first 80% of the distribution, so the x-axis is put on log-scale (Figure 6-9,
bottom).

Note that the default probability distribution shown this way covers over 7 orders of magnitude
from 0.1 to 1 million cm®/g. This is a log-normal distribution. The input graphics will not show it
this way, but the graphics in the output are more flexible.

Also note that the median value (50%) is slightly lower than 100 cm?/g. The default value for this
parameter is 50 cm?/g.
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The actual sampling with the default random seed is shown in Figure 6-10. Note that the x-scale
covers just a subset of the one in Figure 6-9. The specific values of the Kd that were sampled
are on the right of the plot. Because it used LHS sampling, there is one point for every

9% increment in the cumulative probability.

LHS Sampling of the U-238 K4: 11 Observations
Cumulative Probability for Kd of U-238 in Saturated Zone Sampled U-238
10- Saturated Zone K, 's
A peage
2%%7 ' 934
3 0.7 4 | J 418
'g 0.6 4 f 282
< 05+ 127
= =
E ] s
5 03 4 8
02 A 5
0.1 + 1
00 t . + 1 N
1 10 100 1000 10000 100000
Kd of U-238 in Saturated Zone

Figure 6-10 LHS Sampling of Probability Distribution from Figure 6-9

Then the RESRAD-OFFSITE deterministic model is run for each value of the distribution
coefficient. Figure 6-11 shows the temporal plots of total dose for different distribution
coefficients. It shows that the temporal dose profiles differ with the distribution coefficient.
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Figure 6-11 Change in Temporal Dose Profile as Kd in the
Saturated Zone Changes

To perform a POM analysis, the mean (average) value of dose at each time is calculated (see
Figure 6-12). Then the peak dose of this mean dose curve is identified. This dose rate is then
used to determine the DCGL.
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Figure 6-12 Peak of the Mean Calculation

To perform a MOP analysis, the peak dose value of each curve is identified (see Figure 6-13).
Then the mean of the peak doses is calculated and used to determine the DCGL.
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Figure 6-13 MOP Analysis
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6.3.4 Results

Determining MOP. The cumulative distribution function (CDF) of the output can be used to
obtain any desired percentile of the output (dose or risk). The value of the percentile can be
obtained by keying in the desired percentile in the gray box in the x-axis frame on the right side
of the Probabilistic/Uncertainty Outputs screen (Figure 6-14). This frame also displays the mean
and the standard deviation of the output. Error ranges are shown where appropriate after a
plus/minus symbol (£). (If the error range is less significant than the number of significant figures

in the output, it will not be shown.)

Probabilistic / Uncertainty Outputs
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Figure 6-14

Determining the MOP with Uncertainty Results
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Determining POM. The temporal plot shows the variation of the mean, median, and one other
user-specifiable percentile of the total dose (dose summed over nuclides and pathways) with
time. The plots for all repetitions can be displayed together, as shown in Figure 6-15, to see the
variation among repetitions; plots of each repetition can also be displayed for clarity. The
coordinates of any location on the plot will be displayed in the yellow box when the cursor
moves to the desired point. The data from the plots for the corresponding year can be displayed
by clicking the mouse; the data for each of the repetitions will be shown in the yellow box at the
lower right of the form.

Probabilistic Temporal Plots

Plot choices

6320, - 245.6310 [+ 88th percentile
f All Repetiions - [ median
/" \ [ mean

~axe
Tirme

4740, 4 " ® Linear " Lograthmic
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Read data and Display graph |

1880 4+ Close
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1 t 1 1
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Figure 6-15 Determining POM with Uncertainty Results

Determining Sensitivity. Multiparameter sensitivity analysis can be performed using the
uncertainty feature by allowing more than one parameter to vary at the same time. A parameter
can be selected for this analysis by pressing Shift+F8 when the parameter is in focus. That
parameter will be included in an uncertainty analysis with a uniform distribution ranging from 0.9
to 1.1 of its current deterministic value. The sensitivity of the dose or risk to the parameters is
given by the standardized regression coefficient or the standardized rank regression coefficient.

The scatter plots of output against input are helpful in identifying the input parameters that have
a significant influence on the output, especially when there are a few significant input
parameters (Figure 6-16). However, it is not easy to visually pick out the important parameters
when they are masked by the compounding effects (interference) of other equally important
input parameters. The important parameters can be identified by using the regression
coefficients listed in the linear regression report (Figure 6-17).

Determining Multi-parameter Dependence. The uncertainty analysis feature can also be used
to see the variation of dose over the range of one parameter at various levels of another
parameter. The scatter plot of output against input is useful for seeing this variation and the
interaction between the inputs, as shown in Figure 6-18.
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7 VERIFICATION, BENCHMARKING, AND VALIDATION

The RESRAD-OFFSITE code was developed following the RESRAD program quality assurance
(QA) and quality control (QC) procedures. Various components of the code were verified by
separately developed spreadsheets, benchmarked against the RESRAD-ONSITE code for
onsite exposures, benchmarked with peer codes for atmospheric transport and groundwater
transport modeling, and benchmarked against the DUST-MS code (Sullivan 2006) concerning
delayed and distributed releases of radionuclides from waste materials. The following sections
provide additional discussion on each of these activities.

7.1 OA/QC Verification

Any beta version of the RESRAD-OFFSITE code was tested and verified prior to official release
following the procedure described in the RESRAD Program Software Configuration
Management Plan (SCMP) (Argonne 2018a). SCMP is part of the RESRAD Program Software
Quality Assurance Plan (Argonne 2018b), which meets the requirements of DOE Order 414.1D
(DOE 2011) and Argonne software QA guidance (Argonne 2017). Any revision made to the
code was tested and/or verified by the programmer, task leader, and independent reviewers via
different means, including interpreting and analyzing the results against physical principles and
mathematical expectations, as well as comparing the results with independent spreadsheet
calculations. The testing and verifications were documented with sufficient detail to be
reproduced and tracked in the future. RESRAD-OFFSITE is currently being evaluated by the
DOE safety software central registry review team for inclusion in the DOE safety software
toolbox.

7.2  Activities for Databases and Programming Modules Shared with
RESRAD-ONSITE

As previously mentioned, the RESRAD-OFFSITE code is an extension of the RESRAD-ONSITE
code, and the two share the same radiological transformation, dose coefficients, cancer slope
factors, biological transfer and uptake, and geochemical input databases, as well as many
transport and exposure programming modules. RESRAD-ONSITE has already been extensively
tested, verified, and validated, as documented in Chapter 5 of the RESRAD-ONSITE User’s
Manual and other documents (Yu et al. 2001; Halliburton NUS 1994; Cheng et al. 1995;
Gnanapragasam et al. 2000; Mills et al. 1997; Whelan et al. 1999a,b). The conclusions of this
testing, verification, and validation for the RESRAD-ONSITE code also apply to the RESRAD-
OFFSITE code, for the components both codes share.

In addition to the ICRP-38 radiological transformation database, the ICRP-107 transformation
database, the DCFPAK 3.02 and DOE STD dose coefficients, and the DCFPAK 3.02 cancer
slope factors were incorporated into RESRAD-ONSITE and RESRAD-OFFSITE in 2014 and
2016, respectively. Testing of switching between the ICRP-38 and ICRP-107 databases and of
the restriction imposed to allow the selection of only the corresponding DCF databases was
conducted prior to the release of Version 7.2 of the RESRAD-ONSITE code and Version 3.2 of
RESRAD-OFFSITE code. The testing was performed and documented following the RESRAD
program QA/QC requirements.



7.3 Verifying and Benchmarking Onsite Exposures

Detailed benchmarking of the RESRAD-OFFSITE and RESRAD-ONSITE codes was conducted
in 2006 (Yu et al. 2006) for an onsite exposure scenario that considered a farmer building a
house, growing plant foods, and raising livestock on a contaminated area. In addition, this
farmer also drew water for drinking and household activities, feeding livestock, and irrigating
agricultural fields from an onsite well and caught fish from an onsite pond. All exposure
pathways were considered for dose calculations.

Major differences were found in the radiation dose associated with the ingestion of food from the
aquatic pathway, due to the more sophisticated surface water model implemented in RESRAD-
OFFSITE. This new model considers the discharge of eroded soil to the surface water body, the
residence time of water, and equilibrium adsorption-desorption of radionuclides between
sediment and water. Other differences in radiation dose associated with the ingestion of
groundwater and the inhalation pathway as well as in the radiation dose of carbon-14 and
hydrogen-3 were also observed. These differences were attributed to the enhanced
groundwater transport model in RESRAD-OFFSITE, which considers dispersion, and minor
differences in the use of input parameter, the scheme of interpolation, and the number of time
points for dose integration. By setting the dispersivity to zero and adjusting the input parameter
values, these differences were eliminated or reduced, and the RESRAD-OFFSITE results
agreed well with the RESRAD-ONSITE results. This benchmarking study was documented in
Yu et al. (2006), which is available at the RESRAD website, http://resrad.evs.anl.gov.

Exercises comparing radiation doses calculated for an onsite exposure scenario by RESRAD-
ONSITE and RESRAD-OFFSITE were routinely incorporated in RESRAD-OFFSITE training
workshops to illustrate differences in the transport modeling and the use of input parameters
between the two codes. These exercises used the Onsite Scenario Template File provided by
RESRAD-OFFSITE. Where Am-241 was concerned, the largest difference was observed in the
water-dependent plant ingestion dose due to the different uses of the annual irrigation rate. After
adjusting the default irrigation rates that come with the template file, RESRAD-OFFSITE
calculated a plant ingestion dose close to that calculated by RESRAD-ONSITE. Detailed
discussions on the use of the Onsite Scenario Template File in RESRAD-OFFSITE and the
comparisons with RESRAD-ONSITE are provided in Appendix K of this User's Manual.

7.4  Verifying the Modifications and Extensions beyond Onsite Exposures

To allow for evaluation of offsite radiation exposures, some existing modules of the RESRAD-
ONSITE code were modified and new modules were added to develop the RESRAD-OFFSITE
code. The calculations of these modified or added modules were verified with spreadsheets that
implemented the same mathematical formulations. Detailed descriptions of these verifications
are available (Yu et al. 2011). They involve four programming components of the RESRAD-
OFFSITE code: (1) source term and releases, (2) groundwater transport, (3) atmospheric
transport, and (4) accumulation at offsite locations and in food.

Verification of the source term and releases consisted of verifying the temporal variations in
thickness and radionuclide concentration for the different layers of soil from the ground surface
to the bottom of the contaminated zone, and in the flux of radionuclides released to the
atmosphere, unsaturated zone, and surface water body. The verification of groundwater
transport included verifying transport in the unsaturated zone, in the saturated zone to the
surface water body, and in the saturated zone to a well. A decreasing and then an increasing
triangular input flux generated the output flux at the end of the transport distance for
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comparison. For atmospheric transport, the point-source-to-point-receptor normalized air
concentrations (x/Q values) were calculated for five different combinations of distance, direction,
wind speed, and stability class, and each combination was coupled with six different cases of
dispersion coefficient and dry/wet deposition. The accumulation in offsite soil was verified by
considering the deposition of radionuclides with the atmospheric dust particles and irrigation
water. Accumulation in the surface water body was also verified. Accumulation in different types
of plant food was verified, via root uptake and foliar interception due to deposition of airborne
dust particles and irrigation water. Similarly, the accumulation in meat and milk was verified, via
ingestion of grain, pasture, and silage, as well as soil and water.

The verification showed that the calculation results from RESRAD-OFFSITE agreed with those
from the spreadsheets.

7.5 Benchmarking the Air Dispersion Model

RESRAD-OFFSITE air transport modeling (Yu et al. 2006) was benchmarked in 2006 using
CAP88-PC (Parks 1992) and ISCLT3 (EPA 1995). Downwind air concentrations were compared
at receptor distances ranging from 100 to 80,000 m, associated with airborne releases from
area sources of 10,000 and 40,000 mZ.

In general, good agreement was observed between RESRAD-OFFSITE and CAP88-PC
regardless of an urban or rural setting, when dry/wet deposition was not considered. When
dry/wet deposition was considered, the difference in air concentration was less than 10%, 20%,
and 67% within a distance of 3,000, 10,000, and 80,000 m, respectively. RESRAD-OFFSITE
was benchmarked with ISCLT3 only when dry/wet deposition was not considered. For a rural
setting, good agreement was observed; for an urban setting, however, the difference ranged
from 9.5% to 109% depending on downwind distance. Benchmarking of RESRAD-OFFSITE
with ISCLT3 considering dry/wet deposition was not conducted because ISCLT3 uses a
different approach with significantly different input data requirements. The causes of the
differences in air concentrations were investigated and identified; these include differences in
the approaches for area averaging and the use of different mathematical forms to estimate
vertical dispersion as a function of downwind distance.

7.6 Benchmarking the Offsite Accumulation Models

The models to account for accumulation of radionuclides in soil at offsite locations due to
atmospheric dust deposition and water irrigation were first developed during the International
Atomic Energy Agency (IAEA) Biospheric Model Validation Study: Phase Il (BIOMOVS Il 1995,
1996) and were tested by participating in the Uranium Mill Tailings (UMT) Working Group’s
computer model comparison study. Developers of nine different computer models from different
countries were involved in the study.

Exposure scenarios due to the long-term releases of contaminants from UMT were developed,
and participants submitted predicted environmental media concentrations and radiation doses
for comparison. Two receptors, located 2.5 and 7.5 km, respectively, from a hypothetical UMT
pile (1,000 m x 500 m x 10 m), were concerned. The receptors planted lettuce and raised
livestock for consumption. The pasturelands were not irrigated, but the lettuce fields were
irrigated with either well water or lake water. The well water came from a well located 1,000 m
from the down-gradient edge of the UMT pile. The lake water came from a lake 5 km from the
UMT pile and recharged by a river situated 1,000 m from the down-gradient edge of the UMT
pile and flowed through the lake.



The RESRAD predictions of radiation dose associated with the atmospheric release and dust
deposition agreed well with those of other computer models. However, considerable differences
were found in the predictions of radiation dose associated with the groundwater release and
deposition of irrigation water. The associated peak and steady-state doses predicted by
RESRAD agreed well with the predictions from most of the other models. Nevertheless, the
breakthrough predicted by the RESRAD model occurred later, due to the differences in the
formulation of the retardation factor. The predicted change in dose from the RESRAD model
was sharper compared to the gradual change in other models, because other models accounted
for longitudinal dispersion. Detailed information on this IAEA model comparison study is
available (Gnanapragasam and Yu 1997; Gnanapragasam et al. 2000; BIOMOVS 11 1995,
1996).

When the groundwater release and deposition models were implemented in RESRAD-OFFSITE
after the BIOMOVS Il exercise, it was modified to account for longitudinal dispersion. This
modified groundwater transport model was benchmarked later with three multiple-pathway risk
assessment models (see Section 7.7).

7.7 Benchmarking the Groundwater Transport Model

During BIOMOVS I, the models that account for accumulation of radionuclides in soil at offsite
locations were developed, and the RESRAD-ONSITE modeling of groundwater transport was
enhanced to allow for calculation of groundwater concentrations at offsite locations. The
enhanced groundwater transport model was the early prototype of RESRAD-OFFSITE. The
model comparison study based on the UMT exposure scenarios illuminated not only the
differences in the soil accumulation model but also the differences in the groundwater transport
model between the RESRAD code and the other participating codes.

Another benchmarking exercise that involved the enhanced groundwater transport model of
RESRAD (now accounting for longitudinal dispersion) was the comparison study of multiple-
pathway risk assessment models that spanned from 1997 to 2000 (Laniak et al. 1997; Mills et
al. 1997; Whelan et al. 1999a, 1999b; Gnanapragasam et al. 2000). The other multiple-pathway
models involved in the comparison were PRESTO, MMSOILS, and MEPAS. The comparison
study considered the release of strontium-90 and uranium-234 from a contaminated soil source
and required the prediction of concentrations of strontium-90, uranium-234, and the progeny of
uranium-234 (e.g., thorium-230 and radium-226) in the groundwater aquifer as functions of time
and distance. A scheme that allowed for better consideration of longitudinal dispersion and
nuclide-specific transport rate for progeny radionuclides was developed and tested in this study.

In general, the concentration profiles predicted by PRESTO were quite different from those
predicted by RESRAD, MEPAS, and MMSOILS, because PRESTO did not account for
longitudinal dispersion. Among RESRAD, MEPAS, and MMSOILS, good agreement with the
concentration profiles of strontium-90 and uranium-234 was observed, if the same formulation
for the retardation factor was used. However, discrepancies were significant with the
concentration profiles of thorium-230 and radium-226, because each code adopted different
assumptions to simplify and solve the governing equations analytically. The predicted
concentration profiles of thorium-230 and radium-226 from the three codes also deviated from
those associated with the exact solutions, which were obtained by carrying out the complicated
calculations pertaining to the mathematical solutions of the governing equations with the use of
spreadsheets. When the transport zone was subdivided into smaller subzones according to the
scheme developed during this study, the enhanced groundwater transport model of RESRAD



produced much improved results for thorium-230 and radium-226; in other words, they were in
better agreement with the exact solutions (Ghanapragasam et al. 2000).

After this comparison study, the RESRAD-OFFSITE code was improved to allow the
unsaturated and saturated zones to be subdivided, if chosen by the user; when this option is
selected, the scheme to improve the predictions of progeny nuclide concentrations is
automatically implemented. The implementation of the scheme in RESRAD-OFFSITE was
successful, as tested by applying it to analyze the scenario considered in the comparison study
of multiple-pathway risk assessment models. The produced groundwater concentration profiles
for uranium-234, thorium-230, and radium-226 agreed well with the concentration profiles
associated with the exact solutions (Yu et al. 2006).

7.8 Benchmarking the New Source Term Model

The RESRAD-OFFSITE code was originally designed to analyze potential radiation exposures
from a contaminated soil source. From 2011 to 2013, under the sponsorship of NRC, the source
term was expanded to include non-soil sources that could be containerized and protected from
contact with soil water by engineering barriers. New features were added to allow consideration
of delayed and distributed contact of the source material with water over time, and to select a
release-controlled mechanism to estimate the release rates of radionuclides from the source
material. In addition to the new features, transport analysis of the released radionuclides from
the release point to the bottom of the contaminate zone was incorporated in the code. The new
source term model is available in RESRAD-OFFSITE Versions 3.1 and 3.2.

The new source term model was benchmarked by comparing the calculated release rates of
radionuclides across the bottom of the contaminated zone, from RESRAD-OFFSITE and from
DUST-MS and GoldSim. Five different cases for which radionuclide release rates were
calculated were developed; they had different sources of radionuclides, contaminated zone
dimensions, and water infiltration rates. The benchmarking with DUST-MS involved radionuclide
release rates based on uniform dissolution and equilibrium desorption. DUST-MS does not have
provisions to consider a first-order rate-controlled mechanism. Overall, very good agreement
was observed with the calculated release rates; the minor disagreement observed was
attributed to numerical dispersion, which is typical for numerical analysis codes such as DUST-
MS. Radionuclide release rates corresponding to the uniform dissolution, equilibrium desorption,
and first-order rate-controlled mechanisms were compared when benchmarking RESRAD-
OFFSITE with GoldSim. The results from both codes exhibited good agreement. The report

Yu et al. 2013 documents these benchmarking activities and includes detailed discussions.

The source term model was further enhanced over the past 2 years, resulting in more flexibility
and new features being incorporated, including up to nine time periods for specifying change in
the releasable fraction and two more release-controlled mechanisms: diffusion-controlled and
solubility-controlled (available in Version 4.0). Example applications of the available features
were developed to evaluate the disposal of different types of wastes—activated metal, grouted
and non-grouted transuranic wastes, and sealed sources—to a near surface trench.
Radionuclide release rates across the bottom of the trench were obtained with RESRAD-
OFFSITE and DUST-MS. Comparison of the release rates showed that RESRAD-OFFSITE
produced very close results to DUST-MS when the releases were controlled by uniform
dissolution, instantaneous desorption (no adsorption to the waste materials), or solubility. When
the releases were controlled by instantaneous desorption (with adsorption to the waste
materials) and diffusion, the release rates of parent nuclide predicted by RESRAD-OFFSITE
agreed well with those predicted by DUST-MS. However, the release rates of progeny nuclides
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showed discrepancies. The actual cause of discrepancy is not clear, but it could be due to the
different assumptions the two codes employ to handle the ingrowth of progenies during
diffusion. Appendix M of this report provides detailed discussions on the example applications of
the latest source term model, as well as a comparison of the release rates of radionuclides
predicted by RESRAD-OFFSITE and by DUST-MS.

7.9 Other and Future Activities

The RESRAD-OFFSITE code, determined to be appropriate for simulating the behavior of
naturally occurring radioactive material (NORM) in the environment, was used by the NORM
Working Group under the IAEA Environmental Modeling for Radiation Safety (EMRAS)
Program. The EMRAS NORM working group tested RESRAD-OFFSITE’s ability to evaluate
radiation exposures associated with NORM releases via different pathways, including the
inhalation of radon and its progeny. Three sets of hypothetical scenarios were developed for the
testing, involving a point source, an area source, and an area source plus a river. RESRAD-
OFFSITE was selected to evaluate the two scenarios involving an area source. The area source
was 1,000 m long, 1,000 m wide, and 10 m thick. RESRAD-OFFSITE calculated radiation doses
incurred by a resident building a house at the center of the contaminated area and at a distance
of 1,000 m from the edge of the area source. In addition to RESRAD-OFFSITE, DOSDIM +
HYDRUS (used together to analyze the scenarios) were also selected for testing. According to
the IAEA report for this exercise (IAEA 2007), the general agreement between DOSDIM and
RESRAD-OFFSITE was good, considering the different modeling approaches adopted by the
two codes.

Following the conclusion of the EMRAS program, IAEA carried out the Phase Il of the EMRAS
program, i.e., EMRAS II, in 2009. RESRAD-OFFSITE (as well as RESRAD-ONSITE) was
extensively used by the EMRAS Il Work Group 2 (WG2)—i.e., NORM and Nuclear Legacy Sites
WG—participants in several scenarios. The benchmarking results are included in the EMRAS I
WG 2 reports. The pre-publication report of the EMRAS Il WG 2 report, entitled Modelling
Approaches for Management and Remediation at NORM and Nuclear Legacy Sites, is available
at the EMRAS Il website (http://www-ns.iaea.org/projects/emras/emras2/default.asp).

After the EMRAS I, IAEA started a new program in 2012, i.e., Modelling and Data for
Radiological Assessments (MODARIA) Program. RESRAD-OFFSITE was used in the
MODARIA WG3 (NORM and Legacy Sites) for several benchmarking scenarios. The results of
MODARIA WG3 are being reviewed and will be published at the IAEA MODARIA website
(http://www-ns.iaea.org/projects/modaria/default.asp).

Currently, RESRAD-OFFSITE is used by the participants of the new IAEA MODARIA I
Program’s WG1 (Decision Making and NORM and Legacy Sites Working Group). The
MODARIA 1l WG1 information is at the IAEA MODARIA |l website (https://www-
ns.iaea.org/projects/modaria/modaria2.asp). Testing, verification, and validation of
RESRAD-OFFSITE will continue in the future when relevant datasets are available.


http://www-ns.iaea.org/projects/emras/emras2/default.asp
http://www-ns.iaea.org/projects/modaria/default.asp
https://www-ns.iaea.org/projects/modaria/modaria2.asp
https://www-ns.iaea.org/projects/modaria/modaria2.asp
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APPENDIX A:
RADIONUCLIDE TRANSFORMATION DATABASES,
ASSOCIATED DOSE FACTOR LIBRARIES, AND DOSE
ESTIMATION METHODOLOGY

This appendix discusses the radionuclide transformation databases, dose factor libraries, and
dose estimation methodology in the RESRAD-OFFSITE code.

A.1 Radionuclide Transformation Databases in RESRAD-OFFSITE

The user has an option to select the International Commission of Radiological Protection (ICRP)
Publication 107-based or ICRP Publication 38-based radionuclide transformation database.
Some radionuclides in the transformation database have a long decay chain with multiple
progeny. The code first generates all the threads in the decay chain. A thread is defined as a
unique decay sequence starting with the selected radionuclide and continuing to the last
radionuclide in the decay chain that decays to a stable isotope. One way of performing
calculations is to do a separate calculation for each thread and combine the contributions of
each thread at the end. In general, this process will take a very long time. RESRAD-OFFSITE
uses the concept of principal and associated radionuclides to reduce computation time. In
RESRAD-OFFSITE, threads that only include short-lived progeny (less than cutoff half-life) are
combined in a single thread (condensed thread). Section E.4 has examples of threads and
condensed threads in the long decay chains.

As mentioned in Chapter 4, the user can select a cutoff half-life from the values in the list (180,
30, 7, or 1 day][s]) or type in a value that is not less than 10 minutes. Radionuclides in the decay
chain with half-lives greater than the cutoff half-life are considered principal radionuclides, and
those with half-lives less than the cutoff half-life are considered associated radionuclides. The
associated radionuclides are assumed to be in secular equilibrium with the preceding principal
radionuclide in the same decay chain. The dose contributions of associated radionuclides are
included in that of the preceding principal radionuclide, by adding their dose coefficients to the
dose coefficient of the preceding principal radionuclide and then using the summed dose
coefficient to calculate internal dose.

RESRAD-OFFSITE explicitly models the movement and concentration of the principal
radionuclide in the environment. Some of the decay threads of a radionuclide will be identical
when viewed from the perspective of the principal radionuclides. The threads with the same
sequence of principal radionuclides can be combined into one condensed thread. This reduces
computation time. Chapter 5 has examples of threads and condensed treads.

A.1.1 ICRP Publication 38 Database

ICRP Publication 38 (ICRP 38) (ICRP 1983) contains radionuclide decay data for 838 nuclides.
For each radionuclide, the emissions are given by type, energy, and yield. The decay modes
include alpha decay, beta decay (beta plus and beta minus), electron capture, isomeric
transition, and spontaneous fission.

Table A.1-1 lists principal and associated radionuclides condensed thread fractions used in
dose or risk calculations for the ICRP-38 radionuclide transformation database using a 30 day
half-life cutoff.



Table A.1-1 Principal and Associated Radionuclides with a Cutoff Half-Life of 30 Day in
ICRP-38 Database

Principal Radionuclide®

Terminal Nuclide or Radionuclide¢

Half-Life Half-Life
Species (yn Associated Decay Chain® | Species (yn) Fraction
Ac-227+D 2.177E+01 | (Th-227 9.8620E-01), Ra- | Pb-207 *
223, Rn-219, Po-215, Pb-
211, Bi-211, (TI-207
9.9720E-01), (Po-211
2.8000E-03), (Fr-223
1.3800E-02)
Ag-105 1.123E-01 | — Pd-105 *
Ag-108m+D | 1.270E+02 | (Ag-108 8.9000E-02) Pd-108, *
Cd-108
Ag-110m+D | 6.842E-01 | (Ag-110 1.3300E-02) Cd-110, *
Pd-110
Al-26 7.160E+05 | — Mg-26 *
Am-241 4.322E+02 | — Np-237 2.140E+06
Am- 1.520E+02 | Am-242 Cm-242 4.457E-01 |8.231E-01
242m+D
Am- 1.520E+02 | Am-242 Pu-242 3.763E+05 |1.722E-01
242m+D1
Am- 1.520E+02 | Np-238 Pu-238 8.774E+01 | 4.760E-03
242m+D2
Am-243+D | 7.380E+03 | — Pu-239 2.407E+04
As-73 2.198E-01 |— Ge-73 *
Au-195 5.010E-01 |— Pt-195 *
Ba-133 1.074E+01 | — Cs-133 *
Be-10 1.600E+06 | — B-10 *
Be-7 1.459E-01 |— Li-7 *
Bi-207 3.800E+01 | — Pb-207 *
Bi-210m+D | 3.000E+06 | TI-206 Pb-206 *
Bk-247 1.380E+03 | — Am- 7.380E+03
243m+D
Bk-249 8.761E-01 |— SF 4.700E-10
Bk-249 8.761E-01 |— Cf-249 3.506E+02 | 1.000E+00
Bk-249+D 8.761E-01 |— Cm-245 8.500E+03 | 1.450E-05
C-14 5.730E+03 | — N-14 *
Ca-41 1.400E+05 | — K-41 *
Ca-45 4.463E-01 |— Sc-45 *
Cd-109 1.270E+00 | — Ag-109 *
Cd-113 9.300E+15 | — In-113 *
Cd-113m 1.360E+01 | — In-113 *
Cd-115m 1.221E-01 |— In-115 5.100E+15




Table A.1-1 (Cont.)

Principal Radionuclide?

Terminal Nuclide or Radionuclide¢

Half-Life Half-Life
Species (yr) Associated Decay Chain® | Species (yr) Fraction
Ce-139 3.769E-01 |— La-139 *
Ce-141 8.898E-02 | — Pr-141 *
Ce-144+D | 7.784E-01 | (Pr-144m 0.0178), Pr-144 | Nd-144 *
Cf-248 9.131E-01 |— SF 2.900E-05
Cf-248 9.131E-01 |— Cm-244 1.811E+01 |1.000E+00
Cf-249 3.506E+02 | — SF 5.200E-09
Cf-249 3.506E+02 | — Cm-245 8.500E+03 | 1.000E+00
Cf-250 1.308E+01 | — SF 7.700E-04
Cif-250 1.308E+01 | — Cm-246 4.730E+03 | 9.992E-01
Cf-251 8.980E+02 | — Cm-247+D | 1.560E+0Q7
Cf-252 2.638E+00 | — SF 3.092E-02
Cf-252 2.638E+00 |— Cm-248 3.390E+05 [9.691E-01
CI-36 3.010E+05 |— Ar-36, S-36 | *
Cm-241 8.980E-02 |— Am-241 4.322E+02 | 9.900E-01
Cm-241 8.980E-02 |— Pu-237 1.240E-01 | 1.000E-02
Cm-242 4.457E-01 |— SF 6.800E-08
Cm-242 4.457E-01 |— Pu-238 8.774E+01 | 1.000E+00
Cm-243 2.850E+01 |— Am-243 7.380E+03 | 2.400E-03
Cm-243 2.850E+01 |— Pu-239 2.407E+04 [9.976E-01
Cm-244 1.811E+01 |— SF 1.350E-06
Cm-244 1.811E+01 |— Pu-240 6.537E+03 | 1.000E+00
Cm-245 8.500E+03 | — Pu-241 1.440E+01 | 1.000E+00
Cm-246 4.730E+03 | — SF 2.614E-04
Cm-246 4.730E+03 | — Pu-242 3.763E+05 | 9.997E-01
Cm-247+D | 1.560E+07 | Pu-243 Am-243+D | 7.380E+03
Cm-248 3.390E+05 | — SF 8.260E-02
Cm-248 3.390E+05 | — Pu-244 8.260E+07 [9.174E-01
Co-56 2.156E-01 |— Fe-56 *
Co-57 7.417E-01 |— Fe-57 *
Co-58 1.938E-01 | — Fe-58 *
Co-60 5.271E+00 |— Ni-60 *
Cs-134 2.062E+00 |— Ba-134, *
Xe-134

Cs-135 2.300E+06 | — Ba-135 *
Cs-137+D | 3.000E+01 | (Ba-137m 0.946) Ba-137 *
Dy-159 3.953E-01 | — Th-159 *
Es-254+D | 7.548E-01 | Bk250 Cf-250 1.308E+01 | 1.000E+00
Eu-148 1.492E-01 |— Sm-148 *
Eu-148 1.492E-01 | — Pm-144 9.938E-01 | 9.400E-09
Eu-149 2.549E-01 |— Sm-149 *
Eu-150b 3.420E+01 |— Sm-150 *




Table A.1-1 (Cont.)

Principal Radionuclide?

Terminal Nuclide or Radionuclide¢

Half-Life Half-Life
Species (yr) Associated Decay Chain® | Species (yr) Fraction
Eu-152 1.333E+01 | — Sm-152 7.208E-01
Eu-152 1.333E+01 | — Gd-152 1.080E+14 | 2.792E-01
Eu-154 8.800E+00 |— Gd-154, *
Sm-154
Eu-155 4.960E+00 | — Gd-155 *
Fe-55 2.700E+00 |— Mn-55 *
Fe-59 1.219E-01 |— Co-59 *
Fe-60+D 1.000E+05 | Co-60m Ni-60 * 2.500E-03
Fe-60+D1 1.000E+05 | Co-60m Co-60 5.271E+00 [9.975E-01
Fm-257+D | 2.752E-01 | Cf-253, Es-253 SF 8.673E-08
Fm-257+D1 | 2.752E-01 | Cf-253, (Es-253 9.9690E- | Bk-249 1.000E+00
01), (Cm-249 3.1000E-
03)
Gd-146+D | 1.322E-01 | Eu-146 Sm-146 1.030E+08
Gd-148 9.300E+01 |— Sm-144 *
Gd-151 3.285E-01 |— Eu-151 *
Gd-151 3.285E-01 | — Sml147 0.000E+00
Gd-152 1.080E+14 | — Sm-148 *
Gd-153 6.626E-01 | — Eu-153 *
Ge-68+D 7.885E-01 | Ga-68 Zn-68 *
H-3 1.235E+01 | — He-3 *
Hf-172+D 1.870E+00 | Lu-172 Yb-172 *
Hf-175 1.917E-01 |— Lu-175 *
Hf-178m 3.100E+01 |— Hf-178 *
Hf-181 1.161E-01 |— Ta-181 *
Hf-182 9.000E+06 | — Ta-182 3.149E-01
Hg-194+D | 2.600E+02 | Au-194 Pt-194 *
Hg-203 1.276E-01 | — TI-203 *
Ho-166m 1.200E+03 | — Er-166 *
1-125 1.647E-01 |— Te-125 *
1-129 1.570E+07 | — Xe-129 *
In-114m+D | 1.356E-01 | (In-114 0.957) Cd-114, *
Sn-114
In-115 5.100E+15 |— Sn-115 *
Ir-192 2.027E-01 |— 0s-192, *
Pt-192
Ir-192m 2.410E+02 |— Ir-192 2.027E-01
Ir-194m 4.682E-01 |— Pt-194 *
K-40 1.280E+09 | — Ca-40, Ar- | *
40
La-137 6.000E+04 | — Ba-137 *




Table A.1-1 (Cont.)

Principal Radionuclide?

Terminal Nuclide or Radionuclide¢

Half-Life Half-Life
Species (yr) Associated Decay Chain® | Species (yr) Fraction
La-138 1.350E+11 |— Ba-138, *

Ce-138

Lu-173 1.370E+00 | — Yb-173 *
Lu-174 3.310E+00 |— Yb-174 *
Lu-174m 3.888E-01 |— Yb-174 * 7.000E-03
Lu-174m 3.888E-01 |— Lu-174 3.310E+00 | 9.930E-01
Lu-176 3.600E+10 |— Hf-176 *
Lu-177m+D | 4.405E-01 | (Lu-177 0.21) Hf-177 *
Md-258 1.506E-01 Es-254 7.548E-01 | 1.000E+00
Mn-53 3.700E+06 | — Cr-53 *
Mn-54 8.556E-01 |— Cr-54 *
Mo-93 3.500E+03 | — Nb-93 *
Na-22 2.602E+00 |— Ne-22 *
Nb-93m 1.360E+01 | — Nb-93 *
Nb-94 2.030E+04 |— Mo-94 *
Nb-95 9.624E-02 | — Mo-95 *
Ni-59 7.500E+04 | — Co-59 *
Ni-63 9.600E+01 |— Cu-63 *
Np-235 1.084E+00 | — U-235 7.038E+08 | 1.000E+00
Np-235 1.084E+00 | — Pa-231 3.276E+04 | 1.400E-05
Np-236a 1.150E+05 | — U-236 9.110E-01
Np-236a 1.150E+05 | — Pu-236 2.851E+00 | 8.900E-02
Np-237+D | 2.140E+06 | Pa-233 U-233 1.585E+05
0Os-185 2.574E-01 | — Re-185 *
0Os-194+D | 6.000E+00 |Ir-194 Pt-194 *
Pa-231 3.276E+04 | — Ac-227+D | 2.177E+01
Pb-202+D | 3.000E+05 | TI-202 Hg-202 *
Pb-205 1.430E+07 | — TI-205 *
Pb-210+D | 2.230E+01 |Bi-210 Po-210 3.789E-01
Pd-107 6.500E+06 | — Ag-107 *
Pm-143 7.255E-01 |— Nd-143 *
Pm-144 9.938E-01 |— Nd-144 *
Pm-145 1.770E+01 | — Nd-145 *
Pm-146 5.530E+00 | — Nd-146 * 6.410E-01
Pm-146 5.530E+00 |— Sm-146 1.030E+08 | 3.590E-01
Pm-147 2.623E+00 |— Sm-147 1.060E+11
Pm- 1.131E-01 | (Pm-148 0.046) Sm-148 *
148m+D
Po-210 3.789E-01 |— Pb-206 *
Pt-193 5.000E+01 |— Ir-193 *
Pu-236 2.851E+00 |— SF 8.100E-10




Table A.1-1 (Cont.)

Principal Radionuclide?

Terminal Nuclide or Radionuclide¢

Half-Life Half-Life
Species (yr) Associated Decay Chain® | Species (yr) Fraction
Pu-236 2.851E+00 |— U-232 7.200E+01 | 1.000E+00
Pu-237 1.240E-01 | — Np-237+D | 2.140E+06 | 1.000E+00
Pu-237 1.240E-01 |— U-233 1.585E+05 |5.000E-05
Pu-238 8.774E+01 | — SF 1.840E-09
Pu-238 8.774E+01 |— U-234 2.445E+05 | 1.000E+00
Pu-239 2.407E+04 | — U-235 7.038E+08
Pu-240 6.537E+03 | — SF 4.950E-08
Pu-240 6.537E+03 | — U-236 2.342E+07 | 1.000E+00
Pu-241 1.440E+01 | — Am-241 4.322E+02 | 1.000E+00
Pu-241+D | 1.440E+01 | (U-237 0.0000245) Np-237 2.140E+06 | 2.450E-05
Pu-242 3.763E+05 | — SF 5.500E-06
Pu-242 3.763E+05 | —
Pu-242 3.763E+05 | — U-238 4.468E+09 | 1.000E+00
Pu-244 8.260E+07 | — SF 1.250E-03
Pu-244+D | 8.260E+07 | (U-240 0.9988), Pu-240 6.537E+03 | 9.988E-01
(Np-240m 0.9988)
Ra-226+D | 1.600E+03 | Rn-222,P0-218, (Pb-214 |Pb-210 2.230E+01
9.9980E-01), Bi-214, (Po-
214 9.9980E-01), (TI-210
2.0000E-04), (At-218
2.0000E-04)
Ra-228+D | 5.750E+00 | Ac-228 Th-228+D | 1.913E+00
Rb-83+D 2.360E-01 | (Kr-83m 0.76199) Kr-83 *
Rb-84 8.972E-02 |— Sr-84, Kr- | *
84
Rb-87 4.700E+10 | — Sr-87 *
Re-184 1.040E-01 |— W-184 *
Re-184m 4517E-01 |— W-184 * 2.530E-01
Re-184m 4.517E-01 |— Re-184 1.040E-01 |7.470E-01
Re-186m+D | 2.000E+05 | Re-186 W-186, *
Os-186
Re-187 5.000E+10 |— Os-187 *
Rh-101 3.200E+00 |— Ru-101 *
Rh-102 2.900E+00 |— Ru-102 *
Rh-102m 5.667E-01 |— Ru-102, * 9.500E-01
Pd-102
Rh-102m 5.667E-01 |— Rh-102 2.900E+00 |5.000E-02
Ru-103+D | 1.075E-01 | (Rh-103m 0.997) Rh-103 *
Ru-106+D | 1.008E+00 | Rh-106 Pd-106 *
S-35 2.394E-01 |— CI-35 *
Sh-124 1.648E-01 | — Te-124 *




Table A.1-1 (Cont.)

Principal Radionuclide?

Terminal Nuclide or Radionuclide¢

Half-Life Half-Life
Species (yr) Associated Decay Chain® | Species (yr) Fraction
Sb-125 2.770E+00 |— Te-125 * 7.720E-01
Sbh-125 2.770E+00 |— Te-125m 1.588E-01 | 2.280E-01
Sc-46 2.295E-01 |— Ti-46 *
Se-75 3.280E-01 |— As-75 *
Se-79 6.500E+04 | — Br-79 *
Si-32+D 4.500E+02 | P-32 S-32 *
Sm-145 9.309E-01 |— Pm-145 1.770E+01
Sm-146 1.030E+08 | — Nd-142 *
Sm-147 1.060E+11 | — Nd-143 *
Sm-151 9.000E+01 |— Eu-151 *
Sn-113+D | 3.151E-01 |In-113m In-113 *
Sn-119m 8.022E-01 | — Sn-119 *
Sn-121m+D | 5.500E+01 | (Sn-121 0.776) Sh-121 *
Sn-123 3.537E-01 | — Sb-123 *
Sn-126+D | 1.000E+05 | Sb-126m, (Sb-126 0.14) |Te-126 *
Sr-85 1.775E-01 | — Rb-85 *
Sr-89 1.383E-01 |— Y-89 *
Sr-90+D 2.912E+01 |Y-90 Zr-90 *
Ta-179 1.820E+00 | — Hf-179 *
Ta-180 1.000E+13 | — W-180 *
Ta-182 3.149E-01 |— W-182 *
Th-157 1.500E+02 | — Gd-157 *
Th-158 1.500E+02 |— Gd-158, *
Dy-158
Th-160 1.979E-01 |— Dy-160 *
Tc-95m+D | 1.670E-01 | (Tc-95 0.04) Mo-95 *
Tc-97 2.600E+06 |— Mo-97 *
Tc-97m 2.382E-01 |— Tc-97 2.600E+06
Tc-98 4.200E+06 | — Ru-98 *
Tc-99 2.130E+05 | — Ru-99 *
Te-121m+D | 4.216E-01 | (Te-121 0.886) Sh-121 *
Te-123 1.000E+13 | — Sb-123 *
Te-123m 3.277E-01 |— Te-123 1.000E+13
Te-125m 1.588E-01 | — Te-125 *
Te-127m+D | 2.984E-01 | (Te-127 0.976) 1-127 *
Te-129m+D | 9.199E-02 | (Te-129 0.35) 1-129 1.570E+07
Th-228+D 1.913E+00 | Ra-224, Rn-220, Po-216, | Pb-208 *

Pb-212, Bi-212, (P0-212
0.6407), (TI-208 0.3593)




Table A.1-1 (Cont.)

Principal Radionuclide?

Terminal Nuclide or Radionuclide¢

Half-Life Half-Life
Species (yr) Associated Decay Chain® | Species (yr) Fraction

Th-229+D | 7.340E+03 | Ra-225, Ac-225, Fr-221, | Bi-209 *

At-217, Bi-213, (Po-213

0.9784), (TI-209 0.0216),

Pb-209
Th-230 7.700E+04 | — Ra-226+D | 1.600E+03
Th-232 1.405E+10 | — Ra-228+D |5.750E+00
Ti-44+D 4.730E+01 | Sc-44 Ca-44 *
TI-204 3.779E+00 |— Pb-204, *

Hg-204
Tm-170 3.521E-01 |— Er-170, *
Yb-170

Tm-171 1.920E+00 | — Yb-171 *
U-232 7.200E+01 |— Th-228+D | 1.913E+00
U-233 1.585E+05 | — Th-229+D | 7.340E+03
U-234 2.445E+05 | — Th-230 7.700E+04
U-235+D 7.038E+08 | — Pa-231 3.276E+04
U-236 2.342E+07 | — Th-232 1.405E+10
U-238 4.468E+09 | — SF 5.400E-05
U-238+D 4.468E+09 | Th-234, (Pa-234m U-234 2.445E+05 | 1

0.998), (Pa-234 0.0033)
V-49 9.035E-01 |— Ti-49 *
W-181 3.318E-01 |— Ta-181 *
W-185 2.056E-01 |— Re-185 *
W-188+D 1.900E-01 | Re-188 Os-188 *
Y-88 2.920E-01 |— Sr-88 *
Y-91 1.602E-01 | — Zr-91 *
Yb-169 8.764E-02 | — Tm-169 *
Zn-65 6.678E-01 | — Cu-65 *
Zr-88 2.283E-01 |— Y-88 2.920E-01
Zr-93 1.530E+06 | — Nb-93m 1.360E+01
Zr-95+D 1.752E-01 | (Nb-95m 0.007) Nb-95 9.624E-02

& Radionuclides with half-lives greater than 30 days. If short-lived progeny are involved, the
+D symbol is added along with the radionuclide name (e.g., Ac-227+D). To distinguish
between different associated radionuclides or terminal radionuclides, different +D (for
example +D, +D1, etc.) indicators are used (Appendix E.4).

b The associated progeny with half-lives shorter than 30 days are listed. If a branching
fraction is anything other than 1, it is listed along with the radionuclide in the bracket.

Footnotes continued on next page.
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¢ The principal radionuclide or stable nuclide that terminates an associated decay chain.
Stable nuclides are indicated by an asterisk (*) in place of the half-life. If a radionuclide has
spontaneous fission, it is indicated by SF. If the branching fraction is anything other than 1,
the fraction is listed.

d Indicates there is no associated radionuclide.
A.1.2 ICRP Publication 107 Database

ICRP Publication 107 (ICRP 107) includes radionuclide transformation data for 1,252 nuclides.
For some isomers, the notation in ICRP 107 has changed from ICRP-38 notations. In ICRP 107,
isomers of energy above the ground state are identified by appending “m,” “n,” “p,” or “q” to the
mass number, whereas the information during the preparation of ICRP 38 was insufficient to
identify the ground and excited states of a few radionuclides. Several radionuclides that did not
have sufficient information were assigned an ad-hoc designation based on their physical half-
life. Table A.1-2 shows the correspondence between the ICRP-38 and ICRP-107 isomers.
Some radionuclides in ICRP 38 are not in the ICRP-107 database (see footnote b in Table A.1-
2). If any of the radionuclides not in ICRP 107 were selected using the ICRP-38 radionuclide
transformation data and if the transformation database is later changed to ICRP 107, an alert
message will be displayed and these nuclides will be deleted from the analysis. Principal and
associated radionuclide condensed thread fractions used in dose or risk calculations for the
ICRP-107 radionuclide database are listed in Table A.1-3 for a 30-day half-life cutoff.

Table A.1-2 Identification of ICRP-38 and ICRP 107 Isomers

ICRP-38 Notation&P ICRP-107 Notation?

ICRP 38¢ Tue ICRP 107 T
Nb-89a 66 m Nb-89m 66 m
Nb-89b 122 m Nb-89 2.03 h
Nb-98 51.5m Nb-98m 51.3m
Rh-102 29y Rh-102m 3.742y
Rh-102m 207 d Rh-102 207d
In-110a 69.1m In-110m 69.1m
In-110b 49h In-110 49h
Sb-120a 15.89m Sb-120 15.89m
Sb-120b 5.76 d Sb-120m 5.76d
Sb-124n 20.2m Sh-124nd 20.2m
Sb-128a 10.4 m Sb-128m 10.4 m
Sb-128b 9.01 h Sb-128 9.01 h
Eu-150a 12.62 h Eu-150m 12.8 h
Eu-150b 342y Eu-150 369y
Tb-156n 5.0h Th-156nd 5.3h
Thb-156m 24.4 h Th-156m 24.4 h




Table A.1-2 (Cont.)

ICRP-38 Notation2?

ICRP-107 Notation?

ICRP 38¢ T2 ICRP 107 Tip
Ta-178a 9.31m Ta-178 9.31m
Ta-178b 2.2h Ta-178m 2.36 h
Ta-180m 8.1h Ta-180 8.152 h
Ta-180 1.0E13Yy Ta-180m —*
Re-182a 12.7 h Re-182m 12.7 h
Re-182b 64.0 h Re-182 64.0 h
Ir-186b 1.75h [r-186m 1.92h
Ir-186a 15.8 h Ir-186 16.64 h
[r-190m 1.2h [r-190m 1.120 h
[r-190n 3.1h [r-190n 3.087 h
Ir-192m 241y [r-192nd 241y
Np-236b 225h Np-236m 22.5h
Np-236a 115E3y Np-236 1.54E5y
Es-250 2.1h Es-250m 2.22 h

& Half-life (Tw) units: m—minute(s); h—hour(s);

d—day(s); y—year(s).

b Nb-97m (60 s), W-176 (2.3 h), Re-177 (14 m),
Ta-180m (8.1 h), Md-257 (5.2 h), and Md-258
(55 d) were in ICRP 38 (T, values from ICRP-
38) but are not in ICRP 107.

¢ Ad-hoc notation “a” and “b” used in ICRP-38

database.

d Metastable state of higher energy than the first
metastable state.

¢ Ta-180m, T, in excess of 1.2E15 y; decay has
not been observed (i.e., observationally stable).
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Table A.1-3 Principal and Associated Radionuclides with a Cutoff Half-Life of 30 Days in
ICRP-107 Database

Terminal Nuclide or Radionuclide®

Principal Half-Life Half-Life
Radionuclide? (yn Associated Decay Chain® Species (yn Fraction
Ac-227+D 2.177E+01 |(Th-227 9.8620E-01) Pb-207 *

(Ra-223 1.0000E+00) (Rn-

219 1.0000E+00) Po-215

Pb-211 Bi-211 (TI-207

9.9724E-01) (Po-211

2.7600E-03) (Fr-223

1.3800E-02) (At-219

8.2800E-07) (Bi-215

8.2800E-07)
Ag-105 1.130E-01 | ¢ Pd-105 *
Ag-108m+D  |4.180E+02 |(Ag-108 8.7000E-02) Pd-108, Cd-108 |*
Ag-110m+D  |6.838E-01 |(Ag-110 1.3600E-02) Cd-110, Pd-110|*
Al-26 7.170E+05 |— Mg-26 *
Am-241 4.322E+02 |— Np-237 2.144E+06
Am-242m+D |1.410E+02 |Am-242 Cm-242 4.457E-01 |0.823278
Am-242m+D1 |1.410E+02 |Am-242 Pu-242 3.750E+05 |0.172221
Am-242m+D2 |1.410E+02 |Np-238 Pu-238 8.770E+01 |0.0045
Am-243+D 7.370E+03 |Np-239 Pu-239 2.411E+04
As-73 2.198E-01 |— Ge-73 *
Au-195 5.095E-01 |— Pt-195 *
Ba-133 1.052E+01 |— Cs-133 *
Be-10 1.510E+06 |— B-10 *
Be-7 1.457E-01 |— Li-7 *
Bi-207 3.290E+01 |— Pb-207 *
Bi-208 3.680E+05 |— Pb-208 *
Bi-210m+D  |3.040E+06 |TI-206 Pb-206 *
Bk-247 1.380E+03 |— Am-243m 7.370E+03
Bk-249 9.035E-01 |— Cf-249 3.510E+02 |0.999986
Bk-249+D 9.035E-01 |Am-245 Cm-245 8.500E+03 |1.45E-05
C-14 5.700E+03 |— N-14 *
Ca-41 1.020E+05 |— K-41 *
Ca-45 4.454E-01 |— Sc-45 *
Cd-109 1.263E+00 |— Ag-109 *
Cd-113 7.700E+15 |— In-113 *
Cd-113m 1.410E+01 |— In-113 * 0.9986
Cd-113m 1.410E+01 |— Cd-113 7.700E+15 |0.0014
Cd-115m+D  |1.221E-01 |In-115m In-115 4.410E+14 |5.29E-06
Cd-115m+D1 |1.221E-01 |(In-115m 1.0049E-04) In-115 4.410E+14 |0.999995
Ce-139 3.768E-01 |— La-139 *
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Table A.1-3 (Cont.)

Terminal Nuclide or Radionuclide¢

Principal Half-Life Half-Life
Radionuclide® (yr) Associated Decay Chain® Species (yr) Fraction
Ce-141 8.900E-02 |— Pr-141 *

Ce-144+D 7.800E-01 |(Pr-144m 9.7699E-03) Nd-144 2.290E+15

(Pr-144 9.9999E-01)
Cf-248 9.144E-01 |— SF 0.000029
Cf-248 9.144E-01 |— Cm-244 1.810E+01 |0.999971
Cf-249 3.510E+02 |— SF 5.02E-09
Cf-249 3.510E+02 |— Cm-245 8.500E+03 |1
Cf-250 1.308E+01 |— SF 0.00077
Cif-250 1.308E+01 |— Cm-246 4.760E+03 |0.99923
Cf-251 9.000E+02 |— Cm-247 1.560E+07
Cf-252 2.645E+00 |— SF 0.03092
Cf-252 2.645E+00 |— Cm-248 3.480E+05 |0.96908
Ci-254 1.656E-01 |— SF 0.9969
Ci-254 1.656E-01 |— Cm-250 8.300E+03 |0.0031
CI-36 3.010E+05 |— Ar-36, S-36 *
Cm-241 8.980E-02 |— Am-241 4.322E+02 |0.99
Cm-241 8.980E-02 |— Pu-237 1.238E-01 |0.01
Cm-242 4.457E-01 |— SF 6.37E-08
Cm-242 4.457E-01 |— Pu-238 8.770E+01 |1.0024
Cm-243 2.910E+01 |— Am-243 7.370E+03 |0.0024
Cm-243 2.910E+01 |— Pu-239 2.411E+04 |0.9976
Cm-244 1.810E+01 |— SF 1.37E-06
Cm-244 1.810E+01 |— Pu-240 6.564E+03 [0.999999
Cm-245 8.500E+03 |— SF 6.1E-09
Cm-245 8.500E+03 |— Pu-241 1.435E+01 |1
Cm-246 4, 760E+03 |— SF 0.000263
Cm-246 4. 760E+03 |— Pu-242 3.750E+05 |0.999737
Cm-247+D 1.560E+07 |Pu-243 Am-243 7.370E+03
Cm-248 3.480E+05 |— SF 0.0839
Cm-248 3.480E+05 |— Pu-244 8.000E+07 |0.9161
Cm-250 8.300E+03 |— SF 0.74
Cm-250+D 8.300E+03 |Pu-246, Am-246m Cm-246 4.760E+03 |0.18
Cm-250+D1 |8.300E+03 |Bk-250 Ci-250 1.308E+01 |0.08
Co-56 2.114E-01 |— Fe-56 *
Co-57 7.440E-01 |— Fe-57 *
Co-58 1.940E-01 |— Fe-58 *
Co-60 5.271E+00 |— Ni-60 *
Cs-134 2.065E+00 |— Ba-134, Ce-134|*
Cs-135 2.300E+06 |— Ba-135 *
Cs-137+D 3.017E+01 |(Ba-137m 9.4399E-01) Ba-137 *
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Terminal Nuclide or Radionuclide¢

Principal Half-Life Half-Life
Radionuclide® (yr) Associated Decay Chain® Species (yr) Fraction
Dy-154 3.000E+06 |— Gd-150 1.790E+06 |1
Dy-159 3.953E-01 | — Th-159 *

Es-254+D 7.548E-01 |(Bk-250 1.0000E+00) Cf-250 1.308E+01 |1
(Fm-254 1.7390E-06)
Es-254+D1 7.548E-01 |(Fm-254 3.3196E-02) SF
Es-255+D 1.090E-01 |(Fm-255 4.6800E-03) SF 4.521E-5
Es-255+D1 1.090E-01 |(Fm-255 9.2000E-01) Cf-251 9.000E+02 |0.99995
(Bk-251 8.0004E-02)
Eu-148 1.492E-01 |— Sm-148 7.000E+15 |1
Eu-148 1.492E-01 |— Pm-144 9.938E-01 |9.4E-09
Eu-149 2.549E-01 |— Sm-149 *
Eu-150 3.690E+01 |— Sm-150 *
Eu-152 1.354E+01 |— Sm-152 * 0.721
Eu-152 1.354E+01 |— Gd-152 1.080E+14 |0.279
Eu-154 8.593E+00 |— Gd-154, Sm-  |*
154
Eu-155 4 761E+00 |— Gd-155 *
Fe-55 2.737E+00 |— Mn-55 *
Fe-59 1.218E-01 |— Co-59 *
Fe-60+D 1.500E+06 |[Co-60m Ni-60 * 0.0024
Fe-60+D1 1.500E+06 |[Co-60m Co-60 5.271E+00 |0.9976
Fm-257+D 2.752E-01 |(Cf-253 4.2159E-05) SF 0.0021
(Es-253 4.2159E-05)
Fm-257+D1 |2.752E-01 |Cf-253 (Es-253 Bk-249 9.035E-01 |0.9979
9.9690E-01) (Cm-249
3.1000E-03)
Gd-146+D 1.322E-01 |Eu-146 Sm-146 1.030E+08
Gd-148 7.460E+01 |— Sm-144 *
Gd-150 1.790E+06 |— Sm-146 1.030E+08 |1
Gd-151 3.395E-01 |— Eu-151 * 1
Gd-151 3.395E-01 |— Sm-147 1.060E+11 |1E-08
Gd-152 1.080E+14 |— Sm-148 7.000E+15
Gd-153 6.582E-01 |— Eu-153 *
Ge-68+D 7.418E-01 |Ga-68 Zn-68 *
H-3 1.232E+01 | — He-3 *
Hf-172+D 1.870E+00 |Lu-172m Lu-172 Yb-172 *
Hf-174 2.000E+15 |— Yb-170 *
Hf-175 1.917E-01 |— Lu-175 *
Hf-178m 3.100E+01 |— Hf-178 *
Hf-181 1.161E-01 |— Ta-181 *
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Table A.1-3 (Cont.)

Terminal Nuclide or Radionuclide

Principal Half-Life Half-Life
Radionuclide® (yr) Associated Decay Chain® Species (yr) Fraction
Hf-182 9.000E+06 |— Ta-182 3.133E-01
Hg-194+D 4.400E+02 |Au-194 Pt-194 *

Hg-203 1.276E-01 |— TI-203 *

Ho-163 4 570E+03 |— Dy-163 *

Ho-166m 1.200E+03 |— Er-166 *

1-125 1.626E-01 |— Te-125 *

1-129 1.570E+07 |— Xe-129 *

In-114m+D 1.356E-01 [(In-114 9.6750E-01) Cd-114, Sn-114|*

In-115 4.410E+14 |— Sn-115 *

Ir-192 2.021E-01 |— 0Os-192, Pt-192 |*

Ir-192n 2.410E+02 |— Ir-192 2.021E-01

Ir-194m 4.682E-01 |— Pt-194 *

K-40 1.251E+09 |— Ca-40, Ar-40  |*

La-137 6.000E+04 |— Ba-137 *

La-138 1.020E+11 |— Ba-138, Ce-138|*

Lu-173 1.370E+00 |— Yb-173 *

Lu-174 3.310E+00 |— Yb-174 *

Lu-174m 3.888E-01 |— Yb-174 * 0.0062
Lu-174m 3.888E-01 |— Lu-174 3.310E+00 |0.9938
Lu-176 3.850E+10 |— Hf-176 * *
Lu-177m+D  |4.392E-01 |(Lu-177 2.1700E-01) Hf-177 *

Mn-53 3.700E+06 |— Cr-53 *

Mn-54 8.545E-01 |— Cr-54 *

Mo-93 4.000E+03 |— Nb-93 * 0.12
Mo-93 4,000E+03 |— Nb-93m 1.613E+01 |0.88
Na-22 2.602E+00 |— Ne-22 *

Nb-91 6.800E+02 |— Zr-91 *

Nb-91m 1.666E-01 |— Zr-91 * 0.034
Nb-91m 1.666E-01 |— Nb-91 6.800E+02 |0.966
Nb-92 3.470E+07 |— Zr-92 *

Nb-93m 1.613E+01 |— Nb-93 *

Nb-94 2.030E+04 |— Mo-94 *

Nb-95 9.580E-02 |— Mo-95 *

Nd-144 2.290E+15 |— Ce-140 *

Ni-59 1.010E+05 |— Co-59 *

Ni-63 1.001E+02 |— Cu-63 *

Np-235 1.084E+00 |— Pa-231 3.276E+04 |0.000026
Np-235+D 1.084E+00 |[(U-235m 3.9934E-03) U-235 7.040E+08 |0.999974
Np-236 1.540E+05 |— U-236 2.342E+07 |0.8734
Np-236 1.540E+05 |— Pu-236 2.858E+00 |0.125
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Table A.1-3 (Cont.)

Terminal Nuclide or Radionuclide¢

Principal Half-Life Half-Life
Radionuclide® (yr) Associated Decay Chain® Species (yr) Fraction
Np-236+D 1.540E+05 |Pa-232 Th-232 1.405E+10 |4.8E-08
Np-236+D1  |1.540E+05 |Pa-232 U-232 6.890E+01 |0.0016
Np-237+D 2.144E+06 |Pa-233 U-233 1.592E+05
0Os-185 2.563E-01 |— Re-185 *

Os-186 2.000E+15 |— W-182 *
0s-194+D 6.000E+00 |Ir-194 Pt-194 *
Pa-231 3.276E+04 |— Ac-227 2.177E+01
Pb-202+D 5.250E+04 |(TI-202 9.9000E-01) Hg-202 *
Pb-205 1.530E+07 | — TI-205 *
Pb-210+D 2.220E+01 |Bi-210 Po-210 3.789E-01 |0.999999
Pb-210+D1 2.220E+01 |((Bi-210 9.8581E-01) Pb-206 * 1.34E-06
TI-206 (Hg-206
1.4190E-02)
Pd-107 6.500E+06 |— Ag-107 *
Pm-143 7.255E-01 |— Nd-143 *
Pm-144 9.938E-01 |— Nd-144 2.290E+15
Pm-145 1.770E+01 |— Nd-145 *
Pm-146 5.530E+00 |— Nd-146 *
Pm-146 5.530E+00 |— Sm-146 1.030E+08
Pm-147 2.623E+00 |— Sm-147 1.060E+11
Pm-148m+D |1.130E-01 |(Pm-148 4.2000E-02) Sm-148 7.000E+15
Po-208 2.898E+00 |— Pb-204 *
Po-208 2.898E+00 |— Bi-208 3.68E+05 |2.23E-05
Po-209 1.020E+02 |— Pb-205 1.530E+07 |0.9952
Po-209w 1.020E+02 |— Bi-209 * 0.0048
Po-210 3.789E-01 |— Pb-206 *
Pt-190 6.500E+11 |— Os-186 2.000E+15 |1
Pt-193 5.000E+01 |— Ir-193 *
Pu-236 2.858E+00 |— SF 1.37E-09
Pu-236 2.858E+00 |— U-232 6.890E+01 |1
Pu-237 1.238E-01 |— Np-237 2.144E+06 |0.999958
Pu-237 1.238E-01 |— U-233 1.592E+05 ]0.000042
Pu-238 8.770E+01 |— SF 1.85E-09
Pu-238 8.770E+01 |— U-234 2.455E+05 |1
Pu-239+D 2.411E+04 |(U-235m 9.9940E-01) U-235 7.040E+08
Pu-240 6.564E+03 |— SF 5.75E-08
Pu-240 6.564E+03 |— U-236 2.342E+07 |1
Pu-241 1.435E+01 |— Am-241 4.322E+02 |0.999976
Pu-241+D 1.435E+01 |U-237 Np-237 2.144E+06 |2.45E-05
Pu-242 3.750E+05 |— SF 5.54E-06
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Table A.1-3 (Cont.)

Terminal Nuclide or Radionuclide¢

Principal Half-Life Half-Life
Radionuclide® (yr) Associated Decay Chain® Species (yr) Fraction
Pu-242 3.750E+05 |— U-238 4.468E+09 |1.88E-06
Pu-244 8.000E+07 |— SF 0.00121
Pu-244+D 8.000E+07 |U-240 Np-240m (Np-240 |Pu-240 6.564E+03 |0.99879

1.1000E-03)
Ra-226+D 1.600E+03 |Rn-222 P0-218 (Pb-214 |Pb-210 2.220E+01 |1
9.9980E-01) (Bi-214
1.0000E+00) (Po-214
9.9979E-01) (TI-210
2.1000E-04) (At-218
2.0000E-04) (Rn-218
2.0000E-07)
Ra-228+D 5.750E+00 |Ac-228 Th-228 1.912E+00
Rb-83+D 2.360E-01 |(Kr-83m 7.4292E-01) Kr-83 *
Rb-84 8.972E-02 |— Sr-84, Kr-84 *
Rb-87 4,923E+10 |— Sr-87 *
Re-183 1.917E-01 |— W-183 *
Re-184 1.040E-01 |— W-184 *
Re-184m 4.627E-01 |— W-184 * 0.246
Re-184m 4.627E-01 |— Re-184 1.040E-01 |0.754
Re-186m+D |2.000E+05 |Re-186 W-186 * 0.0747
Re-186m+D1 |2.000E+05 |Re-186 Os-186 2.000E+15 |0.9253
Re-187 4.120E+10 |— Os-187 *
Rh-101 3.300E+00 |— Ru-101 *
Rh-102 5.667E-01 |— Ru-102, Pd-102|*
Rh-102m 3.742E+00 |— Ru-102 * 0.99767
Rh-102m 3.742E+00 |— Rh-102 5.667E-01 |0.00233
Ru-103+D 1.075E-01 |(Rh-103m 9.8755E-01) Rh-103 *
Ru-106+D 1.023E+00 |Rh-106 Pd-106 *
S-35 2.396E-01 |— CI-35 *
Sb-124 1.648E-01 |— Te-124 *
Sb-125 2.759E+00 |— Te-125 * 0.76864
Sbh-125 2.759E+00 |— Te-125m 1.572E-01 [0.23136
Sc-46 2.294E-01 |— Ti-46 *
Se-75 3.279E-01 |— As-75 *
Se-79 2.950E+05 |— Br-79 *
Si-32+D 1.320E+02 |P-32 S-32 *
Sm-145 9.309E-01 |— Pm-145 1.770E+01
Sm-146 1.030E+08 |— Nd-142 *
Sm-147 1.060E+11 |— Nd-143 *
Sm-148 7.000E+15 |— Nd-144 2.290E+15
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Table A.1-3 (Cont.)

Terminal Nuclide or Radionuclide¢

Principal Half-Life Half-Life
Radionuclide® (yr) Associated Decay Chain® Species (yr) Fraction
Sm-151 9.000E+01 |— Eu-151 *
Sn-113+D 3.151E-01 |[(In-113m 9.9998E-01) In-113 *

Sn-119m 8.025E-01 | — Sn-119 *
Sn-121m+D  |4.390E+01 |(Sn-121 7.7600E-01) Sb-121 *
Sn-123 3.537E-01 | — Sb-123 *
Sn-126+D 2.300E+05 |Sb-126m (Sb-126 Te-126 *

1.4000E-01)
Sr-85 1.775E-01 |— Rb-85 *
Sr-89 1.383E-01 |— Y-89 *
Sr-90+D 2.879E+01 |Y-90 Zr-90 *
Ta-179 1.820E+00 |— Hf-179 *
Ta-182 3.133E-01 |— W-182 *
Th-157 7.100E+01 |— Gd-157 *
Th-158 1.800E+02 |— Gd-158, Dy- *

158

Th-160 1.979E-01 |— Dy-160 *
Tc-95m+D 1.670E-01 |(Tc-95 3.8800E-02) Mo-95 *
Tc-97 2.600E+06 |— Mo-97 *
Tc-97m 2.467E-01 |— Tc-97 2.600E+06
Tc-98 4.200E+06 |— Ru-98 *
Tc-99 2.111E+05 |— Ru-99 *
Te-121m+D  |4.216E-01 |(Te-121 8.8600E-01) Sb-121 *
Te-123 6.000E+14 |— Sb-123 *
Te-123m 3.265E-01 |— Te-123 6.000E+14
Te-125m 1.572E-01 |— Te-125 *
Te-127m+D  [2.984E-01 |[(Te-127 9.7600E-01) 1-127 *
Te-129m+D  [9.199E-02 |(Te-129 6.3000E-01) 1-129 1.570E+07
Th-228+D 1.912E+00 |Ra-224 Rn-220 Po-216 Pb-208 *

Pb-212 Bi-212 (Po-212

6.4060E-01) (TI-208

3.5940E-01)
Th-229+D 7.340E+03 |Ra-225 Ac-225 Fr-221 At- |Bi-209 *

217 Bi-213 (Po-213

9.7910E-01) Pb-209

(TI-209 2.0900E-02)
Th-230 7.538E+04 |— Ra-226 1.600E+03 |1
Th-232 1.405E+10 |— Ra-228 5.750E+00
Ti-44+D 6.000E+01 |Sc-44 Ca-44 *
TI-204 3.780E+00 |— Pb-204, Hg-204 |*
Tm-168 2.549E-01 |— Er-168, Yb-168 |*
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Table A.1-3 (Cont.)

Terminal Nuclide or Radionuclide

Principal Half-Life Half-Life
Radionuclide® (yr) Associated Decay Chain® Species (yr) Fraction
Tm-170 3.521E-01 |— Er-170, Yb-170 |*

Tm-171 1.920E+00 |— Yb-171 *

U-232 6.890E+01 |— Th-228 1.912E+00

U-233 1.592E+05 |— Th-229 7.340E+03

U-234 2.455E+05 |— Th-230 7.538E+04 |1

U-235+D 7.040E+08 |Th-231 Pa-231 3.276E+04

U-236 2.342E+07 |— Th-232 1.405E+10

U-238 4,468E+09 |— SF 5.45E-07

U-238+D 4.468E+09 |Th-234 Pa-234m (Pa-234 |U-234 2.455E+05 |0.999999
1.6000E-03)

V-49 9.035E-01 |— Ti-49 *

V-50 1.500E+17 |— Ti-50 *

W-181 3.318E-01 |— Ta-181 *

W-185 2.056E-01 |— Re-185 *

W-188+D 1.910E-01 |Re-188 Os-188 *

Y-88 2.920E-01 |— Sr-88 *

Y-91 1.602E-01 |— Zr-91 *

Yb-169 8.768E-02 |— Tm-169 *

Zn-65 6.682E-01 |— Cu-65 *

Zr-88 2.283E-01 |— Y-88 2.920E-01

Zr-93 1.530E+06 |— Nb-93 * 0.025

Zr-93 1.530E+06 |— Nb-93m 1.613E+01 |0.975

Zr-95+D 1.753E-01 |[Nb-95m Mo-95 * 0.000605

Zr-95+D1 1.753E-01 |[(Nb-95m 1.0203E-02) Nb-95 9.580E-02 0.999395

& Radionuclides with half-lives longer than 30 days. If short-lived progeny are involved, the +D
symbol is added along with the radionuclide name (e.g., Ac-227+D). To distinguish between
different associated radionuclides or terminal radionuclides, different +D (for example +D,
+D1, etc.) indicators are used.

b The associated progeny with half-lives shorter than 30 days are listed. If the branching
fraction is anything other than 1, it is listed along with the radionuclide in the bracket.

¢ The principal radionuclide or stable nuclide that terminates an associated decay chain. Stable

nuclides are indicated by an asterisk (*) in place of the half-life. If a radionuclide has

spontaneous fission, it is indicated by SF. If the branching fraction is anything other than 1,
the fraction is listed.

d Indicates there is no associated radionuclide.
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A.2 Dose Coefficient Libraries

Three sets of dose coefficient libraries are available in RESRAD-OFFSITE. Two sets of dose
coefficient libraries are based on the ICRP-38 radionuclide transformation database, and one
dose coefficient library is based on the ICRP-107 radionuclide transformation database. Users
can also create their own libraries starting with the base libraries available for the ICRP-38 and
ICRP-107 transformation databases. The external dose coefficient library is automatically
selected based on the internal dose library selection. For example, if the Federal Guidance
Report No. 11 (FGR-11) (Eckerman et al. 1988) internal dose library is chosen, the external
dose library used is Federal Guidance Report No. 12 (FGR 12) (Eckerman and Ryman 1993).
Both the internal and the external dose libraries will come from the user-created library when a
user-created library is selected.

A.2.1 FGR-12 and FGR-11 Libraries

The FGR-12 and FGR-11 dose coefficient libraries are based on the ICRP-38 radionuclide
transformation database and use the ICRP-26 dose estimation methodology (see Section A.3).
FGR-12 lists dose coefficients for external exposure to photons and electrons emitted by
radionuclides distributed in air, water, and soil. Dose coefficients for external exposure relate the
doses to organs and tissues of the body to the concentrations of radionuclides in environmental
media. The RESRAD-OFFSITE code uses only dose coefficients for exposure to contaminated
soil. Table A.2-1 lists the dose coefficients and fitting parameters (see Appendix B for additional
information on the need for fitting parameters to assess dose from external or direct radiation)
used in the code for radionuclides with a 30-day half-life cutoff in external pathway dose
calculations. The dose coefficients for principal radionuclides with half-lives longer than 30 days
and their associated progeny are included in Table A.2-1.

Table A.2-1 Effective Dose Equivalent Conversion Factors for External
Gamma Radiation from Contaminated Soil and Fitting
Parameters to Calculate Depth and Cover Factors
(30-day Half-Life Cutoff from FGR 12)

Volume Dose Fitting Parameters®
Coefficients?
Radionucli (mSvl/yr per CF_KA CF_KB
de Ba/qg) CF A | CFB (cm?/g) (cm?/g)
Ac-225 1.72E-02 0.908 0.092 | 1.51E-01 1.66E+00
Ac-227 1.34E-04 0.913 0.087 | 1.60E-01 2.58E+00
Ac-228 1.62E+00 0.09 0.91 1.18E+00 8.30E-02
Ag-105 7.88E-01 0.919 0.081 | 9.90E-02 1.41E+00
Ag-108 3.09E-02 0.906 |0.094 | 9.20E-02 1.28E+00
Ag-108m 2.61E+00 0.928 0.072 | 9.70E-02 1.44E+00
Ag-110 6.06E-02 0.919 0.081 | 9.60E-02 1.36E+00
Ag-110m 4.64E+00 0.09 0.91 1.17E+00 8.30E-02
Al-26 4. 71E+00 0.914 | 0.086 | 7.50E-02 1.15E+00
Am-241 1.18E-02 0.836 0.164 | 3.13E-01 2.88E+00
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Table A.2-1 (Cont.)

Volume Dose Fitting Parameters®
Coefficients?

Radionucli (mSv/yr per CF_KA CF_KB

de Ba/qg) CF A | CFB (cm?/g) (cm?/g)
Am-242 1.35E-02 0.08 0.92 2.56E+00 1.78E-01
Am-242m | 4.57E-04 0.704 | 0.296 | 1.83E-01 6.62E+00
Am-243 3.84E-02 0.884 | 0.116 | 2.38E-01 1.98E+00
Am-245 3.91E-02 0.926 | 0.074 | 1.37E-01 1.68E+00
As-73 2.55E-03 0.812 | 0.188 | 3.66E-01 2.35E+00
At-217 4.79E-04 0.922 | 0.078 | 1.00E-01 1.36E+00
At-218 1.58E-03 0.814 | 0.186 | 3.71E-01 2.88E+00
Au-194 1.76E+00 0.079 |0.921 | 1.29E+00 8.40E-02
Au-195 5.61E-02 0.877 | 0.123 | 2.38E-01 1.89E+00
Ba-133 5.35E-01 0.08 0.921 | 1.64E+00 1.13E-01
Ba-137m 9.75E-01 0.928 | 0.072 | 9.50E-02 1.41E+00
Be-10 2.91E-04 0.855 | 0.145 | 1.64E-01 2.12E+00
Be-7 7.78E-02 0.922 | 0.078 | 1.00E-01 1.37E+00
Bi-207 2.54E+00 0.08 0.92 1.31E+00 8.70E-02
Bi-210 9.75E-04 0.868 | 0.132 | 1.33E-01 1.71E+00
Bi-210m 3.72E-01 0.919 |0.081 | 1.14E-01 1.33E+00
Bi-211 6.92E-02 0.066 | 0.934 | 1.58E+00 1.13E-01
Bi-212 3.17E-01 0.073 | 0.927 | 1.36E+00 8.60E-02
Bi-213 2.07E-01 0.916 | 0.084 | 9.90E-02 1.32E+00
Bi-214 2.65E+00 0.087 |0.913 | 1.15E+00 7.50E-02
Bk-247 1.18E-01 0.896 | 0.104 | 1.37E-01 1.43E+00
Bk-249 1.26E-06 0.555 | 0.445 | 2.60E-01 3.54E+00
Bk-250 1.50E+00 0.074 | 0.926 | 1.35E+00 8.60E-02
C-14 3.64E-06 0.642 | 0.358 | 2.94E-01 3.39E+00
Ca-41 0.00E+00 0 1 0.00E+00 0.00E+00
Ca-45 1.69E-05 0.252 | 0.748 | 2.74E+00 2.26E-01
Cd-109 3.97E-03 0.653 | 0.347 | 2.05E-01 4.77E+00
Cd-113 3.07E-05 0.79 0.21 2.10E-01 2.65E+00
Cd-113m 1.75E-04 0.848 0.152 | 1.68E-01 2.18E+00
Cd-115m 4.01E-02 0.087 | 0.913 | 1.24E+00 8.40E-02
Ce-139 1.72E-01 0.918 | 0.082 | 1.42E-01 1.90E+00
Ce-141 8.58E-02 0.93 0.07 1.56E-01 1.81E+00
Ce-144 1.94E-02 0.901 | 0.099 | 1.62E-01 1.87E+00
Cf-248 3.37E-05 0.82 0.18 8.60E+00 1.20E+00
Cf-249 5.00E-01 0.92 0.08 1.06E-01 1.37E+00
Cf-250 3.20E-05 0.82 0.18 8.60E+00 1.20E+00
Cf-251 1.42E-01 0.917 | 0.083 | 1.41E-01 1.70E+00
Cf-252 4.75E-05 0.65 0.35 7.26E+00 1.82E-01
Cf-253 2.08E-05 0.749 | 0.251 | 2.20E-01 3.25E+00
CI-36 6.46E-04 0.889 | 0.111 | 1.33E-01 1.90E+00
Cm-241 7.12E-01 0.906 | 0.094 | 1.03E-01 1.30E+00
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Table A.2-1 (Cont.)

Volume Dose Fitting Parameters®
Coefficients?

Radionucli (mSv/yr per CF_KA CF_KB

de Ba/qg) CF A | CFB (cm?/g) (cm?/g)
Cm-242 4.62E-05 0.224 | 0.776 | 1.70E-01 8.40E+00
Cm-243 1.58E-01 0.925 | 0.075 | 1.35E-01 1.68E+00
Cm-244 3.40E-05 0.007 | 0.993 | 8.46E+02 2.19E+00
Cm-245 9.19E-02 0.079 | 0.921 | 1.86E+00 1.65E-01
Cm-246 3.14E-05 0.087 | 0.913 | 4.58E-01 8.60E+00
Cm-247 4.81E-01 0.922 | 0.078 | 1.05E-01 1.37E+00
Cm-248 2.37E-05 0.733 | 0.267 | 1.04E+01 1.22E+00
Cm-249 3.10E-02 0.916 | 0.084 | 9.70E-02 1.30E+00
Co-56 6.36E+00 0.096 | 0.904 | 1.01E+00 7.10E-02
Co-57 1.35E-01 0.929 | 0.071 | 1.60E-01 1.69E+00
Co-58 1.61E+00 0.923 | 0.077 | 9.00E-02 1.34E+00
Co-60 4.38E+00 0.076 | 0.924 | 1.28E+00 7.80E-02
Co-60m 6.67E-03 0.12 0.88 1.17E+00 7.90E-02
Cs-134 2.56E+00 0.927 | 0.073 | 9.30E-02 1.38E+00
Cs-135 1.04E-05 0.725 | 0.275 | 2.51E-01 3.03E+00
Cs-137 2.03E-04 0.848 | 0.152 | 1.57E-01 2.05E+00
Dy-159 1.49E-02 0.8 0.2 4.80E-01 3.01E+00
Es-253 4.76E-04 0.122 | 0.878 | 3.65E+00 1.11E-01
Es-254 3.49E-03 0.773 | 0.227 | 1.42E-01 4.60E+00
Eu-146 4.17E+00 0.078 | 0.922 | 1.33E+00 8.70E-02
Eu-148 3.55E+00 0.919 | 0.081 | 9.00E-02 1.31E+00
Eu-149 5.45E-02 0.84 0.16 1.16E-01 1.72E+00
Eu-150b 2.36E+00 0.925 | 0.075 | 9.70E-02 1.42E+00
Eu-152 1.89E+00 0.09 0.91 1.19E+00 8.40E-02
Eu-154 2.08E+00 0.09 0.91 1.17E+00 8.30E-02
Eu-155 4.92E-02 0.862 | 0.138 | 1.91E-01 1.55E+00
Fe-55 0.00E+00 0 1 0.00E+00 0.00E+00
Fe-59 2.07E+00 0.072 |0.928 | 1.32E+00 8.20E-02
Fe-60 3.03E-06 0.61 0.39 3.12E-01 3.48E+00
Fm-257 1.16E-01 0.922 | 0.078 | 1.49E-01 1.84E+00
Fr-221 4,15E-02 0.939 | 0.061 | 1.32E-01 1.69E+00
Fr-223 5.35E-02 0.86 0.14 1.33E-01 1.57E+00
Ga-68 1.52E+00 0.927 | 0.073 | 9.90E-02 1.42E+00
Gd-146 2.17E-01 0.882 | 0.118 | 1.64E-01 1.82E+00
Gd-148 0.00E+00 0 1 0.00E+00 0.00E+00
Gd-151 4.70E-02 0.822 |0.178 | 1.37E-01 1.78E+00
Gd-152 0.00E+00 0 1 0.00E+00 0.00E+00
Gd-153 6.61E-02 0.823 | 0.177 | 1.99E-01 1.94E+00
Ge-68 2.15E-07 0.99 0.01 3.20E+01 1.20E+00
H-3 0.00E+00 0 0 0.00E+00 0.00E+00
Hf-172 6.72E-02 0.823 | 0.177 | 2.37E-01 1.90E+00
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Table A.2-1 (Cont.)

Volume Dose Fitting Parameters®
Coefficients?

Radionucli (mSv/yr per CF_KA CF_KB

de Ba/qg) CF A | CFB (cm?/g) (cm?/g)
Hf-175 5.04E-01 0.083 0.917 | 1.50E+00 1.13E-01
Hf-178m 3.52E+00 0.915 | 0.085 | 1.03E-01 1.34E+00
Hf-181 8.23E-01 0.912 | 0.088 | 1.02E-01 1.33E+00
Hf-182 3.37E-01 0.93 0.07 1.21E-01 1.51E+00
Hg-194 2.97E-06 0.99 0.01 2.20E+01 1.20E+00
Hg-203 3.41E-01 0.93 0.07 1.18E-01 1.50E+00
Ho-166m 2.78E+00 0.081 | 0.919 | 1.33E+00 9.30E-02
[-125 4.47E-03 0.854 | 0.146 | 3.45E+00 4.42E-01
[-129 3.50E-03 0.435 | 0.565 | 7.14E-01 3.58E+00
In-113m 3.88E-01 0.927 | 0.073 | 1.07E-01 1.47E+00
In-114 4.79E-03 0.077 | 0.923 | 1.37E+00 7.90E-02
In-114m 1.31E-01 0.91 0.09 9.90E-02 1.46E+00
In-115 1.09E-04 0.828 | 0.172 | 1.70E-01 2.25E+00
Ir-192 1.25E+00 0.931 | 0.069 | 1.08E-01 1.49E+00
Ir-192m 2.03E-01 0.932 | 0.068 | 1.41E-01 1.61E+00
Ir-194 1.48E-01 0.918 | 0.082 | 9.70E-02 1.30E+00
Ir-194m 3.69E+00 0.922 | 0.078 | 1.00E-01 1.35E+00
K-40 2.81E-01 0.084 |0.916 | 1.17E+00 7.20E-02
Kr-83m 8.18E-06 0.013 | 0.987 | 9.85E+02 1.90E+00
La-137 3.81E-03 0.4 0.6 6.10E-01 3.15E+00
La-138 2.15E+00 0.09 0.91 1.13E+00 7.60E-02
Lu-172 3.11E+00 0.09 0.91 1.21E+00 8.30E-02
Lu-173 1.13E-01 0.825 | 0.175 | 1.33E-01 1.43E+00
Lu-174 1.55E-01 0.157 0.843 | 1.10E+00 8.25E-02
Lu-174m 3.95E-02 0.71 0.29 1.40E-01 1.32E+00
Lu-176 6.82E-01 0.93 0.07 1.20E-01 1.58E+00
Lu-177 4.29E-02 0.924 | 0.076 | 1.38E-01 1.62E+00
Lu-177m 1.35E+00 0.916 |0.084 | 1.18E-01 1.43E+00
Md-258 6.16E-04 0.61 0.39 2.40E-01 5.55E+00
Mn-53 0.00E+00 0 1 0.00E+00 0.00E+00
Mn-54 1.39E+00 0.085 | 0.915 | 1.22E+00 8.80E-02
Mo-93 1.60E-04 0.999 | 0.001 | 1.06E+01 9.19E-01
Na-22 3.70E+00 0.074 | 0.926 | 1.34E+00 8.70E-02
Nb-93m 2.81E-05 0.999 | 0.001 | 1.06E+01 9.19E-01
Nb-94 2.62E+00 0.928 | 0.072 | 9.10E-02 1.39E+00
Nb-95 1.27E+00 0.075 | 0.925 | 1.36E+00 9.10E-02
Nb-95m 8.64E-02 0.945 | 0.055 | 1.27E-01 1.99E+00
Ni-59 0.00E+00 0 1 0.00E+00 0.00E+00
Ni-63 0.00E+00 0 1 0.00E+00 0.00E+00
Np-235 8.74E-04 0.828 | 0.172 | 1.90E-01 6.75E+00
Np-236a 1.25E-01 0.065 | 0.935 | 2.20E+00 1.72E-01
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Table A.2-1 (Cont.)

Volume Dose Fitting Parameters®
Coefficients?

Radionucli (mSv/yr per CF_KA CF_KB

de Ba/qg) CF A | CFB (cm?/g) (cm?/g)
Np-237 2.11E-02 0.897 | 0.103 | 1.85E-01 2.58E+00
Np-238 9.29E-01 0.083 | 0.917 | 1.24E+00 8.40E-02
Np-239 2.04E-01 0.925 | 0.075 | 1.39E-01 1.64E+00
Np-240m 5.45E-01 0.921 | 0.079 | 9.00E-02 1.35E+00
Os-185 1.13E+00 0.083 | 0.917 | 1.36E+00 9.30E-02
Os-194 3.15E-04 0.78 0.22 5.20E-01 3.36E+00
P-32 3.19E-03 0.9 0.1 1.28E-01 1.74E+00
Pa-231 5.15E-02 0.93 0.07 1.16E-01 2.02E+00
Pa-233 2.76E-01 0.925 | 0.075 | 1.18E-01 1.52E+00
Pa-234 3.12E+00 0.085 | 0.915 | 1.24E+00 8.80E-02
Pa-234m 2.42E-02 0.916 | 0.084 | 9.10E-02 1.39E+00
Pb-202 1.67E-06 0.99 0.01 2.57E+01 1.20E+00
Pb-205 1.91E-06 0.99 0.01 2.51E+01 1.20E+00
Pb-209 2.09E-04 0.852 | 0.148 | 1.63E-01 2.14E+00
Pb-210 6.61E-04 0.804 | 0.196 | 4.93E-01 4.04E+00
Pb-211 8.28E-02 0.926 | 0.074 | 9.60E-02 1.42E+00
Pb-212 1.90E-01 0.927 | 0.073 | 1.31E-01 1.59E+00
Pb-214 3.62E-01 0.08 0.921 | 1.39E+00 1.11E-01
Pd-107 0.00E+00 0 1 0.00E+00 0.00E+00
Pm-143 4,79E-01 0.92 0.08 9.30E-02 1.49E+00
Pm-144 2.50E+00 0.927 | 0.073 | 9.60E-02 1.45E+00
Pm-145 7.93E-03 0.59 0.41 4.00E-01 2.60E+00
Pm-146 1.19E+00 0.928 | 0.072 | 9.70E-02 1.48E+00
Pm-147 1.35E-05 0.773 0.227 | 2.09E-01 2.80E+00
Pm-148 9.95E-01 0.075 | 0.925 | 1.31E+00 8.20E-02
Pm-148m | 3.25E+00 0.079 | 0.921 | 1.33E+00 9.30E-02
Po-210 1.41E-05 0.927 | 0.073 | 9.00E-02 1.38E+00
Po-211 1.29E-02 0.922 | 0.078 | 9.00E-02 1.33E+00
Po-212 0.00E+00 0 1 0.00E+00 0.00E+00
Po-213 0.00E+00 0 1 0.00E+00 0.00E+00
Po-214 1.39E-04 0.084 | 0.916 | 1.23E+00 8.80E-02
Po-215 2.75E-04 0.915 | 0.085 | 1.00E-01 1.28E+00
Po-216 2.82E-05 0.084 | 0.916 | 1.24E+00 8.80E-02
Po-218 1.53E-05 0.082 | 0.918 | 1.25E+00 8.80E-02
Pr-144 6.82E-02 0.082 | 0.918 | 1.26E+00 7.90E-02
Pr-144m 3.88E-03 0.532 | 0.468 | 1.29E-01 2.11E+00
Pt-193 1.53E-06 0.99 0.01 2.49E+01 1.20E+00
Pu-236 6.16E-05 0.405 | 0595 | 1.57E-01 8.36E+00
Pu-237 4.37E-02 0.076 | 0.924 | 2.20E+00 1.84E-01
Pu-238 4.09E-05 0.297 | 0.703 | 1.96E-01 9.12E+00
Pu-239 7.98E-05 0.8 0.2 1.35E-01 6.75E+00
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Table A.2-1 (Cont.)

Volume Dose Fitting Parameters®
Coefficients?

Radionucli (mSv/yr per CF_KA CF_KB

de Ba/qg) CF A | CFB (cm?/g) (cm?/g)
Pu-240 3.97E-05 0.298 | 0.702 | 2.18E-01 9.00E+00
Pu-241 1.60E-06 0.079 | 0.921 | 2.80E+00 1.76E-01
Pu-242 3.46E-05 0.331 | 0.669 |2.11E-01 8.98E+00
Pu-243 2.15E-02 0.881 | 0.119 | 1.73E-01 1.70E+00
Pu-244 2.04E-05 0.008 | 0.992 | 8.46E+02 1.90E+00
Ra-223 1.63E-01 0.905 | 0.095 | 1.30E-01 1.38E+00
Ra-224 1.38E-02 0.943 | 0.057 | 1.27E-01 1.74E+00
Ra-225 2.98E-03 0.708 | 0.292 | 5.80E-01 3.44E+00
Ra-226 8.58E-03 0.932 | 0.068 | 1.35E-01 1.64E+00
Ra-228 0.00E+00 0 1 0.00E+00 0.00E+00
Rb-83 7.93E-01 0.916 | 0.084 | 9.60E-02 1.29E+00
Rb-84 1.52E+00 0.085 | 0.915 | 1.24E+00 8.80E-02
Rb-87 3.81E-05 0.787 | 0.213 | 2.15E-01 2.63E+00
Re-184 1.41E+00 0.918 | 0.082 | 9.00E-02 1.35E+00
Re-184m 5.50E-01 0.908 | 0.092 | 1.01E-01 1.35E+00
Re-186 2.11E-02 0.906 | 0.094 | 1.64E-01 1.68E+00
Re-186m 7.47E-03 0.796 | 0.204 | 2.75E-01 1.96E+00
Re-187 0.00E+00 0 1 0.00E+00 0.00E+00
Re-188 8.68E-02 0.897 | 0.103 | 9.90E-02 1.23E+00
Rh-101 3.31E-01 0.932 | 0.068 | 1.34E-01 1.73E+00
Rh-102 3.51E+00 0.919 | 0.081 | 9.00E-02 1.29E+00
Rh-102m 7.68E-01 0.925 | 0.075 | 9.80E-02 1.35E+00
Rh-103m 6.57E-05 0.79 0.21 7.30E+00 1.22E+00
Rh-106 3.49E-01 0.927 | 0.073 | 9.60E-02 1.41E+00
Rn-219 8.33E-02 0.08 0.921 | 1.34E+00 1.11E-01
Rn-220 6.21E-04 0.926 | 0.074 | 9.70E-02 1.41E+00
Rn-222 6.36E-04 0.922 | 0.078 | 9.80E-02 1.34E+00
Ru-103 7.42E-01 0.922 | 0.078 | 1.00E-01 1.35E+00
Ru-106 0.00E+00 0 1 0.00E+00 0.00E+00
S-35 4.02E-06 0.34 0.66 3.31E+00 2.90E-01
Sbh-124 3.16E+00 0.077 | 0.923 | 1.28E+00 7.90E-02
Sb-125 6.61E-01 0.922 | 0.078 | 9.80E-02 1.44E+00
Sb-126 4.62E+00 0.075 | 0.925 | 1.38E+00 9.30E-02
Sb-126m 2.52E+00 0.927 | 0.073 | 9.60E-02 1.40E+00
Sc-44 3.57E+00 0.079 | 0.921 | 1.31E+00 8.70E-02
Sc-46 3.43E+00 0.073 | 0.927 | 1.35E+00 8.60E-02
Se-75 5.35E-01 0.069 | 0.931 | 1.55E+00 1.24E-01
Se-79 5.03E-06 0.662 | 0.338 | 2.86E-01 3.29E+00
Si-32 9.60E-06 0.722 | 0.278 | 2.52E-01 3.02E+00
Sm-145 1.84E-02 0.666 | 0.334 | 4.30E-01 2.66E+00
Sm-146 0.00E+00 0 1 0.00E+00 0.00E+00
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Table A.2-1 (Cont.)

Volume Dose Fitting Parameters®
Coefficients?

Radionucli (mSv/yr per CF_KA CF_KB

de Ba/qg) CF A | CFB (cm?/g) (cm?/g)
Sm-147 0.00E+00 0 1 0.00E+00 0.00E+00
Sm-151 2.66E-07 0.033 | 0.967 | 8.27E-01 6.15E+00
Sn-113 8.03E-03 0.807 | 0.193 | 1.25E-01 3.82E+00
Sn-119m 8.13E-04 0.733 | 0.267 | 5.09E+00 1.22E+00
Sn-121 5.30E-05 0.8 0.2 1.87E-01 2.39E+00
Sn-121m 5.30E-04 0.8 0.2 3.53E+00 4.42E-01
Sn-123 1.37E-02 0.083 |0.917 | 1.37E+00 8.70E-02
Sn-126 3.98E-02 0.89 0.11 2.12E-01 2.23E+00
Sr-85 8.03E-01 0.92 0.08 9.70E-02 1.34E+00
Sr-89 2.45E-03 0.9 0.1 1.28E-01 1.77E+00
Sr-90 1.90E-04 0.848 | 0.152 | 1.70E-01 2.15E+00
Ta-179 1.56E-02 0.824 | 0.176 | 3.24E-01 2.12E+00
Ta-180 7.57E-01 0.92 0.08 1.18E-01 1.49E+00
Ta-182 2.15E+00 0.079 |0.921 | 1.32E+00 8.40E-02
Th-157 7.83E-04 0.792 | 0.208 | 5.20E-01 3.20E+00
Th-158 1.28E+00 0.083 | 0.917 | 1.34E+00 8.70E-02
Th-160 1.87E+00 0.077 | 0.923 | 1.33E+00 8.70E-02
Tc-95 1.30E+00 0.925 | 0.075 | 9.00E-02 1.39E+00
Tc-95m 1.06E+00 0.925 | 0.075 | 9.60E-02 1.41E+00
Tc-97 2.19E-04 0.999 | 0.001 | 9.40E+00 9.19E-01
Tc-97m 5.15E-04 0.52 0.48 1.89E-01 7.70E+00
Tc-98 2.32E+00 0.926 | 0.074 | 9.30E-02 1.38E+00
Tc-99 3.39E-05 0.787 | 0.213 | 2.11E-01 2.63E+00
Te-121 8.99E-01 0.924 | 0.076 | 9.70E-02 1.46E+00
Te-121m 2.90E-01 0.93 0.07 1.18E-01 1.70E+00
Te-123 1.77E-03 0.013 | 0.987 | 1.24E+02 1.90E+00
Te-123m 1.70E-01 0.934 | 0.066 | 1.45E-01 1.98E+00
Te-125m 4.10E-03 0.776 | 0.224 | 3.48E+00 3.70E-01
Te-127 7.72E-03 0.913 | 0.087 | 1.03E-01 1.36E+00
Te-127m 1.47E-03 0.278 | 0.722 | 1.60E-01 3.30E+00
Te-129 8.94E-02 0.922 | 0.078 | 1.00E-01 1.54E+00
Te-129m 5.00E-02 0.91 0.09 9.30E-02 1.70E+00
Th-227 1.41E-01 0.917 | 0.083 | 1.21E-01 1.47E+00
Th-228 2.15E-03 0.912 | 0.088 | 1.56E-01 2.31E+00
Th-229 8.68E-02 0.912 | 0.088 | 1.66E-01 1.82E+00
Th-230 3.27E-04 0.863 | 0.137 | 1.87E-01 4.11E+00
Th-231 9.85E-03 0.87 0.13 1.95E-01 3.26E+00
Th-232 1.41E-04 0.815 0.185 | 2.08E-01 5.76E+00
Th-234 6.51E-03 0.896 | 0.104 | 2.09E-01 2.08E+00
Ti-44 9.70E-02 0.882 | 0.118 | 2.39E-01 1.86E+00
TI-202 6.77E-01 0.907 | 0.093 | 1.02E-01 1.31E+00
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Table A.2-1 (Cont.)

Volume Dose Fitting Parameters®
Coefficients?

Radionucli (mSv/yr per CF_KA CF_KB

de Ba/qg) CF A | CFB (cm?/g) (cm?/g)
TI-204 1.10E-03 0.868 | 0.132 | 2.07E-01 1.88E+00
TI-206 2.08E-03 0.9 0.1 1.33E-01 1.83E+00
TI-207 5.35E-03 0.908 | 0.092 | 9.70E-02 1.46E+00
TI-208 6.21E+00 0.096 | 0.904 | 9.60E-01 6.30E-02
TI-209 3.50E+00 0.079 |0.921 | 1.26E+00 7.90E-02
Tm-170 4.04E-03 0.848 | 0.152 | 2.20E-01 1.82E+00
Tm-171 3.02E-04 0.815 | 0.185 | 3.32E-01 2.16E+00
U-232 2.44E-04 0.809 | 0.191 | 1.75E-01 6.12E+00
U-233 3.78E-04 0.889 | 0.111 | 1.39E-01 4.28E+00
U-234 1.09E-04 0.723 | 0.277 | 1.94E-01 7.34E+00
U-235 1.95E-01 0.933 | 0.067 | 1.38E-01 1.65E+00
U-236 5.81E-05 0.593 | 0.407 | 1.98E-01 8.40E+00
U-237 1.43E-01 0.904 | 0.096 | 1.49E-01 1.65E+00
U-238 2.79E-05 0.397 | 0.603 | 4.30E-01 1.01E+01
U-240 3.85E-04 0.49 0.51 3.90E-01 6.46E+00
V-49 0.00E+00 0 1 0.00E+00 0.00E+00
W-181 2.07E-02 0.83 0.17 3.08E-01 2.04E+00
W-185 1.17E-04 0.848 | 0.152 | 1.88E-01 2.22E+00
W-188 2.62E-03 0.917 | 0.083 | 1.21E-01 1.46E+00
Y-88 4.80E+00 0.096 | 0.904 | 9.90E-01 7.10E-02
Y-90 6.46E-03 0.907 | 0.093 | 1.18E-01 1.65E+00
Y-91 8.79E-03 0.097 | 0.903 | 1.31E+00 8.80E-02
Yb-169 2.98E-01 0.872 | 0.128 | 1.44E-01 1.54E+00
Zn-65 1.00E+00 0.073 | 0.927 | 1.33E+00 8.40E-02
Zr-88 6.06E-01 0.927 | 0.073 | 1.05E-01 1.47E+00
Zr-93 0.00E+00 0 1 0.00E+00 0.00E+00
Zr-95 1.22E+00 0.93 0.07 9.30E-02 1.44E+00

a Volume dose coefficients assume infinite thickness.

b Fitting parameters are used in depth and cover factor calculations (see
Appendix B).

A dose coefficient for inhalation in FGR 11 is the dose/exposure ratio for the committed effective
dose equivalent that is incurred by an individual from exposure by inhalation of the radionuclide
in contaminated dust. Inhalation dose coefficients depend on the size of the particle and
inhalation class. The inhalation class for inhaled radioactive material is defined according to its
rate of clearance from the lung. The three inhalation classes, D, W, and Y, correspond to
retention half-times of less than 10 days, 10 to 100 days, and more than 100 days, respectively.
FGR-11 Table 2.1 lists exposure-to-dose conversion factors for inhalation. The dose coefficients
are for the dust particles with an activity median aerodynamic diameter (AMAD) of 1 pm. The
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table lists dose equivalent conversion factors for organ or tissue and committed effective dose
equivalent conversion factors based on the ICRP-26 methodology (see Section A.3).

A dose coefficient for ingestion in the FGR 11 is the dose/exposure ratio for the committed
effective dose equivalent that an individual incurs from intake by ingestion of the radionuclide.
The ingestion dose coefficients depend on the element’s chemical form, which determines what
fraction of a radionuclide entering the gastrointestinal tract will reach the body fluid. FGR-11
Table 2.2 includes exposure-to-dose conversion factors for ingestion. The table lists dose
equivalent conversion factors for organ or tissue and committed effective dose equivalent
conversion factor based on the ICRP-26 methodology (see Section A.3). Some elements
(antimony, tungsten, mercury, uranium, and plutonium) have different fractional uptakes based
on different chemical forms that result in different ingestion dose coefficients. When using the
default settings, the RESRAD-OFFSITE code uses the most restrictive dose coefficients.

Table A.2-2 lists the default inhalation and ingestion dose coefficients used in the RESRAD-
OFFSITE code for a 30-day half-life cutoff.

Table A.2-2 Default Inhalation and Ingestion Dose Coefficients for 30-day Cutoff Half-
Life from FGR 11

Inhalation®| Ingestion®
Radionuclide?® Associated Decay Chain® (mSv/Bq) | (mSv/BQq)
Ac-227+D (Th-227 9.8620E-01), Ra-223, Rn-219, Po-215, Pb- |1.82E+00 |4.00E-03
211, Bi-211, (TI-207 9.9720E-01), (Po-211 2.8000E-
03), (Fr-223 1.3800E-02)

Ag-105 — 1.26E-06 |[5.51E-07
Ag-108m+D (Ag-108 8.9000E-02) 7.65E-05 |2.06E-06
Ag-110m+D (Ag-110 1.3300E-02) 2.17E-05 |2.92E-06
Al-26 — 2.15E-05 |3.95E-06
Am-241 — 1.20E-01 [9.84E-04
Am-242m+D Am-242 1.15E-01 |[9.49E-04
Am-242m+D1 |Am-242 1.15E-01 |9.49E-04
Am-242m+D2 |Np-238 1.15E-01 |9.50E-04
Am-243+D — 1.19E-01 |9.79E-04
As-73 — 9.35E-07 [1.91E-07
Au-195 — 3.51E-06 |2.87E-07
Ba-133 — 2.11E-06 [9.19E-07
Be-10 — 9.57E-05 |1.26E-06
Be-7 — 8.68E-08 |3.46E-08
Bi-207 — 5.41E-06 |1.48E-06
Bi-210m+D TI-206 2.05E-03 |2.59E-05
Bk-247 — 1.55E-01 |[1.27E-03
Bk-249 — 3.76E-04 |3.24E-06
Bk-249+D — 3.76E-04 |3.29E-06
C-14 particulate | — 5.65E-07 |5.65E-07
C-14 gaseous |— 6.35E-09 |None
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Table A.2-2 (Cont.)

Inhalation¢ | Ingestion®
Radionuclide? Associated Decay Chain® (mSv/Bq) | (mSv/BQq)
Ca-41 — 3.65E-07 |3.43E-07
Ca-45 — 1.79E-06 |8.54E-07
Cd-109 — 3.08E-05 |3.54E-06
Cd-113 — 4.51E-04 |4.70E-05
Cd-113m — 4.14E-04 |4.35E-05
Cd-115m — 1.95E-05 |4.38E-06
Ce-139 — 2.45E-06 |3.08E-07
Ce-141 — 2.42E-06 |7.84E-07
Ce-144+D (Pr-144m 0.0178), Pr-144 1.01E-04 |5.71E-06
Cf-248 — 1.37E-02 |9.03E-05
Cf-249 — 1.56E-01 |[1.28E-03
Cf-250 — 7.08E-02 |5.76E-04
Cf-251 — 1.59E-01 |1.31E-03
Cf-252 — 4.24E-02 [2.92E-04
Cl-36 — 5.92E-06 |8.19E-07
Cm-241 — 3.97E-05 |1.21E-06
Cm-242 — 4.68E-03 |3.11E-05
Cm-243 — 8.30E-02 |6.78E-04
Cm-244 — 6.70E-02 |5.46E-04
Cm-245 — 1.23E-01 [1.01E-03
Cm-246 — 1.22E-01 |1.00E-03
Cm-247+D — 1.12E-01 |9.24E-04
Cm-248 Pu-243 4.46E-01 |3.68E-03
Co-56 — 1.07E-05 |[3.41E-06
Co-57 — 2.45E-06 |3.19E-07
Co-58 — 2.95E-06 |9.68E-07
Co-60 — 5.92E-05 |7.27E-06
Cs-134 — 1.25E-05 |1.98E-05
Cs-135 — 1.23E-06 [1.91E-06
Cs-137+D (Ba-137m 0.946) 8.62E-06 |1.35E-05
Dy-159 — 6.57E-07 |1.20E-07
Es-254+D Bk-250 1.11E-02 |8.48E-05
Eu-148 — 3.87E-06 |1.55E-06
Eu-149 — 5.11E-07 |1.24E-07
Eu-150b — 7.24E-05 |1.72E-06
Eu-152 — 5.97E-05 |1.75E-06
Eu-154 — 7.73E-05 |2.58E-06
Eu-155 — 1.12E-05 |[4.14E-07
Fe-55 — 7.27E-07 |1.64E-07
Fe-59 — 4.00E-06 |1.81E-06
Fe-60+D Co-60m 2.02E-04 |4.11E-05
Fe-60+D1 Co-60m 2.02E-04 |4.11E-05
Fm-257+D Cf-253, Es-253 8.24E-03 |5.37E-05
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Table A.2-2 (Cont.)

Inhalation¢ | Ingestion®
Radionuclide? Associated Decay Chain® (mSv/Bq) | (mSv/BQq)
Fm-257+D1 Cf-253, (Es-253 9.9690E-01), (Cm-249 3.1000E-03) |8.24E-03 |5.37E-05
Gd-146+D Eu-146 1.14E-05 |2.66E-06
Gd-148 — 8.92E-02 |5.89E-05
Gd-151 — 2.40E-06 |2.23E-07
Gd-152 — 6.57E-02 |4.35E-05
Gd-153 — 6.43E-06 |3.16E-07
Ge-68+D Ga-68 1.40E-05 |[3.82E-07
H-3 — 1.73E-08 |1.73E-08
Hf-172+D Lu-172 8.73E-05 |2.74E-06
Hf-175 — 1.51E-06 |[4.92E-07
Hf-178m — 6.65E-04 |5.68E-06
Hf-181 — 4.16E-06 |1.27E-06
Hf-182 — 8.97E-04 |4.30E-06
Hg-194+D Au-194 4.92E-05 |7.84E-05
Hg-203 — 1.98E-06 |3.08E-06
Ho-166m — 2.09E-04 |2.18E-06
1-125 — 6.54E-06 |1.04E-05
1-129 — 4.70E-05 |7.46E-05
In-114m+D (In-114 0.957) 2.40E-05 |4.62E-06
In-115 — 1.01E-03 |4.27E-05
Ir-192 — 7.62E-06 |1.55E-06
Ir-192m — 1.04E-04 |4.24E-07
Ir-194m — 1.85E-05 |[2.46E-06
K-40 — 3.35E-06 |5.03E-06
La-137 — 2.37E-05 |1.23E-07
La-138 — 3.70E-04 |1.59E-06
Lu-173 — 6.08E-06 |2.95E-07
Lu-174 — 1.07E-05 |[3.00E-07
Lu-174m — 6.87E-06 |5.76E-07
Lu-176 — 1.79E-04 |1.98E-06
Lu-177m+D (Lu-177 0.21) 2.00E-05 |2.11E-06
Md-258 — 4.46E-03 |3.19E-05
Mn-53 — 1.35E-07 [2.92E-08
Mn-54 — 1.81E-06 |7.49E-07
Mo-93 — 7.68E-06 |3.65E-07
Na-22 — 2.07E-06 |3.11E-06
Nb-93m — 7.89E-06 |1.41E-07
Nb-94 — 1.12E-04 |1.93E-06
Nb-95 — 1.57E-06 |6.95E-07
Ni-59 — 7.30E-07 |5.68E-08
Ni-63 — 1.70E-06 |1.56E-07
Np-235 — 1.12E-06 |6.57E-08
Np-236a — 2.81E-02 |2.34E-04
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Table A.2-2 (Cont.)

Inhalation¢ | Ingestion®
Radionuclide? Associated Decay Chain® (mSv/Bq) | (mSv/BQq)
Np-237+D Pa-233 1.46E-01 |1.20E-03
Os-185 — 2.81E-06 |6.11E-07
Os-194+D Ir-194 1.82E-04 |4.38E-06
Pa-231 — 3.46E-01 |2.87E-03
Pb-202+D TI-202 2.68E-05 |1.09E-05
Pb-205 — 1.06E-06 |4.41E-07
Pb-210+D Bi-210 3.73E-03 |1.45E-03
Pd-107 — 3.46E-06 |4.03E-08
Pm-143 — 2.95E-06 |2.78E-07
Pm-144 — 1.45E-05 |[1.17E-06
Pm-145 — 8.24E-06 |1.28E-07
Pm-146 — 3.97E-05 |9.92E-07
Pm-147 — 1.06E-05 |2.84E-07
Pm-148m+D  |(Pm-148 0.046) 6.24E-06 |2.21E-06
Po-210 — 2.54E-03 |5.14E-04
Pt-193 — 6.14E-08 |3.22E-08
Pu-236 — 3.92E-02 |3.16E-04
Pu-237 — 5.32E-07 |1.20E-07
Pu-238 — 1.06E-01 |8.65E-04
Pu-239 — 1.16E-01 |9.57E-04
Pu-240 — 1.16E-01 |9.57E-04
Pu-241 — 2.23E-03 |1.85E-05
Pu-241+D (U-237 0.0000245) 2.23E-03 |1.93E-05
Pu-242 — 1.11E-01 |9.08E-04
Pu-244 — 1.09E-01 |8.97E-04
Pu-244+D (U-240 0.9988), (Np-240m 0.9988) 1.09E-01 |8.99E-04
Ra-226+D Rn-222,P0-218, (Pb-214 9.9980E-01), Bi-214, (Po- |2.32E-03 |3.57E-04
214 9.9980E-01), (TI-210 2.0000E-04), (At-218
2.0000E-04)
Ra-228+D Ac-228 1.37E-03 |3.90E-04
Rb-83+D (Kr-83m 0.76199) 1.33E-06 |2.08E-06
Rb-84 — 1.76E-06 [2.70E-06
Rb-87 — 8.73E-07 |1.33E-06
Re-184 — 1.39E-06 |5.92E-07
Re-184m — 3.97E-06 |7.97E-07
Re-186m+D Re-186 1.06E-05 |[1.88E-06
Re-187 — 1.47E-08 [2.57E-09
Rh-101 — 1.07E-05 |[6.27E-07
Rh-102 — 3.24E-05 |2.81E-06
Rh-102m — 1.29E-05 |1.27E-06
Ru-103+D (Rh-103m 0.997) 2.42E-06 |8.27E-07
Ru-106+D Rh-106 1.29E-04 |7.41E-06
S-35 — 6.70E-07 |1.98E-07
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Table A.2-2 (Cont.)

Inhalation¢ | Ingestion®
Radionuclide? Associated Decay Chain® (mSv/Bq) | (mSv/BQq)

Sb-124 — 6.81E-06 |2.73E-06
Sb-125 — 3.30E-06 |7.60E-07
Sc-46 — 8.00E-06 |1.73E-06
Se-75 — 2.29E-06 |2.60E-06
Se-79 — 2.66E-06 |2.35E-06
Si-32+D P-32 2.77E-04 |2.96E-06
Sm-145 — 2.97E-06 |2.46E-07
Sm-146 — 2.23E-02 |5.51E-05
Sm-147 — 2.02E-02 |5.00E-05
Sm-151 — 8.11E-06 |1.05E-07
Sn-113+D In-113m 2.90E-06 |8.61E-07
Sn-119m — 1.69E-06 |[3.76E-07
Sn-121m+D (Sn-121 0.776) 3.22E-06 |6.08E-07
Sn-123 — 8.78E-06 |2.27E-06
Sn-126+D Sb-126m, (Sb-126 0.14) 2.73E-05 |5.70E-06
Sr-85 — 1.36E-06 |5.35E-07
Sr-89 — 1.12E-05 |2.50E-06
Sr-90+D Y-90 3.54E-04 |4.13E-05
Ta-179 — 1.76E-06 |7.38E-08
Ta-180 — 6.62E-05 |9.81E-07
Ta-182 — 1.21E-05 |[1.76E-06
Th-157 — 2.49E-06 |3.35E-08
Tb-158 — 6.92E-05 |1.19E-06
Tb-160 — 6.76E-06 |1.82E-06
Tc-95m+D (Tc-95 0.04) 1.05E-06 |[3.97E-07
Tc-97 — 2.68E-07 |4.62E-08
Tc-97m — 1.32E-06 |3.35E-07
Tc-98 — 6.19E-06 |1.32E-06
Tc-99 — 2.25E-06 |3.95E-07
Te-121m+D (Te-121 0.886) 4.76E-06 |2.48E-06
Te-123 — 2.84E-06 |1.13E-06
Te-123m — 2.87E-06 |1.53E-06
Te-125m — 1.97E-06 [9.92E-07
Te-127m+D (Te-127 0.976) 5.90E-06 |2.41E-06
Te-129m+D (Te-129 0.35) 6.48E-06 |2.93E-06
Th-228+D Ra-224, Rn-220, Po-216, Pb-212, Bi-212, (Po-212  |9.33E-02 |[2.19E-04

0.6407),

(T1-208 0.3593)
Th-229+D Ra-225, Ac-225, Fr-221, At-217, Bi-213, (Po-213 5.86E-01 |1.09E-03

0.9784),

(T1-209 0.0216), Pb-209
Th-230 — 8.81E-02 |1.48E-04
Th-232 — 4.43E-01 [7.38E-04
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Table A.2-2 (Cont.)

Inhalation¢ | Ingestion®
Radionuclide? Associated Decay Chain® (mSv/Bq) | (mSv/BQq)
Ti-44+D Sc-44 2.76E-04 |6.63E-06
TI-204 — 6.51E-07 |9.08E-07
Tm-170 — 7.11E-06 |1.43E-06
Tm-171 — 2.47E-06 |1.16E-07
U-232 — 1.78E-01 |3.54E-04
U-233 — 3.65E-02 |7.81E-05
U-234 — 3.57E-02 |7.65E-05
U-235+D — 3.32E-02 |7.23E-05
U-236 — 3.38E-02 |7.27E-05
U-238 — 3.19E-02 |6.89E-05
U-238+D Th-234, (Pa-234m 0.998), (Pa-234 0.0033) 3.19E-02 |7.26E-05
V-49 — 9.32E-08 |1.66E-08
W-181 — 4.08E-08 [9.30E-08
W-185 — 2.03E-07 |5.38E-07
W-188+D Re-188 1.65E-06 |[3.37E-06
Y-88 — 7.60E-06 |1.62E-06
Y-91 — 1.32E-05 |2.57E-06
Yb-169 — 2.18E-06 |8.11E-07
Zn-65 — 5.51E-06 |3.89E-06
Zr-88 — 6.57E-06 |4.03E-07
Zr-93 — 8.68E-05 |4.49E-07
Zr-95+D Nb-95m 0.007 6.38E-06 |1.02E-06

&  Dose coefficients for entries labeled by +D are aggregated dose coefficients for intake of
principal radionuclide together with associated radionuclides in the decay chain in secular

equilibrium.

b The associated radionuclide in the decay chain and their fractions, if the fraction is less than

1.

¢ Inhalation dose coefficients are for most restricted inhalation class and for an AMAD of 1 um.

d Ingestion dose coefficients are for the most restricted chemical type.

¢ Indicate there is no associated radionuclide.

A.2.2 ICRP-60 and ICRP-72 Libraries

ICRP-60 and ICRP-72 (ICRP 1996) dose coefficient libraries are based on the ICRP-38
radionuclide transformation database and use the ICRP-60 dose estimation methodology (see
Section A.3). The dose coefficients for six age groups (infant, 1, 5, 10, 15, and adult) are
available. Table A.2-3 lists the dose coefficients and fitting parameters used in the RESRAD-
OFFSITE code for radionuclides with a 30-day half-life cutoff in external pathway dose
calculations. The dose coefficients for principal radionuclides with half-lives longer than 30 days
and their associated progeny radionuclides are included in Table A.2-3. Appendix B discusses
the fitting parameters.
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ICRP-60 uses newer biokinetic models in calculating inhalation and ingestion dose coefficients
for six different age groups (3 months, 1 year, 5 year, 10 year, 15 year, and adult). Inhalation
class types D (days), W (week), and Y (year) in ICRP 26/30 are replaced with F (fast), M
(medium), S (slow), and V (very fast), as applied to gases and vapors in ICRP 60.

Table A.2-4 lists the default inhalation and ingestion dose coefficients from ICRP Publication 72
used in the code for a 30-day cutoff half-life.

Table A.2-3 Effective Dose Coefficients in ICRP-60/ICRP-72 Libraries for
External Gamma Radiation from Contaminated Soil and Fitting
Parameters Used to Calculate Depth and Cover Factors,
30-day Half-Life Cutoff
Fitting Parameters®
Volume Dose
Coefficients? CF_KA CF_KB
Nuclide (mSv/yr per Bg/g) CFA|CFEB (cm?/g) (cm?/g)
Ac-225 1.56E-02 0.914 |0.086 | 1.59E-01 | 1.77E+00
Ac-227 1.21E-04 0.913 |0.087 | 1.61E-01 | 2.56E+00
Ac-228 1.53E+00 0.915 |0.085 | 8.44E-02 | 1.36E+00
Ag-105 7.32E-01 0.906 | 0.094 | 9.95E-02 | 1.27E+00
Ag-108 3.10E-02 0.87 0.131 | 1.01E-01 | 6.35E+00
Ag-108m | 2.44E+00 0.915 |0.085 |9.43E-02 | 1.33E+00
Ag-110 6.41E-02 0.825 |0.175 | 9.69E-02 | 4.13E+00
Ag-110m | 4.38E+00 0.918 | 0.082 | 8.56E-02 | 1.31E+00
Al-26 4.47E+00 0.913 | 0.087 | 7.63E-02 | 1.20E+00
Am-241 1.01E-02 0.836 | 0.164 | 3.14E-01 | 2.88E+00
Am-242 1.22E-02 0.908 | 0.092 | 1.75E-01 | 2.80E+00
Am-242m | 3.89E-04 0.745 |0.255 | 1.88E-01 | 6.65E+00
Am-243 3.37E-02 0.88 0.12 2.38E-01 | 2.01E+00
Am-245 3.60E-02 0.924 | 0.076 | 1.38E-01 | 3.08E+00
As-73 2.13E-03 0.78 0.22 3.56E-01 | 2.25E+00
At-217 4.47E-04 0.926 |0.074 | 1.03E-01 | 1.53E+00
At-218 1.32E-03 0.821 |0.179 | 3.81E-01 | 3.19E+00
Au-194 1.67E+00 0.911 | 0.09 8.13E-02 | 1.24E+00
Au-195 4.91E-02 0.87 0.13 2.38E-01 | 1.90E+00
Ba-133 4.92E-01 0.911 |0.089 | 1.13E-01 | 1.53E+00
Ba-137m | 9.14E-01 0.916 |0.084 | 9.38E-02 | 1.34E+00
Be-10 2.74E-04 0.83 0.17 1.69E-01 | 2.23E+01
Be-7 7.27E-02 0.915 |0.085 |9.97E-02 | 1.33E+00
Bi-207 2.39E+00 0.91 0.09 8.63E-02 | 1.26E+00
Bi-210 1.48E-03 0.53 0.47 1.36E-01 | 1.58E+01
Bi-210m 3.45E-01 0.919 |[0.081 |1.14E-01 | 1.41E+00
Bi-211 6.41E-02 0.923 | 0.077 | 1.11E-01 | 1.49E+00
Bi-212 3.01E-01 0.919 |0.081 | 8.44E-02 | 1.96E+00
Bi-213 1.94E-01 0.919 |0.081 | 1.03E-01 | 2.19E+00
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Table A.2-3 (Cont.)

Fitting Parameters®

Volume Dose

Coefficients? CF_KA CF_KB

Nuclide (mSv/yr per Bg/g) CFA|CFEB (cm?/g) (cm?/g)
Bi-214 2.52E+00 0.916 | 0.084 | 7.69E-02 | 1.31E+00
Bk-247 1.07E-01 0.914 | 0.086 | 1.46E-01 | 1.69E+00
Bk-249 1.02E-06 0.55 0.45 2.39E-01 | 3.39E+00
Bk-250 1.42E+00 0.909 | 0.091 | 8.24E-02 | 1.22E+00
C-14 2.99E-06 0.655 | 0.345 | 2.88E-01 | 3.38E+00
Ca-41 0.00E+00 0.918 | 0.082 | 6.77E-02 | 1.13E+00
Ca-45 1.45E-05 0.77 0.23 2.31E-01 | 2.81E+00
Cd-109 3.31E-03 0.7 0.3 2.12E-01 | 4.78E+00
Cd-113 2.66E-05 0.79 0.21 2.06E-01 | 2.53E+00
Cd-113m | 1.63E-04 0.82 0.18 1.69E-01 | 1.83E+01
Cd-115m | 3.98E-02 0.884 | 0.116 | 8.63E-02 | 5.64E+00
Ce-139 1.57E-01 0.926 | 0.074 | 1.46E-01 | 2.06E+00
Ce-141 7.83E-02 0.934 | 0.066 | 1.55E-01 | 2.06E+00
Ce-144 1.75E-02 0.91 0.09 1.67E-01 | 2.01E+00
Cf-248 2.36E-05 0.05 0.95 6.25E-01 | 7.83E+00
Cf-249 4.65E-01 0.921 |0.079 | 1.08E-01 | 1.46E+00
Cf-250 2.25E-05 0.05 0.95 6.25E-01 | 7.84E+00
Cf-251 1.30E-01 0.92 0.08 1.45E-01 | 1.78E+00
Cf-252 7.98E-01 0.917 |0.083 | 7.44E-02 | 1.21E+00
Cf-253 1.78E-05 0.77 0.23 2.25E-01 | 3.25E+00
CI-36 6.77E-04 0.778 |0.222 | 1.28E-01 | 2.31E+01
Cm-241 6.62E-01 0.912 |0.088 | 1.08E-01 | 1.41E+00
Cm-242 3.48E-05 0.27 0.73 1.63E-01 | 8.68E+00
Cm-243 1.45E-01 0.923 | 0.077 | 1.37E-01 | 1.71E+00
Cm-244 2.42E-05 0.05 0.95 3.13E-01 | 8.75E+00
Cm-245 8.28E-02 0.92 0.08 1.70E-01 | 1.88E+00
Cm-246 2.25E-05 0.13 0.87 6.25E-01 | 9.19E+00
Cm-247 4.47E-01 0.916 | 0.084 | 1.06E-01 | 1.35E+00
Cm-248 2.29E+00 0.916 | 0.084 | 7.38E-02 | 1.19E+00
Cm-249 2.91E-02 0.92 0.08 9.81E-02 | 3.34E+00
Co-56 6.06E+00 0.912 | 0.088 | 7.25E-02 | 1.15E+00
Co-57 1.23E-01 0.92 0.08 1.59E-01 | 1.68E+00
Co-58 1.52E+00 0.903 | 0.097 | 8.69E-02 | 1.17E+00
Co-60 4.16E+00 0.914 | 0.086 | 7.69E-02 | 1.21E+00
Co-60m 6.26E-03 0.887 |0.113 | 8.07E-02 | 1.32E+00
Cs-134 2.40E+00 0.911 | 0.089 | 9.00E-02 | 1.26E+00
Cs-135 8.74E-06 0.75 0.25 2.63E-01 | 3.13E+00
Cs-137 2.26E-04 0.7 0.3 1.63E-01 | 1.36E+01
Dy-159 1.21E-02 0.69 0.31 4.13E-01 | 2.36E+00
Es-253 4.35E-04 0.886 |0.114 | 1.13E-01 | 3.35E+00
Es-254 3.07E-03 0.79 0.21 1.41E-01 | 4.25E+00

A-34




Table A.2-3 (Cont.)

Volume Dose
Coefficients?

Fitting Parameters®

CF_ KA | CF KB

Nuclide (mSv/yr per Bg/g) CFA|CFEB (cm?/g) (cm?/g)
Eu-146 3.93E+00 0.916 | 0.084 | 8.62E-02 | 1.31E+00
Eu-148 3.33E+00 0.904 | 0.096 | 8.81E-02 | 1.18E+00
Eu-149 4.95E-02 0.862 |0.138 | 1.21E-01 | 1.86E+00
Eu-150b 2.21E+00 0.916 | 0.084 | 9.58E-02 | 1.36E+00
Eu-152 1.79E+00 0.904 | 0.096 | 8.29E-02 | 1.19E+00
Eu-154 1.97E+00 0.915 | 0.085 | 8.31E-02 | 1.32E+00
Eu-155 4.37E-02 0.88 0.12 1.94E-01 | 1.81E+00
Fe-55 0.00E+00 0.925 |0.075 | 1.01E-01 | 1.40E+00
Fe-59 1.96E+00 0.905 | 0.095 | 7.75E-02 | 1.12E+00
Fe-60 2.46E-06 0.61 0.39 2.96E-01 | 3.39E+00
Fm-257 1.06E-01 0.93 0.07 1.55E-01 | 2.01E+00
Fr-221 3.82E-02 0.937 |0.063 | 1.31E-01 | 1.75E+00
Fr-223 4.90E-02 0.867 | 0.133 | 1.35E-01 | 2.88E+00
Ga-68 1.42E+00 0.916 | 0.084 | 9.81E-02 | 1.55E+00
Gd-146 1.95E-01 0.897 |0.103 | 1.69E-01 | 2.03E+00
Gd-148 0.00E+00 0.822 |10.178 | 1.99E-01 | 1.93E+00
Gd-151 4.21E-02 0.85 0.15 1.46E-01 | 1.98E+00
Gd-152 0.00E+00 0.918 | 0.082 | 8.36E-02 | 1.27E+00
Gd-153 5.76E-02 0.83 0.17 2.06E-01 | 1.97E+00
Ge-68 3.50E-07 0.002 | 0.998 |9.38E-01 | 3.71E+01
H-3 0.00E+00 1 0 0.00E+00 | 0.00E+00
Hf-172 5.86E-02 0.78 0.22 2.13E-01 | 1.68E+00
Hf-175 4.65E-01 0.911 ]0.089 |1.13E-01 | 1.48E+00
Hf-178m 3.27E+00 0.921 | 0.079 | 1.08E-01 | 1.46E+00
Hf-181 7.63E-01 0.917 |0.083 | 1.08E-01 | 1.41E+00
Hf-182 3.12E-01 0.914 |0.086 | 1.17E-01 | 1.36E+00
Hg-194 2.88E-06 0.002 ] 0.998 | 4.75E-01 | 2.46E+01
Hg-203 3.16E-01 0.914 10.086 | 1.14E-01 | 1.36E+00
Ho-166m | 2.61E+00 0.915 |0.085 | 9.43E-02 | 1.33E+00
[-125 3.23E-03 0.2 0.8 6.25E-01 | 3.69E+00
1-129 2.60E-03 0.402 | 0.598 | 6.35E-01 | 3.56E+00
In-113m 3.60E-01 0.924 |10.076 | 1.08E-01 | 1.49E+00
In-114 4.55E-03 0.912 10.088 | 7.72E-02 | 1.33E+00
In-114m 1.22E-01 0.913 | 0.087 | 1.03E-01 | 1.48E+00
In-115 9.65E-05 0.846 | 0.154 | 1.81E-01 | 6.56E+00
Ir-192 1.16E+00 0.928 |0.072 | 1.11E-01 | 1.49E+00
Ir-192m 1.86E-01 0.929 ]0.071 |1.43E-01 | 1.65E+00
Ir-194 1.42E-01 0.9 0.1 9.81E-02 | 3.13E+00
Ir-194m 3.44E+00 0.915 | 0.085 | 9.88E-02 | 1.33E+00
K-40 2.69E-01 0.924 |0.076 | 7.56E-02 | 2.22E+00
Kr-83m 6.82E-06 0.052 ]10.948 | 3.63E-01 | 1.74E+01
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Table A.2-3 (Cont.)

Fitting Parameters®

Volume Dose

Coefficients? CF_KA CF_KB

Nuclide (mSv/yr per Bg/g) CFA|CFEB (cm?/g) (cm?/g)
La-137 2.84E-03 0.407 | 0.593 | 6.35E-01 | 3.25E+00
La-138 2.04E+00 0.907 | 0.093 | 7.55E-02 | 1.14E+00
Lu-172 2.94E+00 0.904 | 0.096 | 8.28E-02 | 1.18E+00
Lu-173 1.02E-01 0.844 | 0.156 | 1.39E-01 | 1.56E+00
Lu-174 1.45E-01 0.864 | 0.136 | 8.44E-02 | 1.25E+00
Lu-174m 3.49E-02 0.709 | 0.291 | 1.37E-01 | 1.31E+00
Lu-176 6.31E-01 0.918 | 0.082 | 1.18E-01 | 1.46E+00
Lu-177 3.92E-02 0.919 |0.081 | 1.37E-01 | 1.66E+00
Lu-177m 1.25E+00 0.915 |0.085 |1.19E-01 | 1.49E+00
Md-258 5.04E-04 0.644 |0.356 | 2.39E-01 | 5.43E+00
Mn-53 0.00E+00 0.919 | 0.081 | 8.18E-02 | 1.24E+00
Mn-54 1.31E+00 0.909 | 0.091 | 8.60E-02 | 1.23E+00
Mo-93 1.13E-04 0.002 ]0.998 | 3.13E-01 | 1.09E+01
Na-22 3.48E+00 0.919 | 0.081 | 8.54E-02 | 1.32E+00
Nb-93m 1.99E-05 0.002 |0.998 | 3.13E-01 | 1.09E+01
Nb-94 2.47E+00 0.913 | 0.087 | 8.75E-02 | 1.28E+00
Nb-95 1.20E+00 0.91 0.09 8.81E-02 | 1.23E+00
Nb-95m 7.93E-02 0.937 |0.063 | 1.27E-01 | 1.83E+00
Ni-59 0.00E+00 0.844 | 0.156 | 1.20E-01 | 1.30E+00
Ni-63 0.00E+00 0.925 |0.075 | 9.77E-02 | 1.39E+00
Np-235 7.63E-04 0.843 | 0.157 | 1.94E-01 | 6.50E+00
Np-236a 1.13E-01 0.916 | 0.084 | 1.67E-01 | 1.88E+00
Np-237 1.88E-02 0.9 0.1 1.88E-01 | 2.55E+00
Np-238 8.79E-01 0.911 | 0.089 | 8.31E-02 | 1.29E+00
Np-239 1.86E-01 0.918 | 0.082 | 1.37E-01 | 1.65E+00
Np-240m | 5.15E-01 0.916 | 0.084 | 9.00E-02 | 1.81E+00
Os-185 1.06E+00 0.908 | 0.092 | 9.25E-02 | 1.29E+00
0Os-194 2.53E-04 0.64 0.36 4.19E-01 | 2.57E+00
P-32 5.51E-03 0.475 |0.525 |1.25E-01 | 9.19E+00
Pa-231 4.76E-02 0.93 0.07 1.18E-01 | 2.03E+00
Pa-233 2.55E-01 0.923 | 0.077 | 1.20E-01 | 1.57E+00
Pa-234 2.94E+00 0.914 | 0.086 | 8.81E-02 | 1.31E+00
Pa-234m | 2.67E-02 0.78 0.22 8.94E-02 | 5.50E+00
Pb-202 1.99E-06 0.002 |0.998 | 7.50E-01 | 3.04E+01
Pb-205 2.22E-06 0.002 | 0.998 | 5.63E-01 | 2.97E+01
Pb-209 2.04E-04 0.802 ]0.198 | 1.69E-01 | 2.43E+01
Pb-210 5.35E-04 0.89 0.11 5.72E-01 | 6.88E+00
Pb-211 7.88E-02 0.921 | 0.079 | 9.56E-02 | 3.74E+00
Pb-212 1.75E-01 0.937 |0.063 | 1.34E-01 | 1.91E+00
Pb-214 3.36E-01 0.917 |0.083 | 1.11E-01 | 1.49E+00
Pd-107 0.00E+00 0.932 |0.068 | 1.13E-01 | 1.51E+00
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Table A.2-3 (Cont.)

Fitting Parameters®

Volume Dose

Coefficients? CF_KA CF_KB

Nuclide (mSv/yr per Bg/g) CFA|CFEB (cm?/g) (cm?/g)
Pm-143 4.50E-01 0.904 | 0.096 | 8.94E-02 | 1.33E+00
Pm-144 2.34E+00 0.911 | 0.089 | 9.31E-02 | 1.30E+00
Pm-145 6.26E-03 0.57 0.43 3.91E-01 | 2.56E+00
Pm-146 1.12E+00 0.914 | 0.086 | 9.44E-02 | 1.36E+00
Pm-147 1.17E-05 0.79 0.21 2.13E-01 | 2.81E+00
Pm-148 9.45E-01 0.917 | 0.083 | 8.13E-02 | 1.56E+00
Pm-148m | 3.05E+00 0.908 | 0.092 | 9.13E-02 | 1.24E+00
Po-210 1.33E-05 0.912 | 0.088 | 8.75E-02 | 1.26E+00
Po-211 1.21E-02 0.916 | 0.084 | 9.00E-02 | 1.33E+00
Po-212 0.00E+00 1 0 0.00E+00 | 0.00E+00
Po-213 0.00E+00 1 0 0.00E+00 | 0.00E+00
Po-214 1.31E-04 0.914 | 0.086 | 8.88E-02 | 1.28E+00
Po-215 2.56E-04 0.919 |0.081 | 1.03E-01 | 1.38E+00
Po-216 2.66E-05 0.916 | 0.084 | 8.88E-02 | 1.33E+00
Po-218 1.44E-05 0.916 | 0.084 | 8.75E-02 | 1.31E+00
Pr-144 7.22E-02 0.832 | 0.168 | 7.94E-02 | 3.84E+00
Pr-144m 3.25E-03 0.56 0.44 1.21E-01 | 2.16E+00
Pt-193 1.71E-06 0.002 ] 0.998 | 5.63E-01 | 2.85E+01
Pu-236 4.90E-05 0.456 |0.544 | 1.75E-01 | 8.56E+00
Pu-237 3.93E-02 0.928 | 0.072 | 1.89E-01 | 2.31E+00
Pu-238 3.15E-05 0.33 0.67 1.96E-01 | 9.19E+00
Pu-239 7.12E-05 0.824 |0.176 | 1.33E-01 | 6.56E+00
Pu-240 3.05E-05 0.33 0.67 1.96E-01 | 9.19E+00
Pu-241 1.44E-06 0.922 |0.078 |1.78E-01 | 2.75E+00
Pu-242 2.69E-05 0.36 0.64 1.94E-01 | 9.03E+00
Pu-243 1.92E-02 0.894 | 0.106 | 1.81E-01 | 1.98E+00
Pu-244 3.73E-02 0.915 | 0.085 | 7.38E-02 | 1.22E+00
Ra-223 1.50E-01 0.916 | 0.084 |1.33E-01 | 1.61E+00
Ra-224 1.28E-02 0.937 | 0.063 | 1.28E-01 | 1.66E+00
Ra-225 2.33E-03 0.666 | 0.334 |5.72E-01 | 3.19E+00
Ra-226 7.88E-03 0.927 |10.073 | 1.36E-01 | 1.64E+00
Ra-228 0.00E+00 1 0 0.00E+00 | 0.00E+00
Rb-83 7.42E-01 0.925 | 0.075 | 9.88E-02 | 1.49E+00
Rb-84 1.42E+00 0.914 | 0.086 | 8.87E-02 | 1.31E+00
Rb-87 3.29E-05 0.8 0.2 2.13E-01 | 2.66E+00
Re-184 1.33E+00 0.908 | 0.092 | 8.88E-02 | 1.28E+00
Re-184m | 5.15E-01 0.897 | 0.103 | 9.88E-02 | 1.28E+00
Re-186 1.95E-02 0.887 |0.113 | 1.63E-01 | 5.06E+00
Re-186m | 6.37E-03 0.856 | 0.144 | 3.13E-01 | 2.55E+00
Re-187 0.00E+00 0.904 |0.096 | 1.26E-01 | 1.49E+00
Re-188 8.44E-02 0.88 0.12 1.05E-01 | 3.75E+00
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Table A.2-3 (Cont.)

Fitting Parameters®

Volume Dose

Coefficients? CF_KA CF_KB

Nuclide (mSv/yr per Bg/g) CFA|CFEB (cm?/g) (cm?/g)
Rh-101 3.04E-01 0.927 |0.073 | 1.36E-01 | 1.69E+00
Rh-102 3.29E+00 0.915 | 0.085 | 9.00E-02 | 1.31E+00
Rh-102m | 7.17E-01 0.906 | 0.094 | 9.38E-02 | 1.33E+00
Rh-103m | 4.60E-05 0.11 0.89 6.25E-01 | 6.78E+00
Rh-106 3.37E-01 0.898 | 0.102 | 9.50E-02 | 2.33E+00
Rn-219 7.73E-02 0.925 |0.075 | 1.11E-01 | 1.49E+00
Rn-220 5.76E-04 0.925 | 0.075 | 9.88E-02 | 1.49E+00
Rn-222 5.91E-04 0.926 |0.074 | 1.01E-01 | 1.49E+00
Ru-103 6.92E-01 0.915 | 0.085 | 9.94E-02 | 1.33E+00
Ru-106 0.00E+00 0.925 |0.075 | 9.56E-02 | 1.52E+00
S-35 3.32E-06 0.67 0.33 2.81E-01 | 3.29E+00
Sh-124 3.00E+00 0.907 | 0.093 | 7.75E-02 | 1.16E+00
Sh-125 6.16E-01 0.919 |0.081 | 1.00E-01 | 1.44E+00
Sh-126 4.34E+00 0.909 ] 0.091 | 9.00E-02 | 1.26E+00
Sbh-126m | 2.36E+00 0.914 |0.086 | 9.38E-02 | 1.40E+00
Sc-44 3.37E+00 0.909 | 0.091 | 8.56E-02 | 1.29E+00
Sc-46 3.24E+00 0.915 | 0.085 | 8.24E-02 | 1.27E+00
Se-75 4.95E-01 0.932 | 0.068 | 1.26E-01 | 1.67E+00
Se-79 4.16E-06 0.68 0.32 2.88E-01 | 3.31E+00
Si-32 8.08E-06 0.733 | 0.267 | 2.56E-01 | 2.98E+00
Sm-145 1.48E-02 0.6 0.4 3.69E-01 | 2.42E+00
Sm-146 0.00E+00 0.925 |0.075 | 1.01E-01 | 1.40E+00
Sm-147 0.00E+00 0.919 | 0.081 | 8.72E-02 | 1.30E+00
Sm-151 1.83E-07 0.04 0.96 6.25E-01 | 6.38E+00
Sn-113 7.17E-03 0.825 |0.175 | 1.20E-01 | 3.56E+00
Sn-119m | 5.71E-04 0.1 0.9 6.25E-01 | 4.54E+00
Sn-121 4.65E-05 0.82 0.18 1.96E-01 | 2.46E+00
Sn-121m | 3.89E-04 0.3 0.7 6.25E-01 | 3.94E+00
Sn-123 1.43E-02 0.83 0.17 8.50E-02 | 8.00E+00
Sn-126 3.52E-02 0.88 0.12 2.10E-01 | 2.06E+00
Sr-85 7.48E-01 0.918 | 0.082 | 9.88E-02 | 1.38E+00
Sr-89 4.09E-03 0.49 0.51 1.25E-01 | 1.03E+01
Sr-90 1.75E-04 0.858 |0.142 |1.88E-01 | 1.97E+01
Ta-179 1.32E-02 0.82 0.18 3.25E-01 | 2.18E+00
Ta-180 6.97E-01 0.917 |0.083 | 1.19E-01 | 1.52E+00
Ta-182 2.03E+00 0.906 | 0.094 | 8.06E-02 | 1.19E+00
Th-157 6.26E-04 0.7 0.3 4.69E-01 | 2.61E+00
Th-158 1.20E+00 0.908 | 0.092 | 8.63E-02 | 1.28E+00
Th-160 1.77E+00 0.907 | 0.093 | 8.40E-02 | 1.20E+00
Tc-95 1.23E+00 0.916 | 0.084 | 8.94E-02 | 1.31E+00
Tc-95m 9.95E-01 0.911 | 0.089 | 9.38E-02 | 1.28E+00
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Table A.2-3 (Cont.)

Fitting Parameters®

Volume Dose

Coefficients? CF_KA CF_KB

Nuclide (mSv/yr per Bg/g) CFA|CFEB (cm?/g) (cm?/g)
Tc-97 1.53E-04 0.002 |0.998 | 3.13E-01 | 9.62E+00
Tc-97m 4.15E-04 0.582 |0.418 | 1.98E-01 | 7.81E+00
Tc-98 2.18E+00 0.904 | 0.096 | 8.94E-02 | 1.17E+00
Tc-99 2.94E-05 0.8 0.2 2.13E-01 | 2.63E+00
Te-121 8.38E-01 0.921 | 0.079 | 9.81E-02 | 1.46E+00
Te-121m 2.68E-01 0.923 | 0.077 | 1.19E-01 | 1.59E+00
Te-123 1.26E-03 0.13 0.87 6.25E-01 | 4.04E+00
Te-123m 1.55E-01 0.924 |0.076 | 1.45E-01 | 1.78E+00
Te-125m 3.01E-03 0.25 0.75 3.88E-01 | 3.63E+00
Te-127 7.22E-03 0.922 |0.078 | 1.08E-01 | 4.50E+00
Te-127m 1.13E-03 0.34 0.66 1.86E-01 | 3.54E+00
Te-129 8.49E-02 0.907 | 0.093 | 9.88E-02 | 3.59E+00
Te-129m | 4.75E-02 0.9 0.1 9.25E-02 | 2.93E+00
Th-227 1.30E-01 0.927 10.073 | 1.24E-01 | 1.72E+00
Th-228 1.94E-03 0.913 | 0.087 | 1.59E-01 | 2.31E+00
Th-229 7.83E-02 0.91 0.09 1.67E-01 | 1.86E+00
Th-230 2.90E-04 0.862 |0.138 | 1.87E-01 | 3.88E+00
Th-231 8.69E-03 0.872 ]10.128 | 1.96E-01 | 3.09E+00
Th-232 1.23E-04 0.815 | 0.185 | 2.06E-01 | 5.38E+00
Th-234 5.76E-03 0.891 | 0.109 | 2.09E-01 | 2.07E+00
Ti-44 8.49E-02 0.863 | 0.137 | 2.38E-01 | 1.74E+00
TI-202 6.26E-01 0.912 |0.088 | 1.08E-01 | 1.41E+00
TI-204 1.05E-03 0.81 0.19 2.13E-01 | 1.63E+01
TI-206 3.41E-03 0.5 0.5 1.31E-01 | 1.11E+01
TI-207 6.21E-03 0.735 | 0.265 | 9.88E-02 | 1.04E+01
TI-208 5.91E+00 0.911 | 0.089 | 6.63E-02 | 1.10E+00
TI-209 3.31E+00 0.91 0.09 7.75E-02 | 1.24E+00
TI-210 4.49E+00 0.913 | 0.087 | 7.88E-02 | 1.29E+00
Tm-170 3.81E-03 0.785 |0.215 | 2.13E-01 | 9.36E+00
Tm-171 2.55E-04 0.8 0.2 3.25E-01 | 2.15E+00
U-232 2.15E-04 0.82 0.18 1.75E-01 | 5.81E+00
U-233 3.42E-04 0.889 |0.111 | 1.39E-01 | 3.88E+00
U-234 9.30E-05 0.75 0.25 1.97E-01 | 7.38E+00
U-235 1.78E-01 0.928 | 0.072 | 1.38E-01 | 1.68E+00
U-236 4.81E-05 0.62 0.38 2.00E-01 | 8.39E+00
U-237 1.30E-01 0.914 |0.086 | 1.54E-01 | 1.88E+00
U-238 2.15E-05 0.46 0.54 5.00E-01 | 1.11E+01
U-240 3.01E-04 0.51 0.49 3.88E-01 | 6.39E+00
V-49 0.00E+00 0.921 | 0.079 | 1.02E-01 | 1.37E+00
W-181 1.76E-02 0.79 0.21 2.88E-01 | 1.86E+00
W-185 1.04E-04 0.86 0.14 1.94E-01 | 2.53E+00
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Table A.2-3 (Cont.)

Fitting Parameters®

Volume Dose
Coefficients? CF_KA CF_KB
Nuclide (mSv/yr per Bg/g) CFA|CFEB (cm?/g) (cm?/g)
W-188 2.41E-03 0.932 | 0.068 | 1.26E-01 | 1.79E+00
Y-88 4.57E+00 0.912 | 0.088 | 7.25E-02 | 1.14E+00
Y-90 1.09E-02 0.52 0.48 1.25E-01 | 6.56E+00
Y-91 1.03E-02 0.735 | 0.265 | 8.88E-02 | 8.44E+00
Yb-169 2.70E-01 0.887 |0.113 | 1.49E-01 | 1.71E+00
Zn-65 9.50E-01 0.909 |0.091 |7.88E-02 | 1.18E+00
Zr-88 5.61E-01 0.92 0.08 1.08E-01 | 1.38E+00
Zr-93 0.00E+00 0.918 | 0.082 | 7.53E-02 | 1.19E+00
Zr-95 1.15E+00 0.908 | 0.092 | 8.94E-02 | 1.21E+00

a Volume dose coefficients assume infinite thickness.

b Fitting parameters are used in depth and cover factor calculations (see
Appendix B).

Table A.2-4 Default Inhalation and Ingestion Dose Coefficients for 30-day Cutoff Half-
Life from ICRP 72 for Adult

Inhalation® | Ingestiond

Radionuclide?® Associated Decay Chain® (mSv/Bq) | (mSv/BQq)
Ac-227+D (Th-227 9.8620E-01), Ra-223, Rn-219, Po-215, Pb- |5.69E-01 |1.21E-03

211, Bi-211, (T1-207 9.9720E-01), (Po-211 2.8000E-
03), (Fr-223 1.3800E-02)

Ag-105 —=° 8.10E-07 |4.70E-07
Ag-108m+D (Ag-108 8.9000E-02) 3.70E-05 |2.30E-06
Ag-110m+D (Ag-110 1.3300E-02) 1.20E-05 |2.80E-06
Al-26 — 2.00E-05 |3.50E-06
Am-241 — 9.60E-02 |2.00E-04
Am-242m+D Am-242 9.20E-02 |1.90E-04
Am-242m+D1 Am-242 9.20E-02 |1.90E-04
Am-242m+D2 Np-238 9.20E-02 [1.91E-04
Am-243+D — 9.60E-02 |2.01E-04
As-73 — 1.00E-06 |2.60E-07
Au-195 — 1.70E-06 |2.50E-07
Ba-133 — 1.00E-05 |1.50E-06
Be-10 — 3.50E-05 |1.10E-06
Be-7 — 5.50E-08 |2.80E-08
Bi-207 — 5.60E-06 |1.30E-06
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Table A.2-4 (Cont.)

Inhalation® | Ingestion
Radionuclide? Associated Decay Chain® (mSv/Bq) | (mSv/Bq)

Bi-210m+D TI-206 3.40E-03 |1.50E-05
Bk-247 — 6.90E-02 |3.50E-04
Bk-249 — 1.60E-04 |9.70E-07
Bk-249+D — 1.60E-04 |1.03E-06
C-14 particulates |— 5.80E-06 |5.80E-07
C-14 gaseous — 6.20E-09 |None

Ca-41 — 1.80E-07 |1.90E-07
Ca-45 — 3.70E-06 |7.10E-07
Cd-109 — 8.10E-06 |2.00E-06
Cd-113 — 1.20E-04 |2.50E-05
Cd-113m — 1.10E-04 |2.30E-05
Cd-115m — 7.70E-06 |3.30E-06
Ce-139 — 1.90E-06 |2.60E-07
Ce-141 — 3.80E-06 |7.10E-07
Ce-144+D (Pr-144m 0.0178), Pr-144 5.30E-05 |5.25E-06
Cf-248 — 8.80E-03 |2.80E-05
Cf-249 — 7.00E-02 |3.50E-04
Cf-250 — 3.40E-02 |1.60E-04
Cf-251 — 7.10E-02 |3.60E-04
Cf-252 — 2.00E-02 |9.00E-05
CI-36 — 7.30E-06 |9.30E-07
Cm-241 — 3.70E-05 |9.10E-07
Cm-242 — 5.90E-03 |1.20E-05
Cm-243 — 6.90E-02 |1.50E-04
Cm-244 — 5.70E-02 |1.20E-04
Cm-245 — 9.90E-02 |2.10E-04
Cm-246 — 9.80E-02 |2.10E-04
Cm-247+D — 9.00E-02 |1.90E-04
Cm-248 Pu-243 3.60E-01 |7.70E-04
Co-56 — 6.70E-06 |2.50E-06
Co-57 — 1.00E-06 |2.10E-07
Co-58 — 2.10E-06 |7.40E-07
Co-60 — 3.10E-05 |3.40E-06
Cs-134 — 2.00E-05 |1.90E-05
Cs-135 — 8.60E-06 |2.00E-06
Cs-137+D (Ba-137m 0.946) 3.90E-05 |1.30E-05
Dy-159 — 3.70E-07 |1.00E-07
Es-254+D Bk250 8.60E-03 |2.81E-05
Eu-148 — 2.60E-06 |1.30E-06
Eu-149 — 2.90E-07 |1.00E-07
Eu-150b — 5.30E-05 |1.30E-06
Eu-152 — 4.20E-05 |1.40E-06
Eu-154 — 5.30E-05 |2.00E-06
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Table A.2-4 (Cont.)

Inhalation® | Ingestion

Radionuclide? Associated Decay Chain® (mSv/Bq) | (mSv/Bq)
Eu-155 — 6.90E-06 |3.20E-07
Fe-55 — 7.70E-07 |3.30E-07
Fe-59 — 4.00E-06 |1.80E-06
Fe-60+D Co-60m 2.80E-04 |1.10E-04
Fe-60+D1 Co-60m 2.80E-04 |1.10E-04
Fm-257+D Cf-253, Es-253 1.11E-02 |2.25E-05
Fm-257+D1 Cf-253, (Es-253 9.9690E-01), (Cm-249 3.1000E-03) |1.11E-02 |2.25E-05
Gd-146+D Eu-146 7.20E-06 |2.26E-06
Gd-148 — 2.60E-02 |5.60E-05
Gd-151 — 8.60E-07 |2.00E-07
Gd-152 — 1.90E-02 |4.10E-05
Gd-153 — 2.10E-06 |2.70E-07
Ge-68+D Ga-68 1.41E-05 |1.40E-06
H-3 — 2.60E-07 |4.20E-08
Hf-172+D Lu-172 3.36E-05 |2.30E-06
Hf-175 — 1.20E-06 |4.10E-07
Hf-178m — 2.60E-04 |4.70E-06
Hf-181 — 5.00E-06 |1.10E-06
Hf-182 — 3.10E-04 |3.00E-06
Hg-194+D Au-194 4.02E-05 |5.14E-05
Hg-203 — 7.00E-06 |1.90E-06
Ho-166m — 1.20E-04 |2.00E-06
[-125 — 1.40E-05 |1.50E-05
1-129 — 9.60E-05 |1.10E-04
In-114m+D (In-114 0.957) 9.30E-06 |4.10E-06
In-115 — 3.90E-04 |3.20E-05
Ir-192 — 6.60E-06 |1.40E-06
[r-192m — 3.90E-05 |3.10E-07
[r-194m — 1.30E-05 |2.10E-06
K-40 — 2.10E-06 |6.20E-06
La-137 — 8.70E-06 |8.10E-08
La-138 — 1.50E-04 |1.10E-06
Lu-173 — 2.40E-06 |2.60E-07
Lu-174 — 4.20E-06 |2.70E-07
Lu-174m — 4.20E-06 |5.30E-07
Lu-176 — 7.00E-05 |1.80E-06
Lu-177m+D (Lu-177 0.21) 1.63E-05 |1.81E-06
Md-258 — 5.90E-03 |1.30E-05
Mn-53 — 5.40E-08 |3.00E-08
Mn-54 — 1.50E-06 |7.10E-07
Mo-93 — 2.30E-06 |3.10E-06
Na-22 — 1.30E-06 |3.20E-06
Nb-93m — 1.80E-06 |1.20E-07
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Table A.2-4 (Cont.)

Inhalation® | Ingestion

Radionuclide? Associated Decay Chain® (mSv/Bq) | (mSv/Bq)
Nb-94 — 4.90E-05 |1.70E-06
Nb-95 — 1.80E-06 |5.80E-07
Ni-59 — 8.30E-07 |6.30E-08
Ni-63 — 2.00E-06 |1.50E-07
Np-235 — 6.30E-07 |5.30E-08
Np-236a — 8.00E-03 |1.70E-05
Np-237+D Pa-233 5.00E-02 |1.11E-04
Os-185 — 1.60E-06 |5.10E-07
Os-194+D Ir-194 8.56E-05 |3.70E-06
Pa-231 — 1.40E-01 |7.10E-04
Pb-202+D TI-202 1.22E-05 |9.25E-06
Pb-205 — 8.50E-07 |2.80E-07
Pb-210+D Bi-210 5.69E-03 |6.91E-04
Pd-107 — 5.90E-07 |3.70E-08
Pm-143 — 1.50E-06 |2.30E-07
Pm-144 — 8.20E-06 |9.70E-07
Pm-145 — 3.60E-06 |1.10E-07
Pm-146 — 2.10E-05 |9.00E-07
Pm-147 — 5.00E-06 |2.60E-07
Pm-148m+D (Pm-148 0.046) 5.80E-06 |1.82E-06
Po-210 — 4.30E-03 |1.20E-03
Pt-193 — 2.10E-08 |3.10E-08
Pu-236 — 4.00E-02 |8.70E-05
Pu-237 — 3.90E-07 |1.00E-07
Pu-238 — 1.10E-01 |2.30E-04
Pu-239 — 1.20E-01 |2.50E-04
Pu-240 — 1.20E-01 |2.50E-04
Pu-241 — 2.30E-03 |4.80E-06
Pu-241+D (U-237 0.0000245) 2.30E-03 |5.56E-06
Pu-242 — 1.10E-01 |2.40E-04
Pu-244 — 1.10E-01 |2.40E-04
Pu-244+D (U-240 0.9988), (Np-240m 0.9988) 1.10E-01 [2.41E-04
Ra-226+D Rn-222, Po-218, (Pb-214 9.9980E-01), Bi-214, (Po- |9.53E-03 |2.80E-04

214 9.9980E-01), (TI-210 2.0000E-04), (At-218
2.0000E-04)

Ra-228+D Ac-228 1.60E-02 |6.90E-04
Rb-83+D (Kr-83m 0.76199) 6.90E-07 |1.90E-06
Rb-84 — 1.00E-06 |2.80E-06
Rb-87 — 5.00E-07 |1.50E-06
Re-184 — 1.90E-06 |1.00E-06
Re-184m — 6.50E-06 |1.50E-06
Re-186m+D Re-186 1.31E-05 |3.70E-06
Re-187 — 6.30E-09 |5.10E-09
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Table A.2-4 (Cont.)

Inhalation® | Ingestion

Radionuclide? Associated Decay Chain® (mSv/Bq) | (mSv/Bq)
Rh-101 — 5.40E-06 |5.50E-07
Rh-102 — 1.70E-05 |2.60E-06
Rh-102m — 7.10E-06 |1.20E-06
Ru-103+D (Rh-103m 0.997) 3.00E-06 |7.34E-07
Ru-106+D Rh-106 6.60E-05 |7.00E-06
S-35 — 1.90E-06 |7.70E-07
Sb-124 — 8.60E-06 |2.50E-06
Sb-125 — 1.20E-05 |1.10E-06
Sc-46 — 6.80E-06 |1.50E-06
Se-75 — 1.30E-06 |2.60E-06
Se-79 — 6.80E-06 |2.90E-06
Si-32+D P-32 1.13E-04 |2.96E-06
Sm-145 — 1.60E-06 |2.10E-07
Sm-146 — 1.10E-02 |5.40E-05
Sm-147 — 9.60E-03 |4.90E-05
Sm-151 — 4.00E-06 |9.80E-08
Sn-113+D In-113m 2.72E-06 |7.58E-07
Sn-119m — 2.20E-06 |3.40E-07
Sn-121m+D (Sn-121 0.776) 4.68E-06 |5.59E-07
Sn-123 — 8.10E-06 |2.10E-06
Sn-126+D Sb-126m, (Sb-126 0.14) 2.85E-05 |5.07E-06
Sr-85 — 8.10E-07 |5.60E-07
Sr-89 — 7.90E-06 |2.60E-06
Sr-90+D Y-90 1.62E-04 |3.07E-05
Ta-179 — 5.60E-07 |6.50E-08
Ta-180 — 2.60E-05 |8.40E-07
Ta-182 — 1.00E-05 |1.50E-06
Tb-157 — 1.20E-06 |3.40E-08
Th-158 — 4.60E-05 |1.10E-06
Th-160 — 7.00E-06 |1.60E-06
Tc-95m+D (Tc-95 0.04) 1.20E-06 |5.67E-07
Tc-97 — 1.80E-06 |6.80E-08
Tc-97m — 4.10E-06 |5.50E-07
Tc-98 — 4.50E-05 |2.00E-06
Tc-99 — 1.30E-05 |6.40E-07
Te-121m+D (Te-121 0.886) 6.15E-06 |2.68E-06
Te-123 — 1.20E-05 |4.40E-06
Te-123m — 5.10E-06 |1.40E-06
Te-125m — 4.20E-06 |8.70E-07
Te-127m+D (Te-127 0.976) 9.94E-06 |2.47E-06
Te-129m+D (Te-129 0.35) 7.93E-06 |3.04E-06
Th-228+D Ra-224, Rn-220, Po-216, Pb-212, Bi-212, (Po-212 |4.36E-02 |1.43E-04

0.6407), (TI-208 0.3593)
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Table A.2-4 (Cont.)

Inhalation® | Ingestion

Radionuclide? Associated Decay Chain® (mSv/Bq) | (mSv/Bq)
Th-229+D Ra-225, Ac-225, Fr-221, At-217, Bi-213, (Po-213 2.56E-01 |6.13E-04

0.9784), (TI-209 0.0216), Pb-209

Th-230 — 1.00E-01 |2.10E-04
Th-232 — 1.10E-01 |2.30E-04
Ti-44+D Sc-44 1.20E-04 |6.15E-06
TI-204 — 3.90E-07 |1.20E-06
Tm-170 — 7.00E-06 |1.30E-06
Tm-171 — 1.40E-06 |1.10E-07
U-232 — 3.70E-02 |3.30E-04
U-233 — 9.60E-03 |5.10E-05
U-234 — 9.40E-03 |4.90E-05
U-235+D — 8.50E-03 |4.73E-05
U-236 — 8.70E-03 |4.70E-05
U-238 — 8.00E-03 |4.50E-05
U-238+D Th-234, (Pa-234m 0.998), (Pa-234 0.0033) 8.01E-03 |4.84E-05
V-49 — 3.40E-08 |1.80E-08
W-181 — 2.70E-08 |7.60E-08
W-185 — 1.20E-07 |4.40E-07
W-188+D Re-188 1.11E-06 |3.50E-06
Y-88 — 4.40E-06 |1.30E-06
Y-91 — 8.90E-06 |2.40E-06
Yb-169 — 3.00E-06 |7.10E-07
Zn-65 — 2.20E-06 |3.90E-06
Zr-88 — 3.60E-06 |4.50E-07
Zr-93 — 2.50E-05 |1.10E-06
Zr-95+D Nb-95m 0.007 5.91E-06 |9.54E-07

& Dose coefficients for entries labeled with +D are aggregated dose coefficients for intake of
principal radionuclide together with associated radionuclides in the decay chain in secular

equilibrium.

b The associated radionuclide in the decay chain and their fractions, if the fraction is less than

1.

¢ Inhalation dose coefficients are for most restricted inhalation class and for an AMAD of 1

um.

d Ingestion dose coefficients are for most restricted chemical type.

¢ |ndicate no associated radionuclide.

A.2.3 Dose Coefficient File Package 3.02 Libraries

Dose Coefficient File Package (DCFPAK) 3.02 libraries use the ICRP-107 (ICRP 2008)
radionuclide transformation database and ICRP-60 dose estimation methodology (see
Section A.3). The dose coefficients for six age groups (infant, 1, 5, 10, 15, and adult) and for a
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reference person are available. The reference person is defined as a hypothetical aggregation
of human (male and female) physical and physiological characteristics arrived at by international
consensus for standardizing radiation dose calculations. The reference person dose coefficients
are derived using age-specific dose coefficients coupled with information on the age and gender
structure of the U.S. population in 2000 census data and age- and gender-specific intakes
(DOE 2011).

Table A.2-5 lists the dose coefficients and fitting parameters from the DCFPAK3.02 libraries
used in RESRAD-OFFSITE for radionuclides with a 30-day half-life cutoff in external pathway
dose calculations. The dose coefficients for principal radionuclides with half-lives longer than
30 days and their associated progeny radionuclides are included in Table A.2-5. Appendix B
discusses the fitting parameters. Table A.2-6 lists the default inhalation and ingestion dose
coefficients from DCFPAK 3.02 libraries used in the code for a 30-day half-life cutoff.

Table A.2-5 Effective Dose Coefficients in DCFPAK3.02 Libraries for External Gamma
Radiation from Contaminated Soil and Fitting Parameters Used to Calculate

Depth and Cover Factors, 30-day Half-life Cutoff

Volume Dose Fitting Parameters®

Coefficients? CF_KB

Nuclide (mSv/yr per Bg/g) CF_ A CF B CF KA (cm?/g) (cm?/g)
Ac-225 1.43E-02 0.091 0.909 1.73E+00 1.47E-01
Ac-227 7.07E-05 0.165 0.835 5.57E+00 1.66E-01
Ac-228 1.36E+00 0.119 0.881 1.01E+00 8.05E-02
Ag-105 7.17E-01 0.097 0.903 1.24E+00 9.95E-02
Ag-108 3.19E-02 0.135 0.865 5.94E+00 9.82E-02
Ag-108m 2.43E+00 0.098 0.902 1.18E+00 9.31E-02
Ag-110 6.41E-02 0.184 0.816 3.94E+00 9.52E-02
Ag-110m 4.40E+00 0.12 0.88 9.30E-01 8.03E-02
Al-26 4.46E+00 0.134 0.866 8.14E-01 6.97E-02
Am-241 1.01E-02 0.175 0.825 2.46E+00 3.08E-01
Am-242 1.22E-02 0.08 0.92 3.15E+00 1.80E-01
Am-242m 2.87E-04 0.317 0.683 6.80E+00 1.75E-01
Am-243 3.47E-02 0.123 0.877 1.97E+00 2.38E-01
Am-245 3.59E-02 0.073 0.927 3.17E+00 1.39E-01
Am-246m 1.57E+00 0.109 0.891 1.09E+00 8.04E-02
As-73 2.11E-03 0.188 0.812 2.47E+00 3.74E-01
At-217 3.21E-04 0.086 0.914 1.39E+00 1.13E-01
At-218 1.51E-05 0.482 0.518 5.31E+00 1.14E-01
At-219 0.00E+00 0 1 0.00E+00 0.00E+00
Au-194 1.62E+00 0.139 0.861 8.27E-01 7.55E-02
Au-195 4.85E-02 0.133 0.867 1.86E+00 2.36E-01
Ba-133 4.92E-01 0.085 0.915 1.59E+00 1.14E-01
Ba-137m 9.14E-01 0.097 0.903 1.20E+00 9.05E-02
Be-10 2.74E-04 0.169 0.831 2.26E+01 1.68E-01
Be-7 7.32E-02 0.091 0.909 1.25E+00 9.96E-02
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Table A.2-5 (Cont.)

Volume Dose

Fitting Parameters®

Coefficients? CF_KB

Nuclide (mSvlyr per Bg/g) CE_A CF B CF_KA (cm?/g) (cm?/g)
Bi-207 2.38E+00 0.119 0.881 9.84E-01 8.19E-02
Bi-208 4.77E+00 0.148 0.852 6.31E-01 5.47E-02
Bi-210 1.48E-03 0.465 0.535 1.59E+01 1.42E-01
Bi-210m 3.51E-01 0.078 0.922 1.46E+00 1.15E-01
Bi-211 6.51E-02 0.083 0.917 1.38E+00 1.10E-01
Bi-212 1.69E-01 0.097 0.903 2.18E+00 8.31E-02
Bi-213 1.86E-01 0.08 0.92 2.30E+00 1.04E-01
Bi-214 2.47E+00 0.125 0.875 9.15E-01 7.13E-02
Bi-215 3.70E-01 0.09 0.91 1.92E+00 9.75E-02
Bk-247 1.60E-01 0.086 0.914 1.56E+00 1.38E-01
Bk-249 1.72E-06 0.292 0.708 3.19E+00 1.58E-01
Bk-250 1.44E+00 0.118 0.882 9.64E-01 7.90E-02
Bk-251 8.38E-02 0.075 0.925 2.74E+00 1.60E-01
C-14 2.99E-06 0.344 0.656 3.38E+00 2.91E-01
Ca-41 0.00E+00 0 1 0.00E+00 0.00E+00
Ca-45 1.44E-05 0.231 0.769 2.82E+00 2.30E-01
Cd-109 3.29E-03 0.302 0.698 4.76E+00 2.07E-01
Cd-113 2.61E-05 0.205 0.795 2.59E+00 2.08E-01
Cd-113m 2.43E-04 0.143 0.857 1.53E+01 1.49E-01
Cd-115m 5.76E-02 0.113 0.887 4.31E+00 8.29E-02
Ce-139 1.57E-01 0.08 0.92 1.95E+00 1.44E-01
Ce-141 7.88E-02 0.071 0.929 1.92E+00 1.53E-01
Ce-144 1.71E-02 0.09 0.91 1.92E+00 1.62E-01
Cf-248 5.81E-04 0.128 0.872 3.51E+00 7.41E-02
Cf-249 4.56E-01 0.079 0.921 1.42E+00 1.09E-01
Cf-250 1.65E-02 0.13 0.87 9.40E-01 6.83E-02
Cf-251 1.25E-01 0.074 0.926 1.80E+00 1.49E-01
Cf-252 7.67E-01 0.137 0.863 8.30E-01 6.74E-02
Cf-253 1.70E-04 0.353 0.647 3.96E-01 5.88E+00
Cf-254 2.83E+01 0.14 0.86 8.20E-01 6.71E-02
CI-36 6.56E-04 0.219 0.781 2.38E+01 1.33E-01
Cm-241 6.61E-01 0.092 0.908 1.34E+00 1.07E-01
Cm-242 3.48E-05 0.287 0.713 1.46E-01 8.44E+00
Cm-243 1.45E-01 0.077 0.923 1.70E+00 1.37E-01
Cm-244 5.40E-05 0.434 0.566 7.77E+00 8.27E-02
Cm-245 9.54E-02 0.08 0.92 1.85E+00 1.67E-01
Cm-246 6.11E-03 0.118 0.882 1.15E+00 6.89E-02
Cm-247 4.46E-01 0.081 0.919 1.39E+00 1.07E-01
Cm-248 2.21E+00 0.138 0.862 8.36E-01 6.72E-02
Cm-249 2.91E-02 0.081 0.919 3.33E+00 9.76E-02
Cm-250 2.24E+01 0.14 0.86 8.25E-01 6.72E-02
Co-56 6.16E+00 0.147 0.853 7.19E-01 6.56E-02
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Table A.2-5 (Cont.)

Volume Dose

Fitting Parameters®

Coefficients? CF_KB
Nuclide (mSvlyr per Bg/g) CE_A CF B CF_KA (cm?/g) (cm?/g)
Co-57 1.23E-01 0.072 0.928 1.78E+00 1.63E-01
Co-58 1.52E+00 0.107 0.893 1.05E+00 8.63E-02
Co-60 4.16E+00 0.131 0.869 8.17E-01 7.17E-02
Co-60m 6.06E-03 0.181 0.819 8.59E-01 7.11E-02
Cs-134 2.40E+00 0.105 0.895 1.09E+00 8.82E-02
Cs-135 2.12E-05 0.219 0.781 2.67E+00 2.19E-01
Cs-137 2.35E-04 0.307 0.693 1.34E+01 1.59E-01
Dy-154 0.00E+00 0 1 0.00E+00 0.00E+00
Dy-159 1.22E-02 0.254 0.746 2.66E+00 4.48E-01
Es-253 4.29E-04 0.095 0.905 2.78E+00 1.13E-01
Es-254 2.92E-03 0.2 0.8 4.21E+00 1.40E-01
Es-255 1.16E-03 0.152 0.848 8.05E-01 6.67E-02
Eu-146 3.79E+00 0.123 0.877 9.19E-01 7.92E-02
Eu-148 3.41E+00 0.11 0.89 1.04E+00 8.64E-02
Eu-149 5.20E-02 0.148 0.852 1.73E+00 1.16E-01
Eu-150 2.30E+00 0.099 0.901 1.18E+00 9.35E-02
Eu-152 1.82E+00 0.128 0.872 9.03E-01 7.90E-02
Eu-154 1.97E+00 0.123 0.877 9.28E-01 7.92E-02
Eu-155 4.41E-02 0.114 0.886 1.84E+00 1.98E-01
Fe-55 1.66E-10 0.07 0.93 1.77E+00 1.63E-01
Fe-59 1.95E+00 0.129 0.871 8.47E-01 7.36E-02
Fe-60 6.56E-06 0.294 0.706 3.11E+00 2.65E-01
Fm-254 1.18E-02 0.128 0.872 1.01E+00 6.83E-02
Fm-255 1.45E-03 0.269 0.731 5.25E+00 1.96E-01
Fm-257 1.68E-01 0.101 0.899 1.40E+00 1.17E-01
Fr-221 3.60E-02 0.069 0.931 1.67E+00 1.30E-01
Fr-223 4.75E-02 0.138 0.862 2.90E+00 1.33E-01
Ga-68 1.42E+00 0.084 0.916 1.56E+00 9.83E-02
Gd-146 1.97E-01 0.117 0.883 1.83E+00 1.64E-01
Gd-148 0.00E+00 0 1 0.00E+00 0.00E+00
Gd-150 0.00E+00 0 1 0.00E+00 0.00E+00
Gd-151 4.96E-02 0.15 0.85 1.83E+00 1.39E-01
Gd-152 0.00E+00 0 1 0.00E+00 0.00E+00
Gd-153 5.76E-02 0.173 0.827 1.96E+00 2.01E-01
Ge-68 3.05E-07 0 1 0.00E+00 3.73E+01
H-3 0.00E+00 0 1 0.00E+00 0.00E+00
Hf-172 5.40E-02 0.185 0.815 1.84E+00 2.20E-01
Hf-174 0.00E+00 0 1 0.00E+00 0.00E+00
Hf-175 4.41E-01 0.092 0.908 1.44E+00 1.14E-01
Hf-178m 3.11E+00 0.088 0.912 1.33E+00 1.06E-01
Hf-181 7.32E-01 0.088 0.912 1.35E+00 1.06E-01
Hf-182 3.12E-01 0.071 0.929 1.59E+00 1.22E-01
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Table A.2-5 (Cont.)

Volume Dose

Fitting Parameters®

Coefficients? CF_KB
Nuclide (mSvlyr per Bg/g) CE_A CF B CF_KA (cm?/g) (cm?/g)
Hg-194 2.08E-06 0 1 1.10E-02 2.46E+01
Hg-203 3.15E-01 0.073 0.927 1.54E+00 1.19E-01
Hg-206 1.66E-01 0.074 0.926 2.40E+00 1.14E-01
Ho-163 0.00E+00 0 1 0.00E+00 0.00E+00
Ho-166m 2.42E+00 0.107 0.893 1.08E+00 9.12E-02
1-125 3.24E-03 0.285 0.715 8.47E-01 4.01E+00
1-129 2.62E-03 0.468 0.532 7.65E-01 3.83E+00
In-113m 3.64E-01 0.081 0.919 1.43E+00 1.07E-01
In-114 1.10E-02 0.374 0.626 7.26E+00 9.77E-02
In-114m 1.01E-01 0.088 0.912 1.50E+00 1.05E-01
In-115 9.74E-05 0.157 0.843 6.74E+00 1.79E-01
In-115m 2.16E-01 0.073 0.927 1.62E+00 1.13E-01
Ir-192 1.16E+00 0.081 0.919 1.40E+00 1.07E-01
Ir-192n 4.15E-04 0.133 0.867 3.57E+00 1.98E-01
Ir-194 1.43E-01 0.1 0.9 3.11E+00 9.82E-02
Ir-194m 3.44E+00 0.091 0.909 1.25E+00 9.84E-02
K-40 2.70E-01 0.095 0.905 1.81E+00 7.18E-02
Kr-83m 6.31E-06 0.203 0.797 9.00E-01 2.02E+01
La-137 2.89E-03 0.447 0.553 6.70E-01 3.42E+00
La-138 2.04E+00 0.142 0.858 7.64E-01 6.98E-02
Lu-172 3.04E+00 0.126 0.874 9.22E-01 7.92E-02
Lu-172m 3.75E-07 0.196 0.804 1.68E+01 6.62E-01
Lu-173 1.56E-01 0.149 0.851 1.47E+00 1.34E-01
Lu-174 1.27E-01 0.203 0.797 9.21E-01 7.79E-02
Lu-174m 3.26E-02 0.26 0.74 1.48E+00 1.59E-01
Lu-176 6.16E-01 0.073 0.927 1.60E+00 1.21E-01
Lu-177 3.92E-02 0.077 0.923 1.69E+00 1.38E-01
Lu-177m 1.25E+00 0.083 0.917 1.50E+00 1.21E-01
Mn-53 0.00E+00 0 1 0.00E+00 0.00E+00
Mn-54 1.31E+00 0.114 0.886 9.90E-01 8.35E-02
Mo-93 1.11E-04 0 1 1.01E-03 1.09E+01
Na-22 3.48E+00 0.119 0.881 9.38E-01 8.04E-02
Nb-91 2.46E-03 0.104 0.896 4.99E+00 9.98E-02
Nb-91m 4.08E-02 0.108 0.892 1.22E+00 7.58E-02
Nb-92 2.33E+00 0.107 0.893 1.06E+00 8.59E-02
Nb-93m 1.97E-05 0 1 1.01E-03 1.09E+01
Nb-94 2.44E+00 0.107 0.893 1.06E+00 8.55E-02
Nb-95 1.19E+00 0.104 0.896 1.09E+00 8.68E-02
Nb-95m 8.18E-02 0.064 0.936 1.94E+00 1.25E-01
Nd-144 0.00E+00 0 1 0.00E+00 0.00E+00
Ni-59 2.31E-05 0.093 0.907 1.22E+00 9.73E-02
Ni-63 0.00E+00 0 1 0.00E+00 0.00E+00
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Table A.2-5 (Cont.)

Volume Dose

Fitting Parameters®

Coefficients? CF_KB
Nuclide (mSvlyr per Bg/g) CE_A CF B CF_KA (cm?/g) (cm?/g)
Np-235 5.10E-04 0.168 0.832 7.02E+00 1.88E-01
Np-236 1.35E-01 0.076 0.924 1.95E+00 1.63E-01
Np-237 1.81E-02 0.106 0.894 2.44E+00 1.86E-01
Np-238 9.34E-01 0.116 0.884 1.01E+00 7.92E-02
Np-239 1.96E-01 0.078 0.922 1.70E+00 1.40E-01
Np-240 1.58E+00 0.109 0.891 1.10E+00 8.74E-02
Np-240m 4.96E-01 0.091 0.909 1.72E+00 8.93E-02
Os-185 1.02E+00 0.109 0.891 1.11E+00 9.08E-02
Os-186 0.00E+00 0 1 0.00E+00 0.00E+00
Os-194 5.96E-04 0.289 0.711 2.91E+00 4.67E-01
P-32 5.50E-03 0.479 0.521 1.28E-01 9.25E+00
Pa-231 4.35E-02 0.078 0.922 1.83E+00 1.18E-01
Pa-232 1.45E+00 0.116 0.884 9.86E-01 8.41E-02
Pa-233 2.75E-01 0.08 0.92 1.52E+00 1.20E-01
Pa-234 2.24E+00 0.115 0.885 1.02E+00 8.48E-02
Pa-234m 3.40E-02 0.187 0.813 5.17E+00 8.75E-02
Pb-202 1.92E-06 0 1 1.10E-02 3.08E+01
Pb-205 1.95E-06 0 1 1.10E-02 3.08E+01
Pb-209 2.04E-04 0.206 0.794 2.34E+01 1.67E-01
Pb-210 5.65E-04 0.228 0.772 3.72E+00 4.71E-01
Pb-211 9.95E-02 0.088 0.912 2.93E+00 9.40E-02
Pb-212 1.71E-01 0.081 0.919 1.54E+00 1.30E-01
Pb-214 3.40E-01 0.079 0.921 1.55E+00 1.13E-01
Pd-107 0.00E+00 0 1 0.00E+00 0.00E+00
Pm-143 4.50E-01 0.108 0.892 1.19E+00 8.79E-02
Pm-144 2.34E+00 0.101 0.899 1.16E+00 9.16E-02
Pm-145 6.16E-03 0.375 0.625 2.85E+00 4.55E-01
Pm-146 1.11E+00 0.099 0.901 1.21E+00 9.28E-02
Pm-147 1.17E-05 0.218 0.782 2.74E+00 2.09E-01
Pm-148 9.44E-01 0.105 0.895 1.26E+00 7.76E-02
Pm-148m 3.04E+00 0.101 0.899 1.14E+00 9.08E-02
Po-208 3.03E-05 0.106 0.894 1.15E+00 9.58E-02
Po-209 8.99E-03 0.122 0.878 9.94E-01 8.91E-02
Po-210 1.53E-05 0.116 0.884 9.85E-01 8.39E-02
Po-211 1.27E-02 0.113 0.887 1.01E+00 8.51E-02
Po-212 0.00E+00 0 1 0.00E+00 0.00E+00
Po-213 5.86E-05 0.105 0.895 1.08E+00 8.61E-02
Po-214 1.30E-04 0.104 0.896 1.08E+00 8.59E-02
Po-215 2.56E-04 0.086 0.914 1.31E+00 1.03E-01
Po-216 2.40E-05 0.11 0.89 1.02E+00 8.46E-02
Po-218 2.49E-09 0.238 0.762 2.80E+00 2.30E-01
Pr-144 6.67E-02 0.191 0.809 3.67E+00 7.71E-02
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Table A.2-5 (Cont.)

Volume Dose

Fitting Parameters®

Coefficients? CF_KB
Nuclide (mSvlyr per Bg/g) CE_A CF B CF_KA (cm?/g) (cm?/g)
Pr-144m 4.46E-03 0.349 0.651 2.03E+00 9.58E-02
Pt-190 0.00E+00 0 1 0.00E+00 0.00E+00
Pt-193 1.18E-06 0 1 1.10E-02 2.86E+01
Pu-236 4.65E-05 0.485 0.515 1.79E-01 8.65E+00
Pu-237 3.98E-02 0.084 0.916 2.03E+00 1.84E-01
Pu-238 3.00E-05 0.34 0.66 2.00E-01 9.43E+00
Pu-239 7.47E-05 0.191 0.809 6.19E+00 1.37E-01
Pu-240 3.05E-05 0.366 0.634 1.87E-01 9.14E+00
Pu-241 1.41E-06 0.082 0.918 1.93E+00 1.75E-01
Pu-242 1.53E-04 0.183 0.817 5.96E+00 7.50E-02
Pu-243 1.93E-02 0.116 0.884 1.84E+00 1.78E-01
Pu-244 3.33E-02 0.133 0.867 8.89E-01 6.79E-02
Pu-246 1.41E-01 0.084 0.916 1.77E+00 1.43E-01
Ra-223 1.57E-01 0.092 0.908 1.49E+00 1.31E-01
Ra-224 1.34E-02 0.065 0.935 1.67E+00 1.26E-01
Ra-225 2.41E-03 0.231 0.769 4.10E+00 6.44E-01
Ra-226 8.58E-03 0.066 0.934 1.77E+00 1.39E-01
Ra-228 1.78E-05 0 1 0.00E+00 1.30E+01
Rb-83 7.22E-01 0.096 0.904 1.20E+00 9.60E-02
Rb-84 1.40E+00 0.102 0.898 1.13E+00 8.72E-02
Rb-87 3.65E-05 0.2 0.8 2.57E+00 2.10E-01
Re-183 1.24E-01 0.132 0.868 1.60E+00 1.60E-01
Re-184 1.33E+00 0.119 0.881 1.02E+00 8.53E-02
Re-184m 5.05E-01 0.125 0.875 1.07E+00 9.58E-02
Re-186 1.94E-02 0.107 0.893 5.24E+00 1.63E-01
Re-186m 6.56E-03 0.191 0.809 2.10E+00 2.82E-01
Re-187 0.00E+00 0 1 0.00E+00 0.00E+00
Re-188 8.89E-02 0.116 0.884 3.72E+00 1.07E-01
Rh-101 3.27E-01 0.069 0.931 1.77E+00 1.36E-01
Rh-102 7.47E-01 0.092 0.908 1.32E+00 9.50E-02
Rh-102m 3.31E+00 0.106 0.894 1.07E+00 8.73E-02
Rh-103m 4.27E-05 0.127 0.873 7.76E-01 6.87E+00
Rh-106 3.38E-01 0.106 0.894 2.25E+00 9.39E-02
Rn-218 1.15E-03 0.097 0.903 1.18E+00 9.23E-02
Rn-219 8.03E-02 0.077 0.923 1.46E+00 1.13E-01
Rn-220 9.39E-04 0.094 0.906 1.21E+00 9.62E-02
Rn-222 5.76E-04 0.084 0.916 1.34E+00 9.97E-02
Ru-103 7.32E-01 0.088 0.912 1.29E+00 9.94E-02
Ru-106 0.00E+00 0 1 0.00E+00 0.00E+00
S-35 3.30E-06 0.33 0.67 3.29E+00 2.82E-01
Sh-124 3.05E+00 0.13 0.87 8.53E-01 7.27E-02
Sh-125 6.26E-01 0.097 0.903 1.25E+00 9.66E-02
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Table A.2-5 (Cont.)

Volume Dose

Fitting Parameters®

Coefficients? CF_KB
Nuclide (mSvlyr per Bg/g) CE_A CF B CF_KA (cm?/g) (cm?/g)
Sb-126 4.22E+00 0.1 0.9 1.15E+00 9.05E-02
Sb-126m 2.36E+00 0.096 0.904 1.28E+00 9.25E-02
Sc-44 3.36E+00 0.105 0.895 1.12E+00 8.42E-02
Sc-46 3.24E+00 0.126 0.874 8.84E-01 7.73E-02
Se-75 4.89E-01 0.072 0.928 1.59E+00 1.25E-01
Se-79 3.44E-06 0.338 0.662 3.35E+00 2.94E-01
Si-32 9.70E-06 0.254 0.746 2.95E+00 2.46E-01
Sm-145 1.44E-02 0.366 0.634 2.57E+00 4.06E-01
Sm-146 0.00E+00 0 1 0.00E+00 0.00E+00
Sm-147 0.00E+00 0 1 0.00E+00 0.00E+00
Sm-148 0.00E+00 0 1 0.00E+00 0.00E+00
Sm-151 1.96E-07 0.036 0.964 9.74E-01 6.33E+00
Sn-113 8.03E-03 0.155 0.845 3.62E+00 1.24E-01
Sn-119m 7.42E-04 0.107 0.893 7.29E-01 4.58E+00
Sn-121 4.77E-05 0.182 0.818 2.43E+00 1.94E-01
Sn-121m 3.91E-04 0.254 0.746 5.20E-01 3.77E+00
Sn-123 1.43E-02 0.177 0.823 7.75E+00 8.58E-02
Sn-126 3.52E-02 0.115 0.885 2.15E+00 2.11E-01
Sr-85 7.32E-01 0.095 0.905 1.21E+00 9.66E-02
Sr-89 4.11E-03 0.497 0.503 1.28E-01 1.04E+01
Sr-90 1.75E-04 0.164 0.836 1.72E+01 1.71E-01
Ta-179 1.02E-02 0.168 0.832 2.27E+00 3.30E-01
Ta-182 2.03E+00 0.135 0.865 8.58E-01 7.57E-02
Th-157 1.15E-03 0.247 0.753 2.95E+00 5.06E-01
Th-158 1.21E+00 0.118 0.882 1.02E+00 8.28E-02
Th-160 1.77E+00 0.121 0.879 9.51E-01 8.09E-02
Tc-95 1.23E+00 0.113 0.887 1.01E+00 8.51E-02
Tc-95m 1.02E+00 0.098 0.902 1.17E+00 9.28E-02
Tc-97 1.49E-04 0 1 1.01E-03 9.66E+00
Tc-97m 4.11E-04 0.418 0.582 7.77E+00 1.92E-01
Tc-98 2.18E+00 0.103 0.897 1.09E+00 8.90E-02
Tc-99 2.98E-05 0.205 0.795 2.57E+00 2.10E-01
Te-121 8.38E-01 0.09 0.91 1.31E+00 9.61E-02
Te-121m 2.69E-01 0.077 0.923 1.61E+00 1.18E-01
Te-123 2.17E-06 0.419 0.581 1.18E+00 5.33E+00
Te-123m 1.55E-01 0.069 0.931 1.94E+00 1.45E-01
Te-125m 3.00E-03 0.214 0.786 2.95E-01 3.50E+00
Te-127 7.22E-03 0.078 0.922 4.61E+00 1.08E-01
Te-127m 1.11E-03 0.326 0.674 1.84E-01 3.51E+00
Te-129 8.89E-02 0.09 0.91 3.55E+00 9.99E-02
Te-129m 4.77E-02 0.101 0.899 3.00E+00 9.19E-02
Th-227 1.53E-01 0.076 0.924 1.61E+00 1.25E-01
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Table A.2-5 (Cont.)

Volume Dose

Fitting Parameters®

Coefficients? CF_KB

Nuclide (mSvlyr per Bg/g) CE_A CF B CF_KA (cm?/g) (cm?/g)
Th-228 1.96E-03 0.09 0.91 2.24E+00 1.60E-01
Th-229 7.78E-02 0.089 0.911 1.83E+00 1.67E-01
Th-230 2.99E-04 0.137 0.863 3.79E+00 1.84E-01
Th-231 8.78E-03 0.119 0.881 3.10E+00 2.01E-01
Th-232 1.29E-04 0.179 0.821 5.13E+00 2.28E-01
Th-234 6.26E-03 0.119 0.881 1.94E+00 2.07E-01
Ti-44 8.78E-02 0.121 0.879 1.90E+00 2.43E-01
TI-202 6.26E-01 0.101 0.899 1.24E+00 1.04E-01
TI-204 1.13E-03 0.189 0.811 1.52E+01 2.13E-01
TI-206 3.45E-03 0.498 0.502 1.11E+01 1.32E-01
TI-207 6.46E-03 0.262 0.738 1.02E+01 9.64E-02
TI-208 5.86E+00 0.144 0.856 7.06E-01 6.05E-02
TI-209 3.48E+00 0.139 0.861 8.35E-01 7.21E-02
TI-210 4.53E+00 0.128 0.872 9.04E-01 7.34E-02
Tm-168 1.81E+00 0.109 0.891 1.11E+00 9.08E-02
Tm-170 3.07E-03 0.217 0.783 1.10E+01 2.14E-01
Tm-171 2.43E-04 0.187 0.813 2.23E+00 3.34E-01
U-232 1.95E-04 0.183 0.817 5.66E+00 1.75E-01
U-233 2.48E-04 0.118 0.882 4.08E+00 1.40E-01
U-234 9.34E-05 0.253 0.747 7.17E+00 1.95E-01
U-235 1.89E-01 0.067 0.933 1.77E+00 1.40E-01
U-235m 0.00E+00 0 1 0.00E+00 0.00E+00
U-236 4.75E-05 0.362 0.638 8.47E+00 2.07E-01
U-237 1.29E-01 0.094 0.906 1.73E+00 1.52E-01
U-238 4.63E-05 0.346 0.654 7.47E+00 1.30E-01
U-240 4.04E-03 0.1 0.9 2.86E+00 1.69E-01
V-49 0.00E+00 0 1 0.00E+00 0.00E+00
V-50 2.42E+00 0.141 0.859 7.38E-01 6.68E-02
W-181 1.73E-02 0.171 0.829 2.10E+00 3.14E-01
W-185 1.00E-04 0.153 0.847 2.42E+00 1.86E-01
W-188 2.40E-03 0.08 0.92 1.56E+00 1.23E-01
Y-88 4.57E+00 0.142 0.858 7.29E-01 6.61E-02
Y-90 1.09E-02 0.498 0.502 1.17E-01 6.25E+00
Y-91 9.44E-03 0.284 0.716 8.52E+00 9.01E-02
Yb-169 2.80E-01 0.129 0.871 1.59E+00 1.48E-01
Zn-65 9.44E-01 0.127 0.873 8.64E-01 7.53E-02
Zr-88 5.45E-01 0.079 0.921 1.42E+00 1.07E-01
Zr-93 0.00E+00 0 1 0.00E+00 0.00E+00
Zr-95 1.14E+00 0.103 0.897 1.09E+00 8.82E-02

a Volume dose coefficients assume infinite thickness.

b Fitting parameters are used in depth and cover factor calculations (see Appendix B).
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Table A.2-6 Default Inhalation and Ingestion Dose Coefficients for 30-day Half-Life
Cutoff from DCFPAK3.02 for Adult

Inhalation® Ingestion®
Radionuclide® Associated Decay Chain® (mSv/BQq) (mSv/BQq)

Ac-227+D (Th-227 9.8620E-01) (Ra-223 | 1.75E-01 4.34E-04

1.0000E+00) (Rn-219

1.0000E+00) Po-215 Pb-211

Bi-211 (TI-207 9.9724E-01)

(Po-211 2.7600E-03) (Fr-223

1.3800E-02) (At-219

8.2800E-07) (Bi-215

8.2800E-07)
Ag-105 — 8.15E-07 4.62E-07
Ag-108m+D (Ag-108 8.7000E-02) 3.85E-05 2.35E-06
Ag-110m+D (Ag-110 1.3600E-02) 1.25E-05 2.82E-06
Al-26 — 1.09E-04 3.49E-06
Am-241 — 9.64E-02 2.04E-04
Am-242m+D Am-242 9.16E-02 1.90E-04
Am-242m+D1 Am-242 9.16E-02 1.90E-04
Am-242m+D2 Np-238 9.16E-02 1.91E-04
Am-243+D Np-239 9.57E-02 2.04E-04
As-73 — 1.36E-06 2.59E-07
Au-195 — 1.79E-06 2.65E-07
Ba-133 — 1.04E-05 1.54E-06
Be-10 — 3.47E-05 1.14E-06
Be-7 — 5.58E-08 2.80E-08
Bi-207 — 3.88E-05 1.28E-06
Bi-208 — 3.67E-05 1.16E-06
Bi-210m+D TI-206 9.90E-03 1.50E-05
Bk-247 — 1.67E-01 3.50E-04
Bk-249 — 4.18E-04 9.93E-07
Bk-249+D Am-245 4.18E-04 1.06E-06
C-14 particulates — 5.73E-06 5.81E-07
C-14 gaseous — 6.24E-09 None
Ca-41 — 2.13E-07 2.27E-07
Ca-45 — 3.64E-06 7.09E-07
Cd-109 — 8.13E-06 2.00E-06
Cd-113 — 1.19E-04 2.45E-05
Cd-113m — 1.12E-04 2.34E-05
Cd-115m+D In-115m 7.70E-06 3.38E-06
Cd-115m+D1 (In-115m 1.0049E-04) 7.64E-06 3.29E-06
Ce-139 — 1.93E-06 2.64E-07
Ce-141 — 3.76E-06 7.14E-07
Ce-144+D (Pr-144m 9.7699E-03) (Pr- 5.28E-05 5.28E-06

144 9.9999E-01)
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Table A.2-6 (Cont.)

Inhalation® Ingestion
Radionuclide? Associated Decay Chain® (mSv/Bq) (mSv/Bq)
Cf-248 — 1.13E-02 2.83E-05
Cf-249 — 1.68E-01 3.51E-04
Cf-250 — 7.53E-02 1.61E-04
Cf-251 — 1.71E-01 3.58E-04
Cf-252 — 3.68E-02 9.05E-05
Cf-254 — 4.31E-02 4.02E-04
Cl-36 — 3.79E-05 9.28E-07
Cm-241 — 3.72E-05 9.25E-07
Cm-242 — 5.92E-03 1.17E-05
Cm-243 — 6.99E-02 1.50E-04
Cm-244 — 5.71E-02 1.23E-04
Cm-245 — 9.85E-02 2.08E-04
Cm-246 — 9.81E-02 2.07E-04
Cm-247+D Pu-243 9.00E-02 1.91E-04
Cm-248 — 3.62E-01 7.75E-04
Cm-250 — 2.46E+00 5.30E-03
Cm-250+D Pu-246, Am-246m 2.46E+00 5.30E-03
Cm-250+D1 Bk-250 2.46E+00 5.30E-03
Co-56 — 6.64E-06 2.53E-06
Co-57 — 1.00E-06 2.11E-07
Co-58 — 2.11E-06 7.48E-07
Co-60 — 3.08E-05 3.42E-06
Cs-134 — 2.04E-05 1.93E-05
Cs-135 — 1.17E-05 2.65E-06
Cs-137+D (Ba-137m 9.4399E-01) 3.94E-05 1.36E-05
Dy-154 — 2.58E-02 5.57E-05
Dy-159 — 4.56E-07 1.06E-07
Es-254+D (Bk-250 1.0000E+00) (Fm- 1.03E-02 2.83E-05
254 1.7390E-06)
Es-254+D1 (Fm-254 3.3196E-02) 1.03E-02 2.81E-05
Es-255+D (Fm-255 4.6800E-03) 4.56E-03 5.97E-06
Es-255+D1 (Fm-255 9.200E-01) (Bk-251 | 4.83E-03 8.31E-06
8.0004E-02)
Eu-148 — 3.61E-06 1.30E-06
Eu-149 — 5.34E-07 1.61E-07
Eu-150 — 1.28E-04 1.25E-06
Eu-152 — 9.33E-05 1.34E-06
Eu-154 — 1.07E-04 1.97E-06
Eu-155 — 1.24E-05 3.32E-07
Fe-55 — 7.82E-07 3.31E-07
Fe-59 — 4.03E-06 1.79E-06
Fe-60+D Co-60m 2.90E-04 1.16E-04
Fe-60+D1 Co-60m 2.90E-04 1.16E-04

A-55




Table A.2-6 (Cont.)

Inhalation® Ingestion
Radionuclide? Associated Decay Chain® (mSv/Bq) (mSv/Bq)
Fm-257+D (Cf-253 4.2159E-05) (Es-253 | 8.37E-03 1.63E-05
4.2159E-05)
Fm-257+D1 Cf-253 (Es-253 9.9690E-01) | 1.31E-02 2.38E-05
(Cm-249 3.1000E-03)
Gd-146+D Eu-146 7.87E-06 2.16E-06
Gd-148 — 2.53E-02 5.47E-05
Gd-150 — 2.42E-02 5.23E-05
Gd-151 — 1.17E-06 2.27E-07
Gd-152 — 1.90E-02 4.10E-05
Gd-153 — 2.40E-06 2.79E-07
Ge-68+D Ga-68 3.08E-05 1.38E-06
H-3 — 2.62E-07 4.19E-08
Hf-172+D Lu-172m Lu-172 3.47E-05 2.39E-06
Hf-174 — 3.06E-02 2.55E-04
Hf-175 — 1.40E-06 4.04E-07
Hf-178m — 2.22E-04 3.97E-06
Hf-181 — 5.94E-06 1.11E-06
Hf-182 — 2.94E-04 2.83E-06
Hg-194+D Au-194 4.07E-05 5.17E-05
Hg-203 — 7.02E-06 1.91E-06
Ho-163 — 2.65E-07 2.88E-09
Ho-166m — 2.81E-04 1.97E-06
1-125 — 1.40E-05 1.55E-05
1-129 — 9.81E-05 1.08E-04
In-114m+D (In-114 9.6750E-01) 1.35E-05 4.14E-06
In-115 — 3.91E-04 3.27E-05
Ir-192 — 6.61E-06 1.37E-06
Ir-192n — 5.81E-05 9.15E-07
Ir-194m — 1.20E-05 2.06E-06
K-40 — 8.47E-05 6.15E-06
La-137 — 8.94E-06 8.40E-08
La-138 — 1.56E-04 1.09E-06
Lu-173 — 4.57E-06 3.66E-07
Lu-174 — 7.22E-06 2.85E-07
Lu-174m — 4.39E-06 5.45E-07
Lu-176 — 1.52E-04 1.81E-06
Lu-177m+D (Lu-177 2.1700E-01) 1.63E-05 1.83E-06
Mn-53 — 3.37E-07 2.98E-08
Mn-54 — 3.27E-06 7.21E-07
Mo-93 — 2.23E-06 2.89E-06
Na-22 — 2.91E-05 3.17E-06
Nb-91 — 1.84E-06 4.39E-08
Nb-91m — 4.19E-06 4.10E-07
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Table A.2-6 (Cont.)

Inhalation® Ingestion
Radionuclide? Associated Decay Chain® (mSv/Bq) (mSv/Bq)
Nb-92 — 2.71E-05 1.02E-06
Nb-93m — 1.91E-06 1.29E-07
Nb-94 — 4.86E-05 1.73E-06
Nb-95 — 1.75E-06 5.87E-07
Nd-144 — 1.90E-02 4.08E-05
Ni-59 — 8.18E-07 6.23E-08
Ni-63 — 2.00E-06 1.55E-07
Np-235 — 7.26E-07 5.66E-08
Np-235+D (U-235m 3.9934E-03) 7.26E-07 5.66E-08
Np-236 — 1.15E-02 2.48E-05
Np-236+D Pa-232 1.15E-02 2.55E-05
Np-236+D1 Pa-232 1.15E-02 2.55E-05
Np-237+D Pa-233 4.97E-02 1.08E-04
Os-185 — 1.56E-06 5.03E-07
Os-186 — 4.17E-03 3.20E-05
Os-194+D Ir-194 8.60E-05 3.81E-06
Pa-231 — 2.30E-01 4.79E-04
Pb-202+D (T1-202 9.9000E-01) 4.97E-05 1.61E-05
Pb-205 — 8.24E-07 2.71E-07
Pb-210+D Bi-210 5.75E-03 6.97E-04
Pb-210+D1 (Bi-210 9.8581E-01) TI-206 5.75E-03 6.97E-04
(Hg-206 1.4190E-02)
Pd-107 — 6.08E-07 3.84E-08
Pm-143 — 2.88E-06 2.35E-07
Pm-144 — 1.71E-05 9.86E-07
Pm-145 — 8.04E-06 1.11E-07
Pm-146 — 4.40E-05 8.96E-07
Pm-147 — 6.98E-06 2.61E-07
Pm-148m+D (Pm-148 4.2000E-02) 5.78E-06 1.87E-06
Po-208 — 6.75E-03 1.52E-03
Po-209 — 9.44E-03 1.51E-03
Po-210 — 4.28E-03 1.21E-03
Pt-190 — 5.17E-03 6.94E-06
Pt-193 — 6.69E-07 3.56E-08
Pu-236 — 4.08E-02 8.89E-05
Pu-237 — 3.88E-07 1.12E-07
Pu-238 — 1.08E-01 2.28E-04
Pu-239+D (U-235m 9.9940E-01) 1.19E-01 2.51E-04
Pu-240 — 1.19E-01 2.51E-04
Pu-241 — 2.28E-03 4.74E-06
Pu-241+D U-237 2.29E-03 5.52E-06
Pu-242 — 1.13E-01 2.39E-04
Pu-244 — 1.12E-01 2.38E-04
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Table A.2-6 (Cont.)

Inhalation® Ingestion
Radionuclide? Associated Decay Chain® (mSv/Bq) (mSv/Bq)

Pu-244+D U-240 Np-240m (Np-240 1.12E-01 2.39E-04

1.1000E-03)
Ra-226+D Rn-222 Po-218 (Pb-214 9.54E-03 2.80E-04

9.9980E-01) (Bi-214

1.0000E+00) (Po-214

9.9979E-01) (TI-210

2.1000E-04) (At-218

2.0000E-04) (Rn-218

2.0000E-07)
Ra-228+D Ac-228 1.61E-02 6.96E-04
Rb-83+D (Kr-83m 7.4292E-01) 1.37E-06 1.77E-06
Rb-84 — 2.88E-06 2.81E-06
Rb-87 — 1.57E-05 1.53E-06
Re-183 — 3.56E-06 9.64E-07
Re-184 — 2.32E-06 1.01E-06
Re-184m — 1.02E-05 1.48E-06
Re-186m+D Re-186 6.20E-05 3.66E-06
Re-186m+D1 Re-186 6.20E-05 3.66E-06
Re-187 — 3.92E-08 4.79E-09
Rh-101 — 5.12E-06 5.50E-07
Rh-102 — 7.27E-06 1.19E-06
Rh-102m — 1.98E-05 2.76E-06
Ru-103+D (Rh-103m 9.8755E-01) 2.86E-06 7.18E-07
Ru-106+D Rh-106 6.65E-05 7.02E-06
S-35 — 1.86E-06 7.74E-07
Sb-124 — 8.57E-06 2.55E-06
Sb-125 — 1.20E-05 1.15E-06
Sc-46 — 6.75E-06 1.47E-06
Se-75 — 1.32E-06 2.58E-06
Se-79 — 6.31E-06 2.74E-06
Si-32+D P-32 1.15E-04 2.98E-06
Sm-145 — 2.85E-06 2.12E-07
Sm-146 — 2.53E-02 5.42E-05
Sm-147 — 2.31E-02 4.95E-05
Sm-148 — 1.98E-02 4.26E-05
Sm-151 — 9.27E-06 9.89E-08
Sn-113+D (In-113m 9.9998E-01) 4.03E-06 7.77E-07
Sn-119m — 3.41E-06 3.53E-07
Sn-121m+D (Sn-121 7.7600E-01) 1.51E-05 5.64E-07
Sn-123 — 1.29E-05 2.11E-06
Sn-126+D Sb-126m (Sb-126 1.4000E- 1.59E-04 5.21E-06

01)
Sr-85 — 8.07E-07 5.50E-07
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Table A.2-6 (Cont.)

Inhalation® Ingestion
Radionuclide? Associated Decay Chain® (mSv/Bq) (mSv/Bq)

Sr-89 — 7.96E-06 2.57E-06
Sr-90+D Y-90 1.58E-04 3.03E-05
Ta-179 — 4.90E-07 6.00E-08
Ta-182 — 1.03E-05 1.52E-06
Tb-157 — 3.22E-06 3.90E-08
Tb-158 — 1.05E-04 1.12E-06
Th-160 — 8.32E-06 1.62E-06
Tc-95m+D (Tc-95 3.8800E-02) 1.21E-06 5.77E-07
Tc-97 — 1.78E-06 6.81E-08
Tc-97m — 4.17E-06 5.49E-07
Tc-98 — 4.25E-05 1.86E-06
Tc-99 — 1.33E-05 6.42E-07
Te-121m+D (Te-121 8.8600E-01) 6.28E-06 2.76E-06
Te-123 — 3.75E-06 1.36E-06
Te-123m — 5.07E-06 1.37E-06
Te-125m — 4.12E-06 8.70E-07
Te-127m+D (Te-127 9.7600E-01) 9.96E-06 2.52E-06
Te-129m+D (Te-129 6.3000E-01) 7.90E-06 3.02E-06
Th-228+D Ra-224 Rn-220 Po-216 Pb- 4.33E-02 1.43E-04

212 Bi-212 (Po-212 6.4060E-

01) (TI-208 3.5940E-01)
Th-229+D Ra-225 Ac-225 Fr-221 At-217 | 2.55E-01 6.37E-04

Bi-213 (P0-213 9.7910E-01)

Pb-209 (TI-209 2.0900E-02)
Th-230 — 1.02E-01 2.14E-04
Th-232 — 1.10E-01 2.31E-04
Ti-44+D Sc-44 1.27E-04 6.16E-06
TI-204 — 1.90E-05 1.19E-06
Tm-168 — 5.07E-06 1.04E-06
Tm-170 — 9.14E-06 1.31E-06
Tm-171 — 2.13E-06 1.06E-07
U-232 — 3.69E-02 3.34E-04
U-233 — 9.59E-03 5.12E-05
U-234 — 9.40E-03 4.95E-05
U-235+D Th-231 8.47E-03 4.70E-05
U-236 — 8.68E-03 4.66E-05
U-238 — 8.04E-03 4.46E-05
U-238+D Th-234 Pa-234m (Pa-234 8.04E-03 4.80E-05

1.6000E-03)
V-49 — 6.82E-08 1.84E-08
V-50 — 6.48E-05 3.41E-06
W-181 — 2.86E-07 8.64E-08
W-185 — 3.87E-06 4.44E-07
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Table A.2-6 (Cont.)

Inhalation® Ingestion

Radionuclide? Associated Decay Chain® (mSv/Bq) (mSv/Bq)
W-188+D Re-188 1.61E-05 3.45E-06
Y-88 — 6.13E-06 1.30E-06
Y-91 — 8.94E-06 2.37E-06
Yb-169 — 3.41E-06 8.20E-07
Zn-65 — 2.24E-06 3.92E-06
Zr-88 — 3.62E-06 4.41E-07
Zr-93 — 2.41E-05 1.07E-06
Zr-95+D Nb-95m 6.78E-06 1.58E-06
Zr-95+D1 (Nb-95m 1.0203E-02) 5.90E-06 9.73E-07

& Dose coefficients for entries labeled with +D are aggregated dose coefficients for intake of
the principal radionuclide together with associated radionuclides in the decay chain in
secular equilibrium.

b The associated radionuclide in the decay chain and their fractions, if the fraction is less
than 1.

¢ Inhalation dose coefficients are for most restricted inhalation class and for an AMAD of 1
pum.

d Ingestion dose coefficients are for most restricted chemical type.
¢ Indicate no associated radionuclide.

A.2.4 User Libraries

Users can also create their own dose coefficient libraries starting with the base libraries
available in the DCF Editor. For example, if the inhalation class for a radionuclide is different
from the default inhalation class, the user can choose an inhalation dose coefficient based on
the known inhalation class. The user can create a user library using the DCF Editor. The User’s
guide discusses how to create a user library.

A.3 Dose Estimation Methodology

The absorbed dose is a fundamental dosimetric quantity in radiological protection. To estimate
the total whole-body dose from external and internal radiation exposure, doses are estimated
separately from external and internal exposure and later added. Doses are initially estimated for
different organs/tissues, multiplied by organ/tissue weighting factors, and added to estimate an
external or internal dose. Organ/tissue doses depend on the absorbed dose and quality
factors/radiation weighting factors. The radiation weighting factors depend on the radiation type
and energy. Table A.3-1 and Table A.3-2 show the organ/tissue weighting factors and quality
factors/radiation weighting factors used in ICRP 26 and ICRP 60. The tissue/organ weighting
factors were further updated in ICRP 103. The ICRP-103 methodology-based DCFs are
currently not available. Table A.3-3 shows the different dose terms used in ICRP 26 and

ICRP 60.
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Table A.3-1 Tissue Weighting Factors in ICRP 26
and ICRP 60

Weighting Factors

Organ/Tissue ICRP 26 ICRP 60
Gonads 0.25 0.20
Breast 0.15 0.05
Colon -2 0.12
Red Marrow 0.12 0.12
Lungs 0.12 0.12
Stomach -a 0.12
Urinary Bladder -2 0.05
Liver -a 0.05
Esophagus -2 0.05
Thyroid 0.03 0.05
Bone Surface 0.03 0.01
Skin -a 0.01
Remainder 0.30P 0.05¢d

& Weighting factor not assigned in ICRP 26.

b The value 0.30 is applied to the average dose
among the five remaining organs or tissues
receiving the highest dose, excluding the skin,
lens of the eye, and the extremities.

¢ The remainder is composed of the following
tissues and organs: adrenals, brain, small
intestine, upper large intestine, kidney, muscle,
pancreas, spleen, thymus, and uterus.

d  The value 0.05 is applied to the average dose
to the remainder tissue group. However, if a
member of the remainder receives a dose in
excess of the highest dose in any of the twelve
organs for which weighting factors are
specified, a weighting factor of 0.025 is applied
to that organ and a weighting factor of 0.025 is
applied to the average dose in the rest of the
remainder.

Sources: ICRP (1977) and ICRP (1991).
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Table A.3-2 Quality Factors in ICRP 26 and Radiation Weighting
Factors in ICRP 60

ICRP-60
ICRP-26 Radiation
Quality Weighting
Radiation Type and Energy Range Factor Factor?
Photons, all energies 1 1
Electrons and muons, all energies® 1 1
Neutrons®
<10 keV - 5
10 keV to 100 keV - 10
>100 Kev to 2 MeV - 20
>2 MeV to 20 MeV - 10
>20 MeV - 5
Protons, other than recoil protons, 1 5
energy >2 MeV
Alpha patrticles, fission fragments, heavy 20 20
nuclei

& All values relate to the radiation incident on the body or, for internal
sources, emitted from the source.

b Excluding Auger electrons emitted from nuclei bound to DNA.

¢ InICRP 26, quality factor for neutrons was recommended to be 10 for
unknown energies, otherwise to be calculated, and a value of 2.3 for
thermal neutrons.

Source: ICRP (1991).
A.3.1 ICRP-26 Methodology

In ICRP 26, tissue dose was estimated at a point in an organ or tissue and was defined as dose
equivalent, H, which was the product of absorbed dose in the organ/tissue, quality factor, and a
modifying factor, N, (with a recommended value of 1). When organ/tissue doses multiplied by
organ/tissue weighting factors were added over all organs/tissues, the sum was defined as
effective dose equivalent (EDE). ICRP-26 used quantity-committed dose equivalent to define a
dose to a given organ or tissue from a single intake of radionuclide material as the integral of
effective dose up to 50 years after intake. When organ doses multiplied by organ/tissue
weighting factors were added over all tissues/organs, the sum was defined as the committed
effective dose equivalent (CEDE). Total effective dose equivalent (TEDE) is sum of EDE from
external radiation and CEDE from internal radiation.
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Table A.3-3 Dose Terms Used in ICRP 26 and ICRP 60

Dose Quantity

Type of Dose ICRP 26/ICRP 30 ICRP 60
Organ/tissue dose Absorbed dose in tissue or Absorbed dose in tissue or organ,
organ, Dt Dt
Absorbed organ/tissue  Dose equivalent in tissue or Equivalent dose in tissue or organ
dose adjusted for organ T, Hr =Dt x Q x N2 T,Hr=3rWrxDrRr (average
radiation type absorbed dose in tissue T from

radiation type R)

Committed organ/tissue Committed dose equivalent, Committed equivalent dose, Hrso
dose (over a period of Hrs0
time following intake)

Whole-body dose Effective dose equivalent Effective dose (E), E =1 WrxH~
(EDE), HE = ZT WTx HT
Whole-body committed  Committed effective dose Committed effective dose (CED),
dose (internal only) equivalent (CEDE) = 3 + Wr« Eso=>1WrxHrso
Hts0

Total committed whole-  Total effective dose equivalent  Total effective dose (TED) = E
body dose (TEDE) = EDE (ext.) + CEDE (ext) + CED (int)
(int)

& N is the product of all other modifying factors that might take account, for example, of
absorbed dose rate and fractionation.

A.3.2 ICRP-60 Methodology

In ICRP-60, tissue dose was an average dose over an organ or tissue and was defined as
equivalent dose, Hr, which was the product of absorbed dose and radiation weighting factor
(WR). When organ/tissue doses multiplied by organ/tissue weighting factors were added over all
organs/tissues, the sum was defined as effective dose (E). ICRP 60 used quantity-committed
dose equivalent to define a dose to a given organ or tissue from a single intake of radionuclide
material as the integral of effective dose up to 70 years after intake for children and 50 years
after intake for adults. When organ doses multiplied by organ/tissue weighting factors were
added over all tissues/organs, the sum was defined as committed effective dose (Ei), were i is
the integration time (in years) following the intake; for an adult, this is 50. Total effective dose
(TED) is the sum of E from external radiation and E50 from internal radiation for an adult.

ICRP 60 uses newer biokinetic models to calculate DCFs for six different age groups (3 months,
1 year, 5 years, 10 years, 15 years, and adult). Inhalation class types D (days), W (weeks), and
Y (years) in ICRP 26 and ICRP 30 are replaced with F (fast), M (medium), S (slow), and V (very
fast) in ICRP 60. The type V applies to gases and vapors.
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APPENDIX B:
EXTERNAL RADIATION FROM CONTAMINATION IN SOIL

This appendix presents models, formulas, and data for calculating dose from an external
exposure pathway. Exposure to external radiation occurs primarily as a result of spending time
on top of or close to a contaminated area where radionuclides emanate radiation.

The external dose or risk from the external exposure pathway for the principal radionuclide at
time t following the radiological survey is the sum of the products of the external dose coefficient
or the external slope factor of each decay product, the soil concentration of each decay product,
radionuclide-specific contaminated source geometry factors, and the occupancy and shielding
factor. Section B.1 discusses dose and risk coefficients, Appendix A provides tables of dose
coefficients (DCFs) for the external exposure pathway, and Appendix N provides tables of slope
factors (SFs) for the external exposure pathway. Section B.2 provides models and formulas for
calculating the source geometry factors and the occupancy and shielding factor. Chapter 5
discusses concentrations of radionuclides in soil at different exposure locations. The value listed
for the external dose in the summary report is the total of the time-integrated dose for 1 year
incurred at different exposure locations (see Chapter 4 for a detailed discussion). The value
listed for the external risk in the risk report is the total of the time-integrated risk for the exposure
duration incurred at different exposure locations.

B.1 Dose and Risk Coefficients

The dose coefficient DCFi for the external exposure pathway is the annual dose received from
exposure to radiation from the i"" principal radionuclide present at the unit concentration in a
uniformly contaminated area of infinite depth and lateral extent. The dose is calculated at a
distance of 1 m above the ground surface.

The cancer risk at a certain time due to external exposure is estimated using the SFs, which are
the excess cancer risks per year of exposure per unit of soil concentration, also in a uniformly
contaminated area of infinite depth and lateral extent.

Both DCFs and SFs are derived on the assumption that there is no cover material on top of the
contaminated soil.

B.2 Source Geometry Factors

The standard source associated with the default DCFs and SFs in the RESRAD-OFFSITE
database is a contaminated area of infinite depth and lateral extent with no cover. To adjust the
default DCFs or SFs for an actual contaminated area, which can have any depth, shape, cover,
and size, a depth-and-cover factor function and an area-and-shape factor function were
developed and used in RESRAD-OFFSITE.

Regression analysis was used to develop a depth factor function to express the radiation
attenuation by soils for radionuclides. It includes three independent nuclei-specific parameters
whose values were determined by fitting the function with the DCFs for a source of an infinite
lateral extent but of a finite depth of 0, 1, 5, and 15 cm, which are available in FGR 12, ICRP 60,
or DCFPAK 3.02. A depth-and-cover factor function was then derived based on the depth factor
function by considering both dose contribution and attenuation from different depths.
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To model external radiation for actual geometries (i.e., finite irregular areas), an area factor was
derived using the point-kernel method. This factor depends not only on the lateral extent of the
contamination but also on source depth, cover thickness, and gamma energies (Kamboj et al.
1998). A shape factor corrects for a noncircular shape.

The external dose for an individual radionuclide i with concentration Ci(t) at time t for the
external exposure pathway is expressed as

Dexti(t) = DCFqye; X FO X FS;(t) X FA;(t) X FCD;(t) X C;(t) (B.1)
where
DCFexi = external dose coefficient for radionuclide i (mSv/yr per Bqg/g),
FO = occupancy and shielding factor (dimensionless),
FSi(t) = shape factor (dimensionless),
FAi(t) = area factor (dimensionless),
FCDi(t) = depth-and-cover factor (dimensionless), and

Ci(t) concentration of radionuclide i at time t (Bq/g).

The external risk for an individual radionuclide i with concentration C;(t) at time t for the external
exposure pathway is expressed as

SFext,i(t) = SFext,i X FO X FSl(t) X FAL(t) X FCDl(t) X Ci(t) (BZ)
where SFex.i = external risk coefficient for radionuclide i (risk/yr per Bg/g).
The occupancy and shielding factor accounts for the fraction of a year that an individual is
located at a specific area of concern (i.e., within the primary contaminated area or on top of a

secondary contaminated area) and the reduction in the external exposure rate afforded by
buildings or other structures while the individual is indoors. It is expressed as

FO = fora + (fina X Fsn) (B.3)
where
foa = fraction of a year spent outdoors, on contaminated area;
fina = fraction of a year spent indoors, on contaminated area; and
Fsn = indoor shielding factor for external gamma (0.7, dimensionless).

The fraction of time outdoors is defined as the average fraction of time during which an
individual stays outdoors on the contaminated area. The fraction of time spent indoors is defined
as the average fraction of time during which an individual stays inside a building. (Note: All time
spent at an agricultural field is outdoors.) The default shielding factor of 0.7 implies that the
indoor levels of external radiation are 30% lower than the outdoor levels. This value will likely be
conservative for situations involving low- to moderate-energy gamma emitters or when applied
to well-shielded buildings. In situations in which indoor exposure to the external gamma
pathway is important, separate runs may be performed for low- and high-energy gamma
emitters, by applying an appropriate indoor shielding factor in each case.

B.2.1 Depth-and-Cover Factor

The depth factor (FD;) is based on the regression analysis of the dose coefficients (DCF;) as a
function of depth to the following function:
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FD; = DCRT=T(®)] _ 1 — A:e~100KA;ppeT(t) _ B.o—100KB;pp OT(t) (B.4)
L' DCFi(Ts=0) t L '

where
DCF; [Ts =T(t)] = DCF of radionuclide i for a source with different contamination
depths over time (mSv/yr per Bg/g),

T(t) = depth of contamination at time t (m),
DCFi [Ts =] = DCF of radionuclide i for the standard source with an infinite depth
(mSvl/yr per Bq/g),
pp°* = bulk density of soil material in the contaminated area (g/cm3),
A, Bi = fit parameters (dimensionless), and
KAi, KBi = fit parameters (cm?/g).

The following constraints were put on the four fitting parameters:

1. All the parameters were forced to be positive,

2. A+Bi=1, and

3. Inthe limit source depth, T — 0, DCF; (T = 0) should be consistent with the
contaminated surface DCF.

The values of the four fit parameters (Ai, Bi, KAi, and KB;) were determined for all radionuclides
and saved in the RESRAD-OFFSITE database for each of the three external dose factor
libraries, FGR-12, ICRP-60, and DCFPAK 3.02. Parameters Ai, Bi, KAi, and KB; for the three
databases for principal radionuclides based on a 30-day half-life cutoff and their decay progeny
radionuclides are shown in Appendix A in Tables A.2-1, A.2-3, and A.2-5. The contamination
depth in agricultural and dwelling areas is not time-dependent (it is assumed to be the same as
the mixing or plowing depth at all times) and does not have any cover.

The time dependence of the primary contamination thickness (i.e., depth) is given by

Typc(t) = Tpc(0) whent <t , and (B.5)
Tpc(t) = Tpe(0) — Epc(t — tey) When t > tey (B.6)
where
Toc(t) = thickness of the primary contamination at time t (m),
Toc(0) = initial thickness of the primary contamination (2 m),
t = time since the site was characterized (yr),
tew = Tev(0)/Ecv = time to erode the cover (yr),
T (0) = initial thickness of the cover (m),
Ew = rate at which the cover is eroded (m yr?), and
Epc = rate at which the primary contamination is eroded (m yr?).

Erosion rates for both the cover and the primary contamination are calculated using the
universal soil-loss equation. Section 12.10 of the Handbook of Hydrology (Shen and
Julien 1993) has figures and tables for the first five factors in the following expression for
erosion rate,

E=224XRXKXLSXCxP/(px10% (B.7)



where

—
(0]
I n

224

0
106

erosion rate (m yr-1),

annual rainfall erosion index, the rainfall erosivity factor, or the rainfall and runoff
factor (yr?),

soil erodibility factor (tons/acre),

slope length-steepness factor (dimensionless),

cropping management factor or the cover and management factor
(dimensionless),

conservation practice factor or the support practice factor (dimensionless),
to convert tons per acre to grams per square meter (g m2 [tons/acre]?),
dry bulk density of the soil (g [cm]3), and

to convert per cubic centimeter to per cubic meter ([cm]® m3).

The following depth and cover factor (FCD;) for primary contamination was derived based on
the depth factor function, by considering both the dose contribution and attenuation from
different depths:

_ DCFi[TC=TCU(t)'TS=TpC(t)]
FCD; = DCF;(T,=0,Ts=)

(B.8)

pc pc
— AL_e—IOOKAipIC)V ch(t) (1 _ e—lOOKAipb Tpc(t)) + Bie—looKBingch(t)(l _ e—lOOKBipl7 Tpc(t))

where
Teu(t)
Py’
Tpe(t)
Py

cover depth at time t (m),

bulk density of cover material (g/cm?3),
thickness of primary contamination at time t (m), and
bulk density of primary contamination at time t (g/cm?3).

B.2.2 Areaand Shape Factors

The energy-dependent area factor, FA,’ (E,), can be derived by considering the point-kernel
dose integral, D(R, ta, Cq (1), T(t)), over the source thickness (T(t)), radius (R), distance from the
receptor midpoint to the plane of the source and air interface (Ta), and the thickness of the
shielding material (C4(t)) for the geometry depicted in Figure B-1. The area factor is the ratio of
the dose integrals for the geometry being considered and the infinite slab geometry.

&
- — T . Ti=1m
& R ~ |
. {T=Cao
~ T _ Ts=T()
T Cover Material - i
T Contaminated MMaterial -

e CYA4TOZ

Figure B-1 Exposure Geometry Considered for Area Factor Calculations
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D[R=rTo=1m,T=Cq(8),Ts=T()]

[A—
Fa, T D[R=00,Tg=1m,T.=C4(t) Ts=T(t)]’

(B.9)

where the function D is the dose rate evaluated using the point-kernel method (Figure B-2).

1 In=]III.

LS A SIS S S S o
S A A A A PR G ) Tem Gt

y N
r N EUA T, =T

R

Figure B-2 Cross-Section of Exposure Geometry Showing Element of Integration for
Area Factor Calculation

DIR, Rq, Ca(), T(O] = K f, e7*22dv (B.10)
where
7 = UaTa"'Hch(t)"'P-syl_
Ta+Cq(D)+y !
2 = r2 4+ (T, + C4(t) +y?)
dVs = 2mry drdy,
ua = attenuation coefficient for air (energy-dependent);
Ue = attenuation coefficient for the cover material (energy-dependent);
Us = attenuation coefficient of the source material (energy-dependent);
B(z) = buildup factor (G-P Method [Trubey 1991]) for length measured in mean free
paths, z (energy-dependent); and
K = energy-dependent conversion factor (for uniform photon slab sources in soil with

thickness of 5 mean free path from Table 3 in Chen 1991).

The volume integral can be written more explicitly as

fTS dy fR e " Blgz) 2nrdr. (B.11)
Note that in the inner integral
—=T =0 (B.12)

The volume integral can then be written as

1/2 [ dy ! 20y, (B.13)
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where
Zy = pqTq + 1cCa(t) + pst and

2
Ze =Zy |1+
! °J (T + Ca() +7)?

The photon energies and yields of different radionuclides were obtained by condensing ICRP
Publication 38 (ICRP-38) (ICRP 1983) and ICRP Publication 107 (ICRP-107) (ICRP 2008)
photon spectra.

For ICRP-38 radionuclides, the algorithm was chosen to analyze the full spectra and repeatedly
combine the photons with the smallest relative ratio in their energies. The yield of the resultant
photon is the sum of the two photons, and the energy is the yield-weighted energy of the two
photons. This combining of pairs of photons was repeated until the closest pair had an energy
ratio larger than 3. This resulted in four or fewer collapsed photons for all radionuclides
processed. More information on the collapsed photons and their photon fraction appear in the
external exposure model used in the RESRAD code for various geometries of contaminated soil
(Kamboj et al. 1998). Table B-1 shows the collapsed photon energies and yields for ICRP-38
radionuclides with half-life of at least 30 days and their shorter-lived progeny.

A somewhat different approach is used to collapse the photon spectra from ICRP 107. The Oak
Ridge National Laboratory (ORNL) file ICRP-07.RAD contains energy and yield data for all
radiations emitted for each nuclear transformation of the ICRP-107 set of radionuclides. There
are 11 possible radiation types (ICODE 1 to 11) in this file. The external exposure pathway uses
1 through 5: gammas, x-rays, annihilation photons, B+, B-. For B emissions, the bremsstrahlung
energy vield, y’, is taken to be: y’' = (y)(MeV)(0.0175) where y is the (3 yield per decay and MeV
is the energy.

For the ICRP-107 radionuclide transformation database, all nuclides with total ICODE 1-5
photons greater than four are condensed to four photons. Nuclides with ICODE 1-5 that have
total four or less photons are not condensed. Each nuclide’s full spectra (ICODE 1-5) is sorted
by increasing energy. The two photons with the closest energy ratio are condensed into a single
photon with a yield-weighted energy and sum of the two yields. This conserves energy. The
process is repeated until four condensed photons represent the original spectra. Table B-2
shows the collapsed photon energies and yields for ICRP-107 radionuclides with half-lives of at
least 30 days, as well as their shorter-lived progeny.

The energy-dependent area factor FA,/(E,) is computed for each radionuclide’s gamma energy
(for pure beta emitters by their average bremsstrahlung energy) by interpolation from tabulated
values of FA,/. The discrete value of each of the four variables used in pre-calculation of the
area factor is listed in Table B-3.

The radionuclide-specific area factor, FA;, is obtained by combining the energy-dependent area
factors weighted by their photon fraction, FPT,, and the dose contribution at the reference point:

FA; = Xy FAy(Ey)FPTyDsiap(Ey) (B.14)

Zy FPTstlab (Ey)

where Dsiap (Ey) = dose from the infinite slab geometry.



A shape factor, FS;, is used to correct a noncircular contaminated area based on an ideally
circular zone. The shape factor of a circular contaminated area is 1.0. For an irregularly shaped
contaminated area, the shape factor is obtained by enclosing the irregularly shaped
contaminated area in a circle, multiplying the area factor of each annulus by the fraction of the
annulus area that is contaminated, summing the products, and dividing by the area factor of a
circular primary contamination that is equivalent in area:

_ Z}l:l fjlFAi1(Aj)-FAi1(Aj—1)

FS; B.15
t FAu X, fj(Aj=Aj-1) ( )
where
fi = fraction of annular area, j, which is contaminated, and
FAi(A;)) = area factor for area A;.
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Table B-1 Collapsed Photon Energies (MeV) and Fractions for ICRP-38 Radionuclides with Half-Life of at least 30 Days and

Their Shorter-Lived Progeny

Nuclide EPT(1) EPT(2) EPT(3) EPT(4) FPT(1) FPT(2) FPT(3) FPT(4)
Ac-225 4.55E-01 1.12E-01 1.40E-02 | 0.00E+00 2.10E-03 1.32E-01 1.64E-01 | 0.00E+00
Ac-227 1.47E-02 4.65E-02 1.12E-01 3.53E-01 7.40E-03 1.38E-05 1.08E-03 | 7.87E-06
Ac-228 1.53E-02 1.06E-01 3.50E-01 | 1.01E+00 4.20E-01 1.51E-01 3.70E-01 | 8.15E-01
Ag-105 4.11E-01 6.40E-02 2.16E-02 1.62E-01 | 1.22E+00 1.05E-01 8.19E-01 | 2.28E-08
Ag-108 1.08E+00 5.79E-01 2.16E-02 6.26E-01 2.35E-04 2.98E-02 1.51E-02 | 1.07E-02
Ag-108m 5.91E-01 7.92E-02 2.16E-02 | 0.00E+00 | 2.72E+00 6.78E-02 6.56E-01 | 0.00E+00
Ag-110 6.67E-01 2.17E-02 | 1.19E+00 | 0.00E+00 4.59E-02 2.22E-03 2.07E-02 | 0.00E+00
Ag-110m 8.57E-01 1.33E-01 | 0.00E+00 | 0.00E+00 | 3.21E+00 1.15E-03 | 0.00E+00 | 0.00E+00
Al-26 2.94E+00 1.79E+00 5.11E-01 5.44E-01 2.40E-03 | 1.02E+00 | 1.64E+00 | 7.78E-03
Am-241 5.96E-02 1.68E-02 | 0.00E+00 | 0.00E+00 3.59E-01 6.65E-01 | 0.00E+00 | 0.00E+00
Am-242 1.75E-02 4.28E-02 1.06E-01 1.91E-01 3.12E-01 5.24E-04 1.22E-01 | 2.77E-03
Am-242m 1.51E-01 1.01E-01 5.22E-02 1.74E-02 5.19E-04 2.06E-03 2.31E-03 | 2.71E-01
Am-243 7.52E-02 4.34E-02 1.64E-02 | 0.00E+00 6.70E-01 5.69E-02 1.92E-01 | 0.00E+00
Am-245 1.75E-02 4.56E-02 1.11E-01 2.54E-01 1.02E-01 9.91E-04 1.24E-01 | 7.05E-02
As-73 5.34E-02 1.00E-02 1.19E-03 | 0.00E+00 1.05E-01 | 1.04E+00 2.11E-02 | 0.00E+00
At-217 5.94E-01 2.59E-01 7.88E-02 1.21E-02 4.00E-04 2.30E-04 1.38E-04 | 5.42E-05
At-218 5.32E-02 1.55E-02 1.30E-02 1.08E-02 6.59E-02 2.93E-02 1.23E-01 | 1.07E-01
Au-194 1.04E-02 6.84E-02 3.60E-01 | 1.50E+00 2.78E-01 7.93E-01 9.15E-01 | 4.55E-01
Au-195 7.18E-02 3.09E-02 1.05E-02 | 0.00E+00 | 1.10E+00 7.52E-03 5.34E-01 | 0.00E+00
Ba-133 3.41E-01 7.93E-02 3.17E-02 4.54E-03 9.76E-01 3.85E-01 | 1.20E+00 | 1.45E-01
Ba-137m 6.62E-01 3.29E-02 | 0.00E+00 | 0.00E+00 8.98E-01 7.49E-02 | 0.00E+00 | 0.00E+00
Be-10 2.52E-01 0.00E+00 | 0.00E+00 | 0.00E+00 4.41E-03 | 0.00E+00 | 0.00E+00 | 0.00E+00
Be-7 4.78E-01 0.00E+00 | 0.00E+00 | 0.00E+00 1.03E-01 | 0.00E+00 | 0.00E+00 | 0.00E+00
Bi-207 1.18E-02 7.67E-02 5.70E-01 | 1.12E+00 3.30E-01 7.47E-01 9.78E-01 | 8.21E-01
Bi-210 3.89E-01 0.00E+00 | 0.00E+00 | 0.00E+00 6.81E-03 | 0.00E+00 | 0.00E+00 | 0.00E+00
Bi-210m 6.40E-01 2.81E-01 7.45E-02 1.15E-02 3.12E-02 8.05E-01 1.33E-01 | 5.79E-02
Bi-211 1.14E-02 7.45E-02 1.75E-01 3.51E-01 9.46E-03 2.54E-02 8.55E-06 | 1.27E-01
Bi-212 1.16E-02 5.23E-02 7.48E-01 | 1.62E+00 7.99E-02 1.58E-02 1.75E-01 | 3.66E-02




Table B-1 (Cont.)

Nuclide EPT(1) EPT(2) EPT(3) EPT(4) FPT(1) FPT(2) FPT(3) FPT(4)
Bi-213 1.25E-02 8.10E-02 4.37E-01 9.42E-01 1.66E-02 4.10E-02 2.87E-01 | 7.94E-03
Bi-214 1.54E+00 6.43E-01 8.11E-02 7.75E-01 7.16E-01 6.25E-01 1.94E-02 | 1.12E-02
Bk-247 2.65E-01 9.33E-02 1.91E-02 1.45E-02 1.60E-01 6.43E-01 9.60E-02 | 8.09E-02
Bk-249 1.69E-02 3.30E-02 1.09E-01 3.24E-01 8.30E-08 5.76E-04 1.45E-07 | 2.06E-07
Bk-250 1.01E+00 1.16E-01 1.89E-02 3.07E-01 8.76E-01 1.16E-02 2.46E-01 | 4.52E-03
C-14 4.95E-02 0.00E+00 | 0.00E+00 | 0.00E+00 8.65E-04 | 0.00E+00 | 0.00E+00 | 0.00E+00
Ca-41 3.59E-03 3.31E-03 3.31E-03 | 0.00E+00 1.30E-02 7.47E-02 3.75E-02 | 0.00E+00
Ca-45 1.25E-02 4.46E-03 4.09E-03 7.72E-02 2.66E-06 2.81E-07 2.21E-06 | 1.35E-03
Cd-109 8.80E-02 2.26E-02 3.09E-03 | 0.00E+00 3.61E-02 | 1.01E+00 8.62E-02 | 0.00E+00
Cd-113 9.33E-02 0.00E+00 | 0.00E+00 | 0.00E+00 1.63E-03 | 0.00E+00 | 0.00E+00 | 0.00E+00
Cd-113m 1.85E-01 0.00E+00 | 0.00E+00 | 0.00E+00 3.24E-03 | 0.00E+00 | 0.00E+00 | 0.00E+00
Cd-115m 9.95E-01 1.48E-01 6.13E-01 | 0.00E+00 2.21E-02 1.65E-04 1.06E-02 | 0.00E+00
Ce-139 1.66E-01 3.42E-02 4.88E-03 | 0.00E+00 7.91E-01 8.13E-01 1.04E-01 | 0.00E+00
Ce-141 1.45E-01 3.69E-02 5.28E-03 1.49E-01 4.80E-01 1.70E-01 2.15E-02 | 2.54E-03
Ce-144 5.38E-03 3.70E-02 8.14E-02 1.34E-01 1.70E-02 1.12E-01 2.69E-02 | 1.08E-01
Cf-248 4.30E-02 2.30E-02 1.92E-02 1.48E-02 1.58E-04 8.27E-03 3.62E-02 | 2.77E-02
Cf-249 3.73E-01 1.11E-01 1.77E-02 | 0.00E+00 8.60E-01 8.10E-02 2.93E-01 | 0.00E+00
Cf-250 4.29E-02 2.30E-02 1.92E-02 1.48E-02 1.48E-04 7.87E-03 3.45E-02 | 2.63E-02
Cf-251 1.96E-01 1.11E-01 6.74E-02 1.78E-02 3.07E-01 5.13E-01 1.16E-02 | 7.61E-01
Cf-252 1.60E-01 1.00E-01 4.34E-02 1.80E-02 1.94E-05 1.29E-04 1.48E-04 | 6.57E-02
Cf-253 1.48E-02 1.99E-02 5.00E-02 7.94E-02 4.71E-04 7.76E-04 5.67E-06 | 1.39E-03
CI-36 5.11E-01 2.47E-03 2.31E-03 2.79E-01 2.97E-04 7.64E-05 1.23E-03 | 4.79E-03
Cm-241 4.74E-01 1.16E-01 1.72E-02 | 0.00E+00 8.05E-01 8.82E-01 | 1.01E+00 | 0.00E+00
Cm-242 1.21E-01 4.41E-02 1.69E-02 | 0.00E+00 4.27E-05 3.21E-04 1.07E-01 | 0.00E+00
Cm-243 2.52E-01 1.05E-01 1.67E-02 | 0.00E+00 2.88E-01 4.94E-01 5.76E-01 | 0.00E+00
Cm-244 4.28E-02 2.16E-02 1.80E-02 1.42E-02 2.60E-04 1.09E-02 4.93E-02 | 3.96E-02
Cm-245 1.74E-01 1.08E-01 1.67E-02 | 0.00E+00 6.60E-02 6.81E-01 6.16E-01 | 0.00E+00
Cm-246 4.45E-02 2.16E-02 1.80E-02 1.42E-02 2.80E-04 9.73E-03 4.40E-02 | 3.51E-02
Cm-247 3.93E-01 1.06E-01 5.91E-02 1.69E-02 7.87E-01 3.64E-02 6.98E-03 | 1.12E-01
Cm-248 4.40E-02 2.16E-02 1.80E-02 1.42E-02 2.02E-04 7.44E-03 3.36E-02 | 2.69E-02




Table B-1 (Cont.)

Nuclide EPT(1) EPT(2) EPT(3) EPT(4) FPT(1) FPT(2) FPT(3) FPT(4)
Cm-249 5.80E-01 1.19E-01 1.79E-02 2.77E-01 3.17E-02 6.12E-03 3.27E-03 | 4.76E-03
Co-56 2.41E+00 1.02E+00 5.11E-01 6.25E-01 5.97E-01 | 1.90E+00 3.98E-01 | 2.11E-03
Co-57 6.68E-01 1.24E-01 1.44E-02 6.48E-03 1.89E-03 9.62E-01 9.19E-02 | 5.72E-01
Co-58 6.48E-03 2.01E-01 7.42E-01 | 1.67E+00 2.66E-01 5.28E-04 | 1.30E+00 | 5.17E-03
Co-60 1.25E+00 9.85E-02 | 0.00E+00 | 0.00E+00 | 2.00E+00 1.68E-03 | 0.00E+00 | 0.00E+00
Co-60m 7.01E-03 5.86E-02 6.02E-01 | 1.32E+00 3.23E-01 2.07E-02 2.60E-05 | 2.59E-03
Cs-134 6.98E-01 2.01E-01 | 0.00E+00 | 0.00E+00 | 2.23E+00 2.74E-03 | 0.00E+00 | 0.00E+00
Cs-135 6.73E-02 0.00E+00 | 0.00E+00 | 0.00E+00 1.18E-03 | 0.00E+00 | 0.00E+00 | 0.00E+00
Cs-137 4.25E-01 1.73E-01 2.04E-01 | 0.00E+00 5.40E-02 9.46E-01 3.27E-03 | 0.00E+00
Dy-159 4.58E-02 6.75E-03 | 0.00E+00 | 0.00E+00 9.58E-01 1.80E-01 | 0.00E+00 | 0.00E+00
Es-253 3.96E-01 1.10E-01 4.19E-02 1.84E-02 6.43E-04 | 4.55E-04 7.27E-04 | 4.28E-02
Es-254 3.10E-01 5.81E-02 1.81E-02 1.10E-03 4.24E-03 3.49E-02 8.55E-01 | 3.00E-01
Eu-146 8.00E-01 4.11E-02 6.35E-01 | 0.00E+00 | 3.09E+00 7.36E-01 5.38E-04 | 0.00E+00
Eu-148 6.74E-01 4.11E-02 4.05E-01 | 0.00E+00 | 3.18E+00 7.90E-01 1.06E-05 | 0.00E+00
Eu-149 3.30E-01 4.11E-02 2.25E-02 6.05E-03 9.27E-02 7.74E-01 4.42E-03 | 1.37E-01
Eu-150D 9.71E-01 4.31E-01 4.11E-02 | 0.00E+00 455E-01 | 2.37E+00 8.18E-01 | 0.00E+00
Eu-152 1.09E+00 2.55E-01 4.11E-02 3.85E-01 8.63E-01 7.13E-01 7.56E-01 | 1.46E-03
Eu-154 1.00E+00 1.42E-01 4.40E-02 3.73E-01 | 1.16E+00 4.77E-01 2.75E-01 | 3.96E-03
Eu-155 6.51E-03 2.55E-02 4.48E-02 9.41E-02 6.96E-02 3.77E-03 2.56E-01 | 5.17E-01
Fe-55 6.49E-03 5.80E-03 | 0.00E+00 | 0.00E+00 3.35E-02 2.49E-01 | 0.00E+00 | 0.00E+00
Fe-59 1.18E+00 1.80E-01 1.32E-01 | 0.00E+00 9.98E-01 4.00E-02 2.05E-03 | 0.00E+00
Fe-60 4.91E-02 0.00E+00 | 0.00E+00 | 0.00E+00 8.60E-04 | 0.00E+00 | 0.00E+00 | 0.00E+00
Fm-257 2.13E-01 1.18E-01 6.36E-02 1.87E-02 1.38E-01 5.77E-01 1.88E-02 | 6.45E-01
Fr-221 3.82E-01 2.17E-01 8.46E-02 1.31E-02 2.35E-03 1.26E-01 2.85E-02 | 2.13E-02
Fr-223 1.45E-02 6.20E-02 2.53E-01 7.92E-01 3.59E-01 5.19E-01 6.77E-02 | 8.89E-03
Ga-68 1.11E+00 5.11E-01 8.33E-01 | 0.00E+00 3.65E-02 | 1.78E+00 1.29E-02 | 0.00E+00
Gd-146 1.28E-01 4.25E-02 6.26E-03 | 0.00E+00 | 1.32E+00 | 1.85E+00 3.11E-01 | 0.00E+00
Gd-148 0.00E+00 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00
Gd-151 2.02E-01 4.25E-02 2.15E-02 6.35E-03 1.35E-01 8.17E-01 2.32E-02 | 2.30E-01
Gd-152 0.00E+00 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00
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Table B-1 (Cont.)

Nuclide EPT(1) EPT(2) EPT(3) EPT(4) FPT(1) FPT(2) FPT(3) FPT(4)
Gd-153 9.84E-02 4.25E-02 6.26E-03 | 0.00E+00 5.34E-01 | 1.22E+00 2.09E-01 | 0.00E+00
Ge-68 1.03E-02 9.24E-03 1.11E-03 | 0.00E+00 5.42E-02 3.86E-01 6.29E-03 | 0.00E+00
H-3 5.68E-03 0.00E+00 | 0.00E+00 | 0.00E+00 9.94E-05 | 0.00E+00 | 0.00E+00 | 0.00E+00
Hf-172 1.24E-01 5.69E-02 2.40E-02 8.32E-03 1.61E-01 | 1.54E+00 2.00E-01 | 6.82E-01
Hf-175 3.46E-01 9.22E-02 5.53E-02 8.35E-03 9.12E-01 2.66E-02 8.95E-01 | 2.34E-01
Hf-178m 4.96E-01 2.59E-01 7.21E-02 8.64E-03 | 3.01E+00 | 2.83E+00 | 1.78E+00 | 5.56E-01
Hf-181 4.63E-01 1.04E-01 8.93E-03 1.19E-01 | 1.01E+00 8.40E-01 1.48E-01 | 2.08E-03
Hf-182 8.92E-03 5.88E-02 1.45E-01 2.70E-01 4.69E-02 1.44E-01 9.88E-02 | 8.00E-01
Hg-194 1.36E-02 1.15E-02 9.71E-03 8.49E-03 2.74E-02 1.20E-01 9.55E-02 | 3.65E-03
Hg-203 1.15E-02 5.77E-02 7.45E-02 2.79E-01 5.44E-02 1.01E-03 1.34E-01 | 8.15E-01
Ho-166m 7.22E-01 2.15E-01 5.77E-02 1.82E-02 | 2.03E+00 | 1.14E+00 5.25E-01 | 3.01E-04
1-125 3.55E-02 2.81E-02 3.92E-03 | 0.00E+00 6.67E-02 | 1.40E+00 1.24E-01 | 0.00E+00
1-129 3.96E-02 3.04E-02 4.28E-03 4.89E-02 7.51E-02 7.00E-01 6.76E-02 | 8.55E-04
In-113m 3.92E-01 2.47E-02 | 0.00E+00 | 0.00E+00 6.42E-01 2.45E-01 | 0.00E+00 | 0.00E+00
In-114 1.30E+00 5.51E-01 2.37E-02 7.77E-01 2.01E-03 1.46E-04 3.88E-03 | 1.35E-02
In-114m 6.41E-01 1.90E-01 2.46E-02 3.41E-03 8.72E-02 1.54E-01 3.69E-01 | 4.46E-02
In-115 1.52E-01 0.00E+00 | 0.00E+00 | 0.00E+00 2.66E-03 | 0.00E+00 | 0.00E+00 | 0.00E+00
Ir-192 9.14E-01 3.71E-01 6.83E-02 1.84E-01 3.60E-03 | 2.17E+00 1.39E-01 | 3.00E-03
Ir-192m 1.61E-01 0.00E+00 | 0.00E+00 | 0.00E+00 | 1.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00
Ir-194 9.36E-01 3.22E-01 6.84E-02 8.23E-01 4.10E-02 1.59E-01 8.60E-03 | 1.41E-02
Ir-194m 1.01E+00 4.81E-01 8.35E-02 6.98E-02 3.60E-02 | 4.73E+00 2.53E-01 | 1.22E-03
K-40 1.46E+00 5.85E-01 | 0.00E+00 | 0.00E+00 1.07E-01 9.14E-03 | 0.00E+00 | 0.00E+00
Kr-83m 3.22E-02 1.28E-02 9.40E-03 1.61E-03 5.09E-04 1.63E-01 5.64E-02 | 2.58E-02
La-137 3.29E-02 5.63E-03 4.68E-03 | 0.00E+00 7.24E-01 5.37E-03 8.02E-02 | 0.00E+00
La-138 1.44E+00 7.88E-01 3.29E-02 9.49E-02 6.71E-01 3.29E-01 4.10E-01 | 5.47E-04
Lu-172 8.07E-03 5.79E-02 1.86E-01 9.32E-01 4.09E-01 | 1.28E+00 2.49E-01 | 1.89E+00
Lu-173 6.06E-01 2.57E-01 5.61E-02 8.06E-03 1.26E-02 1.67E-01 | 1.37E+00 | 3.04E-01
Lu-174 8.07E-03 5.50E-02 1.74E-01 | 1.24E+00 2.69E-01 8.70E-01 5.10E-07 | 6.11E-02
Lu-174m 9.92E-01 2.31E-01 5.51E-02 8.39E-03 6.98E-03 1.13E-02 9.01E-01 | 4.92E-01
Lu-176 8.65E-03 5.71E-02 8.83E-02 2.58E-01 2.10E-01 3.29E-01 1.31E-01 | 1.79E+00
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Table B-1 (Cont.)

Nuclide EPT(1) EPT(2) EPT(3) EPT(4) FPT(1) FPT(2) FPT(3) FPT(4)
Lu-177 8.64E-03 5.74E-02 1.14E-01 2.11E-01 3.03E-02 5.89E-02 6.68E-02 | 1.14E-01
Lu-177m 8.58E-03 5.69E-02 1.83E-01 3.58E-01 4.50E-01 | 1.39E+00 | 2.39E+00 | 1.35E+00
Md-258 7.50E-02 2.52E-02 2.09E-02 1.59E-02 7.43E-03 3.64E-02 1.50E-01 | 1.02E-01
Mn-53 5.95E-03 5.41E-03 | 0.00E+00 | 0.00E+00 2.91E-02 2.25E-01 | 0.00E+00 | 0.00E+00
Mn-54 8.35E-01 5.41E-03 | 0.00E+00 | 0.00E+00 | 1.00E+00 2.26E-01 | 0.00E+00 | 0.00E+00
Mo-93 1.69E-02 221E-03 | 0.00E+00 | 0.00E+00 6.28E-01 2.60E-02 | 0.00E+00 | 0.00E+00
Na-22 1.27E+00 5.11E-01 2.17E-01 | 0.00E+00 9.99E-01 | 1.80E+00 3.40E-03 | 0.00E+00
Nb-93m 1.69E-02 2.18E-03 | 0.00E+00 | 0.00E+00 1.10E-01 2.09E-02 | 0.00E+00 | 0.00E+00
Nb-94 8.71E-01 7.03E-01 1.66E-01 | 0.00E+00 | 1.00E+00 | 1.00E+00 2.90E-03 | 0.00E+00
Nb-95 7.66E-01 4.33E-02 | 0.00E+00 | 0.00E+00 | 1.00E+00 7.58E-04 | 0.00E+00 | 0.00E+00
Nb-95m 2.35E-01 1.69E-02 | 0.00E+00 | 0.00E+00 2.59E-01 4.46E-01 | 0.00E+00 | 0.00E+00
Ni-59 7.65E-03 6.93E-03 | 0.00E+00 | 0.00E+00 4.09E-02 3.02E-01 | 0.00E+00 | 0.00E+00
Ni-63 1.71E-02 0.00E+00 | 0.00E+00 | 0.00E+00 3.00E-04 | 0.00E+00 | 0.00E+00 | 0.00E+00
Np-235 1.00E-01 5.08E-02 1.61E-02 | 0.00E+00 7.57E-03 1.44E-03 3.90E-01 | 0.00E+00
Np-236a 1.60E-01 1.01E-01 1.61E-02 1.13E-01 2.39E-01 7.65E-01 | 1.30E+00 | 1.76E-04
Np-237 1.71E-01 8.96E-02 2.94E-02 1.56E-02 1.81E-02 2.05E-01 1.40E-01 | 5.81E-01
Np-238 9.95E-01 1.08E-01 1.69E-02 3.53E-01 5.48E-01 9.79E-03 3.56E-01 | 3.90E-03
Np-239 2.60E-01 1.05E-01 1.67E-02 1.25E-01 3.31E-01 7.37E-01 5.81E-01 | 2.06E-03
Np-240m 1.69E-02 9.28E-02 5.95E-01 | 1.52E+00 4.60E-01 1.31E-02 4.84E-01 | 3.15E-02
Os-185 6.77E-01 1.75E-01 6.26E-02 9.53E-03 9.87E-01 1.54E-02 7.28E-01 | 2.36E-01
Os-194 1.04E-02 2.28E-02 4.31E-02 6.80E-02 7.33E-02 3.75E-04 2.32E-02 | 4.10E-04
P-32 6.95E-01 0.00E+00 | 0.00E+00 | 0.00E+00 1.22E-02 | 0.00E+00 | 0.00E+00 | 0.00E+00
Pa-231 3.04E-01 9.26E-02 2.88E-02 1.48E-02 1.10E-01 1.73E-02 1.02E-01 | 7.02E-01
Pa-233 3.19E-01 9.91E-02 1.59E-02 7.53E-02 5.01E-01 3.79E-01 4.40E-01 | 1.11E-03
Pa-234 1.61E-02 1.11E-01 2.64E-01 8.70E-01 | 1.14E+00 9.30E-01 3.45E-01 | 1.96E+00
Pa-234m 1.59E-02 9.97E-02 3.01E-01 8.93E-01 5.59E-03 5.03E-03 7.97E-04 | 2.52E-02
Pb-202 1.46E-02 1.23E-02 1.03E-02 8.95E-03 9.16E-04 | 4.31E-02 1.53E-01 | 6.04E-03
Pb-205 1.46E-02 1.23E-02 1.03E-02 8.95E-03 2.08E-03 4.84E-02 1.58E-01 | 6.25E-03
Pb-209 1.98E-01 0.00E+00 | 0.00E+00 | 0.00E+00 3.46E-03 | 0.00E+00 | 0.00E+00 | 0.00E+00
Pb-210 1.08E-02 1.30E-02 1.55E-02 4.65E-02 9.81E-02 1.12E-01 2.68E-02 | 4.05E-02
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Table B-1 (Cont.)

Nuclide EPT(1) EPT(2) EPT(3) EPT(4) FPT(1) FPT(2) FPT(3) FPT(4)
Pb-211 8.20E-01 4.09E-01 7.85E-02 4.65E-01 3.83E-02 4.53E-02 7.26E-03 | 7.92E-03
Pb-212 2.43E-01 7.94E-02 1.21E-02 1.07E-01 4.81E-01 3.74E-01 1.44E-01 | 1.74E-03
Pb-214 1.22E-02 7.79E-02 3.20E-01 6.66E-01 1.30E-01 2.33E-01 6.52E-01 | 3.32E-02
Pd-107 9.26E-03 0.00E+00 | 0.00E+00 | 0.00E+00 1.62E-04 | 0.00E+00 | 0.00E+00 | 0.00E+00
Pm-143 7.42E-01 3.82E-02 5.50E-03 | 0.00E+00 3.85E-01 7.62E-01 1.04E-01 | 0.00E+00
Pm-144 6.27E-01 3.82E-02 | 0.00E+00 | 0.00E+00 | 2.44E+00 7.80E-01 | 0.00E+00 | 0.00E+00
Pm-145 7.12E-02 3.82E-02 6.73E-03 5.51E-03 2.83E-02 7.42E-01 9.12E-03 | 1.18E-01
Pm-146 5.95E-01 3.82E-02 2.52E-01 | 0.00E+00 | 1.23E+00 4.89E-01 1.51E-03 | 0.00E+00
Pm-147 1.21E-01 4.11E-02 6.02E-03 6.20E-02 2.85E-05 2.18E-05 3.56E-06 | 1.08E-03
Pm-148 1.27E+00 5.53E-01 8.42E-01 | 0.00E+00 3.47E-01 2.44E-01 1.26E-02 | 0.00E+00
Pm-148m 6.20E-01 1.13E-01 4.07E-02 1.66E-01 | 3.21E+00 6.08E-02 1.11E-01 | 2.54E-03
P0-210 8.02E-01 0.00E+00 | 0.00E+00 | 0.00E+00 1.06E-05 | 0.00E+00 | 0.00E+00 | 0.00E+00
Po-211 7.31E-01 3.28E-01 7.67E-02 | 0.00E+00 1.06E-02 3.24E-05 1.93E-04 | 0.00E+00
Po-212 0.00E+00 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00
Po-213 0.00E+00 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00
Po-214 8.00E-01 2.98E-01 | 0.00E+00 | 0.00E+00 1.04E-04 5.00E-07 | 0.00E+00 | 0.00E+00
Po-215 4.39E-01 7.67E-02 | 0.00E+00 | 0.00E+00 4.00E-04 1.07E-05 | 0.00E+00 | 0.00E+00
Po-216 8.06E-01 0.00E+00 | 0.00E+00 | 0.00E+00 2.10E-05 | 0.00E+00 | 0.00E+00 | 0.00E+00
Po-218 8.37E-01 7.05E-02 | 0.00E+00 | 0.00E+00 1.09E-05 2.47E-07 | 0.00E+00 | 0.00E+00
Pr-144 1.99E+00 6.97E-01 | 1.22E+00 | 0.00E+00 1.08E-02 1.49E-02 2.11E-02 | 0.00E+00
Pr-144m 5.33E-03 3.69E-02 5.90E-02 7.54E-01 9.55E-02 3.04E-01 7.90E-04 | 1.21E-03
Pt-193 1.28E-02 1.07E-02 9.17E-03 8.04E-03 2.58E-02 1.10E-01 7.23E-02 | 2.63E-03
Pu-236 5.86E-01 1.12E-01 4.76E-02 1.61E-02 5.10E-06 1.30E-04 6.90E-04 | 1.27E-01
Pu-237 1.03E-01 5.95E-02 1.64E-02 | 0.00E+00 4.11E-01 3.25E-02 4.93E-01 | 0.00E+00
Pu-238 5.50E-02 1.61E-02 | 0.00E+00 | 0.00E+00 4.77E-04 1.11E-01 | 0.00E+00 | 0.00E+00
Pu-239 3.84E-01 1.19E-01 5.00E-02 1.61E-02 6.66E-05 1.91E-04 2.99E-04 | 4.17E-02
Pu-240 1.08E-01 4.52E-02 1.61E-02 | 0.00E+00 7.54E-05 4.50E-04 1.06E-01 | 0.00E+00
Pu-241 5.24E-03 1.60E-02 4.36E-02 1.07E-01 9.16E-05 6.25E-05 1.83E-07 | 1.44E-05
Pu-242 1.03E-01 4.49E-02 1.61E-02 | 0.00E+00 7.94E-05 3.60E-04 8.79E-02 | 0.00E+00
Pu-243 1.73E-02 4.17E-02 8.53E-02 3.76E-01 1.37E-01 8.56E-03 2.41E-01 | 7.30E-03
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Table B-1 (Cont.)

Nuclide EPT(1) EPT(2) EPT(3) EPT(4) FPT(1) FPT(2) FPT(3) FPT(4)
Pu-244 4.30E-02 2.03E-02 1.70E-02 1.35E-02 2.50E-04 8.63E-03 3.83E-02 | 2.82E-02
Ra-223 3.04E-01 9.67E-02 1.33E-02 | 0.00E+00 2.33E-01 6.23E-01 2.25E-01 | 0.00E+00
Ra-224 5.63E-01 2.41E-01 8.56E-02 1.36E-02 1.10E-04 3.91E-02 4.24E-03 | 3.70E-03
Ra-225 1.26E-02 1.61E-02 4.00E-02 9.46E-02 5.76E-02 8.49E-02 2.90E-01 | 1.65E-03
Ra-226 1.86E-01 8.56E-02 1.37E-02 | 0.00E+00 3.29E-02 6.17E-03 7.67E-03 | 0.00E+00
Ra-228 6.67E-03 9.86E-03 | 0.00E+00 | 0.00E+00 6.21E-07 1.73E-04 | 0.00E+00 | 0.00E+00
Rb-83 5.32E-01 1.25E-02 | 0.00E+00 | 0.00E+00 9.34E-01 6.25E-01 | 0.00E+00 | 0.00E+00
Rb-84 1.90E+00 7.25E-01 1.28E-02 5.88E-01 7.80E-03 | 1.24E+00 3.97E-01 | 2.64E-03
Rb-87 1.11E-01 0.00E+00 | 0.00E+00 | 0.00E+00 1.95E-03 | 0.00E+00 | 0.00E+00 | 0.00E+00
Re-184 8.52E-01 2.53E-01 6.89E-02 9.22E-03 9.48E-01 3.09E-02 | 1.05E+00 | 3.18E-01
Re-184m 8.56E-01 2.46E-01 7.04E-02 9.32E-03 2.50E-01 4.08E-01 | 1.01E+00 | 4.42E-01
Re-186 7.03E-01 1.01E-01 9.60E-03 3.51E-01 5.08E-04 1.96E-01 4.65E-02 | 5.75E-03
Re-186m 9.93E-02 5.91E-02 4.03E-02 9.76E-03 1.06E-02 1.87E-01 5.00E-02 | 5.31E-01
Re-187 6.60E-04 0.00E+00 | 0.00E+00 | 0.00E+00 1.16E-05 | 0.00E+00 | 0.00E+00 | 0.00E+00
Re-188 9.89E-03 1.33E-01 7.10E-01 | 1.69E+00 2.92E-02 1.96E-01 5.33E-02 | 2.18E-03
Rh-101 3.27E-01 1.62E-01 1.97E-02 | 0.00E+00 1.33E-01 | 1.29E+00 8.09E-01 | 0.00E+00
Rh-102 6.81E-01 1.97E-02 1.02E-01 | 0.00E+00 | 3.12E+00 6.64E-01 1.69E-09 | 0.00E+00
Rh-102m 5.36E-01 1.97E-02 5.13E-01 | 0.00E+00 8.92E-01 4.26E-01 2.85E-03 | 0.00E+00
Rh-103m 3.98E-02 2.06E-02 2.78E-03 2.45E-03 6.99E-04 7.87E-02 3.54E-02 | 1.10E-03
Rh-106 1.16E+00 5.48E-01 | 1.42E+00 | 0.00E+00 2.82E-02 3.14E-01 2.47E-02 | 0.00E+00
RN-219 3.25E-01 8.44E-02 1.26E-02 | 0.00E+00 1.68E-01 1.90E-02 9.65E-03 | 0.00E+00
RNn-220 5.50E-01 8.11E-02 | 0.00E+00 | 0.00E+00 7.00E-04 1.25E-05 | 0.00E+00 | 0.00E+00
RN-222 5.10E-01 8.11E-02 | 0.00E+00 | 0.00E+00 7.80E-04 1.62E-05 | 0.00E+00 | 0.00E+00
Ru-103 5.03E-01 9.99E-02 | 0.00E+00 | 0.00E+00 9.30E-01 1.26E-03 | 0.00E+00 | 0.00E+00
Ru-106 1.00E-02 0.00E+00 | 0.00E+00 | 0.00E+00 1.76E-04 | 0.00E+00 | 0.00E+00 | 0.00E+00
S-35 4.88E-02 0.00E+00 | 0.00E+00 | 0.00E+00 8.55E-04 | 0.00E+00 | 0.00E+00 | 0.00E+00
Sb-124 9.81E-01 6.24E-01 | 0.00E+00 | 0.00E+00 | 1.85E+00 6.70E-03 | 0.00E+00 | 0.00E+00
Sb-125 5.17E-01 1.76E-01 2.87E-02 1.28E-01 7.77E-01 7.89E-02 5.14E-01 | 1.52E-03
Sb-126 6.40E-01 4.25E-01 | 0.00E+00 | 0.00E+00 | 4.43E+00 4.71E-03 | 0.00E+00 | 0.00E+00
Sb-126m 1.48E+00 5.96E-01 6.84E-01 | 0.00E+00 3.43E-03 | 2.59E+00 1.02E-02 | 0.00E+00
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Table B-1 (Cont.)

Nuclide EPT(1) EPT(2) EPT(3) EPT(4) FPT(1) FPT(2) FPT(3) FPT(4)
Sc-44 2.65E+00 1.16E+00 5.11E-01 6.32E-01 1.16E-03 | 1.01E+00 | 1.89E+00 | 1.04E-02
Sc-46 1.12E+00 8.89E-01 1.12E-01 | 0.00E+00 | 1.00E+00 | 1.00E+00 1.96E-03 | 0.00E+00
Se-75 2.14E-01 1.07E-02 | 0.00E+00 | 0.00E+00 | 1.82E+00 5.55E-01 | 0.00E+00 | 0.00E+00
Se-79 5.58E-02 0.00E+00 | 0.00E+00 | 0.00E+00 9.77E-04 | 0.00E+00 | 0.00E+00 | 0.00E+00
Si-32 6.47E-02 0.00E+00 | 0.00E+00 | 0.00E+00 1.13E-03 | 0.00E+00 | 0.00E+00 | 0.00E+00
Sm-145 4.14E-02 5.80E-03 | 0.00E+00 | 0.00E+00 | 1.54E+00 2.15E-01 | 0.00E+00 | 0.00E+00
Sm-146 0.00E+00 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00
Sm-147 0.00E+00 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00
Sm-151 5.18E-03 6.32E-03 7.71E-03 2.05E-02 8.59E-06 9.44E-04 1.43E-04 | 6.36E-04
Sn-113 2.55E-01 2.47E-02 3.42E-03 | 0.00E+00 1.85E-02 7.25E-01 5.56E-02 | 0.00E+00
Sn-119m 6.57E-02 2.51E-02 4.31E-03 3.57E-03 1.94E-04 | 4.40E-01 7.36E-03 | 1.08E-01
Sn-121 1.14E-01 0.00E+00 | 0.00E+00 | 0.00E+00 2.00E-03 | 0.00E+00 | 0.00E+00 | 0.00E+00
Sn-121m 3.72E-02 2.69E-02 3.58E-03 1.21E-01 1.85E-02 1.53E-01 4.17E-02 | 4.73E-04
Sn-123 1.09E+00 5.22E-01 | 0.00E+00 | 0.00E+00 6.34E-03 9.10E-03 | 0.00E+00 | 0.00E+00
Sn-126 3.83E-03 2.61E-02 4.26E-02 8.36E-02 9.52E-02 3.70E-01 5.00E-03 | 5.57E-01
Sr-85 5.14E-01 1.36E-02 | 0.00E+00 | 0.00E+00 9.80E-01 5.87E-01 | 0.00E+00 | 0.00E+00
Sr-89 9.09E-01 5.83E-01 | 0.00E+00 | 0.00E+00 9.30E-05 1.02E-02 | 0.00E+00 | 0.00E+00
Sr-90 1.96E-01 0.00E+00 | 0.00E+00 | 0.00E+00 3.43E-03 | 0.00E+00 | 0.00E+00 | 0.00E+00
Ta-179 5.71E-02 1.07E-02 9.09E-03 7.87E-03 5.39E-01 1.79E-02 9.38E-02 | 8.12E-02
Ta-180 2.78E-01 9.30E-02 5.71E-02 8.64E-03 | 1.76E+00 1.73E-01 9.08E-01 | 4.02E-01
Ta-182 9.27E-03 7.09E-02 1.99E-01 | 1.18E+00 2.31E-01 | 1.01E+00 2.96E-01 | 9.88E-01
Th-157 4.40E-02 8.03E-03 6.56E-03 5.36E-03 5.69E-02 1.78E-02 1.12E-01 | 1.02E-03
Tb-158 6.56E-03 5.08E-02 1.86E-01 9.38E-01 2.26E-01 | 1.00E+00 1.04E-01 | 7.74E-01
Th-160 1.01E+00 2.81E-01 6.23E-02 2.24E-01 9.84E-01 3.88E-01 3.45E-01 | 3.62E-03
Tc-95 7.81E-01 1.78E-02 | 0.00E+00 | 0.00E+00 | 1.00E+00 6.63E-01 | 0.00E+00 | 0.00E+00
Tc-95m 7.27E-01 2.05E-01 1.78E-02 3.01E-01 7.36E-01 6.26E-01 6.61E-01 | 2.61E-05
Tc-97 1.78E-02 2.34E-03 | 0.00E+00 | 0.00E+00 6.35E-01 2.87E-02 | 0.00E+00 | 0.00E+00
Tc-97m 9.65E-02 1.87E-02 2.46E-03 | 0.00E+00 3.14E-03 4.92E-01 3.14E-02 | 0.00E+00
Tc-98 6.99E-01 1.56E-01 | 0.00E+00 | 0.00E+00 | 2.02E+00 2.73E-03 | 0.00E+00 | 0.00E+00
Tc-99 1.01E-01 0.00E+00 | 0.00E+00 | 0.00E+00 1.77E-03 | 0.00E+00 | 0.00E+00 | 0.00E+00
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Table B-1 (Cont.)

Nuclide EPT(1) EPT(2) EPT(3) EPT(4) FPT(1) FPT(2) FPT(3) FPT(4)
Te-121 5.60E-01 2.69E-02 | 0.00E+00 | 0.00E+00 9.94E-01 7.53E-01 | 0.00E+00 | 0.00E+00
Te-121m 1.09E+00 2.12E-01 2.79E-02 3.91E-03 2.66E-02 8.15E-01 5.26E-01 | 7.31E-02
Te-123 2.69E-02 3.74E-03 | 0.00E+00 | 0.00E+00 7.26E-01 5.90E-02 | 0.00E+00 | 0.00E+00
Te-123m 1.59E-01 2.81E-02 3.94E-03 | 0.00E+00 8.42E-01 4.93E-01 7.28E-02 | 0.00E+00
Te-125m 1.09E-01 3.55E-02 2.81E-02 3.95E-03 2.74E-03 6.63E-02 | 1.16E+00 | 1.27E-01
Te-127 4.11E-01 2.06E-01 3.69E-02 2.24E-01 1.13E-02 1.00E-03 1.11E-03 | 3.90E-03
Te-127m 3.95E-03 2.86E-02 2.53E-01 6.49E-01 6.19E-02 3.80E-01 1.06E-04 | 1.56E-04
Te-129 4.26E-03 2.78E-02 4.46E-01 9.77E-01 5.85E-02 1.57E-01 1.10E-01 | 1.07E-02
Te-129m 3.95E-03 2.81E-02 1.05E-01 6.96E-01 4.12E-02 2.87E-01 1.48E-03 | 4.51E-02
Th-227 7.54E-01 2.65E-01 7.23E-02 1.44E-02 2.29E-04 3.36E-01 2.07E-01 | 4.22E-01
Th-228 2.15E-01 1.46E-01 8.47E-02 1.45E-02 3.01E-03 1.93E-03 1.25E-02 | 9.04E-02
Th-229 1.73E-01 9.02E-02 3.35E-02 1.43E-02 1.64E-01 6.12E-01 4.61E-02 | 7.61E-01
Th-230 2.53E-01 1.51E-01 6.85E-02 1.45E-02 1.12E-04 5.37E-04 3.89E-03 | 8.10E-02
Th-231 1.59E-01 8.53E-02 1.72E-02 7.87E-02 4.93E-03 1.15E-01 8.78E-01 | 1.35E-03
Th-232 1.26E-01 9.04E-02 5.90E-02 1.45E-02 4.30E-04 1.31E-04 1.91E-03 | 7.99E-02
Th-234 9.34E-02 6.33E-02 1.56E-02 4.65E-02 5.82E-02 3.83E-02 9.83E-02 | 7.59E-04
Ti-44 1.47E-01 7.84E-02 6.78E-02 4.13E-03 1.00E-03 9.47E-01 8.77E-01 | 1.96E-01
TI-202 1.11E-02 7.24E-02 1.85E-01 4.41E-01 2.90E-01 7.85E-01 2.92E-09 | 9.24E-01
TI-204 9.94E-03 1.22E-02 7.24E-02 2.44E-01 3.52E-03 3.55E-03 1.45E-02 | 4.16E-03
TI-206 1.17E-02 7.67E-02 5.36E-01 8.03E-01 2.69E-04 7.17E-04 9.39E-03 | 5.50E-05
TI-207 8.98E-01 5.70E-01 7.67E-02 4.94E-01 2.40E-03 1.00E-04 | 4.85E-05 | 8.62E-03
TI-208 2.61E+00 5.83E-01 7.67E-02 5.76E-01 9.98E-01 | 1.30E+00 7.23E-02 | 9.80E-03
TI-209 1.57E+00 4.67E-01 1.09E-01 6.59E-01 9.84E-01 8.11E-01 | 1.02E+00 | 1.15E-02
TI-210 2.00E+00 | -2.00E+00 | -2.00E+00 | -2.00E+00 | -2.00E+00 | -2.00E+00 | -2.00E+00 |-2.00E+00
Tm-170 8.07E-03 5.35E-02 8.43E-02 3.17E-01 3.67E-02 4.55E-02 3.26E-02 | 5.54E-03
Tm-171 7.92E-03 9.84E-03 2.51E-02 5.53E-02 3.24E-03 2.54E-04 | 4.35E-04 | 1.12E-02
U-232 2.98E-01 1.22E-01 5.77E-02 1.53E-02 7.22E-05 9.49E-04 2.10E-03 | 1.26E-01
U-233 2.76E-01 1.09E-01 4.22E-02 1.53E-02 4.99E-04 1.32E-03 1.26E-03 | 6.53E-02
U-234 1.16E-01 5.32E-02 1.53E-02 | 0.00E+00 4.99E-04 1.18E-03 1.05E-01 | 0.00E+00
U-235 3.83E-01 1.68E-01 1.52E-02 | 0.00E+00 1.37E-03 9.02E-01 2.71E-01 | 0.00E+00
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Table B-1 (Cont.)

Nuclide EPT(1) EPT(2) EPT(3) EPT(4) FPT(1) FPT(2) FPT(3) FPT(4)
U-236 1.10E-01 4.94E-02 1.66E-02 1.29E-02 2.33E-04 7.74E-04 6.34E-02 | 3.52E-02
U-237 1.66E-02 5.97E-02 1.03E-01 2.14E-01 6.77E-01 3.50E-01 5.42E-01 | 2.57E-01
U-238 4.96E-02 1.91E-02 1.61E-02 1.29E-02 6.97E-04 1.02E-02 4.56E-02 | 3.10E-02
U-240 1.38E-02 1.82E-02 4.40E-02 1.02E-01 1.59E-01 2.56E-01 1.69E-02 | 1.78E-03
V-49 4.93E-03 451E-03 | 0.00E+00 | 0.00E+00 2.29E-02 1.76E-01 | 0.00E+00 | 0.00E+00
W-181 1.48E-01 5.88E-02 8.96E-03 6.21E-03 1.38E-03 6.51E-01 2.06E-01 | 9.75E-03
W-185 9.31E-03 1.18E-02 6.25E-02 1.27E-01 1.25E-04 1.00E-05 4.60E-04 | 2.43E-03
W-188 9.71E-03 6.32E-02 1.01E-01 2.67E-01 1.39E-03 3.08E-03 1.80E-03 | 6.30E-03
Y-88 1.84E+00 8.96E-01 1.44E-02 3.55E-01 | 1.00E+00 9.39E-01 6.01E-01 | 1.36E-05
Y-90 1.61E-02 2.08E-03 9.35E-01 | 0.00E+00 1.05E-04 3.90E-06 1.64E-02 | 0.00E+00
Y-91 1.20E+00 6.04E-01 | 0.00E+00 | 0.00E+00 3.00E-03 1.05E-02 | 0.00E+00 | 0.00E+00
Yb-169 1.79E-01 5.39E-02 7.80E-03 | 0.00E+00 | 1.03E+00 | 2.25E+00 4.54E-01 | 0.00E+00
Zn-65 1.12E+00 5.11E-01 8.14E-03 1.43E-01 5.08E-01 2.92E-02 3.86E-01 | 3.65E-05
Zr-88 3.93E-01 1.52E-02 | 0.00E+00 | 0.00E+00 | 1.00E+00 6.29E-01 | 0.00E+00 | 0.00E+00
Zr-93 1.96E-02 0.00E+00 | 0.00E+00 | 0.00E+00 3.44E-04 | 0.00E+00 | 0.00E+00 | 0.00E+00
Zr-95 7.42E-01 1.18E-01 | 0.00E+00 | 0.00E+00 9.96E-01 2.02E-03 | 0.00E+00 | 0.00E+00
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Table B-2 Collapsed Photon Energies (MeV) and Fractions for ICRP-107 Radionuclides with Half-Life of at least 30 Days

and Their Shorter-Lived Progeny

Nuclide EPT(1) EPT(2) EPT(3) EPT(4) FPT(1) FPT(2) FPT(3) FPT(4)
Ac-225 6.06E-05 4.23E-04 1.22E-02 1.25E-01 | 7.33E-02 8.28E-06 2.32E-03 [ 1.10E-03
Ac-227 8.17E-05 4.79E-04 1.10E-02 1.14E-01 | 4.26E-02 5.95E-06 5.80E-04 | 5.70E-06
Ac-228 8.24E-05 1.35E-02 1.06E-01 7.96E-01 | 1.02E-01 4.11E-03 1.19E-03 | 1.07E-02
Ag-105 7.86E-06 2.80E-03 2.64E-02 4.09E-01 | 9.36E-02 6.32E-04 9.28E-03 | 1.20E-02
Ag-108 7.88E-06 3.37E-04 2.03E-02 5.92E-01 | 2.06E-03 4.11E-07 1.96E-04 | 4.19E-04
Ag-108m 8.23E-06 2.81E-03 2.68E-02 5.90E-01 | 8.16E-02 5.52E-04 7.25E-03 | 2.71E-02
Ag-110 8.26E-06 3.41E-04 2.03E-02 8.27E-01 | 2.52E-04 5.11E-08 2.39E-05 | 6.68E-04
Ag-110m 1.35E-05 3.76E-04 2.13E-02 8.59E-01 | 1.99E-03 5.07E-07 1.37E-04 | 3.21E-02
Al-26 3.10E-07 6.89E-06 1.24E-03 1.00E+00 | 6.16E-19 7.67E-03 4.61E-05 | 2.67E-02
Am-241 7.44E-05 3.34E-03 3.71E-02 3.42E-01 | 1.12E-01 7.46E-04 7.62E-03 | 3.87E-07
Am-242 7.54E-05 5.63E-04 1.54E-02 1.08E-01 | 7.37E-02 1.29E-05 3.48E-03 | 1.24E-03
Am-242m 7.23E-05 5.56E-04 3.56E-03 1.83E-02 | 8.67E-02 1.52E-05 5.88E-04 | 2.62E-03
Am-243 7.44E-05 3.35E-03 6.09E-02 6.55E-01 | 6.02E-02 4.03E-04 9.51E-03 | 1.50E-07
Am-245 7.76E-05 5.81E-04 1.53E-02 1.64E-01 | 2.62E-02 4.72E-06 1.17E-03 | 1.93E-03
Am-246m 7.76E-05 5.79E-04 2.85E-02 9.62E-01 | 6.90E-02 1.26E-05 3.80E-03 | 1.01E-02
As-73 1.21E-05 1.05E-04 1.16E-03 1.41E-02 | 2.21E-01 2.92E-06 455E-04 | 1.11E-02
At-217 3.25E-05 3.56E-04 1.08E-02 2.40E-01 | 5.08E-05 4.37E-09 1.55E-06 | 1.01E-05
At-218 1.10E+00 | 0.00E+00 | 0.00E+00 0.00E+00 | 1.92E-07 | 0.00E+00 0.00E+00 | 0.00E+00
At-219 0.00E+00 | 0.00E+00 | 0.00E+00 0.00E+00 | 0.00E+00 | 0.00E+00 0.00E+00 | 0.00E+00
Au-194 1.01E-05 2.88E-04 5.11E-02 7.38E-01 | 1.44E-01 8.81E-06 1.11E-02 | 1.33E-02
Au-195 1.01E-05 2.90E-04 9.21E-03 7.18E-02 | 3.06E-01 1.87E-05 6.30E-03 | 1.08E-02
Ba-133 2.19E-05 4.27E-03 4.32E-02 3.41E-01 | 2.09E-01 1.72E-03 1.60E-02 | 9.76E-03
Ba-137m 1.86E-05 4.44E-03 3.29E-02 6.62E-01 | 1.37E-02 1.06E-04 7.53E-04 | 8.97E-03
Be-10 2.52E-01 | 0.00E+00 | 0.00E+00 0.00E+00 | 4.42E-05 | 0.00E+00 0.00E+00 | 0.00E+00
Be-7 4.78E-01 | 0.00E+00 | 0.00E+00 0.00E+00 | 1.04E-03 | 0.00E+00 0.00E+00 | 0.00E+00
Bi-207 2.66E-05 3.42E-04 5.39E-02 8.22E-01 | 1.41E-01 1.14E-05 1.13E-02 | 1.80E-02
Bi-208 2.66E-05 3.43E-04 4.72E-02 2.61E+00 | 1.29E-01 1.03E-05 7.55E-03 | 1.00E-02
Bi-210 2.07E-05 3.27E-04 1.02E-02 3.80E-01 | 3.76E-08 2.81E-12 1.04E-09 | 6.81E-05
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Table B-2 (Cont.)

Nuclide EPT(1) EPT(2) EPT(3) EPT(4) FPT(1) FPT(2) FPT(3) FPT(4)
Bi-210m 2.07E-05 3.27E-04 1.03E-02 2.68E-01 | 2.47E-02 1.85E-06 6.84E-04 | 9.69E-03
Bi-211 2.07E-05 3.27E-04 1.02E-02 3.05E-01 | 4.17E-03 3.11E-07 1.15E-04 | 1.55E-03
Bi-212 2.08E-05 2.27E-03 1.74E-02 8.74E-01 | 4.05E-02 1.48E-04 8.80E-04 | 1.25E-03
Bi-213 3.84E-05 3.70E-04 1.11E-02 4.04E-01 | 6.26E-03 5.74E-07 2.00E-04 | 3.24E-03
Bi-214 3.84E-05 3.70E-04 5.79E-02 1.11E+00 | 3.14E-03 2.89E-07 3.01E-04 | 1.33E-02
Bi-215 3.84E-05 3.70E-04 1.11E-02 3.63E-01 | 2.67E-02 2.45E-06 8.54E-04 | 7.15E-03
Bk-247 7.22E-05 5.57E-04 1.49E-02 1.47E-01 | 4.83E-02 8.20E-06 2.19E-03 | 9.76E-03
Bk-249 7.22E-05 3.52E-03 3.24E-02 2.38E-01 | 1.57E-07 1.13E-09 5.68E-06 | 2.77E-08
Bk-250 7.46E-05 6.20E-04 1.67E-02 9.92E-01 | 5.07E-02 1.04E-05 2.62E-03 | 9.03E-03
Bk-251 7.45E-05 6.28E-04 1.55E-02 1.26E-01 | 1.43E-01 2.92E-05 6.06E-03 | 6.56E-03
C-14 4.95E-02 | 0.00E+00 | 0.00E+00 0.00E+00 | 8.65E-06 | 0.00E+00 0.00E+00 | 0.00E+00
Ca-41 3.01E-06 2.62E-05 2.69E-04 3.31E-03 | 2.19E-14 3.73E-02 1.45E-05 | 1.22E-03
Ca-45 6.75E-06 3.51E-04 4.17E-03 7.72E-02 | 1.42E-06 5.32E-10 3.10E-08 | 1.35E-05
Cd-109 1.21E-05 3.68E-04 3.04E-03 2.48E-02 | 1.45E-01 3.52E-05 1.06E-03 | 1.05E-02
Cd-113 9.26E-02 | 0.00E+00 | 0.00E+00 0.00E+00 | 1.62E-05 | 0.00E+00 0.00E+00 | 0.00E+00
Cd-113m 1.72E-05 3.99E-04 2.12E-02 1.90E-01 | 8.18E-05 2.42E-08 5.78E-06 | 3.46E-05
Cd-115m 8.13E-06 4.32E-04 2.38E-02 9.00E-01 | 2.06E-05 3.63E-09 1.16E-06 | 4.38E-04
Ce-139 2.11E-05 7.29E-04 4.90E-03 9.87E-02 | 1.50E-01 8.26E-05 1.22E-03 | 1.61E-02
Ce-141 1.56E-05 7.99E-04 5.30E-03 1.17E-01 | 2.46E-02 1.95E-05 2.56E-04 | 6.59E-03
Ce-144 1.56E-05 8.00E-04 5.32E-03 8.97E-02 | 1.40E-02 1.09E-05 1.42E-04 | 2.16E-03
Cf-248 7.77E-05 5.78E-04 1.61E-02 1.04E+00 | 1.97E-02 3.59E-06 9.67E-04 | 3.06E-06
Cf-249 7.76E-05 5.80E-04 1.56E-02 3.51E-01 | 5.80E-02 1.06E-05 2.72E-03 | 9.22E-03
C#-250 7.77E-05 1.60E-02 1.32E-01 1.04E+00 | 1.50E-02 7.42E-04 1.21E-05 | 9.35E-05
Cf-251 7.76E-05 5.81E-04 1.54E-02 1.41E-01 | 1.35E-01 2.44E-05 6.12E-03 | 8.11E-03
Cf-252 7.77E-05 5.78E-04 5.96E-02 1.05E+00 | 1.49E-02 2.73E-06 1.39E-03 | 4.33E-03
Cf-253 7.55E-05 6.51E-04 4.25E-03 2.01E-02 | 6.05E-02 1.31E-05 5.10E-04 | 2.11E-03
Cf-254 7.77E-05 3.59E-03 4.15E-02 9.73E-01 | 5.08E-05 3.70E-07 7.98E-03 | 1.75E-01
Cl-36 1.33E-06 1.29E-05 2.29E-03 2.91E-01 | 2.69E-17 7.46E-04 1.31E-05 | 5.06E-05
Cm-241 7.21E-05 5.68E-04 1.46E-02 2.87E-01 | 3.02E-01 5.20E-05 1.14E-02 | 1.69E-02
Cm-242 7.20E-05 5.37E-04 1.50E-02 1.64E-01 | 2.58E-02 4.22E-06 1.19E-03 | 4.61E-07
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Table B-2 (Cont.)

Nuclide EPT(1) EPT(2) EPT(3) EPT(4) FPT(1) FPT(2) FPT(3) FPT(4)
Cm-243 7.20E-05 5.53E-04 1.40E-02 1.59E-01 | 2.06E-01 3.44E-05 6.20E-03 | 7.85E-03
Cm-244 7.21E-05 1.50E-02 1.28E-01 1.05E+00 | 2.21E-02 1.02E-03 3.16E-07 | 1.63E-07
Cm-245 7.20E-05 1.44E-02 1.15E-01 1.12E+00 | 1.60E-01 6.62E-03 8.53E-03 | 6.66E-10
Cm-246 7.21E-05 1.51E-02 1.36E-01 1.05E+00 | 1.76E-02 8.16E-04 3.80E-06 | 3.43E-05
Cm-247 7.20E-05 5.36E-04 1.45E-02 3.80E-01 | 5.18E-03 8.33E-07 2.32E-04 | 8.24E-03
Cm-248 7.20E-05 5.37E-04 8.15E-02 1.06E+00 | 1.65E-02 2.71E-06 2.64E-03 | 1.24E-02
Cm-249 7.82E-05 6.45E-04 4.86E-03 4.81E-01 | 8.51E-02 1.68E-05 5.04E-04 | 4.24E-04
Cm-250 7.20E-05 3.39E-03 2.74E-02 9.59E-01 | 4.46E-03 3.02E-05 3.70E-03 | 1.41E-01
Co-56 1.25E-05 6.52E-04 6.43E-03 1.25E+00 | 4.64E-02 6.27E-05 2.42E-03 | 2.91E-02
Co-57 1.25E-05 6.52E-04 7.57E-03 1.25E-01 | 1.05E-01 1.42E-04 6.40E-03 | 9.65E-03
Co-58 1.25E-05 6.52E-04 6.43E-03 7.46E-01 | 4.88E-02 6.59E-05 2.54E-03 | 1.31E-02
Co-60 1.45E-05 7.33E-03 9.59E-02 1.25E+00 | 1.50E-05 1.09E-06 1.68E-05 | 2.00E-02
Co-60m 1.35E-05 7.24E-04 1.02E-02 1.31E+00 | 5.22E-02 8.84E-05 3.26E-03 | 2.51E-05
Cs-134 1.86E-05 4.44E-03 3.28E-02 6.97E-01 | 1.48E-03 1.15E-05 8.62E-05 | 2.23E-02
Cs-135 8.94E-02 | 0.00E+00 | 0.00E+00 0.00E+00 | 1.56E-05 | 0.00E+00 0.00E+00 | 0.00E+00
Cs-137 1.86E-05 6.87E-04 4.67E-03 2.06E-01 | 4.46E-08 2.05E-11 3.25E-10 | 3.30E-05
Dy-154 0.00E+00 | 0.00E+00 | 0.00E+00 0.00E+00 | 0.00E+00 | 0.00E+00 0.00E+00 | 0.00E+00
Dy-159 1.38E-05 1.67E-04 6.22E-03 4.58E-02 | 1.10E-01 4.89E-06 2.14E-03 | 9.63E-03
Es-253 7.85E-05 6.07E-04 1.73E-02 3.98E-01 | 7.24E-03 1.40E-06 3.09E-04 | 6.45E-06
Es-254 7.84E-05 1.60E-02 3.10E-01 7.36E+00 | 3.28E-01 1.06E-02 4.24E-05 | 1.58E-12
Es-255 8.17E-02 5.34E-01 | 1.79E+00 7.36E+00 | 1.38E-05 3.82E-06 2.65E-06 | 2.36E-09
Eu-146 1.45E-05 1.45E-04 3.54E-02 8.35E-01 | 9.45E-02 2.89E-06 8.91E-03 | 2.84E-02
Eu-148 1.45E-05 1.45E-04 3.56E-02 6.74E-01 | 1.01E-01 3.09E-06 9.44E-03 | 3.26E-02
Eu-149 1.46E-05 1.46E-04 3.25E-02 3.27E-01 | 1.67E-01 5.25E-06 1.04E-02 | 9.83E-04
Eu-150 1.45E-05 1.45E-04 3.54E-02 5.20E-01 | 1.03E-01 3.17E-06 9.56E-03 | 2.93E-02
Eu-152 1.46E-05 1.46E-04 3.49E-02 7.13E-01 | 1.04E-01 3.20E-06 9.04E-03 | 1.61E-02
Eu-154 1.94E-05 6.01E-03 1.08E-01 9.80E-01 | 4.32E-02 7.96E-04 7.41E-03 | 1.18E-02
Eu-155 1.94E-05 1.62E-04 6.03E-03 7.77E-02 | 4.62E-02 1.85E-06 8.42E-04 | 7.80E-03
Fe-55 1.15E-05 5.84E-04 5.92E-03 1.26E-01 | 6.05E-02 6.51E-05 2.69E-03 | 1.28E-11
Fe-59 1.35E-05 7.24E-04 6.96E-03 1.14E+00 | 3.24E-05 5.47E-08 1.99E-06 | 1.04E-02
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Table B-2 (Cont.)

Nuclide EPT(1) EPT(2) EPT(3) EPT(4) FPT(1) FPT(2) FPT(3) FPT(4)
Fe-60 6.47E-02 | 0.00E+00 | 0.00E+00 0.00E+00 | 1.13E-05 | 0.00E+00 0.00E+00 | 0.00E+00
Fm-254 7.46E-05 6.20E-04 1.81E-02 1.04E+00 | 1.66E-02 3.41E-06 8.73E-04 | 6.69E-05
Fm-255 7.47E-05 1.70E-02 3.72E-01 7.36E+00 | 2.24E-01 8.96E-03 2.05E-06 | 1.15E-11
Fm-257 7.45E-05 6.24E-04 1.61E-02 1.74E-01 | 1.79E-01 3.65E-05 8.33E-03 | 7.92E-03
Fr-221 4.43E-05 3.86E-04 1.17E-02 1.92E-01 | 7.19E-03 7.15E-07 2.46E-04 | 1.51E-03
Fr-223 7.13E-05 2.90E-03 4.35E-02 3.28E-01 | 9.45E-02 4.92E-04 8.28E-03 | 7.20E-04
Ga-68 1.64E-05 9.71E-04 8.69E-03 5.25E-01 | 5.22E-03 1.51E-05 4.57E-04 | 1.83E-02
Gd-146 1.42E-05 1.54E-04 5.79E-03 7.88E-02 | 2.23E-01 7.80E-06 3.66E-03 | 3.17E-02
Gd-148 0.00E+00 | 0.00E+00 | 0.00E+00 0.00E+00 | 0.00E+00 | 0.00E+00 0.00E+00 | 0.00E+00
Gd-150 0.00E+00 | 0.00E+00 | 0.00E+00 0.00E+00 | 0.00E+00 | 0.00E+00 0.00E+00 | 0.00E+00
Gd-151 1.43E-05 1.58E-04 5.86E-03 6.76E-02 | 1.88E-01 6.90E-06 2.88E-03 | 1.02E-02
Gd-152 0.00E+00 | 0.00E+00 | 0.00E+00 0.00E+00 | 0.00E+00 | 0.00E+00 0.00E+00 | 0.00E+00
Gd-153 1.42E-05 1.54E-04 5.81E-03 5.94E-02 | 1.51E-01 5.31E-06 2.48E-03 | 1.75E-02
Ge-68 1.58E-05 1.04E-04 1.06E-03 9.32E-03 | 6.20E-02 9.62E-07 1.51E-04 | 4.29E-03
H-3 5.68E-03 | 0.00E+00 | 0.00E+00 0.00E+00 | 9.94E-07 | 0.00E+00 0.00E+00 | 0.00E+00
Hf-172 1.40E-05 2.12E-04 7.54E-03 5.97E-02 | 2.66E-01 1.72E-05 6.63E-03 | 1.69E-02
Hf-174 0.00E+00 | 0.00E+00 | 0.00E+00 0.00E+00 | 0.00E+00 | 0.00E+00 0.00E+00 | 0.00E+00
Hf-175 1.40E-05 2.11E-04 7.52E-03 1.94E-01 | 1.12E-01 7.22E-06 2.85E-03 | 1.81E-02
Hf-178m 1.94E-05 2.20E-04 7.81E-03 3.11E-01 | 2.16E-01 1.53E-05 5.98E-03 | 7.19E-02
Hf-181 2.50E-05 2.31E-04 8.07E-03 2.97E-01 | 6.05E-02 4.55E-06 1.76E-03 | 1.79E-02
Hf-182 2.51E-05 2.30E-04 8.06E-03 2.29E-01 | 1.88E-02 1.39E-06 5.70E-04 | 1.04E-02
Hg-194 1.11E-05 5.59E-05 3.07E-04 9.24E-03 | 1.55E-01 4.84E-08 1.03E-05 | 2.75E-03
Hg-203 2.07E-05 3.27E-04 1.02E-02 2.50E-01 | 2.32E-02 1.74E-06 6.40E-04 | 9.48E-03
Hg-206 2.07E-05 3.27E-04 1.02E-02 2.76E-01 | 1.59E-02 1.19E-06 4.37E-04 | 4.49E-03
Ho-163 1.53E-05 2.46E-05 1.90E-04 1.30E-03 | 4.21E-02 1.80E-09 3.72E-06 | 1.70E-05
Ho-166m 1.35E-05 1.87E-04 4.21E-02 5.31E-01 | 8.76E-02 5.24E-06 7.24E-03 | 3.00E-02
1-125 1.36E-05 5.34E-04 3.91E-03 2.84E-02 | 2.50E-01 7.27E-05 1.49E-03 | 1.48E-02
1-129 1.66E-05 6.09E-04 4.28E-03 3.13E-02 | 1.11E-01 4.53E-05 8.11E-04 | 7.89E-03
In-113m 8.13E-06 4.33E-04 2.29E-02 3.92E-01 | 5.09E-02 8.96E-06 2.72E-03 | 6.49E-03
In-114 1.71E-05 3.99E-04 2.20E-02 8.14E-01 | 3.69E-04 1.08E-07 3.90E-05 | 1.57E-04
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Table B-2 (Cont.)

Nuclide EPT(1) EPT(2) EPT(3) EPT(4) FPT(1) FPT(2) FPT(3) FPT(4)
In-114m 8.33E-06 4.31E-04 2.20E-02 3.23E-01 | 1.08E-01 1.96E-05 4.14E-03 | 2.20E-03
In-115 153E-01 | 0.00E+00 | 0.00E+00 0.00E+00 | 2.67E-05 | 0.00E+00 0.00E+00 | 0.00E+00
In-115m 8.13E-06 4.33E-04 2.28E-02 3.36E-01 | 7.05E-02 1.24E-05 3.71E-03 | 4.59E-03
I-192 1.70E-05 2.81E-04 9.25E-03 3.54E-01 | 2.49E-02 1.70E-06 6.45E-04 | 2.31E-02
Ir-192n 4.56E-05 2.74E-04 9.31E-03 7.78E-02 | 1.41E-01 1.46E-05 5.74E-03 | 7.53E-05
Ir-194 1.01E-05 2.88E-04 9.43E-03 4.58E-01 | 1.84E-03 1.14E-07 4.31E-05 | 2.24E-03
Ir-194m 1.01E-05 2.88E-04 9.51E-03 4.65E-01 | 5.78E-02 3.60E-06 1.37E-03 | 5.02E-02
K-40 1.70E-05 2.02E-04 2.95E-03 1.38E+00 | 3.85E-03 1.19E-06 9.53E-05 | 1.18E-03
Kr-83m 1.94E-05 1.41E-04 1.57E-03 1.19E-02 | 1.11E-01 4.44E-06 3.75E-04 | 2.08E-03
La-137 1.86E-05 6.87E-04 4.68E-03 3.29E-02 | 1.34E-01 6.12E-05 9.66E-04 | 7.39E-03
La-138 1.86E-05 4.43E-03 3.30E-02 1.22E+00 | 8.79E-02 6.61E-04 3.88E-03 | 1.00E-02
Lu-172 8.66E-06 2.02E-04 7.34E-03 5.61E-01 | 2.02E-01 1.19E-05 4.88E-03 | 3.48E-02
Lu-172m 1.40E-05 2.10E-04 7.18E-03 4.19E-02 | 8.46E-02 5.30E-06 1.94E-03 | 3.76E-07
Lu-173 8.63E-06 2.02E-04 7.30E-03 8.99E-02 | 1.92E-01 1.13E-05 4.53E-03 | 2.00E-02
Lu-174 8.65E-06 2.02E-04 4.20E-02 1.24E+00 | 1.42E-01 8.37E-06 1.22E-02 | 5.24E-04
Lu-174m 1.39E-05 2.12E-04 3.74E-02 9.91E-01 | 2.59E-01 1.67E-05 1.51E-02 | 5.77E-05
Lu-176 1.94E-05 2.20E-04 7.88E-03 2.18E-01 | 9.36E-02 6.66E-06 2.69E-03 | 2.20E-02
Lu-177 1.94E-05 2.20E-04 7.87E-03 1.47E-01 | 1.28E-02 9.10E-07 3.67E-04 | 2.39E-03
Lu-177m 1.84E-05 2.19E-04 7.77E-03 1.97E-01 | 1.94E-01 1.35E-05 5.39E-03 | 5.06E-02
Mn-53 6.39E-06 9.95E-05 5.25E-04 5.43E-03 | 6.41E-02 7.17E-07 5.36E-05 | 2.42E-03
Mn-54 6.39E-06 5.19E-04 5.43E-03 8.35E-01 | 6.42E-02 5.44E-05 2.42E-03 | 1.00E-02
Mo-93 5.83E-06 2.05E-04 2.17E-03 1.69E-02 | 1.09E-01 6.65E-06 3.67E-04 | 6.26E-03
Na-22 5.11E-01 | 1.27E+00 2.15E-01 8.35E-01 | 1.80E-02 9.99E-03 3.39E-05 | 8.04E-08
Nb-91 6.52E-06 1.84E-04 1.53E-02 5.11E-01 | 1.20E-01 5.51E-06 6.63E-03 | 3.14E-05
Nb-91m 5.86E-06 2.04E-04 1.68E-02 1.20E+00 | 1.09E-01 6.62E-06 5.71E-03 | 2.02E-04
Nb-92 6.52E-06 1.84E-04 1.53E-02 7.48E-01 | 1.20E-01 5.52E-06 6.42E-03 | 2.00E-02
Nb-93m 5.83E-06 2.05E-04 2.15E-03 1.69E-02 | 9.26E-02 5.71E-06 3.03E-04 | 1.12E-03
Nb-94 6.85E-06 2.27E-04 1.69E-02 7.87E-01 | 2.91E-04 2.32E-08 2.05E-05 | 1.98E-02
Nb-95 6.85E-06 2.26E-03 2.88E-02 7.66E-01 | 1.49E-04 6.05E-07 1.75E-05 | 9.99E-03
Nb-95m 5.83E-06 2.05E-04 1.60E-02 2.34E-01 | 7.54E-02 4.62E-06 4.45E-03 | 2.68E-03
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Table B-2 (Cont.)

Nuclide EPT(1) EPT(2) EPT(3) EPT(4) FPT(1) FPT(2) FPT(3) FPT(4)
Nd-144 0.00E+00 | 0.00E+00 | 0.00E+00 0.00E+00 | 0.00E+00 | 0.00E+00 0.00E+00 | 0.00E+00
Ni-59 1.35E-05 7.24E-04 6.96E-03 5.11E-01 | 5.41E-02 9.05E-05 3.26E-03 | 3.04E-07
Ni-63 1.74E-02 | 0.00E+00 | 0.00E+00 0.00E+00 | 3.05E-06 | 0.00E+00 0.00E+00 | 0.00E+00
Np-235 7.54E-05 5.11E-04 1.33E-02 9.76E-02 | 1.32E-01 1.91E-05 4.20E-03 | 5.42E-05
Np-236 7.52E-05 5.03E-04 1.42E-02 1.20E-01 | 3.63E-01 5.36E-05 1.56E-02 | 1.12E-02
Np-237 7.65E-05 4.84E-04 3.18E-03 3.69E-02 | 1.65E-01 2.27E-05 9.68E-04 | 9.05E-03
Np-238 7.20E-05 5.37E-04 1.75E-02 9.92E-01 | 8.52E-02 1.40E-05 4.04E-03 | 5.86E-03
Np-239 7.19E-05 5.56E-04 1.42E-02 1.51E-01 | 2.22E-01 3.69E-05 7.07E-03 | 1.15E-02
Np-240 7.20E-05 5.37E-04 1.50E-02 5.59E-01 | 2.39E-01 3.91E-05 1.10E-02 | 1.86E-02
Np-240m 7.20E-05 5.36E-04 1.50E-02 6.52E-01 | 7.63E-02 1.25E-05 3.51E-03 | 4.98E-03
Os-185 3.76E-05 8.48E-03 6.47E-02 6.76E-01 | 8.56E-02 2.84E-03 7.39E-03 | 9.48E-03
Os-186 0.00E+00 | 0.00E+00 | 0.00E+00 0.00E+00 | 0.00E+00 | 0.00E+00 0.00E+00 | 0.00E+00
Os-194 4.52E-05 2.78E-04 2.00E-03 1.81E-02 | 6.66E-02 6.75E-06 3.18E-04 | 2.29E-03
P-32 6.95E-01 | 0.00E+00 | 0.00E+00 0.00E+00 | 1.22E-04 | 0.00E+00 0.00E+00 | 0.00E+00
Pa-231 7.95E-05 4.61E-04 1.50E-02 2.55E-01 | 2.13E-01 2.63E-05 7.25E-03 | 1.27E-03
Pa-232 7.55E-05 4.99E-04 1.42E-02 6.79E-01 | 1.28E-01 1.87E-05 5.53E-03 | 1.37E-02
Pa-233 7.55E-05 5.02E-04 1.37E-02 2.24E-01 | 1.63E-01 2.34E-05 6.23E-03 | 9.53E-03
Pa-234 7.55E-05 4.99E-04 1.40E-02 5.61E-01 | 2.55E-01 3.71E-05 1.08E-02 | 2.59E-02
Pa-234m 7.57E-05 1.38E-02 1.00E-01 8.86E-01 | 2.03E-03 8.14E-05 5.25E-05 | 3.07E-04
Pb-202 2.07E-05 3.24E-04 2.29E-03 1.06E-02 | 1.07E-01 7.61E-06 3.71E-04 | 2.07E-03
Pb-205 2.07E-05 3.24E-04 2.29E-03 1.06E-02 | 1.09E-01 7.69E-06 3.75E-04 | 2.09E-03
Pb-209 1.97E-01 | 0.00E+00 | 0.00E+00 0.00E+00 | 3.46E-05 | 0.00E+00 0.00E+00 | 0.00E+00
Pb-210 3.25E-05 3.61E-04 2.48E-03 1.73E-02 | 1.18E-01 1.01E-05 4.84E-04 | 2.79E-03
Pb-211 3.25E-05 3.57E-04 5.38E-02 5.88E-01 | 2.20E-03 1.90E-07 1.69E-04 | 1.14E-03
Pb-212 3.25E-05 3.56E-04 1.08E-02 1.71E-01 | 5.56E-02 4.79E-06 1.70E-03 | 8.36E-03
Pb-214 3.25E-05 3.58E-04 1.07E-02 2.71E-01 | 5.73E-02 4.94E-06 1.61E-03 | 9.31E-03
Pd-107 9.58E-03 | 0.00E+00 | 0.00E+00 0.00E+00 | 1.68E-06 | 0.00E+00 0.00E+00 | 0.00E+00
Pm-143 1.52E-05 1.34E-04 3.34E-02 7.42E-01 | 1.06E-01 2.51E-06 8.95E-03 | 3.85E-03
Pm-144 1.52E-05 1.34E-04 3.34E-02 6.26E-01 | 1.08E-01 2.54E-06 9.15E-03 | 2.45E-02
Pm-145 1.52E-05 1.34E-04 5.20E-03 3.92E-02 | 1.19E-01 2.84E-06 1.44E-03 | 7.79E-03
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Table B-2 (Cont.)

Nuclide EPT(1) EPT(2) EPT(3) EPT(4) FPT(1) FPT(2) FPT(3) FPT(4)
Pm-146 1.52E-05 1.34E-04 3.34E-02 5.88E-01 | 7.13E-02 1.68E-06 6.01E-03 | 1.24E-02
Pm-147 1.45E-05 1.45E-04 5.58E-03 6.30E-02 | 2.83E-06 8.64E-11 4.26E-08 | 1.13E-05
Pm-148 1.45E-05 1.45E-04 3.64E-02 9.78E-01 | 2.54E-04 7.75E-09 2.43E-05 | 5.98E-03
Pm-148m 1.47E-05 1.43E-04 5.49E-03 5.95E-01 | 1.51E-02 4.35E-07 2.18E-04 | 3.35E-02
Po-208 3.25E-05 3.59E-04 1.06E-02 3.54E-01 | 7.58E-06 6.53E-10 2.03E-07 | 5.97E-07
P0-209 2.67E-05 3.65E-04 1.06E-02 3.76E-01 | 4.26E-02 6.94E-06 3.03E-05 | 1.63E-04
P0-210 2.66E-05 3.41E-04 5.54E-02 8.03E-01 | 1.55E-08 1.25E-12 1.40E-09 | 1.21E-07
Po-211 2.66E-05 3.41E-04 5.54E-02 7.35E-01 | 3.31E-05 2.67E-09 3.00E-06 | 1.11E-04
Po-212 0.00E+00 | 0.00E+00 | 0.00E+00 0.00E+00 | 0.00E+00 | 0.00E+00 0.00E+00 | 0.00E+00
Po-213 2.66E-05 3.41E-04 5.62E-02 7.79E-01 | 2.13E-07 1.71E-11 1.98E-08 | 4.80E-07
Po-214 2.66E-05 3.41E-04 5.51E-02 7.97E-01 | 1.41E-07 1.14E-11 1.26E-08 | 1.04E-06
Po-215 2.66E-05 3.42E-04 1.06E-02 4.29E-01 | 1.98E-06 1.61E-10 5.85E-08 | 4.11E-06
Po-216 2.66E-05 3.41E-04 5.54E-02 8.05E-01 | 2.42E-08 1.95E-12 2.18E-09 | 1.90E-07
Po-218 7.14E-02 | 0.00E+00 | 0.00E+00 0.00E+00 | 2.50E-09 | 0.00E+00 0.00E+00 | 0.00E+00
Pr-144 1.52E-05 1.34E-04 3.35E-02 1.23E+00 | 7.59E-06 1.78E-10 6.53E-07 | 4.45E-04
Pr-144m 1.56E-05 4.94E-03 3.69E-02 9.52E-01 | 1.06E-01 1.12E-03 2.98E-03 | 1.72E-05
Pt-190 0.00E+00 | 0.00E+00 | 0.00E+00 0.00E+00 | 0.00E+00 | 0.00E+00 0.00E+00 | 0.00E+00
Pt-193 4.48E-05 2.80E-04 2.00E-03 1.00E-02 | 8.98E-02 9.24E-06 4.13E-04 | 2.09E-03
Pu-236 7.55E-05 4.98E-04 1.44E-02 5.85E-01 | 3.18E-02 4.66E-06 1.39E-03 | 5.26E-08
Pu-237 7.44E-05 5.23E-04 1.40E-02 1.00E-01 | 1.44E-01 2.20E-05 5.51E-03 | 4.48E-03
Pu-238 7.55E-05 4.98E-04 1.43E-02 7.97E-01 | 2.94E-02 4.31E-06 1.28E-03 | 3.85E-09
Pu-239 7.54E-05 5.31E-04 1.34E-02 3.85E-01 | 2.98E-02 4.50E-06 6.18E-04 | 6.29E-07
Pu-240 7.55E-05 4.98E-04 1.43E-02 1.02E+00 | 2.77E-02 4.05E-06 1.21E-03 | 7.85E-09
Pu-241 7.54E-05 5.19E-04 6.45E-03 1.07E-01 | 5.78E-06 8.50E-10 1.08E-06 | 1.42E-07
Pu-242 7.55E-05 4.98E-04 1.43E-02 1.09E+00 | 2.37E-02 3.47E-06 1.03E-03 | 7.07E-07
Pu-243 7.21E-05 5.63E-04 1.48E-02 9.23E-02 | 3.88E-02 6.64E-06 1.56E-03 | 2.57E-03
Pu-244 7.56E-05 1.44E-02 9.66E-01 7.36E+00 | 1.97E-02 8.62E-04 2.07E-04 | 5.66E-08
Pu-246 7.22E-05 5.60E-04 3.59E-03 9.22E-02 | 1.30E-01 2.22E-05 8.90E-04 | 1.54E-02
Ra-223 5.01E-05 4.10E-04 1.11E-02 1.54E-01 | 1.47E-01 1.62E-05 3.04E-03 | 8.90E-03
Ra-224 5.01E-05 4.02E-04 1.21E-02 2.27E-01 | 1.27E-03 1.34E-07 4.55E-05 | 4.56E-04
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Table B-2 (Cont.)

Nuclide EPT(1) EPT(2) EPT(3) EPT(4) FPT(1) FPT(2) FPT(3) FPT(4)
Ra-225 7.96E-05 4.49E-04 2.99E-03 3.21E-02 | 4.51E-02 5.48E-06 2.46E-04 | 4.42E-03
Ra-226 5.01E-05 4.02E-04 1.22E-02 1.71E-01 | 2.69E-03 2.87E-07 9.72E-05 | 4.25E-04
Ra-228 7.95E-05 4.67E-04 3.02E-03 1.55E-02 | 6.36E-02 8.45E-06 2.78E-04 | 1.59E-03
Rb-83 1.94E-05 1.57E-03 1.27E-02 5.32E-01 | 8.04E-02 2.87E-04 5.68E-03 | 9.10E-03
Rb-84 1.94E-05 1.57E-03 1.28E-02 7.26E-01 | 4.68E-02 1.72E-04 3.87E-03 | 1.25E-02
Rb-87 1.15E-01 | 0.00E+00 | 0.00E+00 0.00E+00 | 2.02E-05 | 0.00E+00 0.00E+00 | 0.00E+00
Re-183 3.12E-05 2.42E-04 8.22E-03 8.76E-02 | 2.22E-01 1.80E-05 6.65E-03 | 1.73E-02
Re-184 3.13E-05 8.29E-03 6.90E-02 8.33E-01 | 1.18E-01 3.82E-03 1.05E-02 | 9.79E-03
Re-184m 3.53E-05 8.29E-03 1.20E-01 8.56E-01 | 1.69E-01 5.35E-03 1.41E-02 | 2.45E-03
Re-186 3.85E-05 2.54E-04 8.68E-03 1.08E-01 | 1.60E-02 1.43E-06 5.67E-04 | 2.05E-03
Re-186m 3.76E-05 2.54E-04 8.41E-03 5.72E-02 | 2.22E-01 1.94E-05 6.44E-03 | 2.52E-03
Re-187 6.18E-04 | 0.00E+00 | 0.00E+00 0.00E+00 | 1.08E-07 | 0.00E+00 0.00E+00 | 0.00E+00
Re-188 4.41E-05 2.63E-04 8.94E-03 2.70E-01 | 9.60E-03 9.23E-07 3.64E-04 | 2.64E-03
Rh-101 8.91E-06 2.80E-04 1.85E-02 1.77E-01 | 1.03E-01 1.33E-05 8.32E-03 | 1.54E-02
Rh-102 8.91E-06 2.79E-04 1.85E-02 5.35E-01 | 5.59E-02 7.21E-06 4.60E-03 | 9.32E-03
Rh-102m 8.91E-06 2.80E-04 1.87E-02 6.80E-01 | 9.06E-02 1.17E-05 7.39E-03 | 3.15E-02
Rh-103m 9.96E-06 3.07E-04 2.73E-03 2.07E-02 | 6.87E-02 1.13E-05 4.18E-04 | 7.43E-04
Rh-106 7.86E-06 3.37E-04 2.03E-02 6.50E-01 | 1.27E-04 2.54E-08 1.22E-05 | 3.67E-03
Rn-218 3.84E-05 3.70E-04 5.66E-02 6.09E-01 | 3.00E-06 2.78E-10 2.76E-07 | 1.24E-05
Rn-219 3.84E-05 3.71E-04 1.13E-02 2.98E-01 | 3.78E-03 3.52E-07 1.23E-04 | 1.96E-03
Rn-220 3.84E-05 3.70E-04 1.12E-02 5.42E-01 | 3.48E-06 3.22E-10 1.13E-07 | 1.16E-05
RN-222 3.84E-05 3.71E-04 1.12E-02 5.01E-01 | 2.76E-06 2.56E-10 8.95E-08 | 7.76E-06
Ru-103 9.96E-06 2.66E-03 3.31E-02 5.03E-01 | 1.24E-03 7.49E-06 1.61E-04 | 9.85E-03
Ru-106 1.00E-02 | 0.00E+00 | 0.00E+00 0.00E+00 | 1.76E-06 | 0.00E+00 0.00E+00 | 0.00E+00
S-35 4.87E-02 | 0.00E+00 | 0.00E+00 0.00E+00 | 8.53E-06 | 0.00E+00 0.00E+00 | 0.00E+00
Sb-124 1.36E-05 3.75E-03 2.87E-02 9.81E-01 | 7.68E-04 4.85E-06 4.62E-05 | 1.89E-02
Sb-125 1.36E-05 3.75E-03 2.87E-02 4.85E-01 | 8.49E-02 5.36E-04 5.43E-03 | 8.70E-03
Sb-126 1.36E-05 5.34E-04 2.58E-02 6.40E-01 | 3.75E-03 1.10E-06 2.40E-04 | 4.31E-02
Sb-126m 1.24E-05 3.59E-03 2.80E-02 5.98E-01 | 1.81E-02 1.05E-04 1.37E-04 | 2.60E-02
Sc-44 3.84E-06 3.65E-05 3.69E-03 7.37E-01 | 2.58E-15 2.07E-03 8.11E-05 | 2.91E-02

B-25




Table B-2 (Cont.)

Nuclide EPT(1) EPT(2) EPT(3) EPT(4) FPT(1) FPT(2) FPT(3) FPT(4)
Sc-46 8.00E-06 4.05E-04 4.52E-03 1.00E+00 | 1.85E-05 9.22E-09 4.99E-07 | 2.00E-02
Se-75 1.42E-05 1.25E-03 1.06E-02 2.15E-01 | 8.88E-02 2.11E-04 5.46E-03 | 1.78E-02
Se-79 5.20E-02 | 0.00E+00 | 0.00E+00 0.00E+00 | 9.26E-06 | 0.00E+00 0.00E+00 | 0.00E+00
Si-32 6.86E-02 | 0.00E+00 | 0.00E+00 0.00E+00 | 1.20E-05 | 0.00E+00 0.00E+00 | 0.00E+00
Sm-145 1.48E-05 1.39E-04 3.63E-02 4.92E-01 | 1.82E-01 4.88E-06 1.76E-02 | 3.33E-07
Sm-146 0.00E+00 | 0.00E+00 | 0.00E+00 0.00E+00 | 0.00E+00 | 0.00E+00 0.00E+00 | 0.00E+00
Sm-147 0.00E+00 | 0.00E+00 | 0.00E+00 0.00E+00 | 0.00E+00 | 0.00E+00 0.00E+00 | 0.00E+00
Sm-148 0.00E+00 | 0.00E+00 | 0.00E+00 0.00E+00 | 0.00E+00 | 0.00E+00 0.00E+00 | 0.00E+00
Sm-151 1.43E-05 1.62E-04 1.04E-03 1.15E-02 | 9.08E-04 3.51E-08 1.11E-06 | 1.84E-05
Sn-113 8.13E-06 4.33E-04 2.30E-02 2.55E-01 | 1.41E-01 2.48E-05 7.92E-03 | 2.11E-04
Sn-119m 1.09E-05 4.71E-04 3.59E-03 2.51E-02 | 2.45E-01 4.98E-05 1.10E-03 | 5.74E-03
Sn-121 1.16E-01 | 0.00E+00 | 0.00E+00 0.00E+00 | 2.02E-05 | 0.00E+00 0.00E+00 | 0.00E+00
Sn-121m 1.12E-05 4.75E-04 3.53E-03 2.82E-02 | 1.09E-01 2.44E-05 4.97E-04 | 1.74E-03
Sn-123 1.22E-05 4.99E-04 3.72E-03 7.54E-01 | 1.64E-06 4.05E-10 8.96E-09 | 1.55E-04
Sn-126 1.22E-05 5.05E-04 3.78E-03 6.04E-02 | 2.13E-01 5.09E-05 1.05E-03 | 9.32E-03
Sr-85 1.53E-05 1.43E-04 1.30E-02 5.14E-01 | 9.07E-02 3.07E-06 6.08E-03 | 9.57E-03
Sr-89 5.30E-06 1.67E-04 1.45E-02 5.88E-01 | 1.08E-07 3.74E-12 5.34E-09 | 1.03E-04
Sr-90 1.96E-01 | 0.00E+00 | 0.00E+00 0.00E+00 | 3.43E-05 | 0.00E+00 0.00E+00 | 0.00E+00
Ta-179 1.93E-05 2.23E-04 7.72E-03 5.72E-02 | 9.44E-02 6.71E-06 2.30E-03 | 4.14E-03
Ta-182 3.13E-05 8.32E-03 9.99E-02 1.18E+00 | 8.78E-02 2.81E-03 1.29E-02 | 9.87E-03
Tb-157 1.95E-05 1.69E-04 6.14E-03 4.40E-02 | 9.65E-02 4.26E-06 1.44E-03 | 1.04E-03
Th-158 1.90E-05 6.05E-03 6.38E-02 9.38E-01 | 1.48E-01 2.70E-03 1.12E-02 | 7.80E-03
Th-160 1.37E-05 1.73E-04 4.86E-02 8.04E-01 | 5.16E-02 2.53E-06 4.52E-03 | 1.37E-02
Tc-95 6.85E-06 2.27E-04 1.69E-02 7.79E-01 | 1.01E-01 8.03E-06 7.02E-03 | 1.01E-02
Tc-95m 6.88E-06 2.28E-04 1.69E-02 4.87E-01 | 1.03E-01 8.27E-06 7.02E-03 | 1.39E-02
Tc-97 6.85E-06 2.28E-04 2.30E-03 1.78E-02 | 1.00E-01 7.99E-06 3.94E-04 | 6.31E-03
Tc-97m 7.88E-06 2.53E-04 2.43E-03 1.92E-02 | 8.97E-02 9.17E-06 4.02E-04 | 4.90E-03
Tc-98 8.91E-06 2.79E-04 1.85E-02 6.99E-01 | 3.90E-04 5.03E-08 3.25E-05 | 2.02E-02
Tc-99 8.91E-06 2.79E-04 2.58E-03 1.01E-01 | 8.45E-07 1.09E-10 4.43E-09 | 1.78E-05
Te-121 1.22E-05 4.99E-04 2.50E-02 5.60E-01 | 1.36E-01 3.36E-05 8.33E-03 | 9.94E-03
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Table B-2 (Cont.)

Nuclide EPT(1) EPT(2) EPT(3) EPT(4) FPT(1) FPT(2) FPT(3) FPT(4)
Te-121m 1.33E-05 5.29E-04 2.45E-02 2.40E-01 | 1.48E-01 4.18E-05 6.14E-03 | 8.42E-03
Te-123 1.22E-05 4.98E-04 3.62E-03 2.69E-02 | 1.07E-01 2.71E-05 5.26E-04 | 1.26E-05
Te-123m 1.36E-05 5.35E-04 3.89E-03 1.11E-01 | 1.41E-01 4.10E-05 8.19E-04 | 1.33E-02
Te-125m 1.36E-05 5.34E-04 3.90E-03 2.86E-02 | 2.43E-01 7.10E-05 1.44E-03 | 1.23E-02
Te-127 1.53E-05 3.91E-03 3.58E-02 3.54E-01 | 1.77E-04 1.24E-06 1.40E-05 | 1.62E-04
Te-127m 1.36E-05 3.73E-03 2.86E-02 4.85E-01 | 1.21E-01 7.36E-04 3.77E-03 | 2.56E-06
Te-129 1.52E-05 5.81E-04 2.15E-02 4.94E-01 | 1.04E-01 3.39E-05 2.25E-03 | 1.26E-03
Te-129m 1.36E-05 3.74E-03 2.84E-02 6.96E-01 | 7.75E-02 4.74E-04 2.77E-03 | 4.54E-04
Th-227 7.12E-05 4.33E-04 1.26E-02 1.93E-01 | 1.76E-01 2.06E-05 6.42E-03 | 6.33E-03
Th-228 7.13E-05 1.29E-02 1.13E-01 8.25E-01 | 2.78E-02 1.08E-03 1.79E-04 | 2.23E-09
Th-229 7.12E-05 4.39E-04 1.32E-02 1.10E-01 | 2.95E-01 3.45E-05 9.81E-03 | 7.47E-03
Th-230 7.13E-05 1.29E-02 8.36E-02 5.77E-01 | 2.44E-02 9.46E-04 4.61E-05 | 4.68E-10
Th-231 7.65E-05 4.92E-04 3.19E-03 2.65E-02 | 2.44E-01 3.38E-05 1.37E-03 | 9.32E-03
Th-232 7.12E-05 4.32E-04 2.89E-03 1.64E-02 | 2.26E-02 2.68E-06 1.15E-04 | 7.87E-04
Th-234 7.65E-05 4.88E-04 1.32E-02 7.99E-02 | 3.49E-02 4.75E-06 1.19E-03 | 1.09E-03
Ti-44 6.75E-06 3.51E-04 4.09E-03 7.32E-02 | 8.35E-02 3.10E-05 1.83E-03 | 1.90E-02
TI-202 1.47E-05 3.14E-04 9.88E-03 2.72E-01 | 1.35E-01 9.32E-06 3.44E-03 | 1.70E-02
TI-204 1.47E-05 3.15E-04 9.78E-03 1.07E-01 | 3.89E-03 2.68E-07 9.35E-05 | 2.04E-04
TI-206 2.66E-05 3.41E-04 1.05E-02 5.05E-01 | 1.24E-04 9.94E-09 3.57E-06 | 1.03E-04
TI-207 2.66E-05 3.41E-04 1.05E-02 5.86E-01 | 8.61E-06 6.90E-10 2.50E-07 | 1.13E-04
TI-208 2.66E-05 3.41E-04 5.59E-02 1.46E+00 | 1.23E-02 9.88E-07 1.13E-03 | 2.30E-02
TI-209 2.66E-05 3.41E-04 1.05E-02 7.05E-01 | 3.48E-02 2.80E-06 1.03E-03 | 3.05E-02
TI-210 2.66E-05 3.42E-04 1.08E-02 8.82E-01 | 7.79E-02 6.47E-06 2.36E-03 | 3.16E-02
Tm-168 1.36E-05 1.88E-04 6.90E-03 3.81E-01 | 1.50E-01 9.01E-06 3.73E-03 | 3.26E-02
Tm-170 8.74E-06 2.01E-04 7.38E-03 8.84E-02 | 1.37E-02 8.14E-07 3.39E-04 | 6.38E-04
Tm-171 8.66E-06 2.01E-04 7.33E-03 5.42E-02 | 1.66E-03 9.79E-08 4.04E-05 | 1.11E-04
U-232 8.23E-05 4.64E-04 1.36E-02 8.18E-02 | 3.22E-02 4.26E-06 1.33E-03 | 2.92E-05
U-233 8.23E-05 1.37E-02 1.56E-01 1.04E+00 | 1.85E-02 6.90E-04 1.28E-05 | 1.80E-09
U-234 8.23E-05 4.64E-04 1.44E-02 5.05E-01 | 2.95E-02 3.90E-06 1.23E-03 | 5.38E-09
U-235 8.22E-05 4.86E-04 1.29E-02 1.69E-01 | 1.44E-01 1.93E-05 3.66E-03 | 9.54E-03
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Table B-2 (Cont.)

Nuclide EPT(1) EPT(2) EPT(3) EPT(4) FPT(1) FPT(2) FPT(3) FPT(4)
U-235m 7.65E-05 | 0.00E+00 | 0.00E+00 0.00E+00 | 1.00E-12 | 0.00E+00 0.00E+00 | 0.00E+00
U-236 8.23E-05 4.64E-04 3.07E-03 1.57E-02 | 2.68E-02 3.54E-06 1.49E-04 | 9.67E-04
U-237 7.44E-05 5.30E-04 1.42E-02 1.14E-01 | 2.30E-01 3.56E-05 8.00E-03 | 1.15E-02
U-238 8.24E-05 1.40E-02 | 1.06E+00 7.36E+00 | 2.16E-02 8.97E-04 7.86E-08 | 2.51E-11
U-240 7.44E-05 5.25E-04 1.38E-02 9.72E-02 | 9.57E-02 1.46E-05 3.41E-03 | 4.74E-04
V-49 8.00E-06 9.08E-05 4.14E-04 4.52E-03 | 7.20E-02 9.86E-07 3.46E-05 | 1.90E-03
V-50 8.00E-06 4.44E-03 7.51E-02 1.42E+00 | 5.98E-02 1.61E-03 2.24E-06 | 1.00E-02
W-181 2.49E-05 2.31E-04 7.65E-03 5.90E-02 | 1.24E-01 9.21E-06 2.71E-03 | 6.45E-03
W-185 3.76E-05 2 51E-04 8.51E-03 1.17E-01 | 4.32E-05 3.76E-09 1.49E-06 | 2.83E-05
W-188 3.75E-05 2.54E-04 8.41E-03 1.87E-01 | 5.62E-04 4.92E-08 1.68E-05 | 1.10E-04
Y-88 2.09E-05 1.80E-03 1.43E-02 1.38E+00 | 8.32E-02 2.94E-04 5.96E-03 | 1.94E-02
Y-90 6.52E-06 1.84E-04 1.53E-02 9.33E-01 | 1.39E-05 6.36E-10 7.79E-07 | 1.63E-04
Y-91 6.52E-06 1.84E-04 2.04E-03 7.23E-01 | 1.40E-07 6.40E-12 4.00E-10 | 1.32E-04
Yb-169 1.35E-05 1.96E-04 7.02E-03 9.05E-02 | 3.04E-01 2.06E-05 6.80E-03 | 3.59E-02
Zn-65 9.87E-06 8.80E-04 8.09E-03 1.08E+00 | 4.82E-02 1.19E-04 3.77E-03 | 5.34E-03
Zr-88 5.30E-06 1.68E-04 1.45E-02 3.93E-01 | 1.34E-01 4.67E-06 6.58E-03 | 9.73E-03
Zr-93 1.91E-02 3.02E-02 | 0.00E+00 0.00E+00 | 3.27E-06 1.32E-07 0.00E+00 | 0.00E+00
Zr-95 5.83E-06 2.04E-04 1.61E-02 7.41E-01 | 1.60E-04 9.82E-09 1.02E-05 | 9.89E-03
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Table B-3 Dependent Variables and Discrete Values Used in Area Factor Calculations

Variables Units Values

Photon energy kev 10, 12.5, 15, 20, 30, 40, 50, 60, 80, 100, 150, 200, 300, 400, 500,
600, 800, 1,000, 1,500, 2,000, 3,000, 4,000, 5,000

Source thickness m 0.001, 0.005, 0.015, 0.05, 0.15, 0.5
Cover thickness m 0.0, 0.001, 0.005, 0.015, 0.05, 0.15, 0.5

Source radius m 0.564, 1.784, 2.523, 3.989, 5.642, 7.979, 12.62, 17.84, 39.89,
56.42, 178.4, 564.2
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APPENDIX C:
INHALATION PATHWAY FACTORS

This appendix describes the methodology RESRAD-OFFSITE implements to calculate radiation
dose and cancer risk associated with exposure through the inhalation pathway. The general
principles for computing the exposure, radiation dose, and cancer risk are the same as those for
RESRAD-ONSITE (Yu et al. 2001). For most radionuclides that exist in solid forms, the reported
dose (risk) for the inhalation pathway is for the inhalation of airborne particulates with
radionuclides attaching to them. For carbon-14, which is considered to exist in a solid form and
as %COg, the reported dose (risk) for the inhalation pathway is for the inhalation of airborne
particulates as well as *CO,. When hydrogen-3 is concerned, the reported dose (risk) for the
inhalation pathway includes the inhalation and dermal absorption of 3HHO vapor (with the dose
or risk from dermal absorption being 50% of that from inhalation), because hydrogen-3 converts
to *HHO in the environment. Like the other pathways, the reported dose (risk) of the inhalation
pathway accounts for the combined exposures incurred both onsite and offsite.

In addition to the methodology used to calculate radiation dose and cancer risk associated with
inhalation exposure, this appendix also presents the methodology to estimate the onsite and
offsite air concentrations of radionuclides that attach to particulates. Appendix F describes the
methodology for calculating the concentrations of gaseous carbon-14 (**CO,) and hydrogen-3
(]HHO) in the air, as well as in the other environmental media, fodder/crops, animal products,
and aquatic foods. After the air concentrations of 1*CO, and *HHO are calculated, the equations
presented in this appendix (Section C.3) are used to calculate the radiation dose and cancer
risk associated with the exposures to them.

C.1 Onsite Air Concentration of Radionuclides that Attach to Particulates

The outdoor air concentration of radionuclides that attach to particulates above the primary
contaminated area (i.e., onsite) is calculated using the same formulation [Equation (C.1)] as in
RESRAD-ONSITE:

rep—du _
Ck,onsite (t) - Asc,k,onsite (t) MLonsite frep—du,onsite FAair,onsite (C-l)

Asc,k,onsite (t) = Apc,k (t)fvm (t)ppc/pmix (t) (C-2)

where
creP ™) = air concentration of radionuclide k attaching to respirable dust particles

k,onsite
above the primary contaminated area (Bg/m? or pCi/m?3),
Asckonsite(t) = activity concentration of radionuclide k in surface soil of the primary
contaminated area (Bg/g or pCi/g),
average mass loading of all dust particles in the air above the primary
contaminated area (g/m3),
fraction of respirable dust particles to total dust particles in the air,

M Lonsite

frep—du,onsite

FAair, onsite. = area factor for the airborne dust particles (i.e., fraction of airborne dust
particles from the primary contaminated area),
Apck(t) = activity concentration of radionuclide k in the primary contaminated zone
(Ba/g or pCi/g),
fum(t) = fraction of primary contamination in the surface mixing layer,
Ppc = bulk soil density of the primary contaminated zone (g/cm?), and
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pmix(t) = bulk soil density of the surface mixing layer (g/cm3).

Particles in the surface layer of soil in the primary contaminated area are assumed to be
re-suspended into the air by wind disturbance and various human activities. In the air, the
contaminated soil (dust) particles mix homogeneously with uncontaminated dust particles blown
in by wind from the surrounding uncontaminated areas. In Equation (C.1), ML, represents
the total dust loading in the air above the primary contaminated area, which is multiplied by the
fraction of respirable dust particles to the total dust particles, f,e,—guonsite, t0 produce the
respirable dust loading above the primary contaminated area. The area factor, FAg;y onsite IS
defined as the ratio of the airborne dust loading from a finite area source (i.e., the primary
contamination) to the airborne dust loading from an infinite area source. Therefore, the product
of the respirable dust loading above the primary contamination (ML,psite X frep—ay) @nd

FAgir onsite 9ives the respirable dust loading from the primary contaminated area.

The methodology for calculating FA;;, onsite IS the same as that used in RESRAD-ONSITE. It
employs the Gaussian plume model combined with contaminant removal processes, such as
dry and wet deposition of particulates. Chang et al. (1998) details the methodology and provides
the values of area factors for various combinations of particle size (1, 2, 5, 10, and 30 pm) and
wind speed (1, 2, 5, and 10 m/s) as a function of the square root of the contaminated area (1—
10° m) [see Equation (C.3)]. They assume a particle density of 2.65 g/cm?, a neutral
atmospheric stability, a 1-mm raindrop diameter, and a 1-m/yr annual precipitation rate:

a
FAwr = T 7ae (C.3)
where
A = area of the finite source (m?), and
a, b,c = least-square regression coefficients.

For a respirable particle size of 1 um assumed in RESRAD-ONSITE and RESRAD-OFFSITE,
the regression coefficients for Equation (C.3) are given in Table C-1. RESRAD-OFFSITE will
calculate an area factor by interpolation, if the input average wind speed is not listed in

Table C-1.

Table C-1 Coefficients for the Inhalation Pathway Area
Factor for a Particle Size of 1 um

Least-Squares Regression Coefficient

Wind Speed (m/s) a b c
1 1.9005 14.1136 -0.2445
2 1.6819 25.5076 -0.2278
5 0.7837 31.5283 -0.2358
10 0.1846 14.6689 -0.2627

Source: Chang et al. (1998).



Equation (C2) relates the activity concentration of radionuclide k in surface soil, A, , to the
activity concentration of radionuclide k in the primary contaminated zone and is obtained from
Equation (G.67) in Appendix G.

C.2 Offsite Air Concentration of Radionuclides Attaching to Particulates

Outdoor air concentration of radionuclide k above an offsite location is made up of two
components. The first component accounts for the contaminated soil (dust) particles that are
released to the air from the primary contaminated area and then blown by wind to arrive at the
offsite location. The second component accounts for the resuspension of contaminated soll
(dust) particles from the secondary contamination source formed at the offsite location. The
secondary contamination source forms over time due to the deposition of contaminated dust
particles from the air, the deposition of contaminated irrigation water to soils, and the
contaminated soil eroding from the primary contamination and accumulating offsite.

d —d
;f)r/)‘fs:tlre (t) I:?;lswz-mffswe (t) + Asc,k,offsite (t) MLoffsite frep—du,offsite

d -
Qrep u(t) X (X/Q)rep—du + Asc,k,offsite (t) MLoffsite frep—du,offsite (C-4)

where
Coor-aite(t) = air concentration of radionuclide k attaching to respirable dust
particles above the offsite location (Bg/m?3 or pCi/m3),
crep-du (t) = average air concentration of radionuclide k attaching to

k,onsite—of fsite
respirable dust particles over the offsite area of concern, due to
release from the primary contaminated area (Bg/m? or pCi/m3),
Ascxoftsie(t) = cumulative activity concentration of radionuclide k in surface soil
of the offsite location (Bg/g or pCi/g),

MLostsite = average mass loading of dust particles in the air above the
offsite area (g/m?),
frep-duofisite = fraction of respirable dust particles to total dust particles in the

air at the offsite location,

rep=di(r) = air release rate of radionuclide k attaching to respirable dust
particles from the primary contaminated area (Bg/yr or pCilyr),
and

(x/Q)rep-au = averaged atmospheric transport factor for respirable dust
particles released from the primary contaminated area to the
offsite area (yr/md).

The air concentration of radionuclide k attaching to respirable dust particles at an offsite

location, Cyoh e orfsice: iS determined by the release rate of radionuclide k attaching to

respirable dust particles from the primary contaminated area, @, ,and the y/Q value
determined by the Gaussian plume dispersion model for respirable particles, /@) rep—au- The
¥x/Q is the atmospheric transport factor representing the ratio of air concentration at a downwind
location to the release rate from a point source. To calculate radiation dose or cancer risk
incurred by a receptor at an offsite area, which could be the offsite dwelling or any of the four
farmed areas, an integration scheme is used to obtain the average air concentration,

C,:ff;l;dtzﬁoffsm, over the offsite area. This integration scheme involves subdividing the primary

rep—du
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contaminated area and the offsite area into small rectangles based on grid spacing specified by
the user, calculating the x/Q transport factor representing the transport from each subdivision of
the primary contamination to each subdivision of the offsite area, and combining these results to
obtain a spatially integrated value. Appendix | provides detailed discussions on the Gaussian
plume dispersion model implemented in RESRAD-OFFSITE, as well as discussions on the
integration scheme (see Section 1.10.1).

The release rate of radionuclide k attaching to respirable dust particles is calculated with the
following equation:

QeP™H () = CpP e X A X Vygp_gy X 3.15576 % 107 (C.5)
where
A area of the primary contamination (m?),

deposition velocity of respirable dust particles (m/s), and
unit conversion factor (s/yr).

Vrep—du
3.15576 x 107

The equation is based on the assumption of equilibrium between deposition and resuspension.
Note that RESRAD-OFFSITE uses two deposition velocities, one for respirable particles and the
other for all particles. To calculate inhalation exposure, the deposition velocity of respirable
particles is used in Equation (C.5).

The concentration of radionuclide k in surface soil of an offsite location, A x orfsite(t), IS
determined by taking into account cumulative depositions from the air, from water irrigation, and
from erosion from the primary contaminated area, as well as radiological ingrowth and decay,
erosion, and leaching that would occur simultaneously with the accumulation contributed by the
three depositions above. Detailed formulations to calculate Ay o¢fsite (t) are discussed and
provided in Section J.1. The air concentration resulting from resuspension of soil (dust) particles
at the offsite location is estimated by multiplying A k ofssite (t) With the mass loading of dust
particles, ML,¢¢sie, and the fraction of respirable particles to all particles, frep—guoffsite- Unlike
the resuspension at the onsite location [see Equation (C.1)], Equation (C.4) for an offsite
location does not include an area factor, FA,;,-, because not all of the airborne particulates
blown from outside the offsite area of concern are clean (i.e., not contaminated; some are from
the primary contaminated area). To consider clean particles blown from the surrounding areas,
a value lower than the actual mass loading may be specified for the input parameter ML, ;-

C.3 Calculation of Radiation Dose and Cancer Risk from Inhalation of Airborne
Radionuclides

In RESRAD-OFFSITE, the general principles for computing radiation exposure are the same as
for RESRAD-ONSITE (Yu et al. 2001). The primary difference between the two codes is that
RESRAD-OFFSITE calculates and uses media concentrations at the time of exposure, while
RESRAD-ONSITE relates media concentrations at the time of exposure to the initial soil
concentrations and environmental transfer factors. The dose (risk) resulting from exposure
incurred at the primary contaminated area and at each of the offsite areas are summed and
reported together.
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The following equation is used to calculate the radiation dose from inhalation of airborne
radionuclides:

t+1 i
Doseinh,k(t) = Flinh X [(fotd,onsite + find,onsite X qust) X ft Cltcl,i)rnsite (t) dt +

t+1 1
Zoffsite(fotd,offsite + find,offsite X qust) X ft Clg,i)rffsite(t) dt] X DCinh,k (C-G)

where
Dose;np i (t) = radiation dose from inhalation of airborne radionuclide k, either
attaching to respirable dust particles or in gaseous form (mSv/yr or
mrem/yr);
Fl;,, = annual intake of air (i.e., annual inhalation rate, m3/yr);

fotaonsite = fraction of time spent outdoors at the primary contaminated area;
fina,onsite = fraction of time spent indoors at the primary contaminated area,
Faust = indoor dust filtration factor;

Car site(t) = air concentration of radionuclide k above the primary contaminated

area, [= C,:’eo’f;f;(t) if attaching to particulates] (pCi/m?3 or Bg/m3);
fotaorfsite = fraction of time spent outdoors at an offsite area;
fina,offsite = fraction of time spent indoors at an offsite area;

C,ﬁf"orffsite(t) = air concentration of radionuclide k above an offsite area,
[= C,f_i’}}fﬁe (t) if attaching to particulates] (pCi/m3 or Bg/md);
DCinnr = inhalation dose coefficient for radionuclide k (mSv/Bqg or mrem/pCi).

The summation in Equation (C.6) is performed over all the offsite areas where the receptor of
concern would spend time, including the dwelling area and the four agriculture areas. The value
of fina,offsite At the four agriculture areas is 0, because agricultural activities are considered to
be conducted outdoors. The inhalation dose coefficient, DC;,,j, ,, would depend on the chemical
form of radionuclide k (see discussions in Appendix A). For radionuclides that attach to
particulates, RESRAD-OFFSITE uses the most conservative DC;,; as the default for dose
calculation. Users have the option of choosing a different dose coefficient. However, for the
inhalation of gaseous carbon-14 and hydrogen-3, users cannot change the DC;,,;, used by
RESRAD-OFFSITE; they are DC;,;, for 1*CO, and HTO, respectively.

To calculate the potential cancer risk associated with the inhalation of airborne radionuclides,
the following equation is used by RESRAD-OFFSITE:

. t+ED i
RlSkinh,k(t) = FIinh X [(fotd,onsite + find,onsite X qust) X ft Cltcl,iarnsite(t) dt +

t+ED i
Zoffsite(fotd,offsite + find,offsite X qust) X ft Clg,i)rffsite (t) dt] X Sfinh,k (C-7)

where

Riskinp () cancer risk from inhalation of radionuclide k, either attaching to
respirable dust particles or in gaseous form,
ED = exposure duration (yr), and

Sfinnk = inhalation slope factor for radionuclide k (1/Bq or 1/pCi).
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The summation in Equation (C.7) is also performed over all the offsite areas where the receptor
of concern would spend time, including the dwelling area and the four agriculture areas. The
inhalation slope factor, Sf;,, x, would depend on the chemical form of radionuclide k (see
discussions in Appendix A). For radionuclides that attach to particulates, RESRAD-OFFSITE
uses the most conservative Sf;,, as the default for cancer risk calculation. Users have the
option of choosing a different slope factor. However, for the inhalation of gaseous carbon-14
and hydrogen-3, users cannot change the Sf;,, used by RESRAD-OFFSITE; they are Sf;,, for
14C0O; and HTO, respectively.

In RESRAD-OFFSITE, both radiation dose and cancer risk reported in text reports or graphical
forms are time-integrated quantities. The dose reported for a particular time is the dose over a
period of 1 year beginning at that time. Likewise, the risk reported for a particular time is the
value over an exposure duration, ED, beginning at that time.
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APPENDIX D:
RADON PATHWAY MODEL

RESRAD-OFFSITE considers radon exposure at both onsite and offsite locations. The modeling
for onsite exposures are the same as that implemented in RESRAD-ONSITE, which considers
diffusion of radon gas. This gas is generated in the primary contaminated zone, through soils
and building foundation, respectively, and gets into the outdoor and indoor environment. This
model also considers emanation of radon gas from contaminated household water into the
residence, as well as building ventilation (i.e., air exchange between indoors and outdoors) that
affects the indoor radon level. The modeling for offsite exposures also considers the diffusion of
radon gas generated in the secondary contamination zone, which passes through soils and the
building foundation, similar to the onsite exposures; however, for the outdoor radon level, the
impact of radon exhalation from the primary contaminated zone, which is blown by wind to
offsite locations, is also factored in. This potential increase in outdoor radon levels at offsite
locations can increase the indoor radon level because radon gas and its decay progeny can
infiltrate to the indoor space. The contribution to indoor radon due to the emanation of radon gas
from contaminated household water is also considered at offsite locations, just as it is at onsite
locations.

RESRAD-OFFSITE evaluates the concentrations of two radon isotopes—Rn-222 and Rn-220
(thoron)—that occur naturally and result in radiation exposures due to their alpha-emitting decay
products. Rn-222 is the most common of the radon isotopes. Thoron has a decay half-life of
55.6 seconds, and its concentration in the air is usually low. Dosimetric considerations suggest
that the dose to the lung from thoron progeny is, for an equal concentration of inhaled alpha
energy, a factor of 3 less than that from Rn-222 progeny. However, in some DOE remedial
action sites, high concentrations of Th-232 and Ra-228 (precursors of thoron) are present. In
these circumstances, exposure to Rn-220 and its decay products may be predominant.
Therefore, the Rn-220 exposure pathway also is included in RESRAD-OFFSITE.

This appendix provides detailed discussions on the formulations used to estimate the radon
levels by RESRAD-OFFSITE. It is based on Appendix C of the RESRAD-ONSITE User’s
Manual (Yu et al. 2001) with necessary revisions to update the radiation dose conversions and
reflect additional considerations incorporated in the RESRAD-OFFSITE code to evaluate
exposures at offsite locations.

D.1 Onsite Radon Levels

RESRAD-OFFSITE includes a generalized radon pathway model for estimating the amount of
radon released, its concentrations in both indoor and outdoor air, and the concentrations of its
progeny due to radiological decay and ingrowth.

D.1.1 Radon Exhalation

Radon forms continually in the ground and migrates from radium-contaminated soil. Radon in
soil gas near buildings can move into houses by diffusion or through cracks or holes in the
foundation by convection. Radon progeny, however, are chemically active and attach to soil
particles, and consequently do not move significantly in the ground. The movement of radon
atoms through the pores may be caused by diffusion or convection. The size distribution and
configuration of the pore spaces, as well as their moisture content and spatial distribution, are
key parameters in determining the radon diffusion rate. Fractures or holes as small as 0.5 mm in
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building foundations are enough to allow convective migration. Convective movement of soil gas
and the respective transport of radon within the soil and near the subsurface structure of the
building can be induced by pressure differences created by meteorological factors and
operational conditions of the house. These factors and conditions are highly time-dependent
and practically unpredictable. Consequently, the rate of radon exhalation to the outdoor
environment and the infiltration into indoor air usually vary with time and cannot be readily
guantified. However, the effect of the diurnal atmospheric pressure variation on the radon
exhalation rate has been shown to be insignificant when averaged over long periods (Yuan and
Roberts 1981).

When soil is assumed to be horizontally infinite and homogeneous, and the convective flow of
the soil gas in the porous matrix of the soil is neglected, the radon flux J [the amount of radon
activity crossing a unit area of soil surface per unit of time, Bg/(m? x s) or pCi/(m? x s)], can be
mathematically related to the gradient of the radon concentration in the pore space, C, by the
Fickian diffusion equation:

_ o pdc
] =p:D iz (D.1)

where
p: = total porosity,

D = diffusion coefficient of radon in soil (m?/s),
C = radon concentration in the pore space (Bg/m? or pCi/m?3), and
z = axial distance in the direction of diffusion (m).

Equation (D.1) can also relate the radon flux crossing a unit area of building foundation or cover
layer on top of the contaminated zone to the radon concentration gradient in the pore space of
the foundation or cover material. In that case, D is the diffusion coefficient of radon in the
foundation or cover material.

Considering mass balance, the change in pore space radon concentration, C, with time within
radium-contaminated soil, the cover material, or the foundation of a building can be related to
the one-dimensional diffusion flux as follows:

d C d
LD = — 2 () = peAC +1.Q (D.2)
or
dc _ d (pdcy _
== (D dz) AC+Q (D.3)
where

t = time (s),
A = radon decay constant (1/s), and
Q = radon source term into the pore space [Bg/(m? x s) or pCi/(m? xs)].

Assuming steady state, Equation (D.3) can be written as follows:

—2(pE)+1c=0 (D.4)

Q is zero in the cover material or the foundation of a building. In contaminated soil, it can be
evaluated by the following expression:
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0= £ppSRal (D.5)
147

where
e = radon emanation coefficient (dimensionless),
pp = bulk density of the contaminated soil (g/cm?), and
Sra = radium concentration in soil (Bg/kg or pCi/kg).

The emanation coefficient € represents the fraction of radon generated by radium decay that
escapes from the soil particles. Radon enters air-filled pores in the soil primarily from the recoil
of radon atoms during radium decay. The contribution from diffusion through the solid mineral
grains is less important because most of the radon atoms decay before escaping. Observed
values of € range from about 0.01 to 0.80 (Mueller Associates, Inc. 1986). The observed
emanation coefficient depends on many factors, including the mineral composition of the soil,
porosity, particle size distribution, and moisture content.

The radium concentration in soil, Sga, is the radon precursor principal radionuclide concentration
in the contaminated soil. Its value depends on the specific radon isotope considered. For
Rn-222 or Rn-220, respectively, Sra, represents the Ra-226 or Th-228 concentration in soil.
(The immediate parent of Rn-220 is Ra-224, which is an associated radionuclide assumed to be
in equilibrium with its principal parent radionuclide Th-228).

The boundary conditions used in RESRAD-OFFSITE for solving Equation (D.4) are as follows:

* C(Z,) =0, the radon concentration at either the air-ground or the floor-indoor air
interface, Z,, is zero;

« J(0) =0, the radon flux is zero at the bottom of the boundary; and

* C(2) and J(2), the radon concentration and flux, respectively, are continuous
across medium interfaces in the ground.

RESRAD-OFFSITE solves Equations (D.1) and (D.4), together with the above boundary
conditions, numerically for the vertical profiles of C and J using a finite-difference method. The
radon flux, J, is then evaluated with Equation (D.1) at two distinct locations: (1) Jou, the outdoor
flux at the interface between the ground surface and the atmosphere, and (2) Jin, the indoor flux
at the interface between the floor (i.e., the foundation surface) and the indoor air.

In estimating the radon flux, the choice of a value for the diffusion coefficient, D, is critical.
Values of D have been measured experimentally for a variety of materials (Nazaroff and Nero
1988; Rogers and Nielson 1991). Reported values for different soils and building materials are
summarized in the RESRAD Data Collection Handbook (Yu et al. 2015). Because the moisture
content has such a dominant effect on D (i.e., much smaller effects on D are from other soil
properties), D correlates with moisture content as (Rogers and Nielson 1991):

D = (1.1 x 107%) p, exp(—6 Ryp, — 6 Ry %) (D.6)

where 1.1 x 10 is the radon diffusion coefficient in air (m?/s) and Rs is the saturation ratio,
defined as the ratio of water content over the total porosity. This correlation is based primarily
on laboratory data for earthen materials and is used in RESRAD-OFFSITE as a default
approach for the diffusion coefficient, if no measured data are available for the site of interest.



Nevertheless, site-specific diffusion coefficients should be obtained whenever possible,
especially for materials other than soil.

D.1.1.1 Outdoor Radon Concentrations

In general, the outdoor radon concentration is relatively low compared with the indoor radon
concentration, and the average on top of a radium-contaminated area is more significantly
dependent on the area of the contamination and average wind speed than other meteorological
parameters. Therefore, RESRAD-OFFSITE simplifies the air dispersion model with the following
considerations and conservative assumptions to estimate the outdoor radon concentration
above a contaminated zone due to radon exhalation:

« The annual average estimates are appropriate.

* An average wind speed, calculated with the input joint frequency data,
conservatively represents annual average wind speed.

» The receptor and the residency are at the geometric center of the contaminated
area.

» The vertical dimension of the plume (for radon emission from the ground surface)
is bounded, and a uniform concentration exists along the vertical plane for the
downwind distance the plume travels toward the receptor.

» Radon exhalations from ground surfaces are uniform.

Based on the above considerations and assumptions, the annual average radon concentration
above the contaminated area can be calculated as:

1- exp (_M)
CRn _ JoutFao 2Vwind (D 7)
out — Rn .
Hpix ARn

where

cRn annual average outdoor radon concentration (Bg/m? or pCi/m3),

Joue = radon flux at the soil surface outdoors [Bg/(m? x s) or pCi/(m? x s)],
HE" = height to which the radon plume is uniformly mixed (m),
F,, = outdoor area factor (dimensionless),
Arn = radon decay constant (1/s),
A = area of the contaminated zone (m?), and

Vwina = annual average wind speed (m/s).

The outdoor area factor, Fao, is a correction factor to adjust for the lateral dispersion effect for a
small contaminated area and is given by the formula

P _ D5 0<A<100m? 08)
* 1.0, A>100m?2.
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The onsite outdoor Rn-222 concentration flux ratio is limited by a value of 500 s/m for a very
large area of contamination—a value corresponding to the ratio of the radon concentration to
the flux level generally observed in the natural environment. The onsite Rn-220 concentration,

chn 229, to flux ratio is limited by a value of 10 s/m for sites with a very large area of

contamination—a value also based on the natural environment:

Coutonsite < 500 Jour onsite: (D.9)
and

Coutonsite < 10 Jour onsite- (D.10)
D.1.1.2  Outdoor Radon Progeny Concentrations

The decay and ingrowth of the short-lived radon progeny in the outdoor air are calculated based
on an average transit time from the source to the receptor. For outdoor radon, the most
important removal processes are dilution by wind and radioactive decay. Other processes, such
as deposition of radon progeny on ground surfaces, are insignificant because the transport
distances from the radon sources to the receptors are relatively short (i.e., up to a few hundred
meters). The average transit time t during which radioactive decay occurs is approximated by
dividing the average distance of the contaminated area by the annual average wind speed Vuing;

that is, t = (VA/2)IV,,ina, Where VA is the effective length of the contaminated area.

The outdoor concentration of the radon progeny in the air is calculated by

1—exp (— AVA )
JoutFao 2Vyin
Cout = Hérl;x i=1 4 — 4 (D.11)
where
.+ = annual average outdoor nth radon progeny concentration (Bg/m? or pCi/m?3),
A; = ith radon progeny decay constant (1/s),
— Az..An ,

Ain) = Gap. Gan M F b and
A(l,l) = 1.

The index n is for radon and its progeny. For the Rn-222 decay chain,n =1, 2, 3, and 4
represent Rn-222, Po-218, Pb-214, and Bi-214, respectively; for the Rn-220 decay chain, n =1,
2, 3, and 4 represent Rn-220, Po-216, Pb-212, and Bi-212, respectively. In RESRAD-OFFSITE,
the onsite outdoor concentrations of Rn-220 progeny Pb-212 and Bi-212 are limited by the
following constraints:

C(ifttozrgszite < 0.015 Cézlt,_oznzsoite' (D.12)
and
Contonaite < 0.015 o220 . (D.13)

This limit corrects the approximation made by Equation (D.11) for a very large area of
contamination. The concentration ratio of 0.015 for Pb-212 and Bi-212 to Rn-220 is the value
generally expected in the natural environment where an infinite area of contamination is almost
reached.

D-5



D.1.1.3 Indoor Radon Concentration

Indoor radon levels depend on many parameters, including building characteristics, geographic
area, and meteorological conditions (Nazaroff and Nero 1988; Cohen 1991). In RESRAD-
OFFSITE, the radon concentration indoors is determined by assuming a balance between the
rate of radon entry from sources and its rate of removal. Radon enters a house by exhalation
from the ground through the foundation floor and below-grade walls, by the inflow of outdoor air
brought in by ventilation, and by the use of water. The rate of radon removal in a house is
affected by processes such as air exchange and radioactive decay. Under steady-state
conditions, the radon gain from exhalation and ventilation inflow equals the radon loss by decay
and ventilation outflow. In the current version of RESRAD-OFFSITE, a steady-state one-
compartment model is used to determine the radon concentration indoors.

Under the steady-state, single-compartment model, the mass balance of radon inside a home
can be expressed as

Rn

A" J 0P 3t ont R+ A G = 0 (0.14)
where
CcR" = average indoor radon concentration (Bg/m? or pCi/m3),
Jin = radon flux from a floor built on the contaminated area [Bg/(m? x s) or
pCi/(m? x s)],

Af100r = interior surface area of the house floor (assumed to be 100 m?),

F,; = indoor area factor (dimensionless),

V = interior volume of the house (m?3), and

Avent = Ventilation rate of the house (1/s).

The indoor area factor, Fj, is the fraction of the foundation area that is built on the contaminated
area and is given by the following formula:

1.0, When A= AflOOT,
A
Fai= oo’ when 4 < Aior, (D.15)
4Dp
1+ \/ﬁ, when 4 > Afloor-

where Dy = depth of the foundation wall below and within the contaminated zone (m).

The radon flux, Jin, from the floor built on the contaminated area is calculated by solving
Equations (D.1) and (D.4) and by assuming that the floor is a concrete slab that is 15 cm thick
(default), with a default radon diffusion coefficient of 3.0 x 10" m?/s. The default radon diffusion
coefficient for the concrete slab is a conservative value compared to the value the U.S. Nuclear
Regulatory Commission (1980) uses: 6.0 x 10° m?/s. It accounts for possible cracks and other
penetrations that may develop in the foundation as the house ages. Cohen (1991) has
investigated the variation of Rn-222 levels in homes in relation to the age of the house. For the
more than 30,000 homes investigated, variations were within 36% of the mean.
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The solution for Equation (D.14) for the indoor radon concentration, CX*, can be written as
follows:

( T al"'lventcm?t)

CRn —
n (ARn"'Avent)

(D.16)

where H =V /Af100r (M) is the ratio of the interior volume of the house to the floor area of the

house. For a single-story house, H is the ceiling height. Because the ventilation rate, 4,.p;, iS
much greater than the Rn-222 decay rate, the indoor Rn-222 concentration would be very
sensitive to the air exchange rate of a house. The ventilation rate is not an important factor for
Rn-220 because of its high decay rate. The ventilation rate (i.e., air exchange rate) is usually
expressed as air changes per hour and expresses the average number of times in an hour the
interior volume of the house is replaced by the inflow volume of outside air. In RESRAD-
OFFSITE, the input hourly air exchange rate is divided by 3,600 (the number of seconds in an
hour) to obtain the 4,,.,, value used in Equation (D.16).

In RESRAD-OFFSITE, the onsite indoor radon concentration, CX" ..., is first calculated with
Equation (D.16). This indoor radon concentration, along with the outdoor radon concentration
calculated with Equation (D.7), is attributed to the airborne component or water-independent
component of the radon exposure pathway. Subsequently, depending on the usage of
groundwater in the house, the indoor radon concentration from water’s contribution is also
calculated (see discussion in Section D.1.2), which is attributed to the waterborne component or
water-dependent component of the radon exposure pathway. The final indoor radon
concentration is the sum of the indoor radon concentrations attributed to the water-independent
and water-dependent components.

D.1.1.4  Indoor Radon Progeny Concentrations

Removal by ventilation and plate-out of radon progeny on surfaces within a house becomes
important for indoor radon. Inside a house, the decay products may plate out on any available
surface. In an enclosed space with complex surfaces, such as a room with walls and furniture,
plate-out and detachment are complicated, and data are not readily available. The rate of plate-
out can be specified in terms of the ratio of the amount deposited on a surface from the air (in
atoms removed per unit area per unit time) to the concentration in the air (in atoms per unit
volume). This ratio is usually called the deposition velocity.

The plate-out process was recently reviewed by Knutson et al. (1983) and Bodansky

et al. (1987). The suggested values of the plate-out deposition velocity range from 0.05 cm/s for
the highly reactive unattached fraction to 0.00075 cm/s for the fraction that has already attached
to the aerosol in a house. For a room with a floor area of 3 m x 4 m and a ceiling height of 2 m,
these deposition velocities correspond to removal rates of 0.065 per minute for the unattached
fraction and 0.00090 per minute for the attached fraction. These removal rates range between
0.3 and 1.0 interior volume per hour, which correspond to removal rates of 0.005 to 0.0167 per
minute. The unattached fraction f in the home has a range of about 1% to 10% (National
Research Council 1991). RESRAD-OFFSITE does not consider plate-out to calculate radon
progeny in a home. This approach is conservative because by neglecting plate-out, the indoor
air concentrations of radon progeny are overestimated.
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The indoor air concentrations of the radon progeny are calculated by a mass balance equation:

acl, -
7 = Anci?l ! + Aventcgut - (An + Avent)ci?z (D-17)

where n = 1 for radon; Cf .s:¢. is calculated using Equation (D.16) for the radon indoor
concentration; n = 2, 3, and 4 for the radon progeny (Po-218, Pb-214, and Bi-214 for the Rn-222
decay chain, and Po-216, Pb-212, and Bi-212 for the Rn-220 decay chain); and C/}, and CJ},; are
the nth radon progeny concentration indoors and outdoors, respectively, in units of Bg/m?3 or
pCi/m3. Under steady-state conditions, the mass balance equation above can be solved for C};
(n =2, 3, and 4) as follows:

n-1
An Cin +)lventC¢§lut

cn o=
mn ln"'lvent

(D.18)

D.1.2 Radon Emanation from Water

Groundwater or surface water that contains radium can add to the amount of radon in the air
indoors, if the water is used for household activities. Radon patrtitions between air and water in a
ratio of about 4 to 1 at 20°C in the environment under equilibrium conditions (Nazaroff and Nero
1988). When water is used, a large portion of the dissolved radon can escape. Various studies
(Mueller Associates, Inc., 1986; Bodansky et al. 1987) on correlating the Rn-222 concentrations
in the air of typical homes (C{flflwater) with the concentrations in water supplies (CE") have

indicated that the ratios C5, .., /CR™ are on the general order of 10. This value implies that

water containing 10,000 pCi/L of radon would typically increase the indoor Rn-222 concentration
by 1 pCi/L. The ratio derived under typical conditions with the equation used by the EPA (EPA
1984) also approximates the value of 104

Lawrence et al. (1992) revealed that the contribution of radon-222 from domestic water wells to
indoor air in Colorado houses approaches 102 in homes with a high Rn-222 concentration in
their water. This value is an order of magnitude greater than the ratio of 10 the EPA derived
with their equation. One reason for this could be that the derivation with the EPA equation
assumed that indoor air is perfectly mixed; therefore, the entire volume of air in a house was
used to calculate the ratio. In reality, the distribution of Rn-222 in homes from water usage is
highly uneven and dependent on the location of water outlets. Rn-222 concentrations are
expected to be higher in rooms where water is accessible and frequently used (e.g., bathroom
and kitchen) than in rooms where no water outlets exist. Because the half-life of Rn-220 is only
55.6 s, the concentration of Rn-220 from water usage would be much lower than that for an
equal concentration of Rn-222 in water.

D.1.2.1 Indoor Radon Concentration

To estimate radon concentrations in the air from radon-contaminated water in homes, C5", ey
RESRAD-OFFSITE assumes that the air-to-water concentration ratio is 1.0 x10- for Rn-222 as
shown in Equation D.19; for Rn-220, it calculates the ratio with Equation D.20:

Cluwater 3

W — -

a2z = 1.0 X 10 (D.19)
w

B 220 Avent+AR

inwater __ -3 vent n-—222

CRn-220 — 1.0 x 107> X (#) X F (D.20)

w vent T/ARn-220
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where F = the fraction of household water from the site (i.e., contamination fraction of household
water).

The indoor radon concentration calculated with Equation (D.19) or Equation (D.20) is attributed
to the waterborne or water-dependent component of the radon exposure pathway. It is added to
the radon concentration attributed to the airborne or water-independent component [calculated

with Eg. (D.16)] to determine the final indoor radon concentration.

D.1.2.2  Indoor Radon Progeny Concentrations

The indoor radon progeny concentration due to the use of radon-contaminated water, Cj;, ,ater
is calculated with Equation (D.21). This equation implies a steady state in the mass of a progeny
in the indoor air; in other words, the generation rate of the progeny due to radioactive decay of
the preceding progeny is equivalent to the depletion rate of the progeny due to radioactive
decay and due to the outflow of the indoor air:

n-1

AnC
n _ ntinwater _ .1 _ Rn-222 Rn-220
Cin,water T At Avent (fOT' n=234 Cin,water - Cin,water or Cin,water (D-Zl)

The indoor radon progeny concentration calculated with Equation (D.21) is attributed to the
waterborne or water-dependent component of the radon exposure pathway. It is added to the
radon progeny concentration attributed to the airborne or water-independent component
[calculated with Equation (D.18)] to determine the final indoor radon progeny concentration.

D.2 Offsite Radon Levels

For offsite locations, radon and radon progeny concentrations attributed to the water-
independent and water-dependent components of the radon exposure pathway are modeled
separately. The equations discussed in Sections D.1.2.1 and D.1.2.2 for indoor radon and radon
progeny concentrations due to water use are applied to model the water-dependent component.
For the water-independent component, the indoor and outdoor radon and radon progeny
concentrations are contributed not only from radon exhalation from the secondary contamination
source that forms at the offsite location, but also from radon exhalation from the primary
contamination source that is blown by wind to the offsite locations. Therefore, the equations
discussed in Sections D.1.1.1 through D.1.1.4 require modifications, as described in

Sections D.2.1 through D.2.5.

D.2.1 Radon Exhalation

At an offsite location (i.e., an agricultural area, a livestock feed growing area, or a dwelling
area), the modeling of radon diffusion is performed with the secondary soil contamination
formed at that area. Equation (D.4) provides the radon concentration profile in the pore space
(of soil or building foundation). Then the radon concentration gradient at either the interface
between the ground surface and the atmosphere or the interface between the floor (i.e., the
foundation surface) and the indoor air is calculated to obtain radon flux to the outdoor
atmosphere, /oyt offsites OF t0 the inside of the dwelling, Ji, offsite, according to Equation (D.1).
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D.2.2 Outdoor Radon Concentration

The average outdoor radon concentration contributed by radon exhalation from the secondary
contamination source, C&%, ¢ ,cona. is calculated with Equation (D.7), where Jou refers to Jouoftsite
and A refers to the offsite area of concern. The average outdoor radon concentration
contributed by radon exhalation from the primary contamination source, Cy gn offsiter IS
determined by the Gaussian plume dispersion modeling with an integration scheme, as detailed
in Appendix |. The Gaussian plume dispersion modeling involves the use of the radon
exhalation rate from the primary contamination, Jouofisie X A (Where A refers to the area of the
primary contamination); x/Q values for radon, obtained with a deposition velocity of 0 m/s; and
radioactive decay over the transport distance. The final outdoor radon concentration is the sum
of the contributions from both contamination sources:

R _ -
Cm;lt,offsite - Céi?t,second + Ca,Rn,offsite (D-22)

The restriction Equation (D.9) or (D.10) imposed on the onsite outdoor radon concentration
does not apply to limit the offsite outdoor radon concentration.

D.2.3 Outdoor Radon Progeny Concentrations

The outdoor radon progeny concentration at an offsite location is also modeled to result from
radon exhalation from the primary contamination source and the secondary contamination
source. The contribution from the secondary contamination source, Cg,¢ secona (n = 2,3, 0r 4), is
calculated with Equation (D.11), where Jou refers to Joutoiisite @and A refers to the offsite area of
concern. The contribution from the primary contamination source, Cy gn progeny noffsites like the
radon concentration, is determined by the Gaussian plume dispersion model with an integration
scheme, as detailed in Appendix |. Gaussian plume dispersion modeling involves the use of the
radon exhalation rate from the primary contamination, Jou,ofsite X A (Where A refers to the area of
the primary contamination); the x/Q values for the radon progeny, obtained with a deposition
velocity of 0 m/s for radon and radon progeny; and ingrowth of the radon progeny over the
transport distance. The final outdoor radon progeny concentration is the sum of the
contributions from both contamination sources:

n n
Cout,offsite - Cout,second + Ca,Rn progeny n,of fsite (D-23)

The restrictions Equations (D.12) and (D.13) imposed on the onsite outdoor Pb-212 and Bi-212
concentrations, respectively, do not apply to limit their concentrations at offsite locations.

D.2.4 Indoor Radon Concentration

The indoor radon concentration attributed to the water-independent component of the radon
exposure pathway at an offsite dwelling is calculated in the same manner as that at an onsite
dwelling, by using Equation (D.16), in which Ji, refers to Jinofisie and CR™, refers to the final

outdoor radon concentration, CX, calculated with Equation (D.22). Because Cyoy; o ffsice 1S

out,of fsite»
used to calculate the indoor radon concentration, the contribution of radon exhalation from the

primary contamination source is implicitly included.
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D.2.5 Indoor Radon Progeny Concentrations

The indoor radon progeny concentration attributed to the water-independent component of the
radon exposure pathway at an offsite dwelling is also calculated in the same manner as that at
an onsite dwelling, by using Equation (D.18), in which C2, (i.e., C™) refers to the indoor radon
concentration discussed in Section D.2.4 and CJ},; refers to the final outdoor radon progeny
concentration, Coy.orfsite: Calculated with Equation (D. 23). The inclusion of these two terms
implies the influence of radon exhalation from the primary contamination source on the offsite
indoor radon progeny concentration.

D.3 Intermediate Results for Radon Flux

The radon flux from the accumulation at offsite locations (i.e., the secondary contaminations) is
proportional to the activity concentration at each offsite location because the thickness of the
accumulation layer does not change over time. RESRAD-OFFSITE calculates and lists the
proportionality factor covering each offsite area for each radon precursor present at the primary
contamination. These are given in pCi of the radon isotope per square meter per second,
regardless of the units chosen in the interface for the input file. The proportionality factors are
listed in the first 6 to 12 lines of the output file, RadonFlux.OUT, depending on whether
precursors of one or both radon isotopes are present. The radon flux at each offsite area can be
obtained by multiplying the proportionality factor by the concentration of the radon isotope at
that same offsite location.

After the listing of the proportionality factors for offsite locations, there is a listing of the temporal
onsite outdoor and indoor radon fluxes. A temporal listing is necessary because the thicknesses
of the cover and the primary contamination can change over time due to erosion. The temporal
flux is listed for each transformation thread of each radon precursor.

Figure D-1 shows a sample of the RadonFlux.OUT file. In the listing, area 1 refers to a fruit,
grain, and nonleafy vegetable field, area 2 refers to a leafy vegetable field, area 3 refers to a
pasture and silage-growing field for livestock, area 4 refers to a grain-growing field for livestock,
and area 5 refers to a dwelling area.
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| RadonFlux.OUT - Notepad — (2] (.

File Edit Format View Help

| Outdoor flux 0.117198780 pCi Rn-222/mA2/s per pCi Ra-226/g in soil in area
outdoor flux 0.117198780 pCi Rn-222/mA2/s per pCi Ra-226/g in so0il in area
outdoor flux 0.117198780 pCi Rn-222/mA2/s per pCi Ra-226/g in soil in area
Outdoor flux 0.117198780 pCi Rn-222/mA2/s per pCi Ra-226/g in soil in area
Outdoor flux 0.117198780 pCi Rn-222/mA2/s per pCi Ra-226/g in soil in area
Indoor flux 6.80755079E-02 pCi Rn-222/mA2/s per pCi Ra-226/g in soil in area 5
Outdoor flux 35.5636520 pCi Rn-220/mA2/s per pCi Th-228/g in soil in area 1
Outdoor flux 35.5636520 pCi Rn-220/mA2/s per pCi Th-228/g in soil in area 2
outdoor flux 35.5636520 pCi Rn-220/mA2/s per pCi Th-228/g in soil in area 3
outdoor flux 35.5636520 pCi Rn-220/mA2/s per pCi Th-228/g in soil in area 4
outdoor flux 35.5636520 pCi Rn-220/mA2/s  per pCi Th-228/g in soil in area 5
Indoor flux 0.00000000E+00 pCi Rn-220/mA2/s per pCi Th-228/g in soil in area 5
Flux of Rn-222 pCi/mA2/s from initally present Ra-226

Time(years) outdoor Indoor

.00000000E+00 2006.67395 390.029755

. 500000000 2003.86047 389.482788

. 00000000 2001.05115 388.936829

. 50000000 1996.24512 388.392853

. 00000000 1995.44067 387.847809

.30000000 1992.63977 387.302124

. 00000000 1989.84326 386.760345

. 50000000 1987.05383 386.217560

. 00000000 1984.26477 385.674957

1| »

W

PWWMNMNEROOD

h

b

Figure D-1 Sample Radon Flux Output in RadonFlux.QUT

D.4 Dosimetry for Radon Exposures

Radon that is breathed into the lungs as a noble gas is mostly breathed out before it can decay.
The hazard from radon arises from its progeny, which are not gaseous. When they are inhaled,
they deposit on the interior surfaces of the lung. Figures D.2 and D.3 show the primary decay
schemes of Rn-222 and Rn-220, respectively. The physical properties of Rn-220 and its
progeny, and consequently their behavior in the atmosphere, are almost the same as those of
Rn-222 and its progeny. The first four decay progeny of Rn-222—P0-218, Pb-214, Bi-214, and
Po-214 (or RaA, RaB, RaC, and RaC', respectively)—have half-lives that are very short
compared with the 22 years of Pb-210 (RaD). Under most circumstances, only these short-lived
alpha-emitting nuclides have health consequences. The half-life of Rn-220 is 55.6 seconds; it
decays via P0o-216 with a half-life of 0.15 seconds to Pb-212 with a half-life of 10.64 hours.
Thus, in general, levels of Pb-212 will reflect concentrations of Rn-220 in the air. Once radon
decays, the decay products become solids with electrical charges because of the decay
process. In the air, most of the charged atoms rapidly attach to aerosol particles. Because the
fraction of ions that do not attach is particularly important to the radon dosimetry, it has been
given a special designation, that is, the unattached fraction f.
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226 Ry

1,600 yr
a (4.60,4.78)
222Rn (Rn)
3.82d
a (5.49)
218 Po 214pg
(RaA) (RaC’)
3.05m b (3.27, 1.54, 1.58) 164 ms
210Bj
a (6.00) a (7.69) b (1.16) a (5.30)
214pp 210pp 206 pp
(RaB) b (0.67,0.73, 1.02) (RaD) b (0.02, 0.06)
26.80m 22.26 yr Stable

CYA4T08

Figure D-2 Decay Scheme of Rn-222 (including its long-lived parent Ra-226)
(Source: Kocher 1981)

The radiation dose from inhalation of radon and its progeny depends on the emitted alpha
energies and radioactivities, the various lung tissues in which they are retained, and the period
of time they are retained. Inhalation of radon, or more specifically radon progeny, leads to the
retention of radioactive atoms on the mucus layer covering the respiratory system, especially in
the bronchial region of the lung. The short-lived radon progeny, which consist of various
isotopes of polonium, lead, and bismuth, emit high-energy alpha particles and irradiate the cells
of the lung tissue. These irradiated cells may become cancerous. The rate of lung cancer
induction depends on the rate of retention of the radon progeny atoms in various parts of the
lungs. This, in turn, depends on many factors, including the concentrations of radon and its
progeny in the air, the fraction of the progeny that attach to dust particles, the sizes of the dust
particles, and the breathing rate. Given data for these factors and an adequate model of the
lungs’ dynamics, it is possible to calculate the radiation dose. A number of complicated lung
models have been developed to calculate the dose from inhalation of radon and its progeny
(ICRP 1979, 1980, 1981, 1982; Jacobi and Eisfeld 1980; James et al. 1980; Harley and
Pasternack 1982). Although calculated results from these models are not in complete
agreement, they are close enough to permit reasonably good estimates of the radiation dose to
the lung from radon and its progeny (National Research Council 1988).
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228Th

1.91 yr
a (5.42, 5.34)
224Ra
3.62d
a (5.69, 5.45)
220Rn (Tn)
5561s
a (6.29)
216 p,, 212p,
(ThA) (ThC")
0.146's 64%) 2.98x107s
212Bi (ThC)
a (6.78) b (2.25, 1.52,0.63) | a (8.78)
60.55 m
212Pb 26% ZDBPb
(ThB) a (6.05)
10.64 hr |Pb (0.33, 0.57,0.16) 2 (6.09) Stable
ZDBT!
(ThC")

b (1.79, 1.28, 1.52)

3.05m CYA4TO9

Figure D-3 Decay Scheme of Rn-220 (including its long-
lived parent Th-228) (Source: Kocher 1981)

D.4.1 Working Levels

The working level (WL) was first introduced in 1957 (Holaday et al. 1957) as a convenient one-
parameter measure of the concentration of radon decay products in uranium mine air that can
be used as a measure of exposure. Since then, WL has become a convention for measuring the
concentration of radon progeny. The WL is defined as any combination of short-lived radon
progeny in 1 L of air that results in the ultimate release of 1.3 x 10°> MeV of potential alpha
energy. Only the short-lived progeny are included in the definition of the WL because they
contribute most of the dose to the lungs. The dose due to radon itself is minimal. For the same
amount of activity inhaled, the Rn-222 progeny mixture would result in a dose about 40 to

100 times higher than the dose from Rn-222 alone, and the Rn-220 progeny mixture (Pb-212
and Bi-212) would result in a dose about 60 to 400 times higher than that from Rn-220 alone
(ICRP 1981). Based on the definition of WL and when alpha energy is used for the different
Rn-222 progeny, the WL value for an atmosphere containing a mixture of radon progeny can be
evaluated as follows:
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WLgn_s22 = 1.03 X 10764 + 5.07 X 10758 + 3.73 x 107C (D.24)

where A, B, and C represent the individual concentrations of Po-218, Pb-214, and Bi-214,
respectively, in units of pCi/m3. Similarly, for Rn-220 progeny, the WL value can be evaluated as
follows:

WLan—220 = 948 X 107104’ + 1.23 X 10™*B’ + 1.17 X 10~5C’ (D.25)

where A', B', and C'represent the individual concentrations of Po-216, Pb-212, and Bi-212,
respectively, in units of pCi/m3.

RESRAD-OFFSITE uses Equations (D.24) and (D.25) to calculate the WL for Rn-222 and
Rn-220, respectively. To calculate WLs using these equations, the radon progeny
concentrations in the air must be determined first.

D.4.2 Working Level Months

In RESRAD-OFFSITE, the radiation dose from radon and its progeny is calculated using the
accumulated exposure in terms of working level month (WLM). WLM is a cumulative exposure
unit historically applied to uranium miners and now defined as the product of WL and the
duration of exposure, normalized to a 170-hour working month exposure (ICRP 1981, 1986).
This unit was introduced so that both the duration and level of exposure could be taken into
account.

D.4.3 WLM to Radiation Dose Conversion

To convert WLM or the total cumulative potential alpha energy of radon progeny deposited in
the lungs to the CEDE, the ICRP recommendation was adopted in RESRAD-OFFSITE.
According to ICRP Publications 32 and 47 (ICRP 1981, 1986), for workers in uranium and other
mines, the recommended dosimetric conversion factors are 10 mSv/WLM (1,000 mrem/WLM)
for Rn-222 progeny and 3.5 mSv/WLM (350 mrem/WLM) for Rn-220 progeny. Because the
exposure for the general population is continuous and this group’s breathing rate is lower and
shallower than that of miners, the conversion factors for workers must be adjusted for the
general population. For the adjustment, the National Research Council introduced a proportional
factor K in its Biological Effects of lonizing Radiations (BEIR) IV report (National Research
Council 1988) and derived its value for different bronchial cells and different sex and age groups
in a later study (National Research Council 1991). Table D-1 presents the K factors derived by
the National Research Council. For the range of exposure scenarios as well as sex and age
groups considered, most values of K were less than unity. Thus, it can be concluded that the
delivered bronchial dose per WLM exposure is less for the general population in a home than
for workers in a mine.

The conversion of WLM to radiation dose in RESRAD-OFFSITE depends on the internal dose
conversion factors selected for use in calculations, as shown in Table D-2. The following
considerations determine the conversion factors used when the ICRP Publication 26
methodology-based DCFs are selected: (1) To be consistent with the ICRP dosimetric model for
the reference man approach, a K factor of 0.76 is used for Rn-222 progeny indoors.

(2) Ventilation in an outdoor environment is higher than in an indoor environment (i.e., the effect
of wind); the unattached fraction is higher (15% outdoors versus 8% indoors); the particle size is
larger (0.25 pm in activity median aerodynamic diameter (AMAD) outdoors versus 0.15 pm
AMAD indoors), and the breathing rate is higher (21 L/min outdoors versus 12.5 L/min indoors),
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and thereby a K factor of 0.57 is used for Rn-222 progeny outdoors. (3) The ratio of the
inhalation rate for miners to the inhalation rate for an average person in a home (30 versus
12.5 L/min) is more appropriate for converting indoor Rn-220 exposure, because the dose from
Rn-220 progeny is determined principally by the behavior of Pb-212; for Pb-212 that is inhaled,
a considerable fraction is transferred to blood and other organs or tissues, which renders the

K factor (derived solely for the lung dose) inappropriate for use to estimate the radiation dose.
(4) The ratio of the inhalation rate for miners to the inhalation rate for an average person
outdoors (30 versus 21 L/min) is used to approximate the outdoor Rn-220 exposure to a
radiation dose.

Table D-1 Summary of K Factors for Bronchial
Dose Calculated for the General
Public Relative to Underground

Miners
K Factor
Basal Secretory
Subject Category Cells Cells
Infant, age 1 mo. 0.64 0.74
Child, age 1 yr 0.87 1.00
Child, age 5-10 yr 0.72 0.83
Female 0.62 0.72
Male 0.69 0.76

Source: National Research Council (1991).

Table D-2 Radiation Dose Conversion Factors Used for
Radon Exposures in RESRAD-OFFSITE

ICRP-60-Based

ICRP-26-Based DCFs DCFs
Radon Indoor Outdoor Indoor and Outdoor
Isotope  (mrem/WLM) (mrem/WLM) (mrem/WLM)
Rn-222 760 570 388
Rn-220 150 250 188

When the ICRP Publication 60 methodology-based DCFs are selected for use in RESRAD-
OFFSITE calculations, the conversion factors are 388 mrem/WLM for Rn-222 exposures and
188 mrem/WLM for Rn-220 exposures. The conversion of Rn-222 exposure is based on
epidemiological determinations, by dividing the nominal mortality probability coefficient of 8 x 10-
5/(mJ/m3 xh) where the denominator refers to the equilibrium equivalent concentration (EEC) of
the radon progeny, by the coefficient of 7.3 x 10-5/mSv relating the detriment per unit effective
dose for the public (ICRP 1991), which results in 1.10 mSv/(mJ/m?2 x h) or 388 mrem/WLM
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(ICRP 1993). This conversion factor corresponds to 6 nSv/(Bg/m? x h) and is different by a
factor of 2.5 from the central value [15 nSv/(Bg/m? x h)] derived using the dosimetric approach
(UNSCEAR 2000). According to UNSCEAR (2000), Annex B, updated and additional
epidemiological studies performed after the calculations made in ICRP (1993) suggest an
increased radon risk per unit exposure. Therefore, an increase in the epidemiologically based
dose conversion factor is anticipated. As such, UNSCEAR (2000) believes that the dose
conversion factor of 9 nSv/(Bg/m? x h), equivalent to 582 mrem/WLM), which was calculated in
previous reports (UNSCEAR 1988, 1993), is still appropriate.

There are no epidemiological data for lung cancer risk from Rn-220 exposures; therefore, it is
impossible to derive an epidemiologically based dose conversion factor. UNSCEAR (2000)
believes that the value of 40 nSv/(Bg/m?3 x h), based on the equilibrium equivalent concentration
of thoron, is appropriate for evaluating the exposures to Rn-220 both indoors and outdoors; this
corresponds to 188 mrem/WLM as used in RESRAD-OFFSITE calculations.

D.5 Cancer Risk for Radon Exposures

Potential cancer risk associated with the radon exposure pathway is evaluated by RESRAD-
OFFSITE in the same way as that associated with the inhalation exposure pathway: by using
the indoor and outdoor radon and radon progeny concentrations, the time spent indoors and
outdoors, the exposure duration, and the slope factors for radon and radon progeny.
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APPENDIX E:
EXPOSURE FROM INGESTION

The releases from and the concentrations in the primary contamination, the transfers across the
boundaries between environmental media and between different zones within a medium, the
concentrations in the media, the radiological dose and the excess cancer risk are all computed
at a sequence of times distributed over the time horizon. These times are referred to as the
calculation times. The dose and the risk output from the code are time-integrated values, not
instantaneous rates. The relationships between these times are discussed in Section E.1. The
time integration is described in Section E.2.

The instantaneous rate of dose or risk from internal exposure is the product of the rate of intake
of radionuclides and the dose coefficient or the slope factor (Section E.5). The rate of intake of
the radionuclide from ingesting a contaminated food or drink is the product of the rate of
ingestion of the food or drink and the concentration of the radionuclide in the food or drink at the
time of ingestion. The food or drink are not always consumed immediately upon harvest or
extraction. They are typically stored for a period before they are ingested. The code models the
radiological transformations that take place during the period of storage, as described in
Section E.3.

The dose coefficients and the slope factors (for risk) for each radionuclide are obtained from the
specified library. As mentioned in Section A.1, to reduce the computation time, the code
generates all the transformation threads of a radionuclide and condenses the threads with the
same sequence of principal radionuclides into a single condensed thread. The internal exposure
dose coefficients and the internal exposure slope factors of the associated progeny
radionuclides are added to those of their principal parent radionuclide after applying the
appropriate branching factors. Section E.4 describes condensing the thread and adding the
appropriate fractions of the internal exposure dose coefficients or internal exposure slope
factors of the associated progeny to those of their principal parent radionuclide.

The time integrated dose and the time integrated risk due to the progeny that grew from the
radiological transformations of a radionuclide that was initially present in the primary
contamination are attributed to that parent radionuclide in the deterministic and probabilistic
plots. This is described in Section E.6. The time integrated dose and the time integrated risk are
reported in two ways in the text report: attributed to the initially present parent as in the case of
the plots, or attributed to the progeny that was ingested regardless of progeny’s origin.

E.1 Evaluation Time Horizon, Exposure Durations, Calculation Times and
Reporting Times

The dose computed by the code is a time integrated quantity and not an instantaneous rate; it is
the committed dose due to intake of or the dose from exposure to radionuclides over a period of
1 year.

t+1

Dry() = f Dyate(D)dz (E.1)
t
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where
Dy;(t) = time integrated dose due to intake or exposure betweentime tto t + 1,
Dose in a year,
D,qte(T) = instantaneous dose rate due to intake or exposure at time 7, Dose/year.

The risk computed by the code is a time integrated quantity and not an instantaneous rate; it is
the risk over a user-specified exposure duration.

t+Tedr

Res(6) = j Ryate(D)dt (E2)

t

where
Ry (t) = time integrated risk due to intake or exposure between time t to t + T4,
R,q4te(T) = instantaneous risk rate due to intake or exposure at time t,
T.4r = time period over which the rate of risk is to be integrated (year).

The code performs all its calculations at a sequence of time points over the evaluation time
horizon. The evaluation time horizon is the time period over which the code is to perform
calculations.

Thorizon = T;Zggrt + Tear (E.3)

where
Thorizon, = time horizon over which the code is to perform calculations (year),
Tiepore = largest of the times at which the dose or risk is to be reported in the text
report (year),
T.qr = 1 = time period over which the instantaneous rate of risk is to be integrated to
determine the time integrated risk (year).

As mentioned in most of the appendices, the code assumes that the releases, the transfers
across boundaries, and the concentrations vary linearly between the values computed at the
calculation time points. The instantaneous dose rates and risk rates are also assumed to vary
linearly between the calculation time points. The number of time points specified must be
sufficient to capture the temporal variation, under this assumption of linear variation, of the
releases, transfers, and concentrations in order to compute the dose or risk to the desired
precision. While the code provides choices of the powers of 2 ranging from 32 to 16384 and
also 22000, the user can type in any desired number. The sequence of calculation time points
under the linear spacing option, the efficient and strongly suggested spacing option for
RESRAD-OFFSITE, is:

T, .
ta(l) = 7 (E-4)
times
where,
te(1) = 1™ non-zero calculation time (year),
Niimes = number of calculation time points, excluding O year.
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E.2 Time Integration

The integration over time is performed numerically utilizing the trapezoidal formula on the rates
at the beginning of the time period, at the end of the time period, and the rates at any calculation
times that fall between those two times. If the end of the time period does not coincide with a
calculation time point, the rate at that time is found by linear interpolation using the rates at the
two adjacent calculation time points surrounding that time. If the exposure duration extends
beyond the time horizon, the rate at the time horizon is assumed to apply until the end of the
exposure duration. This is expressed mathematically by the following equations.

{Qrate [tcl(l - 1)] + Qrate [tcl(l)]}[tcl(l) - tcl(l - 1)]

2
t<to(D<t+teq (E.5)

+ {Qrate [tcl(llast)] + Qrate (t + ted)}[t + ted - tcl(llast)]
2

Qr(t) =

where,
Q7;(t) = time integrated dose or risk at calculation time t (year),
Qratelts (D] = instantaneous dose or risk rate at t; (1),
time period over which the instantaneous rate is to be integrated
(year),
t.q = 1, if the dose rate is being integrated,
teq = Te.qr if the risk rate is being integrated,
liase = largest value of [ that satisfies t,;(I) <t + t.q,
Qrate(t + toq) = instantaneous rate at the end of the time integration period,

Q (t +t ) — Qrate[tcl(llast)][tcl(llast+1)_t_ted]+Qrate[tcl(llast+1)][t+ted_tcl(llast)]
rate ed [tcl(llast"'l)_tcl(llast)]

if tcl (Ntimes) =t +_ tedv
Qrate (t + ted) = Qrate [tcl (Ntimes)]a if tcl (Ntimes) <t+ ted-

ted

E.3 Concentration in the Media at the Time of Use

The food products including milk, water, and livestock feed are not always consumed
immediately upon harvest or extraction. They are typically stored for a period of time before they
are ingested. Water extracted for irrigation is assumed to be stored for the same duration as the
water extracted for use in the house and to water livestock.

tharvest(l) = tcl(l) — tstorage (E-6)

where,

tharvest (1) = time of harvest or extraction of the product that is to be consumed at the
[ calculation time (year),
[!" calculation time, the time of consumption or use (year),
time period for which the product is stored after harvest or extraction
before it is consumed or used (year).

tcl(l)

tstorage

The code models the radiological transformations that take place in the food during the time
period of storage. The harvest time will not necessarily coincide with any of the calculation time
points. The concentration in the consumable at the time of harvest is needed to compute the
ingrowth and decay over the storage time. In general, in a departure from its assumption of
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linear variation of the calculated quantities between calculation time points, the code uses the
concentrations at the three calculation times closest to the time of harvest to perform a
guadratic interpolation for the concentration at the time of harvest. The first of the three
exceptions to the quadratic interpolation is that the concentration at time O is used as the
harvest time concentration when the harvest time is before 0 years. The other two exceptions
are when the harvest time falls either in first half of the time interval from 0 years to the first
calculation time or and in the second half of the time interval between the last two calculation
times; a linear interpolation is used in both cases.

The ingrowth and decay over the storage time is then computed using the Bateman equations,

i
Cistor(t) — Z Bllce—/lkt (E.7)
k=1

k

, B . j i .
with B} = cfevest, Bf = A forall0 <k <j<iandB = charvest _ 30 BF forall 1 <j <
j~ 'k

stor e iy
i, which is the solution to the equation de _® 4 A, cfto(6) = 2;¢8197 (¢) with initial conditions of

L
N dt
stor — arvest
" (0) = ¢ .

where
c’t°"(t) = concentration of radionuclide i in the food at time ¢ since harvest or
extraction (Activity/kg or Activity/L),
A; = transformation constant for radionuclide i (1/year),
B{"' = represents the dimensionless coefficients,
harvest = concentration of radionuclide i at the time of harvest or extraction
(Activity/kg or Activity/L),
i,j,k = radionuclide indices that satisfy the relevant conditions specified above.

C

E.4 Internal Dose Coefficients and Slope Factors for Principal Radionuclides

As mentioned in Section A.1, the code has two radiological transformations databases, one
based on ICRP 107 and the other based on ICRP 38. Regardless of which transformation
database is chosen, the code does the following for each radionuclide chosen for analysis:

1. Generates a list of all the transformation threads with the fraction of the chosen
radionuclide that transforms according to each thread, termed the thread fraction,
and the radionuclides in each transformation thread in order;

2. Uses the specified cutoff half-life to represent each transformation thread using
only those radionuclides with half-lives greater than the specified cutoff, termed
principal radionuclides in RESRAD-OFFSITE;

3. Combines the threads that are identical in their principal radionuclide
representation to form a condensed thread;

4. Assigns the radionuclides with half-lives less than or equal to the cutoff, termed

associated radionuclides in RESRAD-OFFSITE, to the principal radionuclide that
immediately preceded them, at the appropriate fraction;
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5. Computes the dose coefficients and the slope factors for internal exposure for
each representation of the principal radionuclide, adding the dose coefficients
and slope factors of the associated progeny at the appropriate fraction.

This process is illustrated for three of four progressively more complex examples. The most
complex of the four examples is outlined with directions on where to find the information that is
not presented here. The file inputfilename.CHN contains the information on steps 1 through 4;
the dose coefficients and slope factors for the individual radionuclides for step 5 can be viewed
in the dose conversion factor Editor (DCF Editor), while the results of step 5 are in the parent
dose report and in the risk report.

E.4.1 2Pb under the ICRP-38 Transformation Database

The 21°Pb(22.3y) transforms to 2!°Bi(0.01372y) which transforms to ?1°Po(0.3789y) which
transforms to the stable isotope 2°°Pb. When using a 30-day (0.082136y) cutoff half-life with the
ICRP-72 (adult) internal exposure library and the FGR-13 morbidity risk library, the five steps
above yield:

thread 1, fraction = 1.0000, thread 21°Pb, 210Bj, 210P;

thread 1, fraction = 1.0000, thread 21°Pb, 219Po;

condensed thread 1, fraction = 1.0000, condensed thread 21°Pb+D, 21°Po;
210ph+D = 210Ph + 1.0000 219Bj;

Dose coefficient, in mSv/Bq, for:

ingestion 210Pb +D = 6.9 107 + 1.0 X 1.3 107° = 6.913 107*,

inhalation 210Pb +D =5.6 1073 4+ 1.0 Xx 9.3 10~° = 5.693 1073.

Slope factor, in risk/Bq, for:

ingestion of food 210Pb +D = 3.189 1078 + 1.0 x 3.514 1071% = 3.22 1078,
ingestion of water 210Pb +D = 2.381 1078 + 1.0 x 2.411 1079 = 2.41 1078,
ingestion of soil 210Pb +D = 3.189 1078 + 1.0 x 3.514 10719 = 3.22 1078,
inhalation 22°Ph +D = 4.27 1077 + 1.0 x 1.23 1078 = 4.3931077.

arwpdE

The dose coefficients and slope factors of the individual radionuclides were read from the dose
factor editor. The composite dose coefficients and slope factors for the principal radionuclides
with the associated progeny are from the text reports. The dose factor editor displays the data to
a lower precision than to which it transfers the data to the interface. This accounts for the
difference in the least significant digits that are computed from the expression above and the
results shown, which are from the text reports.

E.4.2 2°pp ynder the ICRP-107 Transformation Database

1.9 10°® of the ?19Pb(22.2y) transforms to 2°°Hg(1.55 10 y) while the remainder transforms to
210Bj(0.01372y). 1.32 10°° of the ?'9Bi transforms to 2°6TI(7.985 10 y) while the remainder
transforms to 21°Po(0.3789y). All of the 2°6Hg transforms to 2%6TI. All of the 2°6T| transforms to
stable isotope 2%Pb. All of the ?1°Po transforms to the stable isotope 2°6Pb. When using a 30-day
(0.082136y) cutoff half-life with the DCFPAK3.02 (adult) internal exposure library and the
DCFPAK3.02 morbidity risk library, the five steps above vyield:

1. thread 1, fraction = 1.0000, 219Pp, 210Bj, 210pPQ,
thread 2, fraction = 1.32 106, 210pp, 210Bj, 206T]|,
thread 3, fraction = 1.9 108, 21°Pb, 206Hg, 206T;



2. thread 1, fraction = 1.0000, 21°Pb, 210Pq,
thread 2, fraction = 1.32 10, 210pPp,
thread 3, fraction = 1.9 108, 219pPp;

3. condensed thread 1, fraction = 1.0000, 21°Pb+D, 210Po,
condensed thread 2, fraction = 1.339 10, 210Pp+D1;

4. 2%pp+D = 21%Ph + 1.0000 21%Bi,
219Pp+D1 = 21%Pp + 1.32/1.339 219Bj + 0.019/1.339 2°°Hg + 1.0000 2°¢Tl;

5. Dose coefficient, in mSv/Bq, for:

ingestion 21°Pb +D = 6.96 10™* + 1.0 X 1.31 107% = 6.973 1074,

ingestion 21°Pbh +D1 = 6.96 10~* + 0.98581 x 1.31 107° + 0.01419 X 0 + 1.0 X 0 =
6.972 1074,

inhalation 22°Pb +D = 5.614 1073 + 1.0 X 1.33 10™* = 5.746 1073,

inhalation 22°Pb +D1 = 5.614 1073 + 0.98581 x 1.33 10~* + 0.01419 x 0 +
1.0 X 0 = 5.745 1073,

Slope factor, in risk/Bq, for:

ingestion of food 21°Pb +D = 3.178 1078 + 1.0 X 3.519 1071% = 3.21 1078,

ingestion of food 2:°Pb +D1 = 3.178 1078 + 0.98581 x 3.519 10~ 1% +
0.01419 x 0+ 1.0 x 0 = 3.21 1078;

ingestion of water 21°Pb +D = 2.39 1078 + 1.0 x 2.41 1071 = 2.41 1078,

ingestion of water 2°Pb +D1 = 2.39 1078 + 0.98581 x 2.41 1071° + 0.01419 x 0 +
1.0x0=2411078;

ingestion of soil 2°Pb +D =3.178 1078 + 1.0 X 3.519 10719 = 3.21 1078,

ingestion of soil 2°Pb +D1 = 3.178 1078 + 0.98581 x 3.519 107 1% + 0.01419 x 0 +
1.0x 0=3.211078;

inhalation 22°Pb +D = 4.289 1077 + 1.0 X 1.23 1078 = 4.411077;

inhalation 22°Pb +D1 = 4.289 107 + 0.98581 x 1.23 1078 + 0.01419 x 0 +
1.0x 0= 441107"7.

The dose coefficients and slope factors of the individual radionuclides were read from the dose
factor editor. The composite dose coefficients and slope factors for the principal radionuclides
with the associated progeny are from the text reports. The dose factor editor displays the data to
a lower precision than at which it transfers the data to the interface. This accounts for the
difference in the least significant figures that are computed from the expression above and the
results shown, which are from the text reports.

While the preceding two examples illustrate the process of condensing the threads and
determining the appropriate fractions of the progeny associated with their principal radionuclide,
they do not illustrate the significant reduction in the number of threads and the consequent
reduction in the run time due to the condensing of the threads; the next two example do.

E.4.3 2?’Ac under the ICRP-107 Transformation Database
The transformation scheme for 22?Ac is shown in Figure E-1. When using a 30-day (0.082136y)
cutoff half-life with the DCFPAK3.02 (adult) internal exposure library and the DCFPAK3.02

morbidity risk library, the five steps above condense the six thread to one. As seen in step 5, the
short-lived progeny make an appreciable contribution to the dose and risk from 22’Ac.
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T# 1, f = 9.8348 101 227Ac, 227Th, 223Ra, 219Rn, 215P, 211Ph, 211Bj, 207T],
T# 2, f = 2.7219 10 27Ac, 22'Th, 22Ra, 219Rn, 215Po, 211Pb, 211Bj, 211pg,
T# 3, f = 1.3761 102 227Ac, 22%Fr, 23Ra, 219Rn, 215Po, 211Ph, 211Bj, 207T],
T# 4, f = 3.8086 10 27Ac, 22%Fr, 23Ra, 219Rn, 215Po, 211Ph, 211Bj, 211Pg,
T#5, f = 8.2571 107 227Ac, 22%Fr, 219 At, 215Bj, 215P, 211Ph, 211Bj, 207T],
T# 6, f = 2.2853 10 227Ac, 22%Fr, 219 At, 215Bj, 215P0, 211Ph, 211Bj, 211Po);

T# 1, f=9.8348 10 2?7Ac,
T# 2, f=2.7219 103 2?7Ac,
T# 3, f=1.3761 102 227Ac,
T# 4, f = 3.8086 10 227Ac,
T#5, f=8.2571 107 2?’Ac,
T# 6, f = 2.2853 10° 227Ac;

condensed thread 1, fraction = 1.0000, 227 Ac+D:;

221Ac+D = 227Ac + 9.8620 101 227Th + 223Ra + 219Rn + 215Pg + 211Ph + 211Bj +
9.9724 101 207T| + 2.7600 107 211Po + 1.3800 102 22Fr + 8.2800 107 219At +
8.2800 107 215Bj;

Dose coefficient, in mSv/Bq, for:

ingestion 227Ac+D = 3.22107%* + 9.86201071 x9.11107® + 1.0310°*+ 0+ 0 +
1.781077+ 0+9.97241071 x 0+ 2761073 x 0 + 1.381072 x 2.3810°° +
8281077 x 0+ 8281077 x0 =4.341107%,

inhalation 227Ac+D 1.557 107! + 9.8620 10~ ! x 1.036 1072 + 8.662 1073 + 0 +
0+ 12021075+ 0+9.972410" ' x 0+ 2.76 1073 x 0+ 1.381072 x
1.214107°> + 8281077 x 0 + 8.281077 x 0 = 1.746 10~ 1.

Slope factor, in risk/Bq for:

ingestion of food 22’Ac+D = 6.63 107° + 9.8620 107! x 1.9107° +9.149 107 +
0+0+15710711 +0+9.972410"1 x 0+ 2.76 1073 x 0 +
1.38107%2 x 2.731071°+ 8281077 x0+ 8.281077 x0 = 1.77 1078,

ingestion of water 5.43 107 + 9.8620 107! x 1.3107° + 6.441107°+ 0+ 0 +
111107 +0+9.9724 1071 x 0+ 2.76 1073 x 0 + 1.381072 x
1.991071° + 8281077 x 0+ 8281077 x0 =1.321078,

ingestion of soil 227Ac+D = 6.63 107° + 9.8620 1071 x 1.9 107° + 9.149 107° +
0+0+ 15710711 +0+4+9.972410"1 x 0+ 2.76 1073 x 0 +
1381072 x 2.731071°+ 8281077 x 0+ 8.281077 x0 = 1.77 1078,

inhalation 227Ac+D = 4.041 107° + 9.8620 107! X 9.459 1077 + 7.889 1077 + 0 +
0+ 1.09107°+0+9.9724107 1 x 0+ 2.76 1073 x 0+ 1.381072 x
1.1107° + 8281077 x 0+ 8281077 x 0 =5.76 10°.
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Figure E-1 ICRP-107 Transformation Chain for 22’Ac for Cutoff Half-Life of 30 Days

E.4.4 2%°Ra under the ICRP-107 Transformation Database

The transformation scheme for ?26Ra is shown in Figure E-2. The inputfilename.CHN file that is
produced by the code in the same directory as the input file, inputfilename.ROF, has 15 threads
for 22Ra when using a 30-day (0.082136y) cutoff half-life with the ICRP-107 transformation
data. That file also shows that these 15 threads are condensed to two (2) threads. The two
threads are 226Ra+D, 219Pb+D, 21%Po, with a thread fraction of 1 and 226Ra+D, 219Pb+D1 with a
thread fraction of 1.339 106. The dose coefficients and slope factors for the individual
radionuclides for step 5 can be viewed in the dose Conversion Factor Editor (DCF Editor), while
the results of step 5 are in the parent dose report and the risk report.
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Figure E-2 ICRP-107 Transformation Chain for ?°Ra for Cutoff Half-Life of 30 Days

E.5 Instantaneous Dose Rate and the Instantaneous Excess Cancer Risk Rate

The instantaneous dose rate due to the ingestion of food and drink are the product of the dose
factor for ingestion and the rate of intake of the radionuclide.

The instantaneous dose rate from the ingestion of vegetables is computed using the expression

P mg
Drate m( DC Z fp gplm(t) (E.8)
vegetables
where
Dfatel (t) = instantaneous dose rate due to ingestion of vegetables containing

radionuclide i in thread m of initially present radionuclide pa at time t
(Doselyear),

DCii"T‘;lg = dose coefficient for ingestion, of the principal radionuclide i in thread m of

initially present radionuclide pa and the appropriate fractions of the dose
coefficients of the associated progeny (Dose/Activity),
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fp = fraction of vegetables from the site that are consumed by the individual,
Rf’ng = rate of ingestion of vegetables consumed by the individual (kg/year),
pim(t) = concentration of radionuclide i, in thread m of initially present

radionuclide pa, in the vegetables from the site consumed at time t
(Activity/kg).

The instantaneous excess cancer risk rate from the ingestion of vegetables is computed using
the expression

ratelm(t) = SFlf Z fPngplm(t) (E.9)

vegetables

where

instantaneous excess cancer risk rate due to ingestion of vegetables
containing radionuclide i, in thread m of initially present radionuclide pa,
at time t (1/year),

SF" = excess cancer slope factor for the ingestion of food, of the principal

Lm
radionuclide i, in thread m of initially present radionuclide pa, and the
appropriate fractions of the slope factors of the associated progeny
(1/Activity).

b
Rrate im (t)

Similarly, the instantaneous dose rate from the ingestion of meat or milk is computed using the
expression

Dltte; () = DY frn RER 1y (6) (E.10)
where
Drate; , (t) = instantaneous dose rate due to ingestion of meat or milk containing
radionuclide i, in thread m of initially present radionuclide pa, at time t
(Doselyear),
fm = fraction of meat or milk from the site that is consumed by the individual,
ng = rate of ingestion of meat or milk by the individual (kg/year or L/year),
m; ,(t) = concentration of radionuclide i, in thread m of initially present

radionuclide pa, in the meat or in the milk from the site consumed at time
t (Activity/kg or Activity/L).

Similarly, the instantaneous excess cancer risk rate from the ingestion of meat and milk is
computed using the expression

ratelm(t) = SFlffm Lngmi,m(t) (Ell)

where
mtelm(t) = instantaneous excess cancer risk rate due to ingestion of meat or milk

containing radionuclide i, in thread m of initially present radionuclide pa,
at time t (1/year).
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Likewise, the instantaneous dose rate from the ingestion of aquatic food is computed using the
expression

DAL O =DCHS N fogpREY agfim(® E.12)

aquatic foods

p* (t) = instantaneous dose rate due to ingestion of aquatic food containing

radionuclide i, in thread m of initially present radionuclide pa, at time t
(Doselyear),
faqr = fraction of aquatic food from the site that is consumed by the individual,

R¥ = rate of ingestion of aquatic food by the individual (kg/year),

ing

aqf;m(t) = concentration of radionuclide i, in thread m of initially present
radionuclide pa, in the aquatic food from the site consumed at time ¢t
(Activity/kg).

Likewise, the instantaneous excess cancer risk rate from the ingestion of aquatic food is
computed using the expression

R @ =SFS > faqrREY aafim(®) £.13

aquatic foods

where
RS (t) = instantaneous excess cancer risk rate due to ingestion of aquatic food

ratel
containing radionuclide i, in thread m of initially present radionuclide pa,
at time t (1/year).

The instantaneous dose rate from the ingestion of water is computed using the expression,
Drate; ,,(£) = DC; I RY S L wwi (8 + fisswim (8] (E.14)

where
Drate; ,(t) = instantaneous dose rate due to ingestion of water containing radionuclide

i, in thread m of initially present radionuclide pa, at time t (Dosel/year),

Ring = rate of ingestion of water by the individual (L/year),
W = fraction of water consumed by the individual that is from the well at the
site,

ww; ,(t) = concentration of radionuclide i, in thread m of initially present
radionuclide pa, in the water from the well at the site consumed at time ¢t
(Activity/L),

fis = fraction of water consumed by the individual that is from the surface

water body at the site,

sw;m(t) = concentration of radionuclide i, in thread m of initially present
radionuclide pa, in the water from the surface water body at the site
consumed at time t (Activity/L).
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The instantaneous excess cancer risk rate from the ingestion of water is computed using the
expression

R¥re i m () = SEim R [fl wwi i (8) + £ 5wy (D)] (E.15)

where

(t) = instantaneous excess cancer risk rate due to ingestion of water
containing radionuclide i, in thread m of initially present radionuclide pa,
at time t (1/year),

SFii_'T“nV = excess cancer slope factor for the ingestion of water, of the principal
radionuclide i, in thread m of initially present radionuclide pa, and the
appropriate fractions of the slope factors of the associated progeny
(1/Activity).

w
Rrate im

The instantaneous dose rate from the incidental ingestion of soil is computed using the
expression

_ ing
rsatei'm(t) =DC; ang Z fareafocSim(t) (E.16)
receptor locations
where
Diate; , (t) = instantaneous dose rate due to the incidental ingestion of surface soil

containing radionuclide i, in thread m of initially present radionuclide pa,

at time t (Doselyear),

rate of incidental ingestion of soil by the individual (g/year),

area factor to account for the size of the primary contamination for onsite

exposure (Yu et al. 2001). The area factor for offsite locations is 1

foc = occupancy factor at each receptor location,

s;m(t) = concentration of radionuclide i, in thread m of initially present
radionuclide pa, in the surface soil at the receptor location at time t
(Activity/g).

S
ing

farea

Likewise, the instantaneous excess cancer risk rate from the incidental ingestion of soil is
computed using the expression

Rﬁatei,m (t) = SFiL,'riLngng Z fareafocsi,m (t) (E_]_?)
receptor locations
where
RS (t) = instantaneous excess cancer risk rate due to ingestion of aquatic food

ratejm
containing radionuclide i, in thread m of initially present radionuclide pa,
at time t (1/year),

SF/> = excess cancer slope factor for the incidental ingestion of soil, of the
principal radionuclide i, in thread m of initially present radionuclide pa,
and the appropriate fractions of the slope factors of the associated
progeny (1/Activity).
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E.6 Dose or Risk Attributed to the Parent Radionuclide That Was Initially
Present in the Primary Contamination

The time integrated dose and the time integrated risk due to the progeny that grew from the
radiological transformations of a radionuclide that was initially present in the primary
contamination are attributed to that parent radionuclide in the deterministic and probabilistic
plots. These quantities are determined by summing the time-integrated dose or the time-
integrated risk of the radionuclides in all of the threads of the radionuclide that was initially
present in the primary contamination:

threadspq nuclidesy,

HO= D D Crateim® (E.18)
m=1 i=1

where
?f(t) = time-integrated dose or risk due to intake between time t and time t + T,,4
of the initially present radionuclide pa and all of the progeny radionuclides
that grew from it (Dose in a year or Risk over the exposure duration),

T,; = time period over which the dose rate or risk rate is integrated (year),
threads,, = number of transformation threads for initially present radionuclide pa,
nuclides,, = number of radionuclides in thread m of initially present radionuclide pa,
Qratei,m(t) = instantaneous dose rate of radionuclide i, in thread m of initially present

radionuclide pa, due to intake or exposure at time t (Dose/year).

It should be noted that there is the option in the deterministic graphics program to view the
contribution of each progeny radionuclide to the dose or risk attributed to the parent.

The main text report (the summary report or the parent dose report) has tables of dose,
attributed to the initially present parent, at time 0 and at up to nine reporting times. The intake
and risk report (risk report) has tables that report risk attributed to the initially present parent, at
time 0 and at up to nine reporting times. It also has tables listing the risk attributed to the
principal progeny nuclides whose intake led to the risk. The progeny text report has tables of
dose, at time 0 and at up to nine reporting times, attributed to the principal progeny whose
intake lead to the dose. The next section describes the computation of the dose or risk
attributed to the progeny.

E.7 Dose or Risk Attributed to the Principal Progeny Radionuclides

The dose or risk attributed to the principal progeny radionuclide is determined by summing the
time integrated dose or the time integrated risk of due to that radionuclide in all of the threads of
all the radionuclides that were initially present in the primary contamination:

Npq threadspq

PO=Y D Cateppm® (E.19)

i=1 m=1

where
QLP(t) = time-integrated dose or risk due to intake between time ¢ and time
t + T,4 of the principal radionuclide pp that was derived from all the
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radionuclides that were initially present in the primary contamination
(Dose in a year or Risk over the exposure duration),
T,; = time period over which the dose rate or risk rate is integrated (year),
n,q, = number of radionuclides that were initially present in the primary
contamination,
instantaneous dose rate of the principal progeny radionuclide pp, in

thread m of initially present radionuclide pa, due to intake or exposure
at time t (Doselyear).

Qrate pp,m (t)

E.8 Waterborne Doses and Direct and Airborne Doses

In addition to providing graphical and text output of the grand total dose and the grand total risk
as a function of time, the code also outputs the contribution of the initially present radionuclides
and the different exposure pathways to these grand totals. The nine exposure pathways
modeled by the code are discussed in Section 3.1. Rather than apportioning the grand total
between the nine exposure pathways, the code has been apportioning it between fifteen
exposure sub-pathways after dividing some of the exposure pathways into two categories.

The components that resulted from the leaching release to infiltration and the erosion release to
runoff are eventually carried by water from the well or the surface water body and were reported
as waterborne doses or risks in the graphics. These were reported as doses or risks “From
releases to ground water and to surface water” in the text report.

The direct exposure from the primary contamination and those components from the release to
the air were reported together as direct and airborne doses or risks in the graphics. These were
reported as doses or risks “directly from primary contamination and from release to atmosphere”
in the text report.

The distinction between these two components of each exposure pathway is blurring as
compound transport pathways are added to the code. All inhalation doses (excluding radon)
belonged in the airborne category until the code was updated, in Version 3.2, to model the
inhalation of resuspended particulates from the secondary contamination. But the accumulation
at the offsite locations following irrigation with contaminated water is a mode of secondary
contamination. The question then arose as to which category the component from the inhalation
of particulates that were resuspended from the secondary contamination resulting from
contaminated irrigation belonged. Was it airborne because the resuspended particulates were in
air prior to inhalation? Or was it waterborne because it was carried by water? A decision was
made to include this in airborne and to avoid creating a new waterborne category for inhalation.

Version 4 of the code includes even more complex transport pathways. Radionuclides can be
released to the air and be transported by the atmosphere to the catchment of the surface water
body, where they can be deposited as particulates from the air (dry deposition) or washed out of
the air (wet deposition); part of the deposited material can be transported to the surface water
body by the runoff. Water from the surface water body can then be used to irrigate an
agricultural area where the plant can be contaminated by root uptake. It could be airborne
because of the atmospheric transport segment; it could be waterborne because of the transport
by water from the catchment to the surface water body and then to the agricultural area. This is
currently being reported as waterborne to avoid having to create an airborne category during the
modeling of the radionuclide concentration in the surface water body.
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APPENDIX F:
TRITIUM AND CARBON-14 PATHWAY MODELS

This appendix describes the submodels developed for RESRAD-OFFSITE to estimate the
environmental media concentrations of carbon-14 (C-14) and tritium (H-3) in soil, soil water, and
air, as well as their concentrations in food products (i.e., plants, meat, milk, and aquatic foods).
RESRAD-OFFSITE estimates C-14 and H-3 concentrations in groundwater and surface water
using the transport models described in Appendix H; therefore, this appendix does not include
the water pathway-related submodel. The special models are necessary because in the
environment, C-14 and H-3 could easily convert to **CO, and *HHO, respectively, and be
released from soil to the air as gases. The distributions of their stable isotopes, C-12 and H-1, in
the environment are referenced in the special model to predict the transfer of C-14 and H-3; due
to chemical similarity; the transfer of C-14 and H-3 are expected to follow that of a stable
isotope.

In general, the special H-3 and C-14 pathway models used in RESRAD-OFFSITE are the same
as those implemented in RESRAD-ONSITE. The models are applied with C-14 and H-3
concentrations in the primary contaminated zone as the source for the onsite location. They are
applied with the cumulative C-14 and H-3 concentrations in the secondary contaminated zone
as the source for an offsite location, where in addition to the H-3 and C-14 from the secondary
source, the C-14 and H-3 released to the air from the primary source and then blown to the
offsite location are also modeled.

As in RESRAD-ONSITE, RESRAD-OFFSITE assumes H-3 is present as *HHO in the
environment. *HHO in soil could vaporize. Those molecules that do not vaporize could attach to
soil particles and resuspend to the air. The inhalation exposure reported for H-3 covers
inhalation of vapor and particulates, as well as a 50% increase to account for the absorption of
SHHO vapor through the skin at a rate equal to 50% of the breathing rate (ICRP 1979, 1980,
1981, 1982). In addition to being converted to “CO, and released as a gas, C-14 could also
exist in other organic or inorganic forms, which are solids. Thus, the inhalation exposure for
C-14 also includes exposure to its particulate form and its gaseous form. Different dose
coefficients can be used for the two different forms of C-14. The submodel for H-3 and C-14 in
Section F.1.2 and F.2.1, respectively, concerns the gaseous form. The modeling for the
inhalation of solid form is presented in Appendix C.

F.1  Tritium Submodels

Tritium, which has an atomic mass number of 3 and a decay half-life of about 12.3 years, is a
naturally occurring isotope of hydrogen produced when cosmic-ray protons and neutrons
interact with nitrogen and oxygen atoms. H-3 is also a product of ternary fission of uranium and
plutonium and can be produced by activation of deuterium in the coolant (?H(n,y)*H) of heavy-
water reactors. Because H-3 decays to helium-3 by emitting a low-energy beta particle

(Emax= 0.0186 MeV), it does not pose an external hazard. However, it can pose an internal
radiological hazard once inhaled or ingested. Because H-3 has essentially the same chemical
behavior as the stable isotope of hydrogen (i.e., H-1), it will occur in organisms throughout
ecosystems in concentrations that depend on the ratio of H-3 to stable hydrogen in the
environment.



F.1.1 Tritium in Soil Water

The H-3 concentration in soil water in the form of SHHO in the onsite primary contaminated zone
or offsite secondary contaminated zone under equilibrium conditions can be expressed as
follows:

3
3 __ PpX "Hsoil
Hsoil moisture — OxRgq (F-l)
where
3Heoil moisture = concen@ration of H-3 in soil water i.n the primary or secondary
contaminated zone (Bg/cm? or pCi/cm3),

pp = bulk density of the contaminated zone (g/cm3),
3H,,;, = concentration of H-3 in contaminated soil (Bg/g or pCi/g),

6 = volumetric water content of the contaminated zone (dimensionless),
and
R, = retardation factor of H-3 in the contaminated zone (dimensionless).

The retardation factor, Ry, is expressed as

Ry =1+ 20K (F.2)

where Ky = soil/water distribution coefficient of H-3 (0 cm?®/qg).

Substituting Equation (F.2) into Equation (F.1), 3Hsoil moisture CaN be written as follows:

3 — Pb 3
Hsoil moisture — (9+PbKd) X Hsoil (F-3)

F.1.2 Tritium in Air

If H-3 closely follows the transport of stable hydrogen in the environment, the relationship of H-3
in air compared to H-3 in the ground will be analogous to that of stable hydrogen in these
media. In the case of *HHO, this relationship implies that H-3 concentrations in air and soil will
depend on the ratio of water vapor in the air to the water content in soil. The primary
environmental parameter that describes the concentration of water vapor in air is site-specific
absolute humidity. Although other factors such as wind speed and temperature can temporarily
affect the humidity in a localized area, the long-term average water concentration in air can be
represented by the average humidity measured at the site.

The equilibrium H-3 concentration in air resulting from an infinitely large contaminated area can
be related to the stable hydrogen content in air and soil water in proportion to the H-3
concentration in soil water as follows:

qm

3 e
3.eqm _ “HsoilmoistureXHg
Hyp™ = (F.4)

Hsoil moisture

F-2



where

*H.I™ = average equilibrium concentration of H-3 in air (Bg/m? or pCi/m3),
H:I™ = average equilibrium concentration of hydrogen in air (g/m?), and

Hsoilmoisure = average concentration of hydrogen in soil moisture (1/9 pw = 1/9
g/cm3, on the basis of assumption that the density of water, py, is 1
g/cm?3, which is not an input).

The average equilibrium concentration of hydrogen in air can be expressed as follows:

1 . g
Hg?rm =5 X Humidity (F.5)
where
1/9 = mass fraction of hydrogen in the water (dimensionless) and
Humidity = average absolute humidity in the air (8 g/m?).

Then Equation (F.4) can be rewritten as follows:

SHZ?rm = 3Hsoil moisture X 1/pw X Humidity (F.6)

3.,eqm
i
Hair '

is the upper limit of H-3 concentration in the air (*Hairevap). When 2Hair.evap €XCEEdS
it is replaced by the equilibrium concentration.

A site-specific value of absolute humidity is required as input to determine the equilibrium
concentration of H-3 in air. Because atmospheric humidity varies widely from one location to
another within the United States, a contour map of absolute humidity values is provided for user
reference (Figure F-1).

F-3



Mean Absolute Range of
Humidity (g/m?) Values (g/m?)

1 47 30- 55
I 6.6 56— 75
— 8.4 76— 95
e 10.6 96 -11.5
13.8 11.6 -16.5

CYA4T10

Figure F-1 Absolute Humidity by Geographical Region (Source: Etnier 1980)

For the primary or secondary contamination source with a finite area, the H-3 concentration in
the air due to evaporation of soil moisture, 3Hairevap, Can be estimated using the following
approximation, which neglects the small amount of water retained in plants relative to the
amount released from the soil:

3.17x1078x 31‘1rel(—3ase(t)><‘/Z

3 —
Hair,evap (t) - 2XHmixXVwind (F-7)
where
*Hairevap(t) = H-3 concentration in air over the contaminated area (Bg/m? or pCi/m?3),
3Hrelease(t) = H-3 flux (evasion rate) from the contaminated area [Bg/(m?xyr) or
pCi/(m>xyr)],
3.17 x 10® = unit conversion factor (yr/s),
A = area of the contaminated zone (m?),

Hmix = height at which *HHO vapor is uniformly mixed (two inputs can be
specified, one used for the human inhalation pathway, and the other
used for the plant, meat, and milk ingestion pathways), and

Vwind = annual average wind speed (m/s; computed in the RESRAD-OFFSITE

code using the input joint frequency data).



For *HHO, the H-3 flux *Heease Can be calculated based on the water balance equation for the
contaminated site:

3Hrelease(t) = 106 X 3Hsoil moisture X Et X CFevasion,H—B (t) (F-8)
and E; =C, x[(1 = C,) X B- + I,.,] (F.9)
where
3Hrelease = evasion flux of H-3 (pCi/m?/yr or Bg/m?/yr),

108 = unit conversion factor (cm3/m3),

E: = evapotranspiration rate (m/yr),

Ce = evapotranspiration coefficient,

C: = runoff coefficient,

Pr = annual precipitation rate (m/yr),
I+ = annual irrigation rate (m/yr), and

CFevasiont-3(t) = cover and depth correction factor for evasion of H-3.

The H-3 special model assumes that only the soil moisture within the reference evasion depth
(drer) from the ground surface would evaporate to the air. The calculation of the release rate of
H-3, 3Hielease, factors this into account via the use of CFevasion @s follows:

0, when dref,H—3 - TCV (t) SO
drefH-3—Tcy(t)

CFevasion,H—S(t) = dref,H-3 ywhen 0 < dref,H—3 ~Tev (t) S Tez (t) (F.lO)

T
drefoI_SJWhen dref -3 = Ty (€) > Tez (1)
where
CFevasion H-3 cover and depth correction factor for evasion of H-3,

reference evasion depth for H-3 (0.3 m is assumed in RESRAD-OFFITE,
which is not an input),

Tev(t) = cover thickness (m), and

Tcz(t) = thickness of the contaminated zone (m).

dref,H—3

The H-3 flux to the atmosphere results in a fractional loss of H-3 from soil in addition to the loss
of H-3 because of radioactive decay and leaching. The code accounts for H-3 loss to the
atmosphere and subtracts it from the inventory in the primary contaminated zone (see
Appendix G). When the RESRAD-ONSITE exponential release model is implemented for the
primary contamination, to account for the H-3 lost to air from the contaminated zone, it includes
an evasion source factor for H-3 in addition to the source factor for radioactive decay and
leaching. (Note: The source factor is the ratio of the radioactivity inventory at time t to the initial
radioactivity inventory at time 0.) The evasion source factor SFe (t) can be calculated as follows:

SFE,H—3(t) = e_(EC'H_3Xt) (Fll)

—6. 3
1076X *Hyeleqse(t)
PbX 3HsoiiXTez (£)

EC,H—3 = (