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PREFACE 

In 1993, a manual on using Version 5 of the RESRAD code to implement the 

U.S. Department of Energy’s (DOE’S) residual radioactive material guidelines was released. Since 

then, as part of the RESRAD quality assurance (QA) program, the RESRAD code has undergone 

extensive review, benchmarking, verification, and validation. The manual and code have been used 

widely by DOE and its contractors, the U.S. Nuclear Regulatory Commission, U.S. Environmental 

Protection Agency (EPA), U.S. Army Corps of Engineers, industrial firms, universities, and foreign 

government agencies and institutions. New features, some in response to comments received from 

users, have been incorporated into the code to form RESRAD 6.  These improvements have increased 

RESRAD’s capabilities and flexibility and enabled users to interact with the code more easily. With 

the improvements, the code has become more realistic in terms of the models and default parameters 

it uses. RESRAD 6 represents the sixth major version of the RESRAD code since it was first issued 

in 1989. 

The RESRAD code can now perform uncertainty/probabilistic analyses with an improved 

probabilistic interface.’ It uses a preprocessor and a postprocessor to perform probabilistic dose and 

risk analyses? It incorporates default parameter distributions (based on national average data) for 

selected parameters. The code can provide analysis results as text reports, interactive output, and 

graphic output. The results of an uncertainty analysis can be used as a basis for determining the cost- 

effectiveness of obtaining additional information or data on input parameters i variable^).^ 

The RESRAD code now allows users to calculate the time-integrated dose and risk at user- 

specified times. The instantaneous dose/risk can be calculated by setting the time integration point 

to one. The other major changes in the code are a new external exposure model, new area factor 

‘ Yu, C., et al., 2000, Development of Probabilistic RESRAD 6.0 and RESRAD-BUILD 3.0 Computer Codes, 
ANIfEAD/TM-98, NUREG/CR-6697, prepared by Argonne National Laboratory, Argonne, Ill., for U.S. Nuclear 
Regulatory Commission, Washington, D.C., Dec. 

’ LePoire, D., et al., 2000, Probabilistic Modules for the RESRAD and RESRAD-BUILD Computer Codes, User 
Guide, A N I f E A D ~ - 9 1 ,  NUREGKR-6692, prepared by Argonne National Laboratory, Argonne, Ill., for U.S. 
Nuclear Regulatory Commission, Washington, D.C., Nov. 

Kamboj, S., et al., 2000, Probabilistic Dose Analysis Using Parameter Distributions Developed for RESRAD and 
RESRAD-BUILD Codes, ANL/EAD/TM-89, NUREG/CR-6676, prepared by Argonne National Laboratory, 
Argonne, Ill., for U.S. Nuclear Regulatory Commission, Washington, D.C., July. 
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model for the inhalation pathway, and New Dose Conversion Factor (DCF) Editor. The DCF Editor 

gives users the ability to change dose conversion factors, transfer factors, and slope factors. 

Moreover, the RESRAD database was updated. It now includes inhalation and ingestion dose 

conversion factors from the EPA's Federal Guidance Report No. 11 (FGR-ll), direct external 

exposure dose conversion factors from FGR-12, risk slope factors primarily from the latest health 

effects and summary tables, and radionuclide half-lives from International Commission on 

Radiological Protection Publication 38. The risk coefficients from FGR-13 are also available in the 

code. 

Version 6 of RESRAD incorporates many improvements made since Version 5 was 

released. These include the addition of seven new radionuclides: selenium-79, zirconium-93, 

neodymium-93m, barium-133, curium-245, curium-246, and curium-247. The code was also 

modified to account for radioactive decay and ingrowth during food storage times. The code now 

has an improved groundwater model to ensure convergence for Kd calculations when water 

concentrations are known; has an improved radon pathway to reduce execution time; allows 

sensitivity analyses of many more parameters, such as transfer factors, leach rate, and solubility; has 

a modfied user interface to better check; the sensitivity ranges; and contains many updates in its 

graphics. The code now allows users to input radionuclide activity in SIunits, and the resultant doses 

can also be reported in SI units. QA files are now distributed along with the code so that users can 

ensure that the code is properly installed and verify RESRAD calculations on their computers. 

The latest RESRAD code works only on computers with Windows operating systems. The 

DOS version of RESRAD is no longer supported. To help users familiar with the DOS interface to 

use the Windows interface, the new interface incorporates many features similar to those used in 

DOS, including a DOS main menu emulator, mapping of parameters to screens (windows), 

navigation (tab/FlO/ESC), sensitivity settings and graphics, the format for results reports, and 

context-specific help. The new features of RESRAD for Windows (95,98,2000, and NT) include 

a graphical display of active pathways, a sensitivity summary bar, integrated plot options and results, 

color-coded default settings, an uncertainty summary window, button prompts to interpret icons, and 

soil strata graphic feedback. Furthermore, in order to take advantage of the latest computer 

technology, the RESRAD FORTRAN programs are now compiled by using the FORTRAN 95 
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(LAlEYhTJJITSU LF95) compiler. Also, the Windows interface, which was initially developed in 

16-bit Visual Basic 4.0, is now upgraded to 32-bit Visual Basic 6.0. 

The RESRAD code now has its own Web site (http://web.ead.anl.gov/resrad). The site has 

information on the updates to the code. The site enables users to download the most recent releases 

of RESRAD, information on upcoming training workshops, and many documents relevant to the 

application of the code. Users can get technical assistance via e-mail (resrad@anl.gov). The entire 

user’s manual is also found on the RESRAD Web site in Adobe pdf format. 

This manual is a user’s guide on the operation of RESRAD 6 and a reference manual on 

the algorithms and formulas used in RESRAD. To reflect the changes in the RESRAD code, this 

version is very different from previous versions. Some parts were removed (such as DOE guidance 

on procedures and requirements for obtaining approval for releases of material and property and an 

appendix on performing ALARA [as low as reasonably achievable] analyses). Other parts were 

added (such as a section on verification and validation, an appendix on uncertainty analysis, and an 

appendix on calculating time-integrated cancer risk). Many parts were extensively modified (such 

as the section describing the RESRAD user’s guide and the appendixes on external ground radiation 

pathway factors, inhalation pathway factors, and the estimation of individual off-site doses). The 

discussion on exposure scenarios was expanded to include suburban resident, industrial worker, and 

recreationist scenarios. 
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DOE FORlEWORD 

RESRAD is a computer model designed to estimate radiation doses and risks from 

RESidual RADioactive materials. RESRAD 6 represents the sixth major version of the RESRAD 
code since it was first issued in 1989. Since this time, RESRAD has been used widely by the 

U.S. Department of Energy (DOE), its operations and area offices, and its contractors for deriving 

limits for radionuclides in soil. RESRAD has also been used by the U.S. Environmental Protection 

Agency (EPA), U.S. Army Corps of Engineers, U.S. Nuclear Regulatory Commission (NRC), 

industrial firms, universities, and foreign government agencies and institutions. 

Work on the RESRAD family of codes is sponsored jointly by the Office of Environmental 

Policy and Assistance in DOE’S Office of Environment, Safety and Health and the Office of Site 

Closure in DOE’S Office of Environmental Management. There is also independent support for the 

RESRAD code from the NRC. 

The RESRAD code is continually evolving. Many improvements have resulted from 

feedback from RESRAD users. This version of RESRAD is approved by DOE for use by DOE 

contractors and field offices for evaluating compliance with DOE Orders, regulations, and guidance 

documents and should supersede earlier versions. 

RESRAD is the forerunner of a family of computer codes for more specific evaluations of 

environmental pollutants. These codes were generally developed on the basis of the fundamental 

algorithms used in RESRAD. They are as follows: 

RESRAD-BUILD: Calculates doses to persons inside structures from 

radioactive materials on or in the walls, ceiling, or floors. 

RESRAD-CHEM: Performs environmental transport and risk analyses of 

hazardous chemicals similar to those performed by RESRAD. 

RESRAD-BASELINE: Calculates doses and risks from radionuclide and 

chemical concentrations measured in environmental media. 

RESRAD-OFFSITE: Couples an atmospheric dispersion model and a 

groundwater transport model with RESRAD, thereby permitting calculation 

of doses to persons located beyond the boundary of the site. 
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RESRAD-RECYCLE: Calculates doses to workers and members of the 

general public from the recycle of materials containing traces of radioactive 

materials. 

RESRAD-ECORISK: Calculates risks to ecological receptors from exposure 

to hazardous chemicals. 

This manual is a user’s guide to the operation of the RESRAD 6 code and a reference 

manual on the algorithms and formulas used by RESRAD. Previous versions of this manual 

contained DOE guidance on procedures, requirements, and processes for obtaining DOE approval 

of releases of material and property. This information has been removed from this version of the 

manual and issued as a separate DOE guidance document.’ Similarly, the previous version of the 

manual also contained an appendix on performing A L M A  (as low as reasonably achievable) 

analyses; this guidance has also been removed from this manual, expanded, and issued as a separate 

document .* 
The RESRAD code has become popular because of its adaptability to specific exposure 

situations. A more detailed discussion of the selection of the default parameter values is presented 

in two other  publication^.^*^ Default dose conversion factors for ingestion and inhalation are derived 

from the EPA’s Federal Guidance Report No. 1 1 .’ User-specified factors also can be specified in lieu 

of the default parameters for most of the environmental bioaccumulation and transfer factors and for 

ingestion and inhalation dose factors. 

’ US. Department of Energy, 2000, Implementation Guide for the Release of Property and Materials Containing 
Radioactive Materials. 

US. Department of Energy, 2000, Procedures for Applying the A U R A  Process to Environmental Radiation 
Protection Programs. 

Yu, C., et al., 1993, Data Collection Handbook to Support Modeling the Impacts of Radioactive Material in Soil, 
ANIAAIS-8, Argonne National Laboratory, Argonne, Ill., Apr. 

Wang, Y.-Y., et al., 1993, A Compilation of Radionuclide Transfer Factors for the Plant, Meat, Milk, and Aquatic 
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In some cases, it might be desirable to modify one of the models or algorithms used in the 

code to meet a specific need. Because the RESRAD code is used for determining regulatory 

compliance, DOE maintains strict control over such modifications. For this reason, the source code 

for any of the RESRAD family of codes cannot be obtained without prior authorization from DOE. 
Persons wishing to make such modifications should provide a justification for obtaining the source 

code; it should specify in detail the modifications that are intended, the purpose of the modifications, 

and the use of the code output. If the modifications are significant, the resulting code name may have 

to be separate from “RESRAD,” and a warning that the results cannot be used to comply with DOE 

regulatory requirements may need to be included in the output. 
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NOTATION 

The following is a list of the acronyms, initialisms, and abbreviations (including units of 

measure) used in this document. Acronyms and abbreviations used only in tables and figures are 

defined in the respective tables and figures. 

ACRONYMS, INITIALISMS, AND ABBREVIATIONS 

ALARA 
AMAD 
ANL 
BElR 
BIOMASS 
BIOMOVS 
BRF 
CEC 
CEDE 
CERE 
CFR 
CG 
CIRRPC 
DCF 
DCPD 
DandD 
DE 
DF 
DL 
DOE 
DOS 
DSR 
EDE 
EGA 
EH- 1 
EPA 
ETF 
FGR 
FS 
FUSRAP 
GI 
HEAST 
HTO 

as low as reasonably achievable 
activity median aerodynamic diameter 
Argonne National Laboratory 
Committee on the Biological Effects of Ionizing Radiation 
Biosphere Modeling and Assessment (program) 
Biosphere Model Validation Study 
branching factor 
Commission of the European Communities 
committed effective dose equivalent 
Consortium for Environmental Risk Evaluation 
Code of Federal Regulations 
correlateduncorrelated grouping 
Committee on Integrating Radiation Research and Policy Coordination 
dose conversion factor 
dicalcium phosphate dihydrate 
decontamination and decommissioning (code) 
dose/exposure-parameter 
dietary factor 
dilution length 
U.S. Department of Energy 
disk operating system 
dose/source ratio 
effective dose equivalent 
enhanced graphics adapter 
Office of the Assistant Secretary for Environment, Safety and Health 
U.S. Environmental Protection Agency 
environmental transport factor 
Federal Guidance Report 
shape factor 
Formerly Utilized Sites Remedial Action Program 
gastrointestinal 
Health Effects Assessment Summary Tables 
tritiated water 
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IAEA 
ICRP 
LHS 
LLD 
MARSSIM 
MB 
MPA 
NAS 
NCW 
ND 
NRC 
OCP 
ORNL 
PC 
RESRAD 
RG 
SF 
SRS 
TDS 
TEDE 
USLE 
VAMP 
VGA 
WL 
WLM 

International Atomic Energy Agency 
International Commission on Radiological Protection 
Latin hypercube sampling 
lower limit of detection 
Multi-Agency Radiation Survey and Site Investigation Manual 
Mass Balance (model) 
Multiple Pathways Assessment 
National Academy of Sciences 
National Council on Radiation Protection and Measurements 
nondi spersion (model) 
U.S. Nuclear Regulatory Commission 
octacalcium phosphate 
Oak Ridge National Laboratory 
personal computer 
Residual Radioactivity (model) 
random grouping 
source factor 
simple random sampling 
total dissolved solids 
total effective dose equivalent 
Universal Soil Loss Equation (model) 
Validation of Environmental Model Predictions 
video graphics array 
working level 
working level month 

UNITS OF MEASURE 

atm 
Bq 
"C 
cm 
cm2 
cm3 
d 
g 
h 
ha 
keV 
kg 
L 

atmosphere( s) 
becquerel(s) 
degree(s) Celsius 
centimeter(s) 
square centimeter@) 
cubic centimeter(s) 
day@) 
gram(s) 
hour(s) 
hectare(s) 
thousand electronvolts 
kilogram( s) 
liter(s) 

m 
m2 
m3 
MB 
MeV 
mg 
mi 
min 
mL 

mM 
mo 
mol 

mm 

meter( s) 
square meter(s) 
cubic meter(s) 
megabyte 
million electronvolts 
milligram 
mile@) 
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milliliter(s) 
millimeter( s) 
millimole(s) 
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mole@) 
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USER’S MANUAL FOR RESRAD VERSION 6 

C. Yu, A.J. Zielen, J.-J. Cheng, D.J. LePoire, E. Gnanapragasam, 
S. Kamboj, J. Amish, A. Wall0 III, W.A. Williams, and H. Peterson 

ABSTRACT 

This manual provides information on the design and application of the RESidual 

RADioactivity (RESRAD) code. It describes the basic models and parameters used in the RESRAD 

code to calculate doses and risks from residual radioactive materials and the procedures for applying 

these models to calculate operational guidelines for soil contamination. RESRAD has undergone 

many improvements to make it more realistic in terms of the models used in the code and the 

parameters used as defaults. Version 6 contains a total of 145 radionuclides (92 principal and 53 

associated radionuclides), and the cutoff half-life for associated radionuclides has been reduced to 

1 month. Other major improvements to the RESRAD code include its ability to run uncertainty 

analyses, additional options for graphical and text output, a better dose conversion factor editor, 

updated databases, a better groundwater transport model for long decay chains, an external ground 

radiation pathway model, an inhalation area factor model, time-integration of dose and risk, and a 

better graphical user interface. In addition, RESRAD has been benchmarked against other codes in 

the environmental assessment and site cleanup arena, and RESRAD models have been verified and 

validated. 
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1 INTRODUCTION 

The RESidual RADioactivity (RESRAD) model and computer code was developed as a 

multifunctional tool to assist in developing cleanup criteria and assessing the dose or risk associated 

with residual radioactive material. This manual presents information on using RESRAD to: 

Compute soil guidelines (concentrations that will comply with dose- or risk- 

based cleanup or release requirements set forth in various federal and state 

regulations), 

Compute potential annual doses or lifetime risks to workers or members of the 

public resulting from exposures to residual radioactive material in soil, 

Compute concentrations of radionuclides in various media (air, surface water, 

and groundwater) resulting from residual activity in soil, and 

Support an ALARA (as low as reasonably achievable) analysis or a cost 

benefit analysis that can help in the cleanup decision-making process. 

“Radiation dose” is defined here as the effective dose equivalent (EDE) from external 

radiation and the committed effective dose equivalent (CEDE) from internal radiation (Section 2.1 

in International Commission on Radiological Protection [ICRP] 1984). “Total dose” is the sum of 

the external radiation EDE and the internal radiation CEDE and is referred to as the total effective 

dose equivalent (TEDE). The dose limit or dose constraint used as a basis for the guidelines depends 

on the requirements of the regulation, as does the selection of the land use scenario for demonstrating 

compliance. Both the U.S. Department of Energy (DOE) and the U.S. Nuclear Regulatory 

Commission (NRC) use 0.25 mSv (25 mrem) per year as the general limit or constraint for soil 

cleanup or site decontamination. The controlling principles for all guidelines are as follows. First, 

the annual radiation dose received by a member of the general public from residual radioactive 

material -predicted by a realistic but reasonably conservative analysis of the actual or likely future 

use of the site and calculated as the TEDE - should not exceed the dose constraint of 0.25 mSv 

(25 mrem)/yr. Second, doses should be ALARA when health and environmental impacts, economics, 
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cultural and natural resources, and other appropriate factors are taken into account. DOE guidance 

indicates that the final authorized limits should be based on a realistic assessment of future use of 

the subject property yet be sufficiently protective to ensure that the other less likely, but plausible, 

use scenarios would not cause potential doses to exceed 1 mSv (100 mrem)/yr. The worst-case use 

scenario is typically the resident farmer scenario. In cases in which this scenario is not realistic but 

is plausible, it can generally be assumed to be the most restrictive use and, therefore, may be used 

to demonstrate that the potential uses for all plausible scenarios will not exceed the 1-mSv 

(100-mem)/yr dose limit. In cases in which the resident farmer scenario is the likely future use, the 

0.25-mSv (25-mrem)/yr constraint should be used in developing the guideline values. 

All significant exposure pathways for the critical population group need to be considered 

in deriving soil guidelines. These pathways include the following: 

Direct exposure to external radiation from the contaminated soil material; 

Internal dose from inhalation of airborne radionuclides, including radon 

progeny; and 

Internal dose from ingestion of 
- Plant foods grown in the contaminated soil and irrigated with contaminated 

water, 
- Meat and milk from livestock fed with contaminated fodder and water, 
- Drinking water from a contaminated well or pond, 
- Fish from a contaminated pond, and 
- Contaminated soil. 

These exposure pathways are illustrated in Figure 1.1. Detailed discussions of the exposure pathways 

considered in the RESRAD code are presented in Section 2. 

The primary purpose of this manual is to provide guidance for the use of RESRAD in 

estimating the individual dose from the reuse of property having residual radioactive material in the 

soil. Although regulations applicable to decontamination of property containing residual radioactive 

material require that applicable individual dose limits be met, meeting that requirement alone is not 

sufficient; all requirements need to be met. Typically, alternative actions need to be evaluated to 

ensure that the action chosen is the most effective or cost beneficial one. Both DOE and NRC require 

that actions reduce public doses through application of the ALARA process when socioeconomic 
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FIGURE 1.1 Exposure Pathways Considered in RESRAD 

factors and technical feasibility are taken into account. This requirement frequently necessitates the 

evaluation of alternative actions and their costs and benefits. Collective dose is an important 

parameter in such comparisons. Estimates of collective dose from current and future use of the site 

can be derived with RESRAD by applying the appropriate site-specific parameters and integrating 

over the appropriate site occupancy. Calculation of the potential off-site collective dose can be 

accomplished by using the RESRAD-OFFSITE code. RESRAD-OFFSITE uses the methodology 

provided in Appendix K for calculating off-site doses and links with the CAP88 computer code for 

performing air dispersion calculations (Parks 1997). 

Specifically, Order DOE 5400.5 (DOE 1990) and the proposed Part 834 on Title 10 of the 

Code ofFederal Regulations (10 CFR Part 834; DOE 1997) require that authorized limits for control 

of residual radioactive material be established and that they be established through the ALARA 

process. RESRAD is recommended for use in completing the pathway analyses necessary to support 

the development of guidelines and completion of ALARA evaluations. 

To complete an ALARA evaluation and select the authorized limits for a site, a number of 

alternative remedial actions should be evaluated against the no action alternative (DOE 2000 
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ALARA Guidance Volumes 1 and 2). DOE goals are to reduce potential radiation doses due to 

residual radioactive material to levels that are as near to background levels as is practicable. While 

it is not possible to reduce residual radioactive material levels to background levels in most cases, 

remedial actions (including necessary controls) should reduce levels such that potential doses under 

“actual” or “likely use” conditions would be a small fraction of the primary dose limits. While the 

pathway analyses conducted with RESRAD should consider and evaluate viable alternative remedial 

measures that reduce annual doses to a member of the general public from 1 mSv (100 mrem) to a 

fraction of 1 mSv (a few mrem or less), the 1-mSv (100-mrem)/yr limit is for all pathways and 

sources combined (excluding background and medical exposures). Therefore, in order to comply 

with DOE Order 5400.5 and the proposed 10 CFR 834 requirements, potential doses from residual 

radioactive material must be well below the primary dose limit. Consistent with the recom- 

mendations of the ICRP regarding the establishment of dose constraints that are lower than the 

1-mSv (lOO-mrem)/yr dose limit, DOE recommends in the proposed 10 CFR Part 834 (DOE 1997) 

and DOE Order 5400.5 (see DOE guidance for control of residual radioactive material [DOE 20001) 

that the 0.25-mSv (25-mrem)/yr limit generally be applied as a constraint for dose to any individual 

under the actual use or likely use scenarios. That is, remedial measures selected through the ALARA 

process must be sufficiently protective to ensure that likely potential doses from a year of exposure 

will be less than 0.25 mSv (25 mrem). 

Models for deriving soil concentration guidelines from dose limits are simplified 

representations of complex processes. It is not feasible to obtain sufficient data to fully or accurately 

characterize transport and exposure processes. Similarly, it is not possible to predict future 

conditions with certainty. Consequently, the derived guideline values will include a degree of 

uncertainty. The built-in sensitivity and uncertainty analysis capability of RESRAD can be used to 

study the sensitivity of input parameters and the uncertainty of results. The sensitivity information 

on input parameters can be used to set priorities for the collection of data for a particular site (Cheng 

et al. 1991). The uncertainty analysis methodology is discussed in Appendix M. The models and 

input parameters described in this manual and incorporated into RESRAD have been chosen so as 

to be realistic but reasonably conservative, and the calculated doses corresponding to guideline 

values of the radionuclide concentrations are expected to be reasonably conservative estimates 

(overestimates) of the actual doses. The methodology for collecting data for input into RESRAD and 
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the ranges and typical values of input parameters are discussed in detail in the RESRAD Data 

Collection Handbook (Yu et al. 1993a). 

The derivation of guideline values for radionuclide concentrations in soil is based on a 

pathway analysis method known as the concentration factor method (NRC 1977; ICRP 1979-1982; 

Till and Meyer 1983; National Council on Radiation Protection and Measurements [NCRP] 1984). 

With this method, the relationship between radionuclide concentrations in soil and the dose to a 

member of a critical population group is expressed as a sum of the products of “pathway factors.” 

Pathway factors correspond to pathway segments connecting compartments in models of the 

environment between which radionuclides can be transported or radiation transmitted. Most pathway 

factors are assumed to be steady-state ratios of concentrations in adjoining compartments. Some are 

factors for conversion from a radionuclide concentration to a radiation level or radiation dose; others 

are use and occupancy factors that affect exposure. Each term in the sum corresponds to a pathway 

of connected segments. In most cases, a pathway product or pathway factor may be added, deleted, 

or replaced without affecting the other pathways or pathway factors. This structuring facilitates the 

use of alternative models for different conditions or transport processes and the incorporation of 

additional pathways. Thus, in most cases, RESRAD can easily be modified or tailored to model any 

given situation by merely adding or replacing factors or terms in the pathway sum. 

This report covers only those procedures for deriving site-specific guidelines for 

radionuclide concentrations in soil. It does not cover problems associated with procedures for 

collecting and interpreting field measurements of residual radioactive material or with protocols for 

determining whether the guidelines have been met. Guidance on these topics may be found in the 

RESRAD Data Collection Handbook (Yu et al. 1993b) and the Multi-Agency Radiation Survey and 

Site Investigation Manual (MARSSIM) (U.S. Environmental Protection Agency [EPA] et al. 1977). 

Other sources of supporting information include the summary protocol for identification, 

characterization, designation, remedial action, and certification of Formerly Utilized Sites Remedial 

Action Program (FUSRAP) sites (DOE 1984, 1986a,b) and the procedures manual for remedial 

action survey and certification activities (Oak Ridge National Laboratory [ORNL] 1982). 
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The information presented in this manual is organized as follows: 

e 

0 

0 

e 

e 

0 

0 

e 

e 

0 

Pathways and scenarios by which a member of the critical population group 

can be exposed to radiation - Section 2; 

Derivation and application of soil guidelines - Section 3; 

User’s guide for the Windows version of RESRAD - Section 4; 

Verification and validation of RESRAD - Section 5; 

References cited in this report - Section 6; 

Models, formulas, and data used in RESRAD to calculate the pathway 

factors - Appendixes A through J; 

Off-site models and formulas - Appendix IS; 

Special models for tritium and carbon-14 - Appendix L; 

Uncertainty analysis - Appendix M; and 

Calculation of cancer risk .- Appendix N. 
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2 PATHWAY ANALYSIS 

The pathway analysis for deriving soil concentration guidelines from a dose limit has four 

parts: (1) source analysis, (2) environmental transport analysis, (3) dose/exposure analysis, and 

(4) scenario analysis. 

Source analysis addresses the problem of deriving the source terms that determine the rate 

at which residual radioactivity is released into the environment. This rate is determined by the 

geometry of the contaminated zone, the concentrations of the radionuclides present, the ingrowth and 

decay rates of the radionuclides, and the removal rate by erosion and leaching. Qualitative aspects 

of these topics are discussed in Section 2.1; quantitative aspects are covered in Section 3 and 

Appendixes A through G. 

Environmental transport analysis addresses the problems of (1) identifying environmental 

pathways by which radionuclides can migrate from the source to a human exposure location and 

(2) determining the migration rate along these pathways. The significant environmental pathways 

are identified and described in Section 2.2. The derivation of environmental transport factors that 

characterize the rate of migration is covered in Section 3 and Appendixes A through F, I, K, and L. 

Dose/exposure analysis addresses the problem of the derivation of dose conversion factors 

(DCFs) for the radiation dose that will be incurred by exposure to ionizing radiation. This problem 

is discussed in Section 2.3. Appendixes A, B, and D include tabulations of the DCFs used to 

determine the EDE incurred by exposure to external radiation or the CEDE incurred by exposure to 

internal radiation from inhalation or ingestion of radionuclides. 

The parameters that control the rate of radionuclide release into the environment and the 

severity and duration of human exposure at a given location are determined by patterns of human 

activity referred to as exposure scenarios. The credible scenarios, including the one likely to result 

in the largest exposure to individuals, are discussed in Section 2.4. 
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2.1 SOURCE TERMS 

2.1.1 Geometry of the Contaminated Zone 

A contaminated zone, defined as a belowground region within which radionuclides are 

present in above-background concentrations, is the common source term and starting point for all 

pathways. The derivation of soil guidelines is based on distinct regions of clean cover and the 

contaminatedzone, as shown in Figure 2.1. It is assumed that radionuclides are uniformly distributed 

within the contaminated zone. A shape factor is used to correct for the difference between dose 

estimates for the actual and idealized areas. The shape factor is used for the external radiation 

exposure pathway (see Appendix A and Kamboj et al. [ 19981). The cover depth (C,) corresponds 

to the distance from the surface to the uppermost contaminated soil sample; the cover depth plus 

contaminated zone thickness (C, + T) comesponds to the distance to the lowest contaminated soil 

sample. 

If radionuclide distributions are approximately uniform throughout the contaminated region, 

the source geometry is a single cylinder that specifies a homogeneous contaminated zone. If the 

distributions are not approximately uniform, the source geometry consists of two or more cylinders 

that specify an inhomogeneous contaminated zone. Limiting radionuclide concentrations, referred 

to as single-radionuclide soil guidelines, are derived for each cylindrical volume. The manner in 

which the cylindrical volumes and soil guidelines are determined is described in Sections 3.1 

and 3.3. 

Radius 

+ 

T Source Thickness 

Thickness Shape 
CYA12w2 

FIGURE 2.1 Geometry of Contaminated Zone 

i 
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2.1.2 Time Dependence 

The time dependence of the annual dose incurred by a member of the critical population 

group is controlled by the (1) rate at which radionuclides are leached from the contaminated zone, 

(2) rate of ingrowth and decay of the radionuclides, (3) rate of erosion of the cover and contaminated 

soil material, and (4) rate of contaminant transport through the environmental pathways. The first 

and third processes occur within, or primarily within, the contaminated zone; the last process occurs 

outside the contaminated zone; and the second process occurs in all zones. The models used to 

account for the time dependence of different transport and erosion processes are described in 

Appendixes A through F and H through L; the models used to account for the rate of ingrowth and 

decay and leaching are described in Appendixes G and I. 

2.1.3 Redistribution 

A contaminated zone is treated as a single homogeneous or inhomogeneous source of 

changing thickness and radionuclide concentrations as the result of leaching, erosion, and ingrowth 

and decay. Erosion or human activities (such as excavation for a building being erected in the 

contaminated zone) can result in redistribution of the contaminated soil that, in turn, creates new 

contaminated zones. Such zones are not explicitly incorporatedinto RESRAD. If the topography and 

circumstances are such that redistribution is likely to occur, the new contaminated zone should be 

taken into account. This objective can be accomplished by estimating the initial area and thickness 

of the new contaminated zone and then deriving its contribution to the soil guidelines in the same 

manner as that used for the original contaminated zone (see Section 2.3). 

Radionuclides also can be redistributed when irrigation water that has been contaminated 

by radionuclides leached from the original contaminated zone is used. This contribution is taken into 

account in the derivation of the contribution from food pathways. 

2.2 PATHWAYS 

2.2.1 Pathway Identification 

Potential pathways are identified in Table 2.1. The three major headings correspond to the 

three exposure pathways by which radionuclides can enter the body. In the first pathway, exposure 

is by external radiation from radionuclides outside the body. In the second and third pathways, 



TABLE 2.1 Potential Pathways 

External radiation 
Ground 

Volume source" 
Surface sourceab 

Dust 
Radon and radon decay products 
Other gaseous airborne radionuclides 

Air 

Water 

Inhalation 
Dust" 
Radon and radon decay products' 
Other gaseous airborne radionuclides"" 

Ingestion 
Food 

Plant foods (vegetables, grains, and fruitsYd 
Meata 
Milk" 
Aquatic foods (fish, crustacea, and mollusks)" 

Groundwater (welly 
Surface watef 

Water 

a Pathway used to derive site-specific soil guidelines. 

The surface source can be approximated by assuming a 
very thin layer of contamination (e.g., 0.001 m). 

Special model for tritium since tritiated water includes 
the contribution from dermal absorption of vapor. 

Special model for C-14 since CO, includes 
incorporation by photosynthesis. 

exposure is by internal radiation from radionuclides that are inhaled or ingested. These three types 

of exposure correspond to the three kinds of dose conversion factors discussed in Section 2.3. 

For each exposure pathway, radionuclides can migrate from a source to a human exposure 

location by many environmental pathways. The major categories of environmental pathways are 

listed in Table 2.1. The items listed should be regarded as environmental pathway categories rather 
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than individual pathways, because many of the items can correspond to more than one pathway and 

some of the items can occur as segments in more than one pathway. For example, there are many 

different plant food pathways, and contaminated groundwater can contribute to the human drinking 

water pathway and also to several food pathways if contaminated water is used to irrigate crops or 

water livestock. 

Major pathways used to derive site-specific soil guidelines in the RESRAD code are 

footnoted in Table 2.1 and illustrated in Figure 2.2. Minor pathways for on-site exposure are not 

taken into account in deriving soil guidelines because the dose contribution from these pathways is 

expected to be insignificant. External radiation from a surface layer formed by redeposition of 

airborne radionuclides carried by the wind from an exposed contaminated zone is expected to be 

insignificant compared with external radiation from the residual radioactive material in its original 

location. External radiation from contaminated water is expected to be insignificant compared with 

internal exposure from radionuclides ingested in drinking water. The external radiation dose from 

airborne dust is much smaller than the inhalation dose from dust (by a factor of 100 or more for 

Source Environmental Pathway Exposure Pathway 

Dust - Aircontamination Radon 
Dust __T 

In halation On-site 
Radon . 

B 

I I I I 

pp Plant Foods Plants . I 

I I 

6 Meat I I 
Milk 

Meat . 
I I Milk . Livestock I, 

I 

I-, --) Aquatic Foods 1 Fish . Ingestion 
I 

I I 
I On-site Biotic Contamination I 
L,---,,-,,,,,,-J 
I . ----)( On-site Water Contamination 1-4 Water 
L I I 

Direct Ingestion 
I 

FIGURE 2.2 Schematic Representation of RESRAD Pathways 

Dose 
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radionuclides in the U-238 series [Tables 56 -53  in Gilbert et al. 19831). The external radiation dose 

from airborne radon decay products is negligible compared with (1) the internal inhalation dose to 

the lungs, (2) the external radiation dose from the parent radium in the soil, or (3) the internal 

radiation dose from ingestion of plant foods grown in the radium-contaminated soil (Gilbert et al. 

1983). 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 L). Some of the minor pathways not considered in the RESRAD code 

are considered in other codes of the RESRAD family of codes (Yu et al. 1994, Cheng et al. 1998). 

2.2.2 External Radiation Pathways 

Gamma and beta radiations from radionuclides distributed throughout the contaminated 

zone are the dominant external radiation pathways and the only external radiation pathways taken 

into account in calculating soil guidelines.' The dose due to external radiation is first calculated for 

an individual exposed continuously to radiation from an infinite contaminated zone at a distance of 

1 m from the ground surface. Correction factors are then applied for the finite area and the thickness 

of the contaminated zone, shielding by a cover of uncontaminated soil (if C, > 0; see Figure 2. l), 

irregular shape, shielding by the floors and walls of a house, and less-than-continuous occupancy. 

Quantitative details are presented in Appendix A and in Kamboj et al. (1998). 

2.2.3 Inhalation Pathways 

Inhalation exposure results primarily from inhalation of radon decay products and 

contaminated dust. An inhalation pathway consists of two segments: (1) an airborne exposure 

segment linking the source (contaminated zone) with the airborne radionuclides at an exposure 

location and (2) an inhalation segment linking the airborne radionuclides with the exposed 

individual. The inhalation segment is characterized by an occupancy factor (i.e., an 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 by using well-established procedures (ICRP 
1975). The airborne exposure pathway segment is the critical segment. It is characterized by the 

The dose contribution from neutron radiation can be significant for some transuranic radionuclides and should be 
considered if neutron-emitting radionuclides are known to be present. 
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aidsoil concentration ratio, which is defined as the ratio of the airborne concentration of a 

radionuclide at a human exposure location to the concentration in the soil. The air/soil concentration 

ratio for contaminated dust depends on the complex processes by which soil particles become 

airborne by resuspension and are transported to an exposure location. This ratio is used in the food 

chain pathways (for the foliar deposition subpathways) as well as in the inhalation pathways. For the 

radon pathway, the aidsoil concentration ratio is calculated by solving radon diffusion equations for 

the soil and for the atmosphere. 

Modeling the airborne exposure pathway segment consists of two steps: (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. The first 

step gives the ratio of the airborne emission near the source before it is dispersed and diluted to the 

concentration in the resuspendable layer of dust; the second step gives the ratio of the airborne 

concentration at the point of exposure to the airborne emission at the source. Quantitative details are 

presented in Appendix B and in Cheng et al. (1998) for dust particles and in Appendix C for radon 

and its progeny. Special models for tritium as tritiated water vapor and (2-14 as CO, are presented 

in Appendix L. 

2.2.4 Ingestion Pathways 

2.2.4.1 Food Pathways 

Four food pathway categories are considered: plant foods, meat, milk, and aquatic foods. 

The plant food pathway category is divided into four subcategories corresponding to (1) root uptake 

from crops grown in the contaminated zone, (2) foliar uptake from contaminated dust deposited on 

the foliage, (3) root uptake from contaminated irrigation water, and (4) foliar uptake from 

contaminated irrigation water. A special model for the incorporation of C-14 in CO, as a result of 

photosynthesis is presented in Appendix L. The plant food pathway subcategories are applicable to 

livestock fodder; hence, they are applicable to the pathways through which meat and milk become 

contaminated by ingestion of contaminated fodder. A fifth subcategory for the meat and milk 

pathways corresponds to ingestion of contaminated water by livestock. A sixth subcategory 

corresponds to ingestion of contaminated soil by livestock. The aquatic food pathway is for ingestion 
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of fish, crustacea, and mollusks from a nearby pond that has been contaminated by radionuclides that 

have been leached from the contaminated zone. 

The food pathways are activated by scenarios in which crops are grown in or close to the 

contaminated zone. Plant crops grown in the contaminated zone will be the dominant and most 

frequent contributor, especially if the crops are irrigated with contaminated water. Contributions 

from the meat and milk pathways, which involve an additional pathway segment for transfer of 

radionuclides from fodder, soil, or water to the meat or milk, will generally be smaller but not 

insignificant. Planting vegetable gardens is common in urban and suburban areas as well as rural 

areas, whereas raising livestock is generally limited to rural areas. The aquatic food pathway will 

occur only in areas where the topography and soil characteristics are favorable for a human-made 

pond. 

The food pathways may be classified as water-independent or water-dependent. The direct 

root uptake and foliar dust deposition pathways for plant foods, meat, and milk are water- 

independent, as is the soil intake by livestock (here water refers to the water that has been 

contaminated by radionuclides that have been leached from the contaminated zone). Water- 

dependent pathways are the irrigation water pathway for plant foods, meat, and milk; the livestock 

water pathway for meat and milk; and the aquatic food pathway. In regions where natural rainfall 

is the only source of water used in raising crops, the only water-dependent pathways are the livestock 

water branch of the meat and milk pathways and the aquatic food pathway. If ditch irrigation is used, 

the contribution from root uptake of contaminated irrigation water by plant foods and fodder is 

added. If overhead irrigation is used, the contribution from the subpathways for foliar and root 

uptake from irrigation water is added. 

The water-independent pathways are assumed to contribute to the dose as soon as a family 

establishes a residence and a garden on the site. The time dependence of these pathways is 

determined by the time dependence of the cover, the thickness of the contaminated zone, and the 

radionuclide concentrations in the contaminated zone. The contribution from water-dependent 

pathways will be delayed until radionuclides transported by groundwater reach a point of water 

withdrawal (i.e., well or pond). The time dependence of these pathways is determined by the time 

dependence of the radionuclide concentrations in the contaminated water, as determined by the 
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hydrological model used for the groundwater pathway segment. A fraction of a radionuclide will 

have been leached from the root zone before the radionuclide first reaches a point of water 

withdrawal in above-background concentrations (the breakthrough time); hence, the contributions 

to the dose from the water-independent and water-dependent pathways will occur at different times. 

After the breakthrough time, the contaminated irrigation water will create a new 

contaminated zone as it percolates down through the soil. The contribution of this secondary 

contaminated zone to pathways other than the food pathway is not taken into account in the current 

version of RESRAD because it is assumed to be small compared with the contributions of the food 

pathway. This secondary pathway is considered, however, in the RESRAD-OFFSITE model (see 

Appendix K). 

Radionuclide transport through the food pathways is determined by the quantities of 

different foods consumed (dietary factors), the fraction of the diet from foods that are contaminated 

by radionuclides from the contaminated zone (which is determined by the fraction raised locally and 

the area of the contaminated zone), the cover depth and contaminated zone thickness relative to the 

root zone of the plants, the various transfer factors from root or foliage to plants and from fodder or 

water to meat or milk, and the concentrations of radionuclides in water that have percolated through 

the contaminated zone. The factors used to take these effects into account are discussed in Section 3 

and Appendixes D and E. 

2.2.4.2 Water Pathway Segments 

A water pathway segment connects the contaminated zone with a point of water withdrawal 

for drinking or irrigation or with a pond where aquatic foods are raised for human consumption. This 

segment is characterized by a water/soil concentration ratio for each radionuclide, which is defined 

as the ratio of the radionuclide concentration in the water at the point of withdrawal or use to the 

radionuclide concentration in the contaminated zone. Irrigation and drinking water are assumed to 

be taken from a well or pond. The well is assumed to be either in the center of or at the downgradient 

edge of the contaminated zone (see Appendix E). The pond water is assumed to be contaminated by 

water that seeps to the surface after percolating through the contaminated zone. Figure 2.3 
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FIGURE 2.3 Schematic Representation of the Water Pathway Segments 

schematically represents the process by which natural precipitation or irrigation water infiltrates the 

contaminated zone and transports radionuclides through the unsaturated (vadose) zone and saturated 

zone (aquifer) to a well or point of seepage into surface water. 

Groundwater Pathway Segment. Two models are used for calculating the water/soil 

concentration ratio for the groundwater pathway segment: a mass balance (MB) model and a 

nondispersion (ND) model. The MB mode1 assumes that all of the radionuclides released annually 

from the contaminated zone are withdrawn through a well located at the center of the contaminated 

zone. The ND model assumes that the dispersivity is nil, that the vadose zone and aquifer are 

homogeneous, and that the well is located at the downgradient edge of the contaminated zone. If the 

well is not located at the edge of the contaminated zone (i.e., if it is located off site), then both 
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advection and dispersion of contaminants in the groundwater system must be considered. The 

RESRAD-OFFSJTE model (see Appendix K) considers these dispersion and advection processes. 

The MB model is used for smaller contaminated areas (e.g., 1,000 m2 or less), and the ND model can 

be used for contaminated areas of any size. The MB and ND models are discussed in more detail in 

Appendix E. 

The groundwater pathway segment is analyzed in terms of parameters that are usually used 

in more sophisticated models. These parameters consist of the breakthrough time, rise time, and 

dilution factor. The breakthrough time is the time from a radionuclide’s release into infiltrating water 

at the contaminated zone until its detection at the point of withdrawal or use. The rise time is the 

time from initial detection until the concentration reaches a maximum value. The dilution factor is 

the steady-state ratio of the concentration a radionuclide at the point of withdrawal or use to the 

concentration of the same radionuclide in infiltrating water as it leaves the contaminated zone. 

Formulas for calculating the breakthrough times, rise times, and dilution factors for the MB and 

ND models are given in Section 3 and Appendix E. 

The groundwater pathway models implemented in the RESRAD code apply only to 

situations for which the hydrological strata can reasonably be approximated by a sequence of 

uniform, horizontal strata. For sites having more complicated strata, such as fracture zones, simple 

models may be used to provide reasonable estimates if a set of effective hydrogeologic flow 

parameters are used. However, the accuracy of the results predicted is determined by the accuracy 

of the effective input parameters used (Yu et al. 1986). 

Surface Water Pathway Segment. The surface water is assumed to be a pond for which 

(1) the water inflow and outflow are in steady-state equilibrium and (2) the annual inflow of 

radioactive material into the pond equals the annual quantity of radioactive material leached from 

the contaminated zone. The dilution factor is assumed to be the ratio of the annual volume of water 

that infiltrates the contaminated zone to the annual total inflow of water into the pond. If, as is also 

assumed, the infiltrating water flows vertically downward through the contaminated zone, the surface 

water dilution factor is given by the ratio of the area of the contaminated zone to the area of the 

watershed that supplies the pond. Breakthrough time and rise time are assumed to be the same as for 

an on-site well; no credit is taken for the additional time for radionuclides to be transported from the 
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edge of the contaminated zone to the point of seepage. This simplified model will give a 

conservative estimate of the waterlsoil concentration ratio for a pond. 

2.2.4.3 Drinking Water Pathway 

The concentration factor that characterizes the drinking water pathway is obtained by 

multiplying the waterhoil concentration ratio by the annual quantity of contaminated dnnking water 

consumed by an individual. Both well water and surface water can be used for drinking. The fraction 

of well water blended with or supplernented by surface water is used to calculate the total 

contribution from groundwater and surfa.ce water. The default value for this fraction is unity, that 

is, 100% of the drinking water is drawn from a well. 

2.2.4.4 Soil Ingestion Pathway 

The soil ingestion pathway corresponds to direct ingestion of soil (Healy 1977). This 

pathway is especially significant for a child afflicted with pica (a compulsive craving for nonfood 

objects) (EPA 1984). The dose due to ingestion of soil depends on the amount of soil ingested and 

the concentration of soil. Quantitative details are presented in Appendix F. 

2.3 DOSE CONVERSION FACTORS 

The distribution of dose within the body depends on the type of radiation involved and the 

location of the radionuclides emitting the radiation (i.e., whether they are within or external to the 

body). The ICRP has provided a useful quantity that, on a risk scale, can be applied to any radiation 

pattern (ICW 1977,1978,1979-1982, k991a,b). This quantity, the EDE, is the weighted sum of the 

dose equivalent in various organs. The weighting factors for the organs are proportional to the 

potential risk associated with the irradiation of those organs. All dose factors used for deriving soil 

concentration guidelines are based on the EDE. 

Internal radiation doses to organs and tissues of the body are frequently estimated with 

factors representing the committed dose equivalent2 for a unit intake of a radionuclide via inhalation 

or ingestion. In the case of external radiation, the dose rate in organs depends on the concentration 

The committed dose equivalent is the dose equivalent to organs or tissues that will be.received by an individual from 
an intake of radioactive material during the 50-year period following the intake. 
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of the radionuclide in the environment. These relationships are expressed as dose/exposure ratios 

called dose conversion factors (DCFs). For internal exposure, a DCF is the ratio of the CEDE to the 

quantity of a radionuclide inhaled or ingested. For external exposure, a DCF is the ratio of the EDE 

rate to the concentration of a radionuclide in the air, water, or ground. 

2.3.1 Ingestion and Inhalation 

The radiation dose from inhalation and ingestion of radionuclides has been systematically 

evaluated in ICRP Publication 30 (ICRP 1979-1982). This effort was undertaken to compute 

secondary limits for occupational exposures corresponding to the primary radiation protection 

guidance of ICRP Publication 26 (ICRP 1977). Dose equivalents in organs or tissues of the body are 

calculated with models that (1) describe the entrance of materials into the body (respiratory and 

gastrointestinal [GI] tract) and the deposition and subsequent retention of the radionuclides in body 

organs (referred to as metabolic models) and (2) estimate the energy deposition in tissues of the body 

(ICRP 1979-1982). In applying the results of these calculations, some insight into the details of 

models for the lung and GI tract is required because these models serve as the interface between 

humans and the environment. 

Inhalation of radionuclides attached to airborne particles is a potential route for intake of 

radionuclides into the body. The ICRP model of the respiratory tract divides the tract into three 

regions: nasopharyngeal, tracheobronchial, and pulmonary (ICRP 1966). These regions are 

connected with one another as well as with body fluids and the GI tract. The fraction of inhaled 

radioactivity deposited in these regions is a function of the size of the airborne particles. The activity 

median aerodynamic diameter (AMAD) is the measure most widely used to characterize the aerosol. 

The rate at which the deposited material is removed from the regions is considered to be independent 

of particle size; the rate is, however, related to the chemical form of the particles. Chemical 

compounds are assigned to one of three classes to characterize their removal rate from the lung. The 

inhalation classes are denoted as D, W, and Y -corresponding to clearance or removal times from 

the pulmonary region of the lung in days, weeks, or years, respectively. Different models apply to 

the inhalation of gaseous radionuclides such as radon, tritiated water vapor, or C-14 as C 0 2 .  Details 

are provided in the ICFU? task group’s report (ICRP 1966) and subsequent ICRP publications 

(ICRP 1968,1979-1982,1991a,b, l994,1995a,b, 1996a,b). 
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A portion of the material initially deposited in the lung enters the GI tract, and, of course, 

ingested radionuclides enter the GI tract directly. The ICRP model of the GI tract divides the tract 

into four compartments: stomach, small intestine, upper large intestine, and lower large intestine 

(Eve 1966). Absorption of materials into body fluids is generally considered to occur within the 

small intestine. The fraction of the ingested material absorbed into body fluids from the tract is 

denoted as f,. The numerical value off, depends on the chemical form of the ingested material (ICRP 

1979-1982). 

Radionuclides that enter body fluids from either the lung or the GI tract may be deposited 

within the various organs of the body. Metabolic processes and radioactive decay reduce the 

radioactivity in the body. These removal processes are modeled in a rather simple manner in which 

the organs are represented by a number of mathematical compartments from which the removal rate 

is directly proportional to the amount of radionuclide present (ICRP 1979-1982). This approach 

leads to functions involving a sum of exponentials to describe the time course of activity within the 

body. An exception to this representation occurs for radium, for which the more detailed metabolic 

model of ICRP Publication 20 (ICRP 1.972) is used. 

In calculating the dose from intake of radionuclides into the body, the occurrence of 

radioactive decay products must be considered. When an atom undergoes radioactive decay, the new 

atom formed may also be radioactive and thus contribute to the dose. Although these decay products 

may be treated as independent radionuclides in external exposures, they must be considered in 

conjunction with the parent in the evaluation of radionuclides inhaled or ingested, because their 

distribution among the organs of the body depends on the metabolism of the parent (ICRP 
1979-1982). Thus, the contributions to dose from decay products formed within the body are 

included in the DCF for any radionuclide with radioactive decay products. 

Factors representing the CEDE per unit intake of radionuclides are given in Appendix B 

(Table B. 1) for inhalation and Appendix D (Table D. 1) for ingestion. These values were taken from 

Federal Guidance Report No. 1 1 (FGR- 1 1) (Eckerman et al. 1988). The DCFs for inhalation of radon 

and its decay products are discussed in Appendix C. In many instances, several chemical forms have 

been considered; that is, more than one clearance class (inhalation) or f, (ingestion) value is given 

for the radionuclide. If a user of this manual has information indicating the chemical forms expected 
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in the particular environment being considered, then the appropriate value should be selected after 

ICRP Publication 30 (ICRP 1979-1982) is consulted. If no information on the relevant chemical 

forms is available, then the most conservative value (i.e., the highest estimate of dose) should be 

used. 

Dose conversion factors identified with “+D” in Tables B. 1 and D. 1 are the sums of DCFs 

for a principal radionuclide (i.e., a radionuclide with a half-life greater than the 1- or 6-month cutoff) 

and its associated decay chain (Le., all short-lived decay products of a principal radionuclide down 

to, but not including, the next principal radionuclide or the final nonradioactive nuclide in the chain). 

These aggregated DCFs correspond to ingestion or inhalation of the principal radionuclide together 

with its associated decay product radionuclides, which are assumed to be in secular equilibrium at 

the time of intake (see Section 3.1 andTables 3.1 and 3.2). 

2.3.2 External Radiation 

Organs of the body may be irradiated by radiation emitted from radionuclides present in the 

environment. Gamma and beta radiations are taken into account in calculating soil guidelines (see 

Section 2.2.2). Gamma radiation is of particular concern because this radiation is sufficiently 

penetrating that the dose at a given location depends on the spatial distribution of the source over 

considerable distances. In addition, the dose distribution pattern within the body is rather uniform. 

The actual distribution of dose in the body depends somewhat on the distribution pattern of the 

radionuclide in the environment. An idealized distribution pattern that is often assumed is a uniform 

distribution of the radionuclide within an infinite or semi-infinite region. By considering such 

idealized distributions, DCFs relating the EDE rate to the radionuclide concentration can be 

tabulated. For other situations, the details of radionuclide distribution must be included in the 

numerical calculation of dose. 

Kocher (1983) has published extensive tabulations of dose-rate factors for radionuclides 

distributed in air, in water, and on the ground surface. Chen (1991) used the Monte Carlo method 

to generate dose-rate factors for radionuclides in soil. Eckerman and Ryman (1993) published the 

dose-rate factors for soil volume contamination and surface contamination in FGR-12. Kamboj et al. 

(1998) extendedFGR 12 external dose-rate factors to any shape and thickness of contamination, with 
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or without a cover, and contaminated materials other than soil. Dose conversion factors for exposure 

from radionuclides in or on the ground are presented in Appendix A (Table A. 1). 

2.4 EXPOSURE SCENARIOS 

Exposure scenarios are patterns of human activity that can affect the release of radioactivity 

from the contaminated zone and the amount of exposure received at the exposure location. There are 

many potential exposure scenarios, such as subsistence farming and industrial worker. The actual 

scenario of a site depends on numerous factors, including the location of the site, zoning of the land, 

physical characteristics of the site, etc. Soil guidelines are usually based on a resident farmer 

exposure scenario. This scenario includes all environmental pathways for on-site or near-site 

exposure and is expected to result in the highest predicted lifetime dose. Other scenarios, such as the 

suburban resident, industrial worker, and recreationist, can be taken into account by adjusting the 

scenario parameters in formulas for calculating the transport of radionuclides through the pathways 

(see Sections 3 and 4 and Appendixes A through L). These scenarios are discussed further in 

Sections 2.4.1 and 2.4.2. 

2.4.1 Resident Farmer Scenario 

In the resident farmer scenario, a family is assumed to move onto the site after it has been 

released for use without radiological restrictions, build a home, and raise crops and livestock for 

family consumption. Members of the family can incur a radiation dose by (1) direct radiation from 

radionuclides in the soil, (2) inhalation of resuspended dust (if the contaminated area is exposed at 

the ground surface), (3) inhalation of radon and its decay products, (4) ingestion of food from crops 

grown in the contaminated soil, (5) ingestion of milk from livestock raised in the contaminated area, 

(6) ingestion of meat from livestock raised in the contaminated area, (7) ingestion of fish from a 

nearby pond contaminated by water percolating through the contaminated zone, (8) ingestion of 

water from a well or pond contaminated by water percolating through the contaminated zone, and 

(9) ingestion of contaminated soil. The basis for selecting a resident farmer scenario for the critical 

population group is summarized below. 
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Permanent residents, rather than individuals exposed by activities not associated with 

residential living, are chosen as the primary critical population group because the exposure for 

permanent residents is more likely to be long term and generally involves exposure by more 

pathways. The nonresident group most likely to receive significant exposure consists of construction 

workers. An individual involved in recreational activities (e.g., a baseball field built on the site) 

receives a much smaller dose than a permanent resident because the former person spends less time 

on site. Scavenging can also occur, although this is not very likely considering the lack of economic 

value of the contaminated material. The exposure of scavengers can reasonably be assumed to be 

comparable with that of construction workers. The exposure of construction workers or scavengers 

is unlikely to last longer than a few months and is generally limited to working hours. The lifetime 

exposure for construction workers and scavengers is, therefore, unlikely to exceed the lifetime dose 

for a permanent on-site resident. (The basic dose limit for members of the general public from all 

sources of radiation - except natural background and radiation received as a patient - is 1 mSv 

[i.e., 100 mrem] per year [DOE 1990,19921.) With adequate justification and approval from DOE’S 

Office of the Assistant Secretary for Environment, Safety and Health (EH-l), this limit may be 

exceeded for a fixed period of time (not to exceed a few years), provided that the annual dose is kept 

below 5 mSv (500 mrem)/yr. Exposure of workers in on-site industrial or commercial buildings can 

also occur, but this exposure is generally less than that of residents because the exposure, is limited 

to worhng hours and does not include contributions from ingestion of foods grown on site. 

Soil guidelines are based on on-site exposure because on-site residents receive a radiation 

dose that is at least as large as the dose to off-site residents and is generally larger. The external 

radiation dose decreases rapidly with distance from the site, and secondary off-site sources - such 

as surface deposits of airborne contaminated soil or water contaminated by radionuclides leached 

from the soil -have lower radionuclide concentrations. The contributions from inhalation pathways 

decrease with distance from the site for the same reasons. The largest contribution from the 

groundwater pathway is for drinking water from the unconfined aquifer tapped by a well at the 

downgradient boundary of the contaminated area. This contribution can be the same for on-site and 

near-site residents but decreases for wells at greater distances from the boundary. The situation is 

more complicated for food chain pathways because reconcentration can occur along these pathways. 
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However, the predominant contribution is from on-site crops and domestic animals, and this 

contribution is greatest for on-site residents who raise food for their own consumption. 

Exposure scenarios used for establishing soil guidelines should be bounding in the sense 

that they correspond to actions, events, and processes that will result in the largest exposure likely 

to occur to individuals and groups. However, they must also be credible, which implies that the 

probability of occurrence should be above some threshold value. The basis for specifying a credible 

bounding scenario is ill defined because a threshold probability for distinguishing between a credible 

and a noncredible scenario has not been established, and it is usually not possible to assign a 

meaningful probability of occurrence for a scenario (unless the scenario is physically impossible, in 

which case a zero probability can be assigned). A resident farmer scenario, in which a family 

constructs a home on the contaminated site and raises an appreciable fraction of its food on this site, 

is considered to be a credible bounding scenario for the purpose of this rnan~al.~ Even though such 

a scenario may be unlikely in the foreseeable future for a site located in an industrial or urban area, 

it cannot be excluded as noncredible at some time several hundred years in the future. 

The assignment of appropriate values to the scenario parameters is based on existing 

patterns of human activity that can be expected to persist for an indefinite time. For most scenario 

parameters, this criterion enables a straightforward determination of parameter values on the basis 

of data for current conditions. Scenario parameters and parameter values required for the RESRAD 
code are given in Appendixes A through J. The parameters and models that can be used to estimate 

the off-site dose are discussed in Appendix K. Models and parameters for carbon-14 and tritium are 

discussed in Appendix L. The basis for selecting some of the key parameter values used in the 

RESRAD code is discussed below. 

One scenario parameter is the fraction of the family diet that consists of contaminated 

foodstuffs. This parameter will be determined by the fraction of food that is raised on site and the 

fraction of the on-site crops grown in contaminated soil. The fraction of food raised on site will be 

determined by the living and farming style and the area of land available to a family for gardening. 

This scenario is referred to as the intruder-agriculture scenario when used for analyzing the long-term radiological 
impacts of a low-level radioactive waste disposal site (NRC 1982). This terminology is not used in this manual 
because a resident cannot be regarded as an intruder after a site has been released for use without radiological 
restrictions. 
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Farms or residential gardens that provide a significant fraction of the family diet are fairly 

common; it is not uncommon for families in rural areas to raise livestock to provide most of their 

meat and milk. A fully self-sufficient farm is rare. For a “self-sufficient” scenario to apply, the family 

would have to raise all of its vegetables on site - that is, grow its own potatoes or rice, get all fruit 

from an on-site fruit orchard, can or freeze enough of the summer crop to provide all food during the 

winter, and raise all grain used for bread and cereal. A scenario that is considered to be bounding and 

credible is for a family to have a garden that provides half of the total plant food diet if the area 

available for gardens and orchards is 0.1 ha or larger. This value is based on the following estimates 

for the area for a year’s supply of food for an individual: 50 m2 for leafy and other aboveground 

vegetables, 200 m2 for root vegetables and grains, and a somewhat larger area for fruit trees. These 

figures indicate that 0.1 ha would be sufficient for half of the plant food diet for a family of four. It 

is also assumed, as noted above, that half the diet would be food purchased from a market even if 

sufficient land were available for a larger garden. 

The area required for livestock, including summer pasture and forage for winter use, is 

somewhat larger. A single pig requires a food supply from an area of about 2,000 m2; a single milk 

cow needs a forage supply that may require an area of 1 ha or more. It is assumed that an area of 2 ha 

would be needed to provide sufficient meat and milk, including all forage, for a family of four. Thus, 

if the contaminated area exceeds 2 ha, the scenario diet factors specify that all of the meat and milk 

and 50% of the plant foods in the family diet are potentially contaminated. The fraction of the meat 

and milk diet that is contaminated is assumed to decrease linearly from 1 to 0 as the area decreases 

from 2 to 0 ha. The fraction of the plant food diet that is contaminated is assumed to decrease 

linearly from 0.5 to 0 as the area decreases from 0.1 to 0 ha. 

If the contaminated material is initially underneath a protective cover of uncontaminated 

material, one should take into account the dose that might be incurred from radioactive material that 

is redistributed during excavation for the basement of a residence. The excavation may result in the 

mixing of the uncontaminated cover material with the contaminated material underneath and the 

redistribution of the mixed material on the surface. However, no credit for concentration reduction 

as the result of mixing should be taken if the undisturbed contaminated layer is exposed at the 

surface or if the redistributed layer would result in a predicted potential dose less than the potential 

dose predicted for the undisturbed layer. 
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2.4.2 Suburban Resident, Industrial Worker, and Recreationist Scenarios 

Other potential exposure scenarios include, but are not limited to, suburban resident, 

industrial worker, and recreationist scenarios. For these scenarios, the exposed individual usually 

spends less time on site, and fewer exposure pathways usually are involved than for the resident 

farmer scenario. For example, industrial workers usually work 8 hours a day and do not ingest meat 

and milk from livestock raised on site. A recreationist, such as jogger, baseball player, or hunter 

usually spends even less time on site (e.g., 2 hours a day, 3 days a week). However, an industrial 

worker or a recreationist may have a higher inhalation rate than a resident farmer. Table 2.2 lists the 

pathways that need to be considered for the resident farmer, suburban resident, industrial worker, 

and recreationist scenarios. Pathways not applicable to a scenario can easily be suppressed in the 

RESRAD code so that parameters related only to those suppressed pathways need not be entered (see 

Section 4 for details). 

In the suburban resident scenario, it is assumed that municipal water (i.e., uncontaminated 

water) is used for drinking and irrigation purposes. If well water is used, however, these pathways 

can be activated in RESRAD. In an EPA study (EPA 1994), an on-site well is assumed for drinking 

in the suburban resident scenario. In the industrial worker scenario, it is assumed that no water or 

food obtained from the site is consumed. In the EPA industrial worker scenario, it is assumed that 

dnnking water comes from an onsite well. However, the drinking water ingestion rates for the 

industrial worker and resident are different. 

Recreational land use addresses exposure to people who spend a limited amount of time at 

or near a site while playing, fishing, hunting, hiking, or engaging in other outdoor activities. Because 

not all sites provide the same opportunities, recreational scenarios must be developed on a site- 

specific basis. Recreational exposure should account for hunting and fishing seasons where 

appropriate, and other activities also should be scaled according to the amount of time they could 

actually occur. The exposure pathways shown in Table 2.2 are reasonably conservative and may be 

modified according to the site. 

Table 2.3 compares the key parameters used in the resident farmer, industrial worker, and 

recreationist scenarios. These parameters are user-changeable input parameters. Input data files for 
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TABLE 2.2 Pathways to be Considered for the Resident Farmer, Suburban 
Resident, Industrial Worker, and Recreationist Scenarios 

Resident Suburban Industrial 
Pathway Farmer" Residentb Workef Recreationistd 

External gamma exposure 
Inhalation of dust 
Radon inhalation 
Ingestion of plant foods 
Ingestion of meat 
Ingestion of milk 
Ingestion of fish 
Ingestion of soil 
Ingestion of water 

Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 

Yes 
Yes 
Yes 
Yes 
No 
No 
No 
Yes 
No 

Yes 
Yes 
Yes 
No 
No 
No 
No 
Yes 
No 

Yes 
Yes 
Yes 
No 
Yes 
No 
Yes 
Yes 
No 

a Resident Farmer: water used for drinking, household purposes, irrigation, and 
livestock watering is from a local well in the area. 

Suburban Resident: no consumption of meat and milk obtained from the site, and 
the water used for drinking is from offsite sources. 

Industrial Worker: no consumption of water or food obtained on the site. Note: the 
EPA's industrial worker is assumed to drink water from an onsite well (EPA 
1994). However, the drinking water ingestion rates for the industrial worker and 
resident are different. 

Recreationist: no consumption of food except meat (game animals) and/or fish 
obtained from the onsite pond, and the water used for drinking is from offsite 
sources. 

these scenarios are distributed with the RESRAD code. Additional parameters may need to be 

changed under some circumstances. For instance, the dust particle size for the industrial or 

recreationist scenario may not be the default size of 1 pm as assumed in the inhalation dose 

conversion factors (see Appendix B). If the actual particle size is known, the correct dose conversion 

factor can be input into RESRAD by using the Dose Conversion Factor Editor in the RESRAD code. 

Detailed discussion on the use of the edit function can be found in Section 4. 
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TABLE 2 3  Comparison of Key Parameters Used in the Resident Farmer, Suburban 
Resident, Industrial Worker, and Recreationist Scenarios 

Resident Suburban Industrial 
Parameter Unit Farmer Resident Worker Recreationist 

Exposure duration Yr 30 30 25 30 
Inhalation ratea m3/yr 8,400 8,400 1 1,400 14,000 

C Fraction of time indoorsb - 0.50 0.50 0.17 - 
Fraction of time outdoorsd - 0.25 0.25 0.06 0.006 
Contaminated fractions of food" 

Plant food - 0.5 0.1 Not used Not used 
Milk - 1 .o Not used Not used Not used 
Meat - 1.0 Not used Not used 1.0 
Aquatic food - 0.5 Not used Not used 0.5 

Soil ingestionf g/yr 36.5 36.5 36.5 36.5 
Drinking water intakeg Uyr 510 Not used Not used Not used 

a RESRAD assumes an average inhalation rate of 8,400 m3/yr for the resident farmer and 
suburban resident scenarios. The average inhalation rate of 15.2 m3/d is given in the EPA 
Exposure Factor Handbook (EPA 1997). For the industrial worker scenario, an hourly average 
worker inhalation rate (1.3 m3k) is assumed (EPA 1997). For the recreationist scenario, it is 
assumed that the individual would be involved in moderate activity on site; therefore, an 
inhalation rate of moderate activity (1.6 m3/h) is assumed (EPA 1997). 

RESRAD assumes that the resident farmer and suburban resident spend 50% of their time 
inside on the contaminated site. For the industrial worker, it is assumed that he/she would 
spend 6 h/d (1,500 h total in one year) inside on the contaminated site. The EPA Exposure 
Factor Handbook (EPA 1997) assumes that the resident spends an average of 16.4 Wd inside. 

A hyphen indicates that the parameter is dimensionless. 

RESRAD assumes that the resident farmer and suburban resident spend 25% of their time 
outside on the contaminated site. For the industrial worker, it is assumed that he/she would 
spend 2 h/d (500 h total in one year), outside on the contaminated site. The EPA Exposure 
Factor Handbook (EPA 1997) assumes that the resident spends an average of 2 h/d outside. 
For the recreationist scenario, it is assumed that he/she spends 50 h outdoors on the 
contaminated site in one year. 

e RESRAD corrects the contaminated fractions for plant, meat, and milk food on the basis of 
the contaminated area. The values in the table are for a very large contaminated area 
(>20,000 m2 for the meat and milk pathway and >1,000 m2 for the plant food pathway). 

RESRAD uses 36.5 g/yr as the soil ingestion rate. The actual resident soil ingestion rate is 
corrected by the occupancy factor, which is the sum of the time spent on site (time fraction 
inside + time fraction outside). The average value suggested in the EPA Exposure Factor 
Handbook (EPA 1997) is 50 mg/d. 

RESRAD considers water ingestion only for the rural resident, and the ingestion rate is 
5 10 Uyr. The EPA also considers water ingestion for the suburban resident and industrial 
worker; the EPA Exposure Factor Handbook (EPA 1997) recommends an average drinking 
water intake of 1.4 Ud. 
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3 GUIDELINES FOR RADIONUCLIDE CONCENTRATIONS IN SOIL 

The basic criterion for releasing a site for use without radiological restrictions is the dose 

limit. The dose limit is converted to soil guidelines - specified as radionuclide concentrations - 
by means of dose/source ratios (DSRs) that are expressed in terms of three primary factors: dose 

conversion factors (DCFs), environmental transport factors (EWs), and source factors (SFs). This 

section presents definitions of these factors and describes how they are used to derive soil guidelines. 

Tables, detailed models, and formulas for calculating the factors are given in Appendixes A 

through L. The typical ranges, measurement methodologies, and default values used for RESRAD 

input parameters are discussed in the RESRAD Data Collection Handbook (Yu et al. 1993a). 

3.1 RADIOLOGICAL RELEASE CRITERIA 

The basic criterion that must be satisfied before a site can be released for use without 

radiological restrictions is 

H&) = average annual TEDE received by a member of the critical population 

group at time t following the radiological survey of the site (mSv/yr 

[mrem/Yrl), 

HEL = basic dose limit (0.25 mSv/yr [25 mredyr]), 

t, = time at which the site is released for use without radiological 

restrictions following the radiological survey (1 yr), and 

th = time horizon (1,000 yr). 

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, 

Units are specified in parentheses following the variable description. Numerical values are given for input variables 
to which default values are assigned. Default values are assigned to all input variables except radionuclide 
concentrations. If the total dose is sensitive to the variable (Cheng et al. 1991), then a site-specific value should be 
used if its determination is feasible. 

4 
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or time t,. The default value used in the RESRAD code for t, is 1 year; for th, the default value is 

1,000 years. . 

If the radionuclides are uniformly distributed within the contaminated zone, Equation 3.1 

may be transformed into the inequality 

where 

M(t)  = HE (t)& = fraction of the basic dose limit received by an average 

member of the critical population group at time t following the 

radiological survey (dimensionless), 

Si(0) = initial concentration of the ith principal radionuclide in a uniformly 

contaminated zone art time 0 (Bq/g [pCi/g]), and 

G,(t) = single-radionuclide soil concentration guideline for the ith principal 

radionuclide in a uniformly contaminated zone at time t (Bq/g [pCi/g]). 

The variable M(t) is referred to as the mixture sum or sum of fractions. Principal 

radionuclides are radionuclides with half-lives greater than a certain cutoff half-life. In RESRAD, 
the user can select either a six- or one-month cutoff half-life. The decay products of any principal 

radionuclide down to, but not including, the next principal radionuclide in its decay chain are called 

associated radionuclides and consist of radionuclides with half-lives less than the cutoff half-life. 

It is assumed that a principal radionuclide is in secular equilibrium with its associated radionuclides 

at the point of exposure. This assumption is reasonable because it usually takes about three years or 

longer to clean up a site. Principal and associated radionuclides included in the current version of 

RESRAD are listed in Tables 3.1 and 3.2. When the six-month cutoff half-life is selected, 

74 principal and 53 associated radionuclides are available. A total of 144 radionuclides 

(i.e., 91 principal and 53 associated radionuclides) are available in RESRAD, Version 6. 

A contaminated zone is defined as a belowground volume within which the radionuclide 

concentrations in soil samples clearly exceed the background concentrations. Background 
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TABLE 3.1 Principal and Associated Radionuclides with a Cutoff Half-Life 
of Six Months 

Terminal Nuclide or Principal 
Radionuclide" Radionuclide' 

Associated 
Half-life (yr) Species Half-life (yr) Decay Chainb Species 

H-3 
C-14 
Na-22 
A1-26 
C1-36 

K-40 

Ca-4 1 
Mn-54 
Fe-55 

CO-60 
Ni-59 

211-65 
Ge-68 
Se-79 
Sr-90 
2-93 
Nb-93m 
Nb-94 
Tc-99 
Ru- 106 

CO-57 

Ni-63 

Ag-1O8m 

Ag-1 lorn 

Cd- 109 
Sb-125 
1-129 
CS- 134 

12.35 
5,730 
2.602 

3.01 x 10s 
7.16 x 105 

1.28 x 109 

1 . 4 ~  Id 
0.8556 
2.7 
0.7417 
5.271 
7.5 x 104 
96 
0.6678 
0.7885 
6.5 x 104 
29.12 
1.53 x lo6 
13.6 
2.03 x 104 
2.13 x 105 
1.008 1 
127 

0.6842 

1.270 
2.77 
1.57 x lo7 
2.062 

CS-135 2.3 x lo6 

d 

- 

- 
Ga-68 (68 min) 

Y-90 (64.0 h) 

Rh-106 (29.9 S) 

Ag-108 (8.90%, 2.37 min) 

Ag-110 (1.33%, 24.6 S) 

Te-125m (22.8%. 58 d) 

He-3 

Ne-22 
N-14 

Mg-26 
Ar-36 (1.9%) 
S-36 (98.1 %) 
Ca-40 (89.3%) 

K-41 
Cr-54 
Mn-55 
Fe-57 
Ni-60 

Ar-40 (10.7%) 

CO-59 
CU-63 
CU-65 
Zn-68 
Br-79 
3-90 
Nb-93m 
Nb-93 
Mo-94 
Ru-99 
Pd- 106 
Pd-108 (91.1%) 
Cd-108 (97.65%) 
Pd-108 (2.35%) 
Cd-110 (98.67%) 
Cd-110 (99.7%) 
Pd-110 (0.3%) 
Ag- 109 
Te- 1 25 
Xe- 129 
Ba-134 (99.9997%) 
Xe-134 (0.0003%) 
Ba-135 

* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 

13.6 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
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TABLE 3.1 (Cont.) 

Principal Terminal Nuclide or 
Radionuclide* Radionuclide' 

Associated 
Species Half-life (yr) Decay Chainb Species Half-life (yr) 

CS-137 
Ba-133 
Ce-144 

Pm-147 
Sm-147 
Sm-151 
Eu-152 

Eu- 154 

Eu-155 
Gd-152 
Gd-153 
Au- 195 
T1-204 

Pb-2 10 

Bi-207 
Ra-226 

Ra-228 
Ac-227 

30.0 
10.74 
0.7784 

2.6234 
1.06 x 10" 
90 
13.33 

8.8 

4.96 
1.08 x 1014 
0.6626 
0.501 
3.779 

22.3 

38 
1.60 x 103 

5.75 
2 1.773 

Ba-137m (94.6%, 2.552 min) 

pr-144 (loo%, 17.28 min) 
Pr-144m (1.78%, 7.2 min)] 

- 

Bi-210 (5.012 d) 
PO-210 (138.38 d) 

Rn-222 (3.8235 d) 
Po-218 (3.05 min) 
[pb-214 (99.98%, 26.8 min) 
At-218 (0.02%. 2 s)] 
Bi-214 (19.9 min) 
[Po-214 (99.98%, 1.64 x lo4 s) 
T1-210 (0.02%, 1.3 min)] 
Ac-228 (6.13 h) 

Fr-223 (1.38%, 21.8 min)] 
Ra-223 (1 1.434 d) 
Rn-219 (3.96 s) 
Po-215 (1.78 ms) 
Pb-211 (36.1 min) 
Bi-211 (2.15 min) 
[T1-207 (99.72%. 4.77 min) 

[Th-227 (98.62%, 18.71 8 d) 

PO-21 1 (0.28%, 0.516 s)] 

Ba-137 
(3-133 
Nd-144 

Sm-147 
Nd-143 
Eu-151 
Sm-152 (72.08%) 
Gd-152 (27.92%) 
Gd-154 (99.98%) 
Sm-154 (0.02%) 

Sm-148 
Gd-155 

Eu-153 
Pt-195 
Pb-204 (97.42%) 
Hg-204 (2.58%) 
Pb-206 

Pb-207 
Pb-210 

Th-228 
Pb-207 

* 
* 
* 

1.06 x 10" 
* 
* 
* 

1.08 x 1014 
* 
* 
* 
* 
* 
* 
* 
* 
* 

* 
22.3 

1.9131 
* 
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TABLE 3.1 (Cont.) 

Principal Terminal Nuclide or 
Radionuclide' Radionuclide" 

Associated 
Species Half-life (yr) Decay Chainb Species Half-life (yr) 

Th-228 

Th-229 

Th-230 
Th-232 
Pa-23 1 
U-232 
U-233 
U-234 
U-235 
U-236 
U-238 

Np-237 
Pu-238 
Pu-239 
Pu-240 
Pu-24 1 

Pu-242 
F'u-244 

1.9131 

7.34 x 103 

7.7 x 104 
1.405 x 10'' 
3.276 x lo4 
72 
1.585 x 10s 
2.445 x 10s 
7.038 x lo* 
2.3415 x lo' 
4.468 x lo9 

2.14 x lo6 
87.74 
2.4065 x lo4 
6.537 x lo3 
14.4 

3.763 x ld 
8.26 x 107 

Ra-224 (3.66 d) 
Rn-220 (55.6 s) 
PO-216 (0.15 S) 
Pb-212 (10.64 h) 

[PO-212 (64.07%, 0.305 /AS) 
Bi-212 (60.55 min) 

TI-208 (35.93%, 3.07 min)] 
Ra-225 (14.8 d) 

Fr-221 (4.8 min) 

Bi-213 (45.65 min) 

TI-209 (2.16%, 2.2 min)] 

Ac-225 (10.0 d) 

At-217 (32.3 m ~ )  

[PO-213 (97.84%, 4.2 PS) 

Pb-209 (3.253 h) 

Th-231 (25.52 h) 

Th-234 (24.10 d) 
[Pa-234m (99.80%, 1.17 min) 
Pa-234 (0.33%, 6.7 h)] 
Pa-233 (27.0 d) 

[U-237 (2.45 x 6.75 d)r 

U-240 (99.88%, 14.1 h) 
Np-240m (7.4 min) 

Pb-208 * 

Bi-209 

Ra-226 
Ra-228 
Ac-227 
Th-228 
Th-229 
Th-230 
Pa-23 1 
Th-232 
U-234 

U-233 
U-234 
U-235 
U-236 
Np-237 (2.45 x la3%) 
Am-241 (99.9976%) 
U-238 
Pu-240 

* 

1.60 x 103 
5.75 
2 1.773 
1.9131 
7.34 x 103 
7.7 x 104 
3.276 x lo4 
1.405 x 10" 
2.445 x l@ 

1.585 x 10s 
2.445 x 105 
7.038 x 10' 
2.3415 x IO' 
2.14 x lo6 
432.2 
4.468 x lo9 
6.537 x lo3 



TABLE 3.1 (Cork) 

Principal 
Radionuclide" 

Terminal Nuclide or 
Radionuclide" 

Associated 
Species Half-life (yr) Decily Chainb Species Half-life (yr) 

Am-24 1 
Am-243 
Cm-243' 

Cm-244 
Cm-245 
Cm-246 
Cm-247 
Cm-248 

Cf-252 

432.2 
7.38 x 103 
28.5 

18.11 
8.5 x 103 
4.73 x 103 
1.56 x 107 

3.39 x 105 

2.638 

Np-239 (2.355 d) 

Pu-243 (4.956 h) 

Np-237 
Pu-239 
Pu-239 (99.76%) 
Am-243 (0.24%) 
Pu-240 
PU-24 1 
Pu-242 
Am-243 
Pu-244 (91.74%) 
SF' (8.26%) 
Cm-248 (96.908%) 
SF' (3.092%) 

2.14 x lo6 
2.4065 x lo4 
2.4065 x 10" 
7.38 x lb 
6.537 x lo3 
14.4 
3.763 x 105 
7.38 x 1 b  
8.26 x 107 

3.39 x 16 

* Radionuclides with half-lives greater than six months. 

The chain of decay products of a principal radionuclide extending to (but not including) the next principal 
radionuclide or a stable nuclide. Half-lives are given in parentheses. Branches are indicated by square 
brackets with branching ratios in parentheses. 

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. 

A hyphen indicates that there are no associated decay products. 
e The branching decay for Pu-241 and Cm-243 involves multiple principal radionuclides and associated 

radionuclides. For a detailed description of the decay chain, see ICRP Publication 38 (ICRP 1983) and 
Appendix G. 

Spontaneous fission. 

concentrations are determined from measurements in soil samples taken at several nearby off-site 

locations where contamination is very unlikely. The concentration of a radionuclide is considered 

to clearly exceed the background concentration if it is larger than themean background concentration 

plus twice the standard deviation of the background measurements. If the concentrations in the 

samples used for determining the background concentration are below the lower limit of detection 

(LLD) of the instrument used, the concentration of that radionuclide is considered to exceed 

background if it exceeds the LLD of the instrument. 
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TABLE 3.2 Principal and Associated Radionuclides with a Cutoff Half-Life 
of One Month 

Principal Terminal Nuclide or 
Radionuclide" Radionuclide' 

Associated 
Species Half-life (yr) Decay Chainb Species Half-life (yr) 

s-35 0.2394 
Ca-45 0.446 

C1-35 
sc-45 

d 

- 
* 
* 

- * Sc-46 0.2295 1 Ti-46 
Fe-59 0.12191 
Se-75 0.3280 
Sr-85 0.17752 

CO-59 
AS-75 
Rb-85 

- 
- 
- * Sr-89 0.1383 Y-89 

Zr-95 0.17517 Nb-95m (0.7%, 3.61 d) Nb-95 (99.3%) 0.09624 
- * Nb-95 0.09624 Mo-95 

SII-1 13 0.3151 In-113m (1.658 h) In-1 13 
Sb-124 0.1648 Te-124 
Te-125me 0.1588 Te- 125 

- 
- 

I- 125 0.16465 
Ce-141 0.08898 
Ta- 182 0.3149 
Ir- 192 0.20266 

PO-210" 0.37886 

- * Te- 125 
Pr- 14 1 * 
w-182 
Pt-192 (95.3%) 
OS-192 (4.7%) 
Pb-206 

- 
- * 
- * 

- * 

a Radionuclides with half-lives between one and six months. 

The chain of decay products of a principal radionuclide extending to (but not 
including) the next principal radionuclide or a stable nuclide. Half-lives and 
branching ratios are given in parentheses. 

' 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. 

A hyphen indicates that there are no associated decay products. 

Te-125m and Po-210 become associated radionuclide daughters of Sb-125 and 
Pb-210, respectively, when the cutoff half-life is changed to six months. 
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A distinction should be made between a uniformly contaminated zone and a homogeneously 

contaminated zone. A uniformly contaminated zone is a mathematical construct used to calculate 

soil guidelines. In a uniformly contaminated zone, radionuclide concentrations are exactly the same 

at every point. A homogeneously contaminated zone is a volume within which deviations from 

uniformity of the actual radionuclide concentrations are considered small enough to allow the 

volume to be treated as if it were uniformly contaminated. 

Actual radionuclide distributions are nonuniform. The potential annual individual dose 

received through a particular pathway is an areal average of the nonuniform residual radioactivity 

over an area determined by the scenario1 activities (e.g., the area of daily activities for external 

radiation or the size of the garden for plant food pathways). For the purpose of comparing average 

concentrations with soil guidelines, it is assumed that this area is 100 m2 for all pathways. The effect 

of vertical nonuniformities is taken into account by averaging over the radionuclide concentrations 

in a 0.15-m-thick layer. Thus, the crit.erion for releasing a site for use without radiological 

restrictions is as follows: for any 100-m2 area and 0.15-m-thick layer within the contaminated zone, 

M(t)  = si (0)lGJt) I; 1, t ,  5 t 5 th , 
i 

(3.3) 

where 

I;i ( t )  = average mixture sum at time t (dimensionless), 

gi(0) = initial concentration of the ith principal radionuclide averaged over a 

100-m2 area and 0.15-m-thick layer (Bq/g [pCi/g]), and 

G,(t) = single-radionuclide soil concentration guideline for the ith principal 

radionuclide in a uniformly contaminated zone at time t (Bq/g [pCi/g]). 

Equation 3.3 is the homogeneous release criterion. It is directly applicable to homogeneous 

contamination, which is defined as contamination in a volume within which radionuclide 

concentrations in individual soil samples do not exceed the average concentrations by a factor greater 

than three. For a contaminated site, if the number and distribution of soil samples required by 

characterization and certification protocols result in only one soil sample from a contaminatedregion 

that is 100 m2 in area and 0.15 m thick, then the contamination within the volume is assumed to be 

homogeneous, and the average radionuclide concentrations are assumed to equal the concentrations 
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in that sample. If no soil samples are taken from the volume, the radionuc ide concentrat ons are 

assumed to be averages of concentrations in soil samples from the nearest neighboring volumes from 

which samples are taken. (See ORNL [1982], DOE [1984], Ahrends [1987], and EPA [1997] for 

sampling protocols.) 

For field applications, the homogeneous criterion as specified by Equation 3.3 may be 

replaced by the criterion 

= si (0)/Gi(tm) 5 1 , 
i (3.4) 

where 

si(0) = as defined for Equation 3.3 and 

G,(t,,,) = single-radionuclide soil guideline for the ith principal radionuclide in a 

homogeneous contaminated zone at time t = t,,, within the interval 

t, s- t < th, at which the time-dependent value G,(t) is minimal 

(Bqk [pCi/gl). 

The variable Gi(tm) should be obtained from RESRAD prior to the field actions. Equations 3.3 and 

3.4 are equivalent when the minima in Gi(t) for different principal radionuclides all occur at the same 

time. Equation 3.4 is more restrictive than Equation 3.3 because the minima in Gi(t), that is, GAt,), 

usually occur at different times for different principal radionuclides. 

For inhomogeneous Contamination, defined as contamination in a volume within which the 

above-background concentration of a radionuclide at one or more sampling locations exceeds three 

times the average concentration, the average concentration gi(0) in Equation 3.3 may be 

conservatively replaced by $(0)/3, where jf,(O) is the maximum concentration in a soil sample taken 

from within the area. 

Alternatively, when sufficient data are available and conditions warrant, one may apply less 

conservative, inhomogeneous contamination criteria in place of homogeneous contamination criteria. 

The purpose of the inhomogeneous contamination criteria is to provide a more realistic guideline for 

cleanup in cases in which the conservatism inherent in the homogeneous assumptions would cause 

excessive expenditures in comparison to the benefits associated with the more conservative 
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approach. The inhomogeneous contamination criteria, which are discussed in Section 3.3.1, should 

not be confused with the hot spot criterion for field application, which is described in Section 3.3.2. 

The purpose of the hot spot criterion is to ensure that applying the homogeneous criteria, 

in which the concentrations of residual radioactive material are averaged over a 100-m2 area, does 

not result in the release of small areas that, because of averaging, contain unacceptably high 

concentrations of residual radioactive material. Although the inhomogeneous criteria may, under 

appropriate conditions, be used in place of the general guidelines, the hot spot criteria must be used 

along with the general guidelines or authorized limits resulting from the homogeneous criteria. 

A single-radionuclide soil concentration guideline for a uniformly contaminated zone is 

defined as 

where 

H E L  = 
DSRi(t) = 

DSR,,(t) = 

G,(f) = HEL/DSRi(t) , 

basic dose limit (0.25 mSv/yr [25 mremlyr]), 

DsB+(t) = dose/soil-concentration ratio for the ith principal 

radionuclide in the contaminated zone at time t [(mSv/yr)/(Bq/g) or 

(mem/yr)/(pCi/g)l, and 

P 

dose/soil-concentration ratio for the ith principal radionuclide and 

pth environmental pathway [ (mSv/yr)/(Bq/g) or (mremlyr)/(pCi/g)]. 

(3.5) 

The dose/soil-concentration ratios for individual principal radionuclides and pathways are 

defined as 

DSRip( f )  = HE,,( t)lSi(O) , (3.6) 

where 

HEJt)  = average annual TEDE received at time t by a member of the critical 

population group from the ith principal radionuclide transported 

through the pth environmental pathway together with its associated 

decay products (mSv/yr [mredyr]), and 

S,(O) = initial concentration of the ith principal radionuclide in a uniformly 

contaminated zone (Bq/g [pCi/g]). 
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The total annual EDE to an individual is 

By substituting Equations 3.5 through 3.7 into Equation 3.1 and rearranging terms, Equation 3.2 is 

obtained. 

3.2 DOSE/SOURCE CONCENTRATION RATIOS FOR UNIFORM CONTAMINATION 

For the radon pathway (p = 9), RESRAD calculates the indoor and outdoor air 

concentrations for radon and its decay products; the concentrations are then converted to the 

working level (WL) values, which, in turn, are converted to the average annual TEDE. Therefore, 

the dose/source (D/S) concentration ratios for the radon pathway are calculated by a different method 

than that used for the other pathways. In short, the dose/source concentration ratios can be written 

as 

HE,9 = the average annual CEDE received at time t by a member of the critical 

population group from the radon pathway (mSv/yr [mrem/yr]) and 

Si(0) = initial concentration of the principal radionuclide i, which is a radon 

source, at time 0 (Bq/g [pCi/g]). 

The D/S concentration ratios for the other pathways are calculated by first expressing them 

as the products of DCFs [dose/exposure-parameter (D/. ratios], ETFs [exposure-parameter/ 

source-concentration (E/S) ratios], and modified SFs (ratios of the concentration of a radionuclide 

to the initial concentration). The factored expression for a DIS ratio is 

where 

DC&., = DCF for the jth principal radionuclide and x(p)th exposure 

pathway (mSv/yr per Bq/g [mredyr per pCi/g] for external 
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radiation from the contaminated zone; mSv/Bq [mem/pCi] for 

internal radiation from ingestion or inhalation of radionuclides). 

= a branching factor (dimensionless) that is the fraction of the total 

decay of radionuclide i that results in the ingrowth of 

radionuclide j. 

BRF, 

ETFg,pq(t) = ETF,,(t), (dimensionless), the environmental transport factor for 

the jth principal radionuclide, at time t ,  for the external radiation 

pathway (p =1) (see Appendix A); 

= ETF,,(t), (glyr),, the environmental transport factor for the jth 

principal radonuclide, at time t ,  for the dust inhalation and soil 

ingestion pathways (p = 2 and 8) (see Appendixes B and F, 

respectively); 

= ETF,i,,(t), (g/yr), the environmental transport factor for the jth 

principal radionuclide originating from the transformation of the 

ith principal radionuclide, at time t ,  for the qth component of the 

plant, meat, and milk pathways (see 

Appendix D); 

= 3, 4, and 5 )  

= ETF,,,(t), (glyr), the environmental transport factor for the jth 

principal radionuclide originating from the transformation of the 

ith principal radionuclide, at time t ,  for the aquatic food and water 

pathways (p = 6 and 7) (see Appendix D). 

SF’j,pq(t) = SF0(t), the factor for ingrowth and decay and leaching of thejth 

principal radionuclide originating from the transformation of the 

ith principal radionuclide, at time t ,  for water-independent 

pathway components (see Appendix G); 

= 1, for the water-dependent pathway components, since the factor 

for ingrowth and decay and leaching is intertwined inextricably 

with the ETF. 
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x(p) = index label for exposure pathways, which is a function of the 

environmental pathwayp. Forp = 1 (external radiation from the 

ground), x@) = 1. For p = 2 or 9 (inhalation of dust and radon), 

x(p) = 2. For p = 3, 4, 5, 6, 7, or 8 (ingestion of plants, meat, 

milk, fish, water, or soil, respectively), x(p) = 3. 

p = index label for environmental pathways. 

q = index label for pathway components. For p = 1, 2, 6 ,  7, or 8, 

q = 1; that is, there is no further division of the pathwayp. For 

p = 3, q ranges from 1 to 4. Forp = 4 or 5, q ranges from 1 to 6. 

Indexes are q = 1 for root uptake, q = 2 for foliar deposition, 

q = 3 for ditch irrigation, q = 4 for overhead irrigation, q = 5 for 

livestock water, and q = 6 for livestock intake of soil. 

i,j = index labels for principal radionuclides, where i refers to 

radionuclides that exist initially at time t, and j refers to 

radionuclides in the decay chain of radionuclide i. 

th, = ED, the user-specified exposure duration if it is less than one 

year; 

= one year, if the user-specified exposure duration is greater than 

one year. 

If the user specifies a single time point, then the values of ETF and SF at time t are used to 

obtain the instantaneous dose to source ratios. If the user selects the time- integrated dose option by 

specifying an upper limit for the number of time points to be used for the integration, then the time- 

integrated value is evaluated as follows, by using Simpson’s formula. The code starts out by 

performing the numerical time integration by using 3 and 5 points. If the user has specified a limit 

of more than 5 points, the results of the 3- and 5-point integrations are compared for each of the 

pathways (p = 1 to 9) and for each of the parent progeny combinations ( i ,~] .  If any of the results do 

not agree within 1%, then the 9-point integration is evaluated. If the user has specified a limit of 

more than 9 points, then the results of the 5- and 9-point integrations are compared. If the results 

do not agree within 1%, then the 17-point integration is evaluated. Numerical integration is stopped 
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when either the user-specified maximum number of points is reached or a convergence of better than 

1% is achieved. 

3.2.1 Dose Conversion Factors 

A DCF is the ratio 

DCF, = HE,JE, , (3.10) 

where 

HE,ir = annual EDE resulting from exposure to external radiation (x = 1) from 

the ith principal radionuclide and its associated radionuclides 

(mSv/yr [mem/yr]) or the annual CEDE resulting from exposure for 

50 years to internal radiation from the amount of the ith principal 

radionuclide and its associated radionuclides inhaled (x = 2) or ingested 

(x = 3) in one year (mSv/yr [mrem/yr]); and 

Ei, = exposure parameter far the ith principal radionuclide (concentration of 

the ith principal radionuclide in a standard source [for external radiation 

pathways] or the annual quantity of the ith principal radionuclide 

inhaled or ingested [for internal radiation pathways]) (Bq/g [pCi/g] for 

external radiation [x 2= 11 from the contaminated zone; Bq/yr [pCi/yr] 

for internal radiation .from inhalation [x = 23 or ingestion [x = 31). 

An internal DCF for any radlonuclide includes the contribution from ingrowth following 

ingestion or inhalation. The internal DCF for a principal radionuclide includes, in addition, the 

contribution from inhalation or ingestion of associated radionuclides with half-lives greater than 

10 minutes, along with the principal radionuclide. The additional contribution is significant only for 

associated radionuclides with half-lives that are not small compared with the biological half-life. The 

DCF for external radiation for a principal radionuclide is defined here as including the dose from 

all of its associated radionuclides, which are assumed to be in secular equilibrium. 

DCFS for external radiation from the contaminated zone, internal radiation from inhalation 

of airborne radionuclides, and internal radiation from ingestion are given in Tables A.l, B.l, and 
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D.l, respectively, of Appendixes A, B, and D. The DCFs for internal radiation from inhalation of 

radon and its decay products are discussed in Appendix C. 

3.2.2 Environmental Transport Factors 

An ETF is the time-dependent ratio 

ETF,j, ,$) = Eij, ,,(W[Sj(O) x S F ' ,  ,,(?)I 7 

where 

Eiipq(t) = exposure parameter value at time t for thejth principal radionuclide 

(or radiation therefrom) transported through the pqth environ- 

mental pathway as a result of the decay of the initially existent 

radionuclide i in the soil (Bq/g [pCi/g] for external radiation from 

the contaminated zone; Bq/yr [pCi/yr] for internal radiation). For 

p = 1,2, or 8 (external radiation, dust inhalation, or soil ingestion 

pathways), Eii.pq = Ejp. For p = 3,4, or 5 (ingestion of plant food, 

meat, or milk pathways), when q = 1 or 2 (root uptake or foliar 

deposition), Eij.ps = EjPq. For p = 4 or 5, when q = 6 (livestock 

ingestion of soil), EijPq = l$,,q. For p = 6 or 7 (ingestion of seafood 

or drinking water pathways), Eii,pq = EVp. 

p = index label for environmental pathways. 

q = index label for the component of the environmental pathway p .  

S,(O) = average concentration of the ith principal radionuclide in a 

uniformly contaminated zone at time 0 (Bq/g [pCi/g]). 

SF 'ii.pq(t) = an adjusting factor to modify the soil concentration. Forp = 1,2, 

or 8, SF 'g,pq(t) = SF&; SF&) is the source factor, which, when 

multiplied by S,(O), will give the soil concentration of 

radionuclidej at time ?, Si(?). For p = 3,4,  or 5 ,  when q = 1 or 2, 

SF 'v,pq(t) = SF,(t); when q = 3 or 4, SF 'iipq(t) = 1. For p = 4 or 5, 

(3.11) 
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when q = 5, SF 'u,pq(t) = 1, and when q = 6, SF )ii,Jf) = SF,(t). For 

p = 6 or 7, SF,,Jt) = 1. 

The exposure parameter for external radiation from the contaminated zone is the 

concentration of thejth principal radionuclide in the ground, adjusted for occupancy and the size and 

depth of the contaminated zone by means of multiplying factors. The exposure parameter for internal 

radiation pathways is the annual quantity of thejth principal radionuclide that is inhaled or ingested 

after migrating through the pqth environmental pathway. There are only two internal exposure 

pathways (inhalation and ingestion); several environmental pathways can contribute to each. 

Models and formulas for calculating environmental transport factors are given in 

Appendixes A through F and H through L. 

3.2.3 Source Factors 

A source factor is the time-dependent ratio 

SF.. 'JI ( t )  = S,(t)/S,(O) , 

where 

Sii ( t )  = concentration at time t of thejth principal radionuclide remaining in the 

contaminated zone after leaching and ingrowth from the ith principal 

radionuclide, i f j  # i (Bqlg [pCi/g], or the concentration at time t of the 

ith principaI radionuclide remaining in the contaminated zone after 

leaching and decaying (or transfonning), excluding contributions from 

ingrowth from other radionuclides, i f j  = i (Bq/g [pCi/g]); and 

S,(O) = initial concentration of the ith principal radionuclide in the contaminated 

zone (Bq/g [pcilg]). 

Formulas for calculating source factors are given in Appendix G. 

3.3 GUIDELINES FOR INHOMOGENEOUS CONTAMINATION 

(3.12) 

Two separate formulations of inhomogeneous release criteria have been developed: (1) the 

inhomogeneous criteria intended for use during project planning and review as an alternative to the 
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homogeneous criteria and (2) the hot spot criterion, intended for field use in conjunction with the 

homogeneous criteria or for when determination of compliance must be made immediately. 

3.3.1 Inhomogeneous Criteria for Project Planning and Review 

A contaminated zone is inhomogeneous if it contains a contaminated region within which 

the concentration of a radionuclide exceeds three times the average for the contaminated zone. The 

inhomogeneous release criteria, described below, are generally more realistic and hence less 

restrictive than the homogeneous release criteria. In general, inhomogeneous contamination should 

be remediated in order to meet homogeneous contamination limits. However, the inhomogeneous 

contamination criteria may be used in cases in which it is inappropriate to use the homogeneous 

contamination criteria. For example, homogeneous criteria might be inappropriate if the contami- 

nation exists under a roadway, railroad right-of-way, or building. Inhomogeneous criteria can also 

be used if an area of elevated contamination is discovered during the verification survey after 

equipment and crews have left the site. An area of elevated Contamination must always be 

remediated before a site can be released for use without radiological restrictions, if that area does not 

comply with inhomogeneous criteria. 

The mixture-sum release criterion for any zone of inhomogeneous contamination is 

M * ( t )  + M(t)  s 1, tr I; t s th , 
where 

(3.13) 

M*(t) = mixture sum for area of elevated contamination (dimensionless) and 

k(f) = mixture sum for averaging zone (dimensionless), and t, and t,, are as 

defined for Equation 3.1. 

The averaging zone for inhomogeneous contamination is a 100-m2 area that encloses the elevated 

contamination. 

The two mixture sums are defined as follows: 

M *(t)  = [S,*(O) - s,(O)]/Gi'(t) 
I 

and 

i 

(3.14) 

(3.15) 



where 

S,*(O) = 

Gi*(t) = 

G,(t) = 

initial concentration of the ith principal radionuclide in the area of 

elevated contamination (Bq/g [pCi/g]); 

single-radionuclide, time-dependent soil guideline for the ith principal 

radionuclide in the area of elevated contamination (Bq/g [pcilg]); 

average initial concentration of the ith principal radionuclide in the 

averaging zone over a 100-m2 area and a 0.15-m-thick layer, excluding 

the area of elevated contamination (Bq/g [pCi/g]); and 

single-radionuclide, time-dependent soil guideline for the ith principal 

radionuclide in a uniformly contaminated zone @q/g [pCi/g]). 

Both G,’(t) and Gi(t) can be derived by using RESRAD with the appropriate area of 

contamination; that is, G,*(t) can be used .for the area of elevated contamination, and Gi(t) can be used 

for the total area of the contaminated zone. 

If the area of elevated contamination is inhomogeneous, one of two approaches may be 

used: (1) the area may be treated as if it were homogeneous with a concentration ,$(0)/3, where $(O) 
is the peak concentration of the ith principal radionuclide in a sample from within the area of 

elevated contamination, or (2) the area may be divided into subzones by using the same procedure 

as that used for an inhomogeneous contaminated zone. When inhomogeneous release criteria are 

used, Equation 3.13 must be satisfied for every area of inhomogeneous contamination; in addition, 

Equation 3.3 must be satisfied for any region within the homogeneous portion of the contaminated 

zone. 

3.3.2 Hot Spot Criterion for Field Application 

Hot spots are small areas that have levels of residual radioactive material considerably 

above the levels in the surrounding area. The derivation of remedial action criteria generally assumes 

homogeneous contamination of large areas (several hundred square meters or more), and the derived 

concentration guide is stated in terms of concentrations averaged over a 100-m2 area. Because of this 

averaging process, hot spots can exist within these 100-m2 areas that contain radionuclide 

concentrations significantly higher than the authorized limit. Therefore, the presence of hot spots 
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could potentially pose a greater risk of exposure to individuals using the site than the risk associated 

with homogeneous contamination. To ensure that individuals are adequately protected and to ensure 

that the ALARA process is satisfied, the following hot spot criterion must be applied, along with the 

general criterion for homogeneous contamination. The hot spot criterion for field application is 

M** E S;/G;*s 1 , 
i 

where 

(3.16) 

M** = hot spot mixture sum (dimensionless), 

Si* = measured concentration of the ith principal radionuclide in the hot spot 

(Bq/g [pCi/gl), and 

Gi** = single-radionuclide soil guideline for the ith principal radionuclide in the 

hot spot @q/g [pCi/g]). 

The measured hot spot concentrations Si* are the peak concentrations if the hot spot area is 1 m2 or 

less or the average concentrations if the hot spot area is larger than 1 m2. 

In principle, the hot spot soil guideline, GT, can be derived with RESRAD by using the 

area of the hot spot. For field applications, however, when a computer is not available for deriving 

G:*, the following formula for single-radionuclide, hot spot soil guidelines can be used: 

Gi**= G.(t i m  ) x (100/A)''2 , (3.17) 

where 

Gi(t,,J = as defined for Equation 3.4, 

A = area of the hot spot (m2), and 

(lOO/A)" = hot spot multiplication factor. 

Equations 3.16 and 3.17 apply to hot spots with areas of 25 m2 or less. For larger hot spot 

areas, the homogeneous release criterion is sufficient. An area of A = 1 m2 is used in Equation 3.17 

if the actual hot spot area is less than 1 m2. The average radionuclide concentrations for any 100-m2 

area must always comply with the homogeneous release criterion, irrespective of hot spot criteria. 

In general, the GT derived with Equation 3.17 is more conservative than that derived with RESRAD. 
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In field applications, the hot spot multiplication 

factors listed in Table 3.3 may be used to derive the 

hot spot guideline. The hot spot guideline for 

radionuclide i should be calculated for each specific 

site with either the RESRAD code or Equation 3.17. 

The term Gi(fm) in Equation 3.17 can be substituted 

by Gi, the authorized limit at a specific site for the ith 

principal radionuclide. 

TABLE 3 3  Ranges for Hot Spot 
Multiplication Factors 

Factor 
(multiple of 

Range authorized limit) 

<1 m2 10" 
1-<3m2 6 
3 - 4 0  m2 3 
10-25m2 2 

" Areas less than 1 m2 are to be 
averaged over a 1-m2 area, and 
that average shall not exceed 
10 times the authorized limit. 

The authorized limit is considered adequate 

to protect the public for areas larger than 25 m2; 

hence, no special hot spot limits are required for 

areas larger than 25 m2. Averaging of hot spots less 

than or equal to 25 m2 should be performed only over 

the local hot spot area. 

Every reasonable effort should be made to identify and remove any source that has a 

radionuclide concentration exceeding 30 times the authorized limit, irrespective of area. 
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4 RESRAD USER’S GUIDE 

4.1 INTRODUCTION 

RESRAD for Windows was designed with many features that facilitate using and 
understanding the software. The previous disk operating system (DOS) version of RESRAD is 
no longer being supported, and new features will not be incorporated into the DOS versions of 
RESRAD. This decision was made by DOE because of the widespread use of Windows and a 
decline in the use of DOS as an operating system for personal computers. One new feature of 
RESRAD for Windows is enhanced feedback, which includes: 

Graphical display of active pathways, 

Sensitivity summary bar, 

Integrated plot options and results, 

Color-coded default settings, 

Uncertainty summary window, 

Button prompts to interpret icons, and 

Soil strata graphic feedback. 

To facilitate use of the Windows interface for users familiar with the DOS interface, 
many features similar to those used in DOS were designed: 

DOS main menu emulator, 

Similar mapping of parameters to screens (windows), 

Similar navigation (tab/FlO/ESC), 

Similar sensitivity settings and graphics, 

Same format for results report, 

Same calculational code, 

Compatibility with DOS data set files, and 

Context-specific help. 
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Users can find information on updates to the RESRAD code and obtain further assistance 
by going to the RESRAD Web site (http://web.ead.anl.gov/resrad). The Web site also includes: 

Capability to download the most recent release of RESRAD, 

A history of version releases and corresponding changes, 

Upcoming training workshop locations and dates, 

Application documents such as the Data Collection Handbook (Yu et al. 
1993a), and 

Technical assistance via e-mail (resrad@anl.gov). 

This user’s guide directs the user through the following areas: 

Installation: Various installation procedures for distribution media are 
discussed. 

Navigation: Instructions on moving around the interface to accomplish 
various tasks and to save input and output are presented. 

Input windows: The parameters on the input windows are discussed in detail. 

Output windows: Instructions on finding results in the textual and graphical 
output are provided. 

Enhancements and help: Use of the sensitivity and uncertainty analysis 
features is explained, and the areas in which help is available are discussed. 

The entire user’s manual is also found on the RESRAD Web site (http://web.ead.anl.gov/resrad) 
in Adobe pdf format. 
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4.2 INSTALLATION 

4.2.1 Requirements 

Windows 95 or later; 

Pentium-compatible processor; 

16MBofRAM; 

16 MI3 of disk space; and 

A printer driver. The driver must be installed, but an actual printer does not 
need to be attached. 

4.2.2 Installing from Disks 

Insert Disk 1 into the appropriate floppy drive. 

Run SETUP.EXE program from the disk drive (e.g., A:SETUP). 

Enter the information requested by the standard installation program. 

After installation, a new RESRAD icon will be placed in the RESRAD group. 
Double-click this icon to start RESRAD. 

4.2.3 Installing from the Web Site 

Run this executable. 

Register at the RESRAD Web site: http://web.ead.anl.gov/resrad/register. 

Download the latest RESRAD self-extracting executable to your computer. 

Enter the information requested by the standard installation program. 

After installation, a new RESRAD icon will be placed in the RESRAD group. 
Double-click this icon to start RESRAD. 



4.2.4 Uninstalling 

When RESRAD is installed, an Uninstall RESRAD icon is also placed in the RESRAD 
group. To uninstall RESRAD, 

Click on the Uninstall RESRAD icon. 

Files will be removed from the system. 
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4.3 NAVIGATION 

Most Windows-based user interfaces provide many ways to accomplish a task. RESRAD 
has been developed to provide a suite of tools to help users assess potential radiological 
exposures. These tools include model options, default data values, scenario (active pathway) 
definitions, result visualizations, intermediate result tables, sensitivity analyses, probabilistic 
analyses, data management, and file management. Additional tools can be found on the 
RESRAD Web site, including further documentation, a dynamic tutorial, and code history. 

Three independent ways of accessing information through the RESRAD interface are 
available: through the RESRAD-DOS Emulator buttons, graphic images on the Windows 
Navigator window, or icons and text options on the main menu and toolbar. These navigational 
tools can be used simultaneously, depending on the user’s preference. The tools are shown 
following page and described more fully in the text that follows. 
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RESRAD-DOS Emulator: ,4 set of window menus with textual command 
buttons, similar to the RESRAD for DOS interface, to ease the transition for 
the user familiar with the DOS version. 

Windows Navigator: A tabbed window that allows access to the information 
through more graphical means. 

Menu and Toolbar: Standard Windows tools to manipulate files and other 
windows; include definitions of shortcut keys for advanced users. 

r 



4.3.1 RESRAD-DOS Emulator 

One way to approach a case is to follow the list of buttons shown on the left side of the 
interface. 

File: Begin by bringing in an existing case or set the parameters back to 
default values by selecting a new file. 

Change Title: The window that appears after selecting this button includes 
other case-specific information besides the title. Generally these other 
parameters can be kept at their default values. For more information, please 
refer to the descripton provided in this window. 

Set Pathways: Exposure pathways can be activated or deactivated depending 
on the land-use scenarios being modeled. For example, a residential farming 
sceanario might include all pathways. An industrial scenario might rule out 
consideration of many ingestion pathways. 

Modify Data: When this button is clicked, a second column of buttons 
appears. Each button in this second column gives access to a group of data 
parameters for defining the case. After data in a window are changed, the data 
are saved in memory when the “Save” button is clicked. 

Run: After the case has been specified, the file is saved to disk and the 
specified calculations are started. A window showing the progress of the 
calculations pops up. When the calculations are completed, a window 
allowing the user to view the output results report pops up. 

View Output: Although, by default, the output results report appears after a 
calculation, other reports and an interactive graphics window are also 
available. These can be chosen from the buttons on the column that appears to 
the right of the main column. 

Dose Factors: If the user wants to perform the calculations with a different 
dose conversion set, the Dose Factors window allows a new set to be edited 
and documented. 
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Quit: Exit the RESRAD software by clicking this button. This action yields 
the same result as selecting FileLExit or clicking the close window button on 
the main RESRAD interface window. 

Other Tools: Sensitivity Analysis and Probabilistic Analysis are optional 
analysis tools. Menu optionz; under Form Options show that these tools are 
invoked on a parameter by pressing, respectively, the F9 or F8 key. These 
tools allow the user to identify parameters that are important in determining 
dose and to identify how the parameter uncertainty might affect dose 
uncertainty. 

The figure that follows shows the navigation from the main DOS emulator column. To 
access the data input windows, click the buttons on the Modify Data column. 
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Input 
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4.3.2 Windows Navigator 

Problem: The tab on this window can be used to set up a problem 
case in RESRAD. Each button will bring up windows to continue 
the process. 

Pathwaysnnput: The tab on this window can be used to view and 
set pathways activation. All pathway buttons are in the black 
boxes. Inhalation pathways are located above the person icon. 
Ingestion pathways are to the left. The single external pathway is 
at the lower right. To access the input windows, click the icons. If 
the View/ButtonPrompts option was selected from the main menu, 
prompts display what the icon represents. 

Results: 'The top two buttons allow access to the main results in 
report and graphical forms. The next two buttons are for accessing 
the supplementary reports. If an uncertainty analysis was run, 
three more buttons appear below the line to access the two reports 
and a set of graphics. 

Help: The tab on this window can be used to access all help 
features, including parameter descriptions, selected slides from 
the RESRAD workshop, the Data Collection Handbook (Yu et al. 
1993a), and the RESRAD Web site. 
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4.3.3 Menu 

The main window menu offers access to many common software tasks. These tasks 
include file handling, accessing data input windows, toggling the visibility of windows, assisting 
with data input, and finding help. The options are described more fully below and illustrated in 
the figure that follows. 

File: This option gives the user access to common file tasks, such as setting 
parameters back to defaults (New), opening a previously defined input file 
(Open), and saving the current settings in the currently opened file (Save) or a 
different file (Save As). These functions have defined shortcut keys and hot 
keys. For example, the “save” task can be performed by clicking File and 
Save; by entering the key sequence Alt-F, S; or by simultaneously pressing 
the and Ctrl and S keys. Other tasks that can be done through the File options 
include executing the code with the current settings (Run RESRAD), 
displaying the Title windows (Title), accessing the Dose Conversion Factor 
Library (Dose Factors), and exiting the code (Exit). 

Pathways: This option on the main menu allows the user to toggle on and off 
the nine pathways. A checkmark next to the pathway indicates that it is 
currently active. 

Site Data: This option allows access to the various data input windows. 

View: This option provides access to various results and feedback windows. 
The Text output option allows access to the text reports after a successful 
completion of a RESRAD calculation. The Message Log option displays 
messages if something in the calculation needs attention. The user is notified 
when there is something of importance in the message log. The Graphic 
Output and Uncertainty Graphics options &splay the graphic output window 
for the deterministic and probabilistic analysis respectively. The “Navigator” 
window is discussed in the previous section. The Pathways toolbar allows 
quick access to activate or deactivate pathways and is displayed just below the 
standard toolbar. Sensitivity Summary is a gray bar near the bottom of the 
screen that shows the number of parameters set for sensitivity analysis and 
provides buttons to access each parameter’s settings. The Uncertainty 
Summary displays the window with the current input settings for probabilistic 
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analysis. The Soil Strata Graphic displays a window with a cross section of 
the zones with scaled thicknesses. The Button Prompts are the yellow boxes 
displayed as the mouse moves over some user interface elements. The 
Variable Information is a gray bar near the bottom of the screen that shows the 
selected variable name and values for the default and range of acceptable 
values. 

Form Options: This option allows the user to input data and conduct 
window-related tasks such as saving and cancelling Windows changes (Save 
current form and Cancel current form), setting sensitivity and uncertainty 
analysis on the selected parameter, and setting the value of the selected 
parameter to its lower, default, or upper bound values. 

Help: This option allows access to general help, context-specific help for the 
selected parameter, and the About RESRAD screen. The About RESRAD 
screen contains information about the current versions identification and 
release date. 
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4.3.4 Toolbars 

Primary Toolbar: The icons are explained below. 
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h 3 

6 

P) 

b) c 

Y 

2 

€ 

i? 
5 

0 rc 

E 
Y 

QJ 

0 
v) 
b) 
bD c m c 
0 

5 
Y 

? 
c5 
WY 

€ 

i? 

0 rc 

c 

3 
# 
QJ 

0 

Y 

f 
Y 

CA 

El c 
cd c u 
e, 
0 c 

- 
G 

5 * , x  .I 

> 

Sensitivity Info and Variable Info Bars: These two toolbars are displayed at 
the bottom of the RESRAD window when they have been chosen from the 
View Menu option. The Sensitivity Info Bar shows the number of variables set 
for sensitivity and a button for each of those parameters. To view the 
sensitivity settings and to change them or delete the analysis, click on the 
button. 

Sensitivity Info Bar 

Variable Info Bar 
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4.4 INPUT WINDOWS 

Nineteen input windows are available for entering the parameters concerning site data, 
assumptions, problem identification, and calculation specifications: (1) Title; (2) Initial 
Concentrations of Principal Radionuclides; (3) Radionuclide Transport Factors; (4) Calculation 
Parameters; ( 5 )  Contaminated Zone Parameters; (6) Cover and Contaminated Zone Hydrological 
Data; (7) Saturated Zone Hydrological Data; (8) Uncontaminated Unsaturated Zone Parameters; 
(9) Occupancy, Inhalation, and External Gamma Data; (10) External Radiation Area Factors; 
(1 1) Ingestion Pathway, Dietary Data; (12) Ingestion Pathway, Nondietary Data; (13) Plant 
Factors; (14) Radon Data; (15) Storage Times before Use Data; (16) Carbon-14 Data; (17) Dose 
Conversion Factor Editor; (18) Dose Factors; and (19)Risk and Dose Factors for Radon. The 
subsections that follow describe each screen in detail. Most input is through numerical entry into 
boxes, although some selections are through standard Windows list boxes, check boxes, and 
option boxes. 

The following features are common to all input windows. 

Saving Information to Memory: Two levels of saving information are 
available in RESRAD. Temporarily saving information to memory is the first 
level and can be executed with any of the following commands: 

- Function Keys: Press the F10 function key to save, the ESC key to cancel. 

- Window: Press the Save button to save, the Cancel button to cancel. 

- Menu: Select Form OptiondForm Save from the main menu to save, Form 
OptiondForm Cancel to cancel. 

- Toolbar: Press the Folder button to save, the Canceled Folder button to 
cancel. 

Saving Information to File: Saving the settings to a disk file is the second 
level and can be executed with any of the following commands. 

- Window: Press the File button in the DOS Emulator or Navigator. 

- Menu: Select File/Save or Save As. 
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- Toolbar: Press the Disk button. 

- Run: The file must be saved to disk before a run. Follow the prompts to 
save in the desired place. 

Numerical Entries (Some entry boxes may be grayed out because they are 
not applicable to the current case.) 

- Defaults: To set the selected parameter back to its default, either select 
Form Options/Default from the main menu or press the F6 function key. 

- Bounds: To set the selected parameter to its upper (or lower) bound, either 
select the Form Options/Upper Bound (Lower Bound) from the main menu 
or press the F7 (F5) function key. 

- Help: Context-specific help will be shown anytime the F2 function key is 
pressed. For further sources of help, see Section 4.6. 
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4.4.1 Title 

Dose Eactor Library: FGR 13 Morbidity Cut-off Half Q 180 Days 
0 30 Days 

Maximum number of Points for: 
Dose r& 1 Time integration Parameters 

Number of Points: 

Graphics Parameters 

0 Log Spacing 
Linear 

0 Spacing 

- 

l l  Risk 1-A 
1 I 

~ ~ 

User Preferences :- 
a Use Line Draw Character 

t] Save All files after each run 

~~ 

Find peak pathway doses 

0 Time integrated probabilistic risk 

Title: Text to describe the problem being modeled. This text will appear at the top of each report 

page. 

Dose Factor Library: Set of factors to use. Libraries of dose conversion factors can be set up by 
using the Dose Conversion Factor Editor. 

Cutoff Half-life: Indicates the assumption about secular equilibrium for principal and 
associated radionuclides. See Section 3.1 for further details. 

Graphics Parameters: 

Number of Points: Number of times in addition to the user-specified evaluation times that will be 
used to generate smoother data plots. A higher number means higher graphic resolution but also 
longer execution times. 

Spacing: Distribution of the extra graphic points between 0 and the maximum user-specified 
evaluation time. 
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Time Integration Parameters: 

Dose Integration over Time: The maximum number of integration points for the time integration 
of dose. Up to 17 points may be used over a one-year period. 

Risk Integration over Time: The maximum number of integration points for the time integration 
of risk. Up to 513 points may be used over the exposure duration. 

User Preferences: 

Use Line Draw Character: It is recommended that the MS Line Draw Font be used for the reports 
because it produces well-formatted tables and quality lines. 

Find Peak Pathway Doses: To include the pathway-specific peaks in the calculation, check this 
box. If it is unchecked, only the total dose peak will be found. 

Save All Files After Each Run: By default, all output files have a fixed name and therefore get 
overwritten for each run. When this option is checked, the output files have the input file's base 
name with a descriptive extension. 

Time Integrated Probabilistic Risk: By default, the probabilistic risk is not time integrated (the 
probabilistic dose is time integrated). When this option is checked, the probabilistic risk will be 
time integrated, and the calculations will take longer to complete. 
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4.4.2 Initial Concentrations of Principal Radionuclides 

Radiological Units 

ctivity: Dose: Basic Radiation Dose Limit: 1251 mremiyr 

I uclide Concentration: n I p c i i g  Nuclide List: 

AF26 
Am-241 
Am-243 

Perform Uncertainty or Probabilistic analysis on Transfer Factor -1 

Radiological Units: Select the prefix and unit type for the Activity and Dose. 

Basic Radiation Dose Limit: Set the dose limit to be used for soil guidelines. 

Nuclide Concentration: Radionuclide concentration averaged over an appropriate depth and 
area. See Section 3.3 and the RESRAD Data Collection Handbook (Yu et al. 1993a) for more 
detai 1 s. 

To Change an Existing Radionuclide Concentration: Click on the radionuclide in the left scroll 
box and enter the concentration. 

To Change the Default Concentration When Adding New Radionuclides: Click on the right 
scroll box. Enter the concentration in the top center box. To add radionuclides with this 
concentration, see the instructions above. 
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Principal Radionuclide: A radionuclide with a half-life longer than the cutoff half-life (one-half 
year by default). See Section 3.1 for discussion on associated radionuclides. 

To Add a Radionuclide: Either click the radionuclide name in the right scroll box and then click 
the Add Nuclide button, or just double-click the radionuclide name. The radionuclide will appear 
in the left scroll box with a concentration that is specified in the top center input box. All 
potential decay products will be added to the left scroll box; the decay products will have a 
default concentration of 0, if they are not already present in the scroll box. 

To Delete a Radionuclide: Click on the radionuclide name on the left scroll box and then click 
the Delete Nuclide button. All potential decay products that arise only from the deleted 
radionuclide and that have a zero initial concentration will be automatically deleted also. 

To View or Edit Transport Parameters: Click on the radionuclide name on the left scroll box and 
then click the Transport button. 

Perform Uncertainty or Probabilistic Analysis on Transfer Factor: Highlight a nuclide in the 
contaminant box on the left and then click a button to set the probabilistic analysis parameters for 
the transfer factor. 

Note: The single radionuclide soil guidelines do not depend on the soil concentration; the 
mixture sum, however, does depend on the soil concentration. Thus, calculated mixture sum 
values are valid only ifthe concentrations are known. 
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4.4.3 Radionuclide Transport Factors 

Rad i (3 nuclide: 
Distribution Coefficients: 
- Contaminated Zone: 
Unsaturated Zone 1: 

Co-6 0 Options:- 
Water Concentration 

Time since waste 
placement: 
- Groundwater 
Concentration: 

E E l  
n 

Solubility Limit: 0 
Saturated Zone: [loo01 
Unsaturated Zones: 

- Leach Rate: 

Use PIantiSoiI ratio 

Distribution Coefficients: The ratio of the mass of solute adsorbed or precipitated on the soil 
(per unit of dry mass) to the solute concentration in the liquid. Defaults are provided for each 
radionuclide; however, site-specific values can vary over many orders of magnitude, depending 
on the chemical form, soil type, pH, redox potential, and presence of other ions. Therefore, the 
use of site-specific distribution coefficients is highly recommended. 

Options: Values for the distribution coefficients can be directly entered; in addition, four options 
are available for nondirect estimation. Some estimates might give unrealistic (negative) values. 
The first valid value from the ordered list below is used in the calculations. 

Use of Water Concentrations: A distribution coefficient will be estimated on the basis of the 
consistency of the soil concentration, water concentration, and time since placement. This 
estimate is attempted when both the time since placement and the water concentration are 
nonzero. For nuclides in a chain, the parent radionuclide distribution coefficients should be 
determined before their progeny. 

Use of Solubility Limit: See Appendix J. Attempted when the solubility limit is nonzero. 
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Use of Leach Rate: The distribution coefficient will be set for all zones to the value from 
Equation E.3 in Appendix E. Attempted when the nonzero leach rate is entered. 

Use of Plant/Soil Ratios: Derived distribution coefficients. Attempted when the check box is 
checked. See Appendix D, Table D.3, Plant/Soil Concentrations for Root Uptake Ratio. 

Direct Input of Distribution Coefficient: If none of the four options were applied or given a valid 
value, then the entered value should be used. 
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4.4.4 Calculation Parameters 

Times for Calculation bears]: 

I 
1 10 100 1000 10000 I O O O O ~  i 

Times for Calculation: Times following the radiological survey at which results will be 
generated. Graphical output will supply intermediate values between the first and last user- 
specified times. A time horizon of 1,000 years is commonly used; however, calculations can be 
carried out to longer periods to identify potential problems from delayed contributions from the 
groundwater or other pathways. Results are always calculated for year 0. 

To Add a Time: 

Press the Add button. A new clock icon and a time box will appear. Set the 
time following the change time procedure, or 

Click the right mouse button while in the frame containing the clock icons. 

To Remove a Time: Click the appropriate time box or click the clock icon, then press the 
Remove button. 
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To Change a Time: 

. Click the appropriate time box and enter the new value, or 

Click the appropriate clock icon and drag to the desired time location. 
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4.4.5 Contaminated Zone Parameters 

&ea of contaminated zone: 

Thickness of contaminated zone: 2 meters 
- Length parallel to aquifer flow: I00 meters 

square meters 

Area of Contaminated Zone: A compact area that contains the locations of all soil samples 
with radionuclide concentrations that are clearly (two standard deviations) above background. 

Thickness of Contaminated Zone: The distance between the shallowest and the deepest depth 
of con tamination. 

Length Parallel to Aquifer Flow: The distance between two parallel lines perpendicular to the 
direction of the aquifer flow; one is at the upgradient edge of the contaminated zone, and the 
other is at the downgradient edge. 
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4.4.6 Cover and Contaminated Zone Hydrological Data 

Density of cover material: 

Cover erosion rate: 

Density of contaminated zone: 

Contaminated zone erosion rate: 
Contaminated zone total porosity: 

Contaminated zone field capacity: 

Contaminated zone hydraulic conductivity: 

Contaminated zone b parameter: 
~ 

Humidity in air: 
- E vapobanspiration coefficient: 

Wind Speed 

Precipitation: 

Irrigation: 

Irrigation mode: 

grams/m"3 

metersls 

meterslyear 

meterdy ear 

@)Overhead OQitch 
Runoff coefficient: 
watershed area for nearby stream or pond: 

Accuracy for waterlsoil comutations: 

square meters 

Cover Depth: Distance from the ground surface to the location of the uppermost soil sample 
with radionuclide concentrations that are clearly above background. 

Erosion Rate: The rate at which soil is removed by erosion. The rate can be estimated by means 
of the universal soil loss equation described in Appendix A. The contaminated zone erosion rate 
is only significant if and when the cover depth becomes zero. 

Humidity in Air: Used only for the tritium model discussed in Appendix L, which also contains 
a map of average U.S. humidity values. 

Wind Speed: Annual average wind speed used to calculate the area factor for inhalation and 
foliar deposition (Appendixes B and D). Also used for dispersion calculations for the radon 
pathway (Appendix C) and in the tritium and carbon-14 models (Appendix L). 
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All Other Parameters: Discussed in Appendix E, including typical values for various soil 
materials. 



4.4.7 Saturated Zone Hydrological Data 

d zone total porosity: 

Saturated zone Effective porosity: 

Saturated zone held capacity: 
Saturated zone hydraulic conductivity: 

Saturated zone hydraulic gradient: 

Saturated zone b parameter: 

Water table drop rate: 

We11 pump intake depth: 

Model for Water Transport Parameters: 

Well pgmping rate: cubic meterslyear 

meters below water table 

Nuclide-Independent Parameters: Six hydrological strata characteristi s are discussed further 
in Appendix E. The nuclide-dependent K, values are found in the Transport window of each 
radionuclide, The b parameter for the saturated zone is used only if the water table drop rate is 
greater than 0. 

Nondispersion Option: The well water radionuclide concentration is derived by using a dilution 
factor based on a more complicated geometry. For more details on this model, see Appendix E. 

Mass-Balance Option: All radionuclides released from the contaminated zone are withdrawn 
through the well, For more details on this model, see Appendix E. 
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4.4.8 Uncontaminated Unsaturated Zone Parameters 

Unsaturated Zones:m Thickness Density Total Effective Field Hydraulic b Parameter 
Porosity Porosity Capacity Conductivitv 

meters gramtlcm"3 meterslyear Aa 
Unsaturated Zone 1: ( I r I l T 1 1 . 4  I .2 .2 10 5.3 

Unsaturated Zone: The portion of the uncontaminated zone that lies below the contaminated 
zone and above the groundwater table. 

Number of Unsaturated Zones: The code has provisions for up to five different horizontal 
strata. 

Nuclide-Independent Parameters: Six hydrological strata characteristics are discussed further 
in Appendix E. Each stratum is also characterized by the nuclide-dependent K, values found in 
the Transport window of each radionuclide. 
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9 Occupancy, Inhalation, and External Gamma Data 

Mass loading for inhalation: 

Exposure duration: 

Inhalation Shielding factor: 

External Gamma Shielding factor: 

Indoor Time fraction: 

Outdoor Time fraction: 

@Circular Shape of the Contaminated Zone: I 0 N on -CiLcular 

Exposure Duration: Length of time the receptor is exposed. This parameter is used only for risk 
calculations, not for dose calculations. If the exposure duration is greater than one year, the risk 
will be estimated by using up to a 513-point integral over the exposure duration. However, doing 
so increases the computation time. 

Indoor Time Fraction: Fraction of the year the receptor spends in a building situated on top of 
the contaminated zone. 

Outdoor Time Fraction: Fraction of the year the receptor spends outside on top of the 
contaminated zone. 

Shape of the Contaminated Zone: By default, the receptor is assumed to be placed in the 
middle of a circularly shaped contaminated zone for purposes of the external gamma exposure. If 
the receptor is not in the middle, or if the contaminated area is not circular, the “Noncircular” 
option can be selected. Then the receptor location and contamination shape can be set by clicking 
on the Shape button. 
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4.4.10 External Radiation Area Factors 

Current X: r/ Receptor Loiation: rl 
Current Y: 
Starting X. Line Length: 74.686 meters 

Starting Y: Scale: 700 meters I I 

Set Contaminated Area Shape and Receptor Location: Follow these steps. 

Set Scale: Enter the dimension of the graphic square in the central bottom part of the window. 

Draw Contaminated Area: Follow the instructions in the lower right box. Indicate the vertices 
with the left mouse button; the current line length and points are shown in the lower left box. 
Click the right mouse button to specify the last vertex. 

Specify the Receptor Location: Click the left mouse button to set and change the receptor 
location. 

Calculate the Area Fractions: Press the Calculate button to complete the calculations for the 
contaminated fraction of the 12 annular regions. 
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Save the Setup: Press the Save Form button on the toolbar or use the menu selections 
FormOptiondSave Current Form. 
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4.4.11 Ingestion Pathway, Dietary Data 

Leafy vegetable consumption: 

- Milk consumption: 

Meat and pogltry consumption: 

Fish consumption: 

- Other seafood consumption: 

Soil ingestion: 

- Drinking water intake: 

kilogramsly ear 

kilogramsly ear 

kilogramsly ear 

literslyear 

36.5 gramslyear 

Contaminated Drinking water: 
fractions Household Hater: 

Livestock water: 

Irriggtion water: 

Aquatic food: 
Plant food 

Meat: 
Milk: 

Ij/ 
Fl 

Parameters in Top Half of Window: National averages that are usually site independent. 
Adjustments for regional differences in diet may sometimes be appropriate. 

Contaminated Fractions of Foodstuffs: 

Drinking, Household, Livestock, and Irrigation Water: Fraction of water used that originates 
from the contaminated site. No mass balance is maintained between these parameters and the 
well pumping rate. 

Plant, Meat, and Milk: The -1 default value indicates that the area factor method discussed in 
Appendix D, Section D.2.1.2, will be used. 
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4.4.12 Ingestion Pathway, Nondietary Data 

Livestock fodder intake for milk: 
Livestock Eater intake for meat: 

Livestock water intake for =ilk: 

Livestock intake of q$: 

Mass loading for foliar deposition: grams/m"3 

- Depth of soil mixing layer: meters 
D g t h  of roots: meters 

Groundwater Fractional Usage (balance from surface water) 

Livestock water: 

Irrigation water: 

Parameters in Top Half of Window: National averages that are usually site independent. 
Adjustments for regional differences in farming practices may sometimes be appropriate. 

Groundwater Fractional Usage Parameters: Indicates the fraction of contaminated water from 
groundwater (well or spring). The remainder of the contaminated water is from surface water 
(pond or river). Not to be confused with the contaminated fractions of foodstuffs discussed in 
Section 4.4.11. For example, selecting a drinking water Contaminated Fraction of 0.6 and a 
Groundwater Fractional Usage of 0.5 would result in 40% of drinking water coming from an 
uncontaminated source, 30% from an on-site well or spring, and 30% from an on-site pond or 
river. 
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4.4.13 Plant Factors 

Wet weight crop yield 

Length of growing season 

Translocation factor 
Weathering removal constant 

Wet foliar interception fraction 

Dry foliar interception fraction 

Non-Leafy Leafy Fodder 

kgtm"2 
years 

1 /year 

Plant Factors: Additional parameters discussed in Appendix D that are usually site-independent 
but that may depend on regional farming practices. 



4.4.14 Radon Data 

- Cover total porosity: 
Cover volumetric Eater content: 
Cover radon diffusion coefficient: 
Bldg foundation thickness: 
Bldg foundation density: 
Bldg foundation t@al porosity: 
Bldg foundation volumetric water content: 
Bldg foundation radon djFfusion coefficient: 
Contaminated radon diffusion coefficient: 
Radon vertical difiension of mixing: 
Building air exchange rate: 
Building room height: 
Building indoor area factor: 
Foundation depth below ground surface: 
Rn-222 emanation coefficient: 
Rn-22Q emanation coefficient: 

rn"21s 
meters 
g k m " 3  

m"2/s 
m"2h 
meters 
1 /hr 
meters 

meters 

Radon Pathway: Discussed in detail in Appendix C. These parameters are only used when a 
radon parent for either Rn-222 (U-238:, U-234, Th-230, or Ra-226) or Rn-220 (Th-232, Ra-228, 
or Th-228) is present as a contaminant. The Wind Speed found on the Cover and Contaminated 
Zone Hydrological Data window is also used for the outdoor radon dose component calculation. 

Building Indoor Area Factor: Fraction of the floor area built on the contaminated area. Values 
greater than 1.0 indicate a contribution from walls penetrating the contaminated zone. The 
default value 0 indicates that the time-dependent area factor is derived from an assumed floor 
area of 100 rn2 and the amount of wall extending into the contaminated zone. 

Foundation Depth Below Ground Surface: Depth from the surface to the basement slab 
bottom. The default -1 indicates that the slab will be placed directly on top of the contaminated 
zone. 
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4.4.15 Storage Times before Use Data 

- Leafy vegetables: 

Milk: 
- Meat: 

Fish 
- Crustacea and mollusks: 

Wgll water: 

S urfgce water: 

20 days 

Livestock fodder: 7 1  daw 

Storage Times: Time during which foodstuffs are stored, thus allowing for radionuclide decay 
before consumption. These parameters usually have very minor effects on results. See 
Appendix D for more details. 
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4.4.16 Carbon-14 Data 

- C-12 concentration in local water: 
C-12 concentration in contaminated soil: 

Fraction of vegetation carbon absorbed from sgil 

Fraction of vegetation carbon absorbed from sir: 

Thick of evasion layer of C-14 in soil: 

C-14 evasion flux rate from toil: 
C-12 evasion flu% rate from soil: 

meters 

1 k e c  
1 h e c  

Grain fraction in livestock feed (balance is haylfodder] 
- Beef cattle: I 

~ ~~ ~ 

C-14 Parameters: See discussion in Appendix L. 
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4.4.17 Dose Conversion Factor Editor 

1 Welcome to the RESRAD Dose Conversion Factor (DCF) Editor 
I 

‘Library Options 

i? View the Default Libraries [Read Only) 

Create a new DCF library 

Edit an rxt.,lng DCF library 

Version 2.0 May 24,2001 

Type the name of the new DCF library 

I 
Base values for slope [risk factors) 

IFGR 13Morbidky 

Library Description 

Dose Conversion Factor (DCF) Editor: A tool used to develop and edit user-specific dose 
conversion, transfer, and slope factor libraries for use in RESRAD. After a user library is 
created, this tool is immediately available for use in RESRAD by selecting it in the Title 
window. The “Default Library” cannot be overwritten. 

To View the Default Library (Read Only): Select this option to view the default dose conversion, 
food transfer, and slope factors. The default values are contained in the Default Library, which 
users cannot modify. New libraries created by the user automatically use data from the Default 
Library as a starting point. To view the Default Library, click View the Default Library (Read 
Only) and then click the Forward button. 

To Create a New DCF Library: Select this option to create a new DCF Library on the basis of the 
default values. You must provide a name for the new library. You can also enter a description of 
the library. The description may contain references or other helpful information. After entering 
the name and description, click the Forward button to continue. 
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To Edit an Existing. DCF Library: Select this option to edit a previously created DCF Library (or 
one imported into the database). To edit an existing DCF Library, select the library from the 
drop-down list. To edit the library description or proceed to the edit window, click the Forward 
button. 

To Make a Copy of an Existing DCF Library: Select this option to make a copy of an already 
existing DCF Library. This option is similar to the Create a New DCF Library option. This 
feature is used to create a new DCF Library on the basis of another user-defined library. To copy 
an existing library, select the existing library from the drop-down list and enter the name of the 
new library in the text box. Then press the Forward button to copy the dose conversion, transfer, 
and risk factors from the existing library to the new library. 

To Rename an Existinn DCF Library: Select this option to rename an existing DCF Library. 
Select an existing DCF Library from the drop-down list, type the name of the new library in the 
text box, and click the Rename Library button. 
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4.4.18 Dose Factors 

I 1 
i 

0 FGR 11 f-l= 0.001 

0 FGR 11 Clast - W 
0 FGR 11 Class - Y 

Ingestion Dose Conversion Factors: All EPA FGR-11 (Eckerman et a]. 1988) factors for 
various GI tract fractions are shown. The maximum factor is selected as the default. To select 
another DCF, click the option button for the DCF or enter a user-specific value. If a user-specific 
value is entered, a reference can be inserted into the text box under references. 

Inhalation Dose Conversion Factors: All EPA FGR-11 factors for various lung clearance 
classes are shown. The maximum factor is selected as the default. To select another DCF, click 
the option button for the DCF or enter a user-specific value. If a user-specific value is entered, a 
reference can be inserted into the text box under references 

Slope Factors: From EPA FGR-13 report (Eckerman et al. 1999). To change these values, enter 
a new value in the text box. To select the default value, click the D button; to enter references for 
user-specific values, click the R button. 

External Dose Conversion Factors: From EPA FGR-12 (Eckerman and Ryman 1993). These 
are not available for editing and are reported in the detailed dose report in Appendix A. 
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Transfer Factors: See detailed discussion in Appendix D. These values can be changed by 
entering a new value in the text box. To select the default value, click the D button; to enter 
references for user-specific values, click the R button. 

t 
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4.4.19 Risk and Dose Factors for Radon 

Selected Nuclide: Ac-227 

I Cf-252 I II 

lrluuul 

mrernlWLM Rn-222 

Rn-220 mrem/WLM 

Outdoor 

Th-228 Rn-220 Rn-222 miernlWLM 

Rn-220 rnremlWLM PO-216 
Pb-212 
Bi-212 

Slope Factors: From EPA E A S T  report (EPA 1994). To change these values, enter a new 
value in the text box. To select the default value, click the D button; to enter references for user- 
specific values, click the R button. 

Dose Conversion Factors: See discussion in Appendix C for use. To change these values, enter 
a new value in the text box. To select the default value, click the D button; to enter references for 
user-specific values, click the R button. 



4.5 OUTPUT WINDOWS 

RESRAD produces five textual reports and features many graphical options for standard 
problems. The first page of each report consists of the table of contents. Sensitivity analysis 
results can be viewed as an option in the standard graphics window. Uncertainty analysis results 
are produced in a report and in uncertainty graphics. In this section, the contents of the textual 
reports, use of the report viewer, and graphics windows are reviewed. 

4.5.1 Standard Textual Reports 

SummaryReport 

Input 

Dose conversion factors 

Site-specific input 

Doses 

User-specified times summary 

Peak dose summary 

Dose components for various times 

Guideline information 

Dose/source ratios 

Soil guidelines 

Detailed Report 

Source factors 
Ground pathway 

Inhalation pathway 

Radon pathway 

Fluxes 

Working levels 

Water pathways 

Transport times 

Rise time 

Dilution factors 
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Food pathways 

Environmental transport factors 

Dosehource ratios 

Concentration ratios 

Soil ingestion 

Concentration Report 

Concentrations at user-specified times in media 

Soils (contaminated and surface) 

Air 

Water (well and surface) 

Foodstuffs (milk, meat, vegetables, and fish) 

Fodder 

Risk Report 

Cancer risk slope factors 

Excess cancer risks and intake quantities 

Progeny (Daughter) Report 

Dose contributions by daughter products 
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4.5.2 Report Viewer 

S u u a r y  1 BBSRAD Default Parareters *I File 

Table of Contents 

Part I: Eixture Sums and Single Radionuclide Guidelines 

Dose Conversion Factor (and Belated) Parameter Suuary _ _ _  2 
Site-Specific Parareter S u u a r y  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  3 
S u u a r y  of Pathway Selections _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  7 
Contaminated Zone and Total Dose S u u a c y  - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  8 
Total D o s e  Components 

9 Time = 0-000Bt00 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Time = 1-OOOBtOO _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  10 
Time = 3-000Et00 _ _ _ _ _ _ _ _ _ . . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  11 
Time = 1-OOOPtO1 _ _ _ _ _ _ _ _ _ . . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  12 

The Report Viewer is launched automatically at the end of each run and displays the 
Summary Report. The Report Viewer .may be accessed, however, at any time from the Menu, 
Toolbar, DOS Emulator, or Navigator. If the viewer is minimized before the code is run, the new 
report will be loaded in the viewer, but the viewer will remain minimized. 

Getting to the Report Viewer 

From Menu: Select Viewnext Reports/Summary or any other report. 

From Toolbar: Press the report page icon (Summary Report only). 

From DOS Emulator: Press the View Results button and then the Summary Report or any other 
button. 

From Navigator: Press the Summary Report or Other Report button when in the Results Tab 
Window. 
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Moving Around 

Pages: To go to another page, choose one of the following methods: 

Enter the page number in the page text box and hit return. 

Pull down the page list and click the desired page. 

Advance a page by pressing the Page Down key; click the double down 
mows. 

Press the Page Up key or click the double up arrows to go back a page. 

Within a Page: Use scroll bars to position text. 

Between Reports: Select the Filelopen Another File option from the main menu to view another 
report, or close the viewer and go back to the main window to select a different file. 

Saving Files 

I 1 

The results can be saved under diflerent names, thus allowing for later retrieval. 

Save All Files: Select Fitelsave All under the Report Viewer menu. This will save all textual 
reports to files. If the input filename is xxxx.rad, the reports will be saved as xxxx.yyy, where the 
extension yyy is “sum” for a summary report, “det” for a detailed report, “dau” for a daughter 
report, “con” for a concentration report, and “int” for a time-integrated risk report. 

Save the Open ReDort: Select File/Save under the Report Viewer menu. This will prompt for a 
name to save the currently displayed report. 



Copying Selections 

CODV the Highlighted Section: Select EdiVCopy under the Report Viewer menu. The selected 
text will be placed on the windows clipboard and can be placed into any document such as a 
spreadsheet or text report. 

COPY the Current Pape: Select EdiVSelect All followed by Edit/Copy. Or press the icon that looks 
like two pages. 

CODY to Excel: If MS Excel is installed on the computer, a table can be highlighted and 
automatically placed into an Excel spreadsheet. 

Printing 

Set up the Printer: RESRAD uses the standard windows printer. The setup for the printer can be 
accessed through the File/Printer/Setup menu option. Options include printer selection and paper 
size and orientation selection. 

Set UP the ReDort for Printing: Press the single page icon button to automatically select the best 
font size to fit the report to a single page width. 

- Print: Select the File/Print menu option or press the printer icon button. A dialogue box will 
appear that will allow printing of the whole report, specific pages, or the currently highlighted 
text. 
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4.5.3 Graph Viewer 

1.2 

1 .o 

0.8 

$ 0.6 
0.4 

0.2 

0.0 

L 
z-3 

2 

DOSE: U-234, All Pathways Summed 

10 100 
Years 

1000 

RESRAD QA 12fi3fi999 16 07 Includes All Pathways 

Getting to Graph Viewer 

From DOS Emulator: Click View Output to bring up the output form. Click Standard Graphics. 

From Windows Navigator: Click the Results tab, then click the Standard Graphics icon. 

From Menu: Click View on the menu and select Graphic Output. 

From Toolbar: Click the icon with the button prompt, View RESRAD Standard Graphics. 

If the Graph Viewer is minimized prior to a run, the previous data will remain in the 
viewer even after the run is complete. To view the correct data, close the graph viewer window 
and perform one of the actions listed above. 
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Setting Up 

Data to Plot: Data for radionuclides and pathways can be manipulated to produce a variety of 
plots. The following parameters can be specified to select a plot. 

Type 

Dose: Select Dose to view a graphical representation of the dosage 
contributions of selected radionuclides taken over a user-specified number 
of years (rnrerdyr or mSv/yr). 

Conc.: Displays a plot of the concentration of individual radionuclides in 
various media (pCi/g or Bq/g). 

Dose/Src Ratio: Displays a graphical representation of an individual 
radionuclide’s ratio of dose contribution (mredyr or mSv/yr) over 
concentration ([mrerdyr] / [pCi/g] or [mSv/yr]/[Bq/g]). 

Soil Guidelines: Select Soil Guidelines to view a graph. 

Radionuclide 

Summed: Plots the sum of all user-selected radionuclides. 

Individual: Plots a single user-selected radionuclide. 

Pathways 

Summed: Plots all pathways summed. 

Components: Plots all pathways as individual components. 

Water IndDep: Plots summed water-dependent and summed water- 
independent pathways only. 

Individual: Plots a single selected pathway. 
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Sensitivity 

Base Case: Indicates not to plot sensitivity results. This is the default 
setting. 

Parameter: Plots sensitivity results on a user-selected parameter. 

Feedback 

- Print: Clicking Select from the menu presents two options: Print and Print Setup. Select Print to 
print the current plot displayed with preset print options. Select Print Setup to change these 
printer options. 

Title: The plot’s title is divided into three parts; for example, see the title in the figure at the 
beginning of this subsection - “DOSE: CO-60, All Pathways Summed.” The first part before the 
colon represents the current Type option selected; in this case, DOSE. The second part after the 
colon represents the current Radionuclide option selected; in this case, the individual 
radionuclide Co-60. The last part of the title after the comma represents the current pathway 
selected; in this case, all pathways are summed. 



4.6 ENHANCEMENTS AND HELP 

RESRAD for Windows was desi,gned with many features to enhance normal calculations, 
increase understanding of specific applications, and identify important input parameters, as 
follows: 

1. Sensitivity Analysis 

2. Uncertainty Analysis 

3. Soil Graphic Feedback 

4. General Help 

5. Parameter Descriptions 

6.  Graphical Help 

7. Data Collection Handbook 

8. Connection to Web Site 

9. Message Log 
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4.6.1 Sensitivity Analysis 

Variable Description: 
&rea of contaminated zone: 
Variable Name: 
AREA 

Multiply and Divide 
the variable’s 
deterministic value 
by: 

01.5 Lower Value. 5000 e Basevalue: 10000 oz Upper Value: 20000 

QQi 

:etting to the Sensitivity Analysis 

From Menu: While maintaining focus on the parameter of interest, click View Sensitivity 

Analysis. 

From Toolbar: While maintaining focus on the parameter of interest, click the Sensitivity 
Analysis button. 

From Input Window: Click the parameter of interest, then press the F9 function key. 

From Status Bar: If the sensitivity for a parameter has already been set, the sensitivity summary 
bar (shown if View/Sensitivity Summary has been selected) will include a button for each 
sensitivity analysis. The title of the button includes the variable’s name and an indicator of the 
factor to multiply and divide by (*/). Click any button to review, set, or cancel the sensitivity 
analysis on the parameter. 



Setting 

Factor: Choose one of the options for the multiplication and division factor. The resultant values 
for the two sensitivity runs will be shown at the right, along with the base value. If you choose 
Other, enter any value greater than 1. If a selection causes a parameter value to exceed its 
bounds, the sensitivity factor will be reset to the maximum or minimum allowable. 

- Add: Choose OK to add sensitivity analysis for the parameter. 

Delete: Choose No Analysis to cancel or remove sensitivity analysis. 

output 

Sensitivity analysis results are only shown in the graphics, not in any textual report. After a case 
has been run with sensitivity analysis, the left-hand column of options should have a Sensitivity 
Analysis frame at the bottom. 



4.6.2 Uncertainty Analysis 

4.6.2.1 Procedures for Using Probabilistic Analysis 

Users run the standard software interface (Le., RESRAD) to set deterministic 
values for parameters not involved with probabilistic analysis. 

Probabilistic analysis is set by finding parameters in the standard interface and 
pressing the F8 function key. The probabilistic input window with four tab 
screens will appear. The parameter, with its default distribution, will be 
automatically added to the list of parameters for probabilistic analysis. 

If the probabilistic analysis is activated, after the standard software is run, the 
probabilistic runs will begin. 

After completion of the calculations, the interactive output window for 
creating tables and graphics will appear. Access is available to both the textual 
report and the detailed data dump files. 

The probabilistic modules have been designed to be flexible and quite independent of the 
original RESRAD application. They are, however, easily applied and integrated with the 
application, and they utilize previously written software for Latin hypercube sampling (LHS) and 
correlation analysis (Inman et al. 1985). 

Input: The input Window takes information from the default distribution 
database and from the user’s commands to construct the list of parameters, 
their distributions and correlations, and general sampling options. At run time, 
the LHS code is activated to perform the sampling. 

Output: The code is then run on these samplings, and the results are stored 
for incorporation into interactive text and graphs, textual reports, and 
formatted output for user-controlled processing. 



4.6.2.2 Four Input Windows 

Window 1. Sample Specifications 

numbers that are generated. Specification of a random 
seed will permit the same set of input parameters to be 
generated if the simulation needs to be rerun. 

0 Latin Hypercube 

I ' r;l Perform uncertainty analysis (1 Suppress uncertainty analysis this seszion I 
Sampling Technique: The LHS option will split the distribution to be sampled into a number of 
equally probable distribution segments (the number is equal to the desired number of 
observations) and will obtain one sample at random from within each segment. This ensures that 
the samples cover the entire range of the distribution. The Monte Carlo option will obtain the 
specified number of samples; each one is obtained randomly from the whole distribution. 

Grouping of Observations: Corre1ate.d or uncorrelated grouping will order the samples for each 
variable so that (1) the correlations between the specified variables are as close as possible to the 
specified input correlations and (2) the correlations between the variables that are not specified to 
be correlated will be as close to zero as possible. Random grouping will group the variables in 
the order that they were obtained. It is possible that some of the variables so sampled will be 
correlated just by chance. 
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Window 2. Parameter Distributions 

Diaribution I TRUNCATED . NOR MAL -. . 

Previous parameter 

Purpose: The parameter distribution tab screen allows the user to view and edit all currently 
specified parameter distributions for probabilistic analysis. The parameters are listed in the left 
frame. The detailed distribution properties are shown in the right frame. 

Navigation: Navigation to other parameter distributions is achieved either by clicking the 
parameter on the left side or by using the Up-Down arrow control on the left side. 

Parameter List for Probabilistic Analysis: The list of the currently chosen parameters is 
shown on the left in a three-column table showing the variable description, variable name in the 
code, and the distribution type. By clicking on any element in the row, complete distribution 
properties for the variable will appear for review and edit on the right. 

Statistics of Uncertain Variable: The properties are the distribution type, shape parameters 
concerning the specific distribution type, and upper and lower truncation bounds. In this 
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example, the shape parameters are for the normal distribution (i.e., the mean and standard 
deviation). 

If the user wishes to accept the default distribution for this parameter, the “Default for 
assumptions” can be selected. These assumptions also include those specified on the “Sample 
Specification” tab, which are beyond the input specifications of the deterministic RESRAD 
codes. The user can also remove the parameter from further probabilistic consideration by 
clicking the Remove Parameter button. 
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Window 3. Input Rank Correlations 

Purpose: The input correlations tab screen allows the user to view and edit all correlations 
between input parameters for probabilistic analysis. The paired parameters with nonzero 
correlations are listed in the left frame. Correlations can be modified, added, or deleted in the 
right frame. 

Navigation: The user can select an existing correlation pair by clicking on its row in the left 
frame. New pairs are chosen on the right side by selecting the two variables. The edits in this 
frame are incorporated after clicking on the Update Correlation Table button. The pair is 
removed by selecting the Remove Correlation button. 

Parameter List for Correlation: The currently chosen pairs of parameters are listed in the left 
frame in a three-column table that shows the variable names in the code and the correlation 
coefficient. By clicking any element in any row of the table, the correlation can be modified or 
deleted in the right frame. The range of correlation coefficient is -1.00 to 1.00. The correlation 
for all pairs not specified here is assumed to be 0.0. The user can check the results of the 
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sampling correlation after the run has been completed. Full descriptions of the variables can be 
seen in the right frame. If more parameters are chosen for correlation than fit in the window, the 
left side becomes a scrolling table. 

Correlation Edit: The two parameters in the correlation and the correlation coefficient are 
shown in the right frame and can be edited there. The user can also remove the parameter from 
further probabilistic consideration by clicking the Remove Correlation button. 
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Window 4. Output Specifications 

i 

Purpose: The user selects what type of output should be generated. More detailed output options 
(e.g., by pathway, by nuclide, or by user-specified times) take longer to run. 

Navigation: The output options are selected with the check boxes on the left side. These are the 
only inputs on this tab screen. The columns on the right show what output options the user will 
be able to obtain for each of the checked options after running RESRAD. The user will be able to 
specify and view these options from the interactive table and interactive graphic screens. 

Various correlation types are available: PCC (partial correlation coefficient), PRCC (partial 
ranked correlation coefficient), SPRC (standardized partial regression coefficient, also known as 
SBC), and PRRC (partial ranked regression coefficient). 
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4.6.2.3 Output Results 

The probabilistic analysis output results are being improved. Currently, a basic 
uncertainty report and limited types of graphics are available. 

C S u u a r :  RIISRAD D e f a u l t  P a r m e t e r s  

T a b l e  of C o n t e n t s  

Part V: U n c e r t a i n t y  Analysis 

!ESRAD U n c e r t a i n t y  Analysis R e s u l t s  
Eonte C a r l o  Input . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
T o t a l  D o s e  _ _ _ _ _ _ I _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 5 _ _ _ _ _ _ - -  

T o t a l  R i s k  _ _ _ _ _ _ _ _ _ _ - _ _ _ . _ _ _ _ _ - - - - - - - - - - - - - - - - - - - - - -  
D o s e  vs P a t h w a y :  G r o u n d  E x t e r n a l  _ _ _ _ _ _ - _ _ _ _ _ - _ _ _ _ _ _  
D o s e  v s  P a t h w a y :  Inhalation t v f o  R a d o n )  _ _ _ _ _ _ _ _ _ _ _ _  
D o s e  v s  P a t h w a y :  R a d o n  Water Ind.) - - - - _ _ _ _ - _ _ _ _ _ _ _  
D o s e  vs P a t h w a y :  P l a n t  { U a t e r  Ind.) - _ _ - _ _ _ _ _ _ _ _ _ _ _ _  
D o s e  Y S  P a t h w a y :  H e a t  Water Ind-.) - _ - - _ _ _ _ _ - _ _ _ _ _ -  
D o s e  vs P a t h w a y :  E i l k  ( U a t e r  Ind-)  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
Dose v s  P a t h w a y :  S o i l  Ingestion _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
D o s e  us P a t h w a y :  U a t e r  Ingestion _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _  
D o s e  vs P a t h w a y :  Fish Ingestion . . . . . . . . . . . . . . . . . . . .  
Dose vs P a t h w a y :  R a d o n  [ U a t e r  D e p - )  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
D o s e  vs P a t h w a y :  Plant l U a t e r  D e p - )  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ -  
D o s e  v s  P a t h w a y :  H e a t  ( U a t e r  D e p - )  _ - _ _ _ _ _ _ _ - _ _ _ _ - _  
Dose us P a t h w a y :  E i l k  ( U a t e r  D e p - 1  _ _ _ - _ _ _ _ _ _ _ _ _ _ - _  
I C  C u u l a t i v e  P r o b a b i l i t y  S u u a r y - - , - - , - - - - - - - - - - - - - -  
Suuary  of dose a t  graphical times, r ep t i t i on  1.---- 
Suuary of dose a t  graphical t i m e s ,  r e p t i t i o n  2 - - - - -  
Suuary of dose a t  graphical t h e s ,  r ep t i t i on  3----- 
Peak of the  m e a n  dose at graphical t i m e s - - - , - - - - - - - - -  
C o r r e l a t i o n  and R e g r e s s i o n  coeff ic ients  tif a n y ) - - - - -  

2 
3 
4 
5 
6 
7 
8 
9 

l o  
11 
12 
13 
1 4  
15 
16 
17 
18 
19 
20 
21 
22 
23 
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4.6.3 Soil Graphic Feedback 

it I 

~ 

Getting to the Soil Strata Parameters Window 

Select the View/Soil Graphics option from the menu bar. 

Information Feedback 

Number of layers considered 

Depth of layers considered 

Scale set by the 1-m-high corn stalk 

Depth of the mixing layer (solid red line) 



Depth of plant roots 

Well depth 

Navigation 

To open the data input window for a specific soil layer, click on that soil layer. For example, the 
window below is shown when the first unsaturated zone is clicked. 

- Thickness of the unsaturated zone: 
- Soil Density: grams/cmxx3 

- Total Porosity: 

- Effective Porosity: 
- Field Capacity: 
bdraulic Conductivity meterslyear 

- b Parameter: 

meters 
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4.6.4 General Help 

General Index 

Similarities with DOS 
Difference in Windows 
Dose Conversion Factor Editor 
Input Parameters 
Output Repa rts 
Sensitivity 
Uncertainty 

Getting To 

Press the F1 function key. 

If the Help window is open, click Contents to get to the first page. 

Choose HelpKontents from the main menu. 

Contents 

Simple description of the input parameter. For more information, refer to the 
RESRAD Data Collection Handbook (Yu et al. 1993). 

Differences from other versions. 

Interface operational features. 

Output help. 

Contacts for further help. 



4.6.5 Parameter Descriptions 

Cover Depth 

The COVER DEPTH is the distance, in meters (m), from the 
ground surface to the location of the uppermost soil sample with 
radionuclide concentrations that are clearly above 
background. The background concentration of a radionuclide 
is defined as twice the standard deviation of measurements of 
the concentration in soil samples from nearby uncontaminated 
regions of the same soil type plus twice the standard deviation 
of the counting statistics. 

Getting To 

0 

0 

0 

Contents 

0 

Choose the input box of the input parameter of interest, then press the F2 

function key. 

Click the parameter description in the Textual Help list found on the 
Navigator’s Help tab window. 

If the Help window is open, click Contents and follow the table of contents to 
find the parameter of interest. 

Simple description of the parameter. For more information, refer to the 
RESRAD Data Collection Handbook (Yu et a]. 1993a). 

r 



4.6.6 Graphic Help 

Getting To 

Click the Graphic Help topic of interest in the Navigator's Help Tab Window. To close, click the 
standard close window control. 

Contents 

Various slides from the RESRAD Workshop. 



4.6.7 Web Site 

RESRAD 
FAMILY OF CODES 

A 

RESRAD Home Page 

L 

1 RESRADHome I EADHome I Download 

Getting To 

The RESRAD Web site is at http://web..ead.anl.gov/resrad. 

Contents 

Descriptions of the RESRAD family of codes 

Download of currently available codes 

Table of current versions and release status 

Upcoming training workshops and pictures from previous workshops 

Listing of version releases and dates, along with a short description of the 
included modifications 
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E-mail contact 

Data Collection Handbook (Yu et al. 1993a) and other selected RESRAD 
documents 



4.6.8 Data Collection Handbook 

Getting To 

Documents 
$!I RESRAD-RECYCLE Man&d&I.l MB) 

Guide (NUREG/CR-6692’1 w 7 . 3  MB) 
m a r  

1 

Y Development of Probabilistic RESRAD 6.0 and RESRADBUILD 3.0 Computer Codes 
fNUREGICR-669n B@hks to NRC slte) 

1p RESRAD Data Collection Handbook 

Y Groundshine (External Dose) Methodolow 

$I Inhalation Area Factor Reportm (2 2 megs) 

p 04mega) 

(401 kb) 

a RESRAD Fact Sheet 

lil RESRAD Family of Codes Fact Sheet m&?3 kb) 

(209 kb) 

The RESRAD Data Collection Handbook (Yu et al. 1993a) can be viewed on the RESRAD Web 
site (http://web.ead.anl .gov/resrad). 

Contents 

The Table of Contents is linked to all sections and variable discussions. 
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4.6.9 Message Log 

O p e n i n g  R E S R A D - B I B  f o r  binary data - - - _ _ _  input of binary data c o m p l e t e -  
O p e n i n g  DOSFAC-BIB f o r  binary data - - - _ _ _  input of binary data c o m p l e t e -  
B e g i n  reading s i te -spec i f ic  data f r o m  Ql-RAD _ _ _  

_ _ _  a l l  s i te -spec i f ic  data successfully input; star1 
C a l c u l a t i o n s  c o m p l e t e ;  s tar t ing Suuarp O u t p u t  _ _ _  

_ _ _  Suuary  O u t p u t  c o m p l e t e . .  
S ta r t ing  D e t a i l e d  O u t p u t  _ _ _  

- - - D e t a i l e d  O u t p u t  c o m p l e t e -  
Start ing H e a l t h  R i s k  O u t p u t  _ _ _  

_ _ _  H e a l t h  R i s k  O u t p u t  c o m p l e t e ,  
Start ing R a d i o n u c l i d e  C o n c e n t r a t i o n  O u t p u t  _ _ _  _ _ _  R a d i o n u c l i d e  C o n c e n t r a t i o n  O u t p u t  c o m p l e t e -  
Starting D a u g h t e r  Dose O u t p u t  _ _ _  

- - D a u g h t e r  D o s e  O u t p u t  c o m p l e t e . .  

C:\RESlUD\RBSEAIH3-EXE execution t i m e  = 6- 87000 

Y "  I 
Getting To 

From the main menu, choose View/Message Log. 

Interpretation 

This file contains calculation execution information that normally can be disregarded. If there are 
any problems with the calculation, this file should show some type of diagnostic that can be 
reported. The execution time is also displayed at the end of this file. 

Reporting Problems 

The e-mail address for communicating problems and questions is resrade anl.gov. 
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5 VERIFICATION AND VALIDATION 

As part of the RESRAD quality assurance program, RESRAD has undergone extensive 

review, benchmarking, verification, and validation. Before the RESRAD code was officially released 

in 1989, Argonne National Laboratory (ANL) verified the early versions of the code by both hand 

and spreadsheet calculations. In 1994, Halliburton NUS Corporation of Gaithersburg, Maryland, 

performed an independent verification of RESRAD, Version 5.03 (Halliburton NUS Corporation 

1994). In 1990 and 1993, two benchmarking exercises were performed: RESRAD was compared 

with DECOM Version 2.2 (Till and Moore 1988), GENII (Napier et al. 1988), PRESTO-EPA-CPG 

(Hung 1989), PATHRAE-EPA (Rogers and Hung 1987), and NUREG/CR-5512 (Kennedy and 

Strenge 1992). In 1995, RESRAD was selected for inclusion in a multiagency code benchmarking 

exercise and was compared with MEPAS (Buck et al. 1995) and MMSOTLS @PA 1992). In 1997, 

the EPA funded the inclusion of RESRAD (Yu et al. 1993b, 1994) in phase two of this multiagency 

code benchmarking exercise. In 1998, the NRC compared the RESRAD and RESRAD-BUILD 

codes with its decontamination and decommissioning (DandD) code (NRC 1999). 

In the early 1990s, ANL conducted batch and column experiments to validate the leaching 

model used in the RESRAD code. From 1993 to 1998, the RESRAD code was one of 11 codes 

included in the International Atomic Energy Agency’s (IAEA’s) two multimedia code validation 

studies, Validation of Environmental Model Predictions (VAMP) and Biosphere Model Validation 

Study Phase 11 (BIOMOVS II). These studies used real data sets (such as Chernobyl accident data) 

to compare model predictions. 

Currently, RESRAD is part of the international Biosphere Modeling and Assessment 

(BIOMASS) program. Details on reviews, benchmarking, verification, and validation for the 

RESRAD family of codes are provided in Yu (1999) and summarized in Sections 5.1-5.4. 

5.1 VERIFICATION OF RESRAD 

Verification refers to the task or procedure by which a mathematical solution to an 

arbitrarily complex problem is tested for internal mathematical consistency and accuracy. RESRAD 

calculation results are verified by hand calculations. A hand calculator was used except in cases 

where lengthy or repetitive calculations required the use of a personal computer spreadsheet 



5-2 

(Lotus 1-2-3 or Excel). Internal verification was documented in 1989 (Jones 1989). Halliburton NUS 

Corporation performed an independent verification of RESRAD, Version 5.03, in 1994. 

In June 1994, Halliburton NUS Corporation published a report entitled Verification of 

RESRAD - A Code for Implementing Residual Radioactive Material Guidelines Version 5.03 

(Halliburton NUS Company 1994). Some typos, errors, and bugs in the code were identified in the 

verification process; these were corrected and reverified. In addition to verifying the =RAD code, 

the report contained many recommendations for improving the code and the user’s manual. These 

recommendations were incorporated in later versions of RESRAD, and the code’s user-friendliness 

was improved. The modifications to the various versions of RESRAD have been documented and 

are available on the RESRAD Web site (http://web.ead.anl.gov/resrad). 

5.2 BENCHMARKING OF RESRAD 

Benchmarking is an exercise that consists of solving the same set of problems with several 

different computer codes and comparing results. The RESRAD code has been benchmarked in 

several studies; some of the studies were performed by the RESRAD code developers, and others 

were conducted by a third party. The very first benchmarking study performed at ANL was in 1990. 

RESRAD was benchmarked against REUSEIT (Bed et al. 1987), DECOM (Till and Moore 1988), 

and NUREG/CR-5512 (Kennedy and Strenge 1992). The preliminary results were published as a 

Science and Engineering Research Semester Program Student Report (Woods and Yu 1990). 

RESRAD is a pathway analysis code that calculates radiation doses to a hypothetical 

individual living on a contaminated site. Several other existing models can be used to perform 

similar tasks. Six of these models were selected for benchmark analyses of the RESRAD code: 

GENII-S Version 1.485 (Leigh et al. 1!992), GENII (Napier et al. 1988), DECOM Version 2.2 (Till 

and Moore 1988), PRESTO-EPA-CPG (Hung 1989), PATHRAE-EPA (Rogers and Hung 1987), and 

NUREG/CR-5512 (Kennedy and Strenge 1992). The first five models had been codified for use on 

personal computers; the NUREG/CR-5512 model had not been codified at the time the 

benchmarking was performed. The NRC recently codified the NUREG/CR-5512 model as the 

DandD code (NRC 1999). 

In 1990 through 1994, two types of benchmark analyses were performed. In the first, the 

default resident farmer scenario in FESRAD was used as a starting point, and the parameter values 
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in the other computer codes were changed to match the RESRAD default scenario to the extent 

possible. The results obtained from the different methodologies were then compared with results 

from RESRAD for the external gamma dose, dust inhalation dose, soil ingestion dose, food (plant, 

meat, and milk) ingestion dose, and drinking water ingestion dose. The radon (and progeny) 

inhalation pathway was not included because, of all the models compared, RESRAD is the only one 

that considers the radon pathway. Comparisons among RESRAD and GENII-S, DECOM, PRESTO- 

EPA-CPG, and NUREG/CR-5512 were tabulated. 

The second type of benchmark analysis involved comparison of RESRAD results with 

published results for the GENII and PATHRAE-EPA codes (Seitz et al. 1992,1994). The parameter 

values used in RESRAD were adapted according to the published descriptions for G E M  and 

PATHRAE-EPA so that a similar scenario was simulated by the three different computer codes. The 

results of these benchmark analyses and model descriptions of GENII-S, DECOM, PRESTO-EPA- 

CPG, NUREGICR-55 12 methodology, GENII, and PATHRAE-EPA can be found in Faillace et al. 

(1994). 

Many other benchmarking studies have been conducted in the past five years. In 1995, DOE 

andEPA published ajoint report - Benchmarking Analysis of Three Multimedia Models: RESRAD, 

MMSOZLS, andMEPAS (Cheng et al. 1995). This benchmarking study differs from other studies in 

that all three models were run by the model developers. Therefore, some hard-wired parameters were 

also changed, if necessary, to compare the specific processes modeled in the code. All three codes 

were improved after the benchmark study. Several journal articles were published on the basis of the 

results of this benchmarking study (Laniak et al. 1997; Mills et al. 1997; Whelan et al. 1999a,b; 

Gnanapragasam et al. 2000). 

Another benchmarking study conducted at the international level was the BIOMOVS II 
Uranium Mill Tailing Working Group's model comparison study (BIOMOVS II 1996). This study 

used a realistic dataset and involved seven computer models from seven countries. The 

benchmarking focused on the uranium decay chain (multiple radionuclides), multiple pathways, and 

multiple environmental receptors. This benchmarking study revealed the importance of modeling 

individual decay progeny. Simplification of the U-238 decay chain, by assuming that Pb-210 and 

Po-210 are in secular equilibrium with Ra-226, or by assuming that the progeny nuclide has the same 
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distribution coefficient (KJ as the parent nuclide, is inappropriate. The results of this benchmarking 

effort can be found in Gnanapragasam and Yu (1997a), BIOMOVS II (1996), and Camus et al. 

(1999). 

Several benchmarking studies involving RESRAD were performed by others. One is the 

Consortium for Environmental Risk Evaluation (CERE) model comparison study (Regens et al. 

1998). This study compared RESRAD, RESRAD-CHEM, MEPAS, and MMSOILS by using two 

case studies for both radiological and chemical contaminants. 

Another recent model study compared RESRAD and RESRAD-BUILD with the DandD 
code. The DandD code is the NRC’s code based on the NUREG/CR-5512 methodology (Kennedy 

and Strenge 1992). A draft report of the study is available on the NRC Web site 

(http://techconf.llnl,gov/radcri/model/model.htm) and in NUREG/CR-55 12, Vol. 4 (Haaker et al. 

1999). Argonne is also in the process of benchmarking RESRAD and RESRAD-BUILD against the 

DandD code. The DandD code was developed for screening purposes, and RESRAD was developed 

for more detailed dose and risk calculations. 

5.3 VALIDATION OF RESRAD 

Validation refers to the task or procedure by which the mathematical model is tested against 

accurately measured, independent sets of field or laboratory observations made over the range of 

conditions for which application of the model is intended. Therefore, validation of a model is often 

only the validation of a specific submodel. Also, it should be emphasized that even if a submodel 

is validated, it is validated only for the conditions for which the data were collected. 

The leaching model used in the RESRAD code is the heart of the RESRAD model. It 

controls the amount of radionuclides that are leached from the contaminated zone and controls the 

ingrowth and decay of radionuclides that are available for root uptake and resuspension, etc. Several 

batch and column tests had been performed in the past to test the leaching model. Most of these 

leaching experiments focused on uranium and thorium isotopes because these isotopes are the main 
contaminants at DOE sites (Wang et d, 1990, 1993, 1996). 

Another validation study performed involved the use of real world data collected after the 

Chernobyl accident (IAEA 1996). RESRAD was one of 11 models tested in the IAENCommission 
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of the European Communities (CEC) Co-ordinated Research Programr-.e n VAMP, Multiple 

Pathways Assessment (MPA) Working Group Test Scenario S (Chernobyl data collected in southern 

Finland). 

The RESRAD code, the only nondynamic model used in the VAMP-MPA Scenario S, had 

to be modified to meet some of the VAMP-MPA Scenario S requirements. One major modification 

was the incorporation of a Monte Carlo shell to study the uncertainties of model predictions. This 

modification extends RESRAD from a deterministic model to a stochastic (probabilistic) model. 

Another improvement to the code was adding the ability to output values for media concentrations 

in both tabular and graphic formats. A final modification required for Scenario S was to provide for 

the input of measured surface water concentrations for the first four years after plume arrival. This 

change was necessary because measured Cs-137 concentrations in surface water were available as 

part of the scenario. 

Because it is a nondynamic model, RESRAD was unable to predict the seasonal variation 

in media concentrations, especially for the first few years after plume arrival. However, the 

RESRAD predictions of long-term lifetime dose compared very well with the calculated dose 

estimated from observational data. These results are illustrated in Figures 5.1 and 5.2. Figure 5.1 

shows concentrations in beef measured at various times. The RESRAD prediction is represented by 

the solid line; uncertainties are indicated by two dashed lines. The RESRAD prediction generally 

underestimated beef concentrations in the first four years and overestimated the concentration 

starting in the fifth year. Figure 5.2 shows the lifetime ingestion dose calculated by various models 

and the estimated values based on observed concentrations. The RESRAD prediction of total 

ingestion dose matches very well with the estimated total ingestion dose (Yu and Gananapragasam 

1995; IAEA 1996; Gananapragasam and Yu 1997b). 

Although RESRAD is not specifically designed for this type of application, with the proper 

selection of input parameters, the code can be used to predict media concentrations and doses, 

especially for the later years, after arrival of the plume. 
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FIGURE 5.1 Observed and RESRAD-Predicted Beef Concentrations 

5.4 DISCUSSION AND CONCLUSIONS 

The RESRAD code is the most extensively tested, verified, and validated code in the 

environmental risk assessment and site cleanup field. It has been used widely by DOE, other federal 

and state agencies, and their contractors. In 1994, the NRC approved the use of RESRAD for several 

applications, including dose evaluation by licensees involved in decommissioning, NRC staff 

evaluation of waste disposal requests, and dose evaluation of sites being reviewed by NRC staff. The 

EPA used RESRAD in its rulemaking for cleanup of sites contaminated with radioactivity (Wolbarst 

et al. 1996). The EPA Science Advisory Board reviewedRESRAD as part of EPA rulemaking. Many 

state agencies have approved the use of RESRAD for evaluating site cleanup activities. For example, 

the California State Department of Health Services uses RESRAD for all decontamination and 

decommissioning sites as a confirmation of contractor dose/risk assessment. 
, 
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Many universities have used RESRAD as a teaching and research tool; many theses and 

other scholarly publications have been produced on the basis of the RESRAD code. DOE and ANL 
have conducted about 80 RESRAD training workshops. Many of these workshops were cosponsored 

by the NRC, EPA, or state agencies. More than 1,000 people have participated in these workshops. 

Many supporting documents have been prepared to help users employ the code and interpret the 

results. These documents include this manual, the Data Collection Handbook (Yu et al. 1993a), 

benchmarking report (Faillace et al. 1994), RESRAD parameter sensitivity analysis report (Cheng 

et al. 1991), compilation of transfer factors report (Wanget al. 1993), external exposure model report 

(Kamboj et al. 1998), and inhalation area factor report (Chang et al. 1998). 

In addition to being used in the United States, RESRAD is also used in many other 

countries, such as France, Spain, Germany, Russia, Taiwan, Japan, Belgium, Croatia, Malaysia, the 

Czech Republic, and Canada. Japan has expressed interest in converting the RESRAD interface to 

Japanese. 

RESRAD has been extensively tested, verified, and validated. It has been proven that 

RESRAD is the most effective tool for evaluating radiologically contaminated sites. 
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APPENDIX A: 

EXTERNAL GROUND RADIATION PATHWAY FACTORS 

This appendix presents models, formulas, and data for calculating pathway factors for the 

external ground radiation pathway. Exposure to external radiation occurs primarily as a result of 

radiation emanating from radionuclides in a contaminated zone. Exposure also can occur from 

radiation emanating from radionuclides that have been transported from their original location in the 

contaminated zone to the air, water, or ground surface. In general, the radiation dose resulting from 

these secondary sources is minimal compared with the dose resulting from direct exposure to the 

primary source. Therefore, these secondary sources are not taken into account in deriving soil 

concentration guidelines. 

The contribution to the effective dose equivalent (EDE) from the external ground radiation 

pathway for the ith principal radionuclide at time t following the radiological survey is given by the 

dosehource ratio DSR,, (t). This dose/source ratio may be expressed as the sum of the products of 

the dose conversion factor (DCF,.,), the environmental transport factor (ET<,,), branching factor 

(BRF,,), and the source factor (SF,i> from each decay product (i) of the principal radionuclide (i) (see 

Equation 3.9). Section A.l provides tables of DCFs for the external ground radiation pathway; 

Section A.2 provides models and formulas for calculating the ETFs; and Section 3.2.3 and 

Appendix G provide formulas for calculating the SFs. The value listed for the dose/source ratio in 

the summary report is the time-integrated value for one year or for the exposure duration (see 

Section 3.2 for detailed discussion). 

A.l DOSE CONVERSION FACTORS 

The dose conversion factor DCF,, for the external ground radiation pathway is the annual 

EDE received from exposure to radiation from the ith principal radionuclide present at the unit 

concentration in a uniformly contaminated zone of infinite depth and lateral extent. The dose is 

calculated at a distance of 1 m above the ground surface. The DCFs for surface contamination 

(infinite thinness and lateral extent) and for volume contamination (infinite depth and lateral extent) 

were taken from Federal Guidance Report No. 12 (FGR-12; Eckerman andRyman 1993). The values 

are given in Table A. 1.  
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TABLE A.l Effective Dose Equivalent Conversion 
Factors (OWil) for External Gamma Radiation 
from Contaminated Ground 

Surface Factorsa Volume Factorsb 
Radionuclide (mremlyr)/(pCilcm') (mrem/yr)/(pCi/g) 

A~-227+D 
Ag-l08m+D 
Ag- 1 1 Om+D 
AI-26 
Am-24 1 
Am-243+D 

Ba-133 
Bi-207 

Ca-4 1 
Ca-45 

Ce-141 
Ce- 144+D 

Au- 195 

C-14 

Cd-109 

Cf-252 
C1-36 
Cm-243 
Cm-244 
Cm-245 
Cm-246 
Cm-247+D 
Cm-248 
CO-57 
CO-60 
0-134 
Cs-135 
C~-137+D 
Eu- 152 
Eu-154 
Eu-155 
Fe-55 
Fe-59 
Gd-152 
Gd-153 
Ge-68+D' 
H-3 

4.52 x 10' 
1.87 
3.10 
2.91 

3.21 x 18' 
2.53 x 18' 
9.16 x 10" 
4.64 x 18' 

1.73 

0 

2.63 x 10' 
8.62 x lo-' 
6.73 x 18' 
8.43 x lo4 

1.46 x 10' 
1.03 x lo3 
1.02 x 10-l 
9.17 x lo4 
3.90 x lo-' 
7.01 x lo4 
1.34 x 10' 

2.74 
1.78 

3.89 x lo-' 
6.48 x 10' 

1.28 
1.39 

6.89 x 10' 
0 

1.31 
0 

1.24 x 10-1 
1.10 

0 

1.88 x 10-~ 

5.38 x 10-5 

7.86 x 10-4 

2.01 
9.65 

1.72 x 10' 
1.74 x 10' 
4.37 x 10' 
8.95 x IO-' 
2.07 x lo-' 

1.98 
9.38 

1.34 x 10' 
0 

6.26 x IO-' 
1.47 x lo-* 
3.18 x 10' 
3.20 x 10' 
1.76 x lo4 

5.83 x lo-' 
1.26 x lo4 
3.40 x 10' 
1.16 x lo4 

1.86 

5.01 x lo-' 
1.62 x 10' 

9.47 
3.83 x 18' 

3.41 
7.01 
7.68 

1.82 x lo-' 
0 

7.64 
0 

2.45 x 10' 
5.62 

0 

2.39 x 10-3 

8.78 x 105 
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TABLE A.l (Cont.) 

Surface Factors" Volume Factorsb 
Radionuclide (mrem/yr)/(pCi/cm') (mrem/yr)/(pCi/g) 

1-125 
1-129 
Lr-192 
K-40 
Mn-54 
Na-22 
Nb-93m 
Nb-94 
Nb-95 
Ni-59 
Ni-63 

Pa-23 1 
Pb-2 1O+D 
Pm- 147 
Po-210 
Pu-238 
Pu-239 
Pu-240 
Pu-24 1 +D 
Pu-242 
P~-244+D 

Np-237+D 

Ra-226+D 
Ra-228+D 
Ru- 106+D 
s-35 
Sb-124 
Sb-125 
Sc-46 
Se-75 
Se-79 
Sm-147 
Sm-151 
Sn-l13+D 
Sr-85 
Sr-89 
Sr-9O+D 
Ta- 1 82 

4.99 x 10' 
3.01 x 10' 
9.38 x 10' 
1.71 x 10' 
9.48 x lo-' 

2.45 

1.79 
8.74 x 10' 

0 
0 

2.61 x 10' 
4.75 x 10' 
4.12 x lo3 

9.68 x 

4.29 x lo4 
9.38 x lo4 
6.07 x l o6  

1.49 
1.94 
1.08 

2.48 x 10' 
1.96 x 

2.00 
4.96 x lo-' 

2.25 
4.40 x 10' 
2.42 x 10' 

0 
5.88 x 
3.22 x 10' 
5.84 x 10' 
2.65 x lo3 
6.55 x lo3 

1.44 

1.10 x 103 

3.9s x 10-5 

9.79 x 104 

7.79 x 104 

1.66 x lo-' 
1.29 x 10' 

4.61 
1.04 
5.16 

1.37 x 10' 

9.68 
4.69 

0 
0 

1.10 
1.91 x 101 

1.04 x 104 

6.05 x 10-3 
5.01 x 10-5 
5.23 x lo5 
1.51 x lo4 
2.95 x lo4 
1.47 x lo4 
1.89 x 10-5 
1.28 x lo4 

7.73 
1.12 x 10' 

5.98 
1.29 

1.49 x lo5 
1.17 x 10' 

2.45 
1.27 x 10' 

1.98 

0 
9.84 x lo7 

1.46 
2.97 

9.08 x lo3 
2.46 x lo-' 

7.94 

1.86 x 10-5 



A-6 

TABLE A.l (Cont.) 

Surface Factorsn Volume Factorsb 
Radionuclide (mredyr)/(pCi/cm2) (mrem/yr)/(pCi/g) 

Tc-99 
Te-125m 
Th-228+D 
Th-229+D 
Th-230 
Th-232 
TI-204 
U-232 
U-233 
U-234 
U-235+D 
U-236 
U-238+D 
211-65 
25-93 
Zr-95+D 

9.11 x 105 
4.22 x 10.' 

1.64 
3.72 x lo-' 
8.76 x 10" 
6.44 x l o 4  
1.73 x lo3 

8.36 x lo4 
8.74 x lo4 
1.94 x 10' 

3.25 x 10' 
6.46 x 10' 

0 
8.45 x 10' 

1.18 x 103 

7.59 x 104 

1.26 x lo4 
1.51 x lo-' 
1.02 x 10' 

1.60 
1.21 x 103 
5.21 x 10-4 
4.0s x 10-3 
9.02 x 10-4 
1.40 x lo3 
4.02 x lo4 
7.57 x 10' 
2.15 x lo4 
1.37 x 10' 

3.70 
0 

4.52 

Surface factors represent infinite thinness. 

Volume factors represent infinite depth. 

Effective dose equivalent conversion factors for entries 
labeled with "+D" are aggregated factors of a principal 
radionuclide, together with the associated radionuclides 
with half-lives less than one month. 

A.2 ENVIRONMENTAL TRANSPORT FACTORS 

The environmental transport factor ETF,, for the external ground ra&ation pathway is the 

ratio of the EDE for the actual source to the EDE for the standard source, multiplied by an occupancy 

and shielding factor. The standard source is a contaminated zone of infinite depth and lateral extent 

with no cover, The dose coefficients for external exposure to photons and electrons emitted by 

radionuclides distributed in soil were taken fromEckerman and Ryman (1993). The values are given 

for surface and uniformly distributed volume sources at four specific thicknesses (1,5, and 15 cm, 

and effectively infinite) with soil densities of 1.6 g/cm3. In Eckerman and Ryman (1993), it is 
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assumed that sources are infinite in lateral extent. In actual situations, however, sources can have any 

depth, shape, cover, and size. Regression analysis was used to develop a depth factor function to 

express the attenuation for radionuclides. Three independent nuclide-specific parameters were 

determined by using the EDE values of Eckerman and Ryman (1993) at different depths. A depth- 

and-cover factor function was derived on the basis of the depth factor function by considering both 

dose contribution and attenuation from different depths. To further extend this model for actual 

geometries (i.e., finite irregular areas), an area-and-shape factor was derived by 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). The ETF at time t for 

the external ground radiation pathway is expressed as the product 

ET<@ = Po, x Fs,(t) x FA,#) x FCDJt) , (A. 1) 

where' 

FO, = occupancy and shielding factor (dimensionless), 

FSil(t) = shape factor (dimensionless), 

FAjl@) = nuclide-specific area factor (dimensionless), and 

FCDi,(t) = depth-and-cover factor (dimensionless). 

The occupancy and shielding factor accounts for the fraction of a year that an individual is 

located on site and the reduction in the external exposure rate afforded by on-site buildings or other 

structures while the individual is indoors. It is expressed as 

FO, = fotd + FsJ 3 

where 

(A. 2) 

f , d  = fraction of a year spent outdoors, on site (0.25, dimensionless); 

A n d  = fraction of a year spent indoors, on site (0.50 dimensionless); and 

Fsh = indoor shielding factor for external gamma (0.7, dimensionless). 

The numbers preceding the units in parentheses are default values and are given only for parameters for which the 
user can provide site-specific input values. If the units are not preceded by a number, the parameter is a derived 
quantity. 



A-8 

The fraction of time outdoors (on site) is defined as the average fraction of time during which an 

individual stays outdoors on the site. A typical value, used for the default scenario in RESRAD, lies 

is 0.25. The fraction of time spent indoors is defined as the average fraction of time during which 

an individual stays inside the house. A typical value, used for the default scenario in RESRAD, is 

0.5. 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. 

The area factor is calculated in the RESRAD code by using the contaminated zone area, 

source depth, and cover thickness and by assuming a circularly shaped contaminated zone. A shape 

factor is used to correct for the noncircular shape. 

A.2.1 Depth-and-Cover Factor 

The depth factor (FD,,) is based on the regression analysis of the Eckerman and Ryman 

(1993) dose conversion factors (DCF, FGR) as a function of depth to the following function: 

where 

DCF, FGR [T, = T(t)] = Eckerman and Ryman (1993) DCFs with different 

source contamination depths, 

T(t) = thickness of contaminated zone at time t (m), 

p a  = bulk density of soil material in the contaminated zone 

(g/cm3>, 

A ,  Bj = fit parameters (dimensionless), and 

KA,, KB, = fit parameters (cm2/g>. 
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The following constraints were placed on the four fitting parameters. 

1. All the parameters were forced to be positive. 

2. A, + Bi = 1.  

3. In the limit source depth, T - 0, DCF,, (T= 0) should be consistent with the 

contaminated surface DCF. 

The four unknown parameters (A,., B ,  KA,., and KB,) were determined for all radionuclides 

in the RESRAD database. Parameters A ,  B,, a,, and KB, are shown in Table A.2. 

The time dependence of the contaminated zone thickness is given by 

where 

T(t) = thickness of the contaminated zone at time t (m), 

T(0) = initial thickness of the contaminated zone (2 m), 

t, = C,(O)/V(~") = time for the cover to be removed by erosion (yr), and 

dCv) = erosion rate of cover material (0.001 m/yr). 

Erosion rates for both the cover and the contaminated zone may be estimated by means of 

the Universal Soil Loss Equation (USLE), an empirical model that has been developed for predicting 

the rate of soil loss by sheet and rill erosion. If sufficient site-specific data are available, a site- 

specific erosion rate can be calculated. Details are discussed in Wischmeier and Smith (1978) and 

Foster (1979). Estimates based on the range of erosion rates for typical sites in humid areas east of 

the Mississippi River (based on model site calculations for locations in New York, New Jersey, 

Ohio, and Missouri) may also be used (Knight 1983). For a site with a 2% slope, these model 

calculations predict a range of 8 x loe7 to 3 x loe6 d y r  for natural succession vegetation, 1 x lo-' to 

6 x mlyr for permanent pasture, and 9 x lo-' to 6 x lo4 m/yr for row-crop agriculture. The rate 

increases by a factor of about 3 for a 5% slope, 7 for a 10% slope, and 15 for a 15% slope. If these 

generic values are used for a resident farmer scenario in which the dose contribution from food 

ingestion pathways is expected to be significant, an erosion rate of 0.06 c d y r  should be assumed 

for a site with a 2% slope. This would lead to erosion of 0.6 m of soil in 1,000 years. A 
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TABLE A.2 Fitted Parameters Ai, Bi, mi, and KBi Used to Calculate Depth 
and Cover Factors for 84 Radionuclides 

~~ 

Radionuclides Ai gi mi KB, 

Ac-227+Da 
Ag-108m 
Ag- 1 1 Om+D 
AI-26 
Am-241 
Am-243+D 

Ba-133 
Bi-207 

Ca-41 
Ca-45 

Ce-141 
Ce- 144+D 

Au- 195 

C-14 

Cd- 109 

Cf-252 
C1-36 
Cm-243 
Cm-244 
Cm-245 
Cm-246 
Cm-247+D 
Cm-248 
CO-57 
CO-60 
CS-134 
CS-135 
Cs-137.tD 
Eu-152 
Eu- 154 
Eu-155 
Fe-55 
Fe-59 
Gd-152 
Gd-153 
Ge-68tD 
H-3 
1- 125 

9.229 x lo-' 
9.282 x lo-' 
9.261 x 10.' 
9.276 x 10' 
8.365 x 10' 
9.098 x 10' 
8.772 x lo-' 
7.950 x lo-' 
9.246 x lo-' 
6.421 x lo-' 

0.00 
2.519 x 10' 
6.534 x lo-' 
9.187 x lo-' 
9.116 x lo-' 
6.505 x 10' 
8.885 x 10' 
9.247 x lo-' 
7.000 x 103 
7.900 x 
8.700 x 10' 
9.270 x 10' 
7.333 x 10' 
9.288 x lo-' 
9.235 x 10' 
9.266 x 10' 
7.254 x lo-' 
9.281 x 10' 
9.100 x lo-' 
8.939 x lo-' 
8.569 x 10' 

0.00 
9.276 x 10.' 

0.00 
8.226 x lo-' 
9.270 x 10' 

0.00 
8.540 x lo-' 

7.710 x lo2 
7.180 x 10' 
7.390 x 10' 
7.240 x lo2 
1.635 x 10' 
9.020 x 10' 
1.228 x 10' 
9.200 x 10' 
7.540 x 10' 
3.579 x 10-1 

0.00 
7.481 x 10' 
3.466 x 10' 
8.130 x 10' 
8.840 x lo2 
3.495 x 10' 
1.115 x 10" 
7.530 x 1@' 
9.930 x 10' 
9.210 x 10' 
9.130 x 10' 
7.250 x 10' 
2.667 x 10' 
7.120 x lo-* 
7.650 x lo-* 
7.340 x 10' 
2.746 x 10" 
7.190 x 10' 
9.000 x lo-' 
1.061 x 10' 
1.431 x lo-' 

0.00 
7.240 x 10' 

0.00 
1.774 x lo-' 
7.300 x lo-' 

0.00 
1.460 x 10' 

1.172 x lo-' 
9.670 x 10.' 
8.740 x 10' 
7.940 x 10" 
3.130 x lo-' 
1.473 x 10' 
2.380 x lo-' 

1.640 
8.890 x 10' 
2.940 x 10'' 

0.00 
2.743 

2.047 x 10' 
1.457 x 10' 
9.38 x 10' 

7.259 
1.325 x 10' 
1.350 x 10' 
8.461 x 10' 

1.860 
4.580 x 10' 
1.090 x 10' 
1.042 x 10' 
1.604 x 10' 
7.83 x 10' 
9.26 x 10' 
2.508 x lo-' 
9.470 x 10' 
8.400 x lo-' 
8.25 x 10' 
1.912 x 10' 

0.00 
8.190 x 

0.00 
1.986 x lo-' 
9.940 x lo-' 

0.00 

1.512 
1.442 
1.339 
1.284 
2.883 
1.642 
1.880 

1.130 x 10' 
1.350 
3.369 
0.00 

2.259 x 10' 
4.753 
1.683 
1.411 

1.820 x 10' 
1.886 
1.662 
2.194 

1.640 x lo-' 
8.600 
1.490 
1.215 
1.671 
1.263 
1.379 
3.030 
1.411 
1.185 
1.008 
1.486 
0.00 
1.314 
0.00 
1.983 
1.412 
0.00 

3.451 4.422 x 10' 
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TABLE A.2 (Cont.) 

Radionuclides Ai Bi mi KBi 

1-129 
Ir- 192 
K-40 
Mn-54 
Na-22 
Nb-93m 
Nb-94 
Nb-95 
Ni-59 
Ni-63 

Pa-23 1 
Pb-2 1 O+D 
Pm-147 
Po-210 
Pu-238 
Pu-239 
Pu-240 
Pu-241 
Pu-242 
Pu-244 

Np-237+D 

Ra-226+D 
Ra-228+D 
Ru-106 
s-35 
Sb-124 
Sb-125 
SC-46 
Se-75 
Se-79 
Sm-147 
Sm-151 
Sn-l13+D 
Sr-85 
Sr-89 
Sr-9O+D 
Ta- 1 82 

Te- 125m 
Tc-99 

4.350 x lo-' 
9.306 x lo-' 
7.260 x 18' 
8.480 x 10' 
9.263 x 10' 
9.990 x 10' 
9.275 x 10.' 
7.480 x 10' 

0.00 
0.00 

9.255 x lo-' 
9.295 x 10' 
7.502 x 10' 
7.726 x IO' 
9.269 x lo-' 
2.972 x lo-' 
8.002 x 10' 
2.977 x 10' 
9.132 x 10' 
3.314 x 10' 
9.259 x 10" 
9.272 x 10' 
9.266 x 10' 
9.271 x 10' 
3.405 x lo-' 
1.109 x lo-' 
9.273 x 10' 
7.290 x 10' 
6.850 x lo-' 
6.620 x 10' 

0.00 
3.310 x 
9.272 x lo-' 
7.210 x 10' 
8.998 x IO-' 
9.074 x lo-' 
9.233 x 10' 
7.871 x lo-' 
7.763 x 10'' 

5.650 x lo-' 
6.940 x 10' 
9.274 x 10' 
9.152 x 18' 
7.370 x 10' 
4.700 x 10" 
7.250 x lo-' 
9.252 x lo-' 

0.00 
0.00 

7.450 x lo-' 
7.050 x lo-' 
2.498 x 18' 
2.274 x lo-' 
7.310 x lo-' 
7.028 x 10'' 
1.998 x lo-' 
7.023 x lo-' 
8.680 x lo-' 
6.686 x lo-' 
7.410 x 10' 
7.280 x 10' 
7.340 x 10' 
7.290 x 10' 
6.595 x 10' 
8.891 x 10' 
7.270 x 10' 
9.271 x lo-' 
9.315 x 10' 
3.380 x 10" 

0.00 
9.669 x 10' 
7.280 x 
9.279 x lo-' 
1.002 x 10' 
9.260 x 10' 
7.670 x 10' 
2.129 x 10' 
2.237 x lo-' 

7.137 x lo-' 
1.078 x 10' 

1.269 
1.215 

8.740 x 10' 
1.050 x lo-' 
9.100 x lo-' 

1.363 
0.00 
0.00 

1.228 x 10' 
1.163 x 10' 
1.753 x 10' 
2.087 x 10' 
9.040 x lo-' 
1.958 x 10' 
1.348 x 10' 
2.176 x 10' 
1.582 x 10' 
2.109 x 10' 
9.260 x 10' 
8.350 x 10' 
8.770 x 10* 
9.570 x 10' 

3.312 
9.478 x 10' 
1.005 x 10' 

1.352 
1.552 

2.860 x 10" 
0.00 

8.270 x 10' 
1.070 x 10' 

1.441 
1.279 x 10' 
1.202 x 10' 
8.490 x 10' 
2.106 x lo-' 

3.481 

3.555 
1.482 

7.700 x 1 0 2  
8.790 x 10' 

1.331 
9.170 x 10' 

1.378 
9.120 x 10' 

0.00 
0.00 
1.671 
2.014 
2.200 
2.780 
1.385 
9.01 1 
6.550 
8.997 
2.027 
8.982 
1.43 1 
1.315 
1.371 
1.409 

2.846 x lo-' 
7.380 x 10' 

1 SO7 
8.530 x 10' 
1.245 x 10' 

3.280 
0.00 

4.926 
1.652 

9.99 x lo2 
1.763 
1.699 
1.337 
2.589 

3.700 x lo-' 
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TABLE A.2 (Cont.) 

Radionuclides Ai Bi mi KBi 

Th-228+D 
Th-229+D 
Th-230 
Th-232 
TI-204 
U-232 
U-233 
U-234 
U-235 
U-236 
U-238+D 
Zn-65 
Zr-93 
Zr-95+D 

9.277 x 10' 
9.130 x lo-' 
8.628 x 10' 
8.152 x 10' 
8.679 x lo-' 
8.086 x 10' 
8.889 x lo-' 
7.229 x 10' 
9.292 x 10' 
5.932 x lo-' 
8.590 x lo-' 
9.271 x IO-' 

0.00 
9.298 x 18' 

7.230 x lo2 
8.700 x l o2  
1.372 x lo-' 
1.848 x lo-' 
1.321 x 10' 
1.914 x lo-' 
1.112 x lo-' 
2.771 x IO-' 
7.080 x 10' 
4.068 x lo-' 
1.410 x lo-' 
7.290 x lo-' 

0.00 
7.020 x 10' 

7.550 x 10' 
1.130 x 18' 
1.871 x 10' 
2.082 x 10' 
2.068 x lo-' 
1.754 x 10' 
1.394 x lo-' 
1.937 x 10.' 
1.383 x 10' 
1.980 x 10' 
9.190 x 
8.370 x l o 2  

0.00 
9.300 x lo-' 

1.262 
1.491 
4.033 
5.645 
1.923 
6.021 
4.179 
7.238 
1.813 
8.379 
1.111 
1.327 
0.00 
1.445 

"+D means that associated radionuclides with half-lives less than one month are also 
included. 

proportionately higher erosion rate must be used if the slope exceeds 2%. An erosion rate of 

6 x d y r ,  leading to erosion of 0.06 m of soil in 1,000 years, may be used for a site with a 

2% slope if it can be reasonably shown that the resident farmer scenario is unreasonable (e.g., 

because the site is, and will likely continue to be, unsuitable for agriculture use). 

The erosion rates are more difficult to estimate for arid sites in the West than for humid 

sites in the East. Although water erosion is generally more important than wind erosion, the latter 

can also be significant. Water erosion in the West is more difficult to estimate because it is likely 

to be due to infrequent heavy rainfalls for which the empirical constants used in the U S E  may not 

be applicable. Long-term erosion rates are generally lower for sites in arid locations than for sites 

in humid locations. More information on the erosion rate may be found in the RESRAD Data 

Collection Handbook (Yu et al. 1993). 

The following depth and cover factor (FCD,,) was derived on the basis of depth factor 

function, by considering both dose contribution and attenuation from different depths: 
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D C F Y [ T ,  = Cd(t),Ts = T(t)] 
FCD,, = 

DCF? (T, = 0,Ts = a) 

-100 KAiP,"C&) - 100 KAiPYT(t) - 100 KB,P,"CA~) - 1 OOKBiprT(r) 
= A,& (1 -e ) + b,e (1 - e  ), 

where 

c d ( t )  = cover depth at time t (m), 

pbcy = bulk density of cover material (g/cm3), 

T(t) = thickness of contaminated zone at time t (m), and 

pb" = bulk density of contaminated zone at time t (g/cm3). 

The time dependence of the cover depth is given by 

Cd ( t )  = Cd (0) - v@") t ,  0 2 t < t ,  , 

where 

cd(t) = cover depth at time t (m), 

C,(O) = initial cover depth (0 m), 

v@") = erosion rate of the cover material (0.001 d y r ) ,  and 

t, = time for the cover to be removed by erosion (yr). 

A.2.2 Area and Shape Factors 

The energy-dependent area factor, FA,' (E,,), can be derived by considering the point-kernel 

dose integral, D(R, t,, c d  ( t ) ,  T(t)), over the source thickness (T(t)), radius (R),  distance from the 

receptor midpoint to the plane of the source and air interface (TJ,  and thickness of the shielding 

material (C,(t)) for the geometry depicted in Figure A. l .  The area factor is the ratio of the dose 

integrals for the geometry being considered and the infinite slab geometry: 



A-14 

0 

Contamhated Material 
CYA4702 

FIGURE A.1 Exposure Geometry Considered for Area Factor 
Calculation 

, DER = r,Ta = lm,Tc = cd(t),Ts = T(t)] 
D[R = m,Ta = lm,Tc = Cd(t),Ts = T(t)] ’ 

FA, = (A.7) 

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

D[R,T,,,C,(t),T(t)] = K S e  -zB(z) dV , (A.8) 
v s  4d2 

where 

2’ = 3 + (T, + Cd(t) + $);, 

dV, = 2nrydrdy; 

pa = attenuation coefficient for air (energy-dependent); 

p, = attenuation coefficient for the cover material (energy-dependent); 

ps 

B(z) 

= attenuation coefficie,nt of the source material (energy-dependent); 

= buildup factor (G-P Method [Trubey 19911) for length measured in mean free 

paths, z (energy-dependent); and 

K = energy-dependent conversion factor. 
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1 1- 

FIGURE A.2 Cross Section of Exposure Geometry Showing 
Element of Integration for Area Factor Calculation 

The volume integral can be written more explicitly as 

7dy  2xr dr . 
0 0  

Note that in the inner integral, 

The volume integral can then be written as 

(A.9) 

(A. 10) 

(A. 1 1) 

where 

The photon energies and yields of different radionuclides were obtained by condensing 

International Commission on Radiological Protection Publication 38 (ICRP 1983) photon spectra. 

The algorithm was chosen so as 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 
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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 of greater than 3. This resulted in 

four or fewer collapsed photons for all radionuclides processed. More information on the collapsed 

photons and their photon fraction may be found in the external exposure model used in the RESRAD 
code for various geometries of contaminated soil (Kamboj et al. 1998). 

The energy-dependent area factor FA,,’(Ey) is computed for each radionuclide’s gamma 

energy (for pure beta emitters by their average bremsstrahlung energy) by interpolation from 

tabulated values of FAy’, which were previously calculated and stored in a file. The discrete values 

of each of the four variables used in precalculation of the area factor are listed in Table A.3. 

The radionuclide-specific area factor, FAil, is obtained by combining the energy- dependent 

area factors weighted by their photon fra,ction, FPT,,, and dose contribution at the reference point: 

P 

(A. 12) 

where 

Dslab (E,,) = dose from the FGR-12 (Eckerman and Ryman 1993) infinite slab geometry. 

A shape factor, FSi,, is used to correct a noncircular-shaped contaminated area on the basis 

of an ideally circular zone. The shape factor of a circular contaminated area is 1 .O. 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 

TABLE A.3 Dependent Variables and Discrete Values Used in Area Factor Calculations 

Variable Unit Value 

Photon energy keV 10,12.5,15, :20,30,40,50,60,80,100,150,200,300,400,500,600,800,1,000, 

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 

1,500,2,000,3,000,4,000,5,000 
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annulus area that is contaminated, summing the products, and dividing by the area factor of a circular 

contaminated zone that is equivalent in area. 

(A.13) 

where 

6 = fraction of annular area, j ,  which is contaminated, and 

FA,, (Aj) = area factor for area Ai. 
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APPENDIX B: 

INHALATION PATHWAY FACTORS 

This appendix presents models, formulas, and data for calculating pathway factors for the 

inhalation pathway. Inhalation exposure can occur from inhalation of dust, radon and radon decay 

products, and other gaseous airborne radionuclides. The radon pathway is discussed in Appendix C. 

The other gaseous airborne radionuclides are primarily tritium (in tritiated water vapor) and 

carbon-14 (in carbon dioxide [CO,]); the transport and dosimetry for these radionuclides require 

special consideration. The models for these special radionuclides are discussed in Appendix L. 

The contribution to the committed effective dose equivalent (CEDE) from the dust 

inhalation pathway for the ith principal radionuclide at time t following the radiological survey is 

given by the dose/source ratio DSR,(t). This ratio may be expressed as the sum of the product of the 

dose conversion factor (DCF,,), the environmental transport factor (ETF,,), branching factor (BRF,,.), 

and the source factor (SF,) (see Equation 3.9). A tabulation of DCFs for dust inhalation is presented 

in Section B.l. Models and formulas for calculating the Ems are given in Section B.2. Formulas for 

calculating the Source Factors are given in Section 3.2.3 and Appendix G. The value listed for the 

dose/source ratio in the summary report is the time-integrated value for one year or for the exposure 

duration (see Section 3.2 for detailed discussion). 

B.1 DOSE CONVERSION FACTORS 

A DCF for inhalation is the dose/exposure ratio DCF, = HEjdE12 for the committed 

effective dose equivalent H E i 2  that is incurred by an individual from exposure by inhalation of a 

quantity Ei2 of the ith principal radionuclide in contaminated dust. The DCF values used for 

inhalation are from Federal Guidance Report No. 11 (FGR-11; Eckerman et al. 1988) and are listed 

in Table B.1. The values listed in Table B.l are for dust particles with an activity median 

aerodynamic diameter (AMAD) of 1 pm. Values for different inhalation classes are also listed in 

Table B. 1. 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 greater than 100 days, respectively. If the inhalation class 

for a radionuclide is not known, the largest DCF for that radionuclide should be used. The default 

value for a radionuclide used in the RESRAD code is the largest DCF for that radionuclide. 
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TABLE B.l Committed Effective Dose Equivalent Conversion Factors (DCF,) 
for Inhalation" 

Inhalation DCF, Inhalation DCF, 
Radionuclideb Class (mreIdpCi) Radionuclideb Class (mredpCi) 

A~-227+D 

Ag- 108m+D 

Ag- 1 1Om+D 

AI-26 

Am-241 
Am-243+D 
Au-195 

Ba-133 
Bi-207 

C-14 

Ca-41 
Ca-45 
Cd- 109 

Ce-141 

Ce- 144+D 

Cf-252 

(21-36 

Cm-243 
Cm-244 
Cm-245 
Cm-246 
Cm-247+D 
Cm-248 
CO-57 

CO-60 

CS-134 
(3-135 
C~-137+D 

D" 
W 
Y 
D 
W 
Y 
D 
W 
Y 
D 
W 
W 
W 
D 
W 
Y 
D 
D 
W 

(organic)d 
(cold 
(Co2>d 

W 
W 
D 
W 
Y 
W 
Y 
W 
Y 
W 
Y 
D 
W 
W 
W 
W 
W 
W 
W 
W 
Y 
W 
Y 
D 
D 
D 

6.72 
1.74 
1.31 

3.01 x 10" 
2.53 x 105 
2.83 x lo4 
3.96 x lo5 
3.09 x lo-' 
8.03 x 10-5 
7.96 x 105 
7.22, x lo5 
4.44. x lo-' 
4.40 x lo-' 
4.33 x 10-7 
4.18 x lo6 
1.30 x 105 

2.00 x 105 

2.90 x 1 0 9  

7.86 x 10" 
3.23 x lo6 

2.09 x lo6 

2.35 x lo-* 
1.35 x 
6.62 x 
1.14 x lC4 

4.51 x lU5 
8.33 x 
8.95 x 

3.916 x 10-5 

2.16 x 10-4 
3.74 x 104 
1.37 x 10' 
1.57 x lo-' 
2.2:4 x 
2.19 x lo5 
3.07 x 10' 
2.48 x 18' 
4.55 x 10-I 
4.51 x lo-' 
4.114 x 10' 

1.65 
2.63 x 
9.07 x lo6 

2.19 x lQ4 

4 3  x lo6 
3.19 x lo5 

3.31 x 10-5 

4.163 x 10-5 

Eu-152 
Eu- 154 
Eu-155 
Fe-55 

Fe-59 

Gd-152 

Gd-153 

Ge-68+D 

H-3 
I- 125 
1-129 
Ir- 192 

K-40 
Mn-54 

Na-22 
Nb-93m 

Nb-94 

Nb-95 

Ni-59 

Ni-63 

Np-237+D 
Pa-23 1 

Pb-21O+D 
Pm-147 

Po-2 10 

Pu-238 

Pu-239 

W 
W 
W 
D 
W 
D 
W 
D 
W 
D 
W 
D 
W 

(H20ld 
D 
D 
D 
W 
Y 
D 
D 
W 
D 
W 
Y 
W 
Y 
W 
Y 
D 
W 

(vapor)d 
D 
W 

(vapor)d 
W 
W 
Y 
D 
W 
Y 
D 
W 
W 
Y 
W 
Y 

2.21 x 10-4 
2.86 x 10-4 
4.14 x lo5 
2.69 x 
1.34 x 
1.48 x 10-5 
1.22 x 1 0 5  

2.38 x 10-5 

2.43 x 10' 
6.48 x 

9.47 x 
1.80 x 
5.19 x lo5 
6.40 x 10' 
2.42 x lo5 
1.74 x lo4 
1.89 x 10' 
1.81 x lo5 

1.24 x 10' 
5.25 x 
6.70 x lo6 
7.66 x lo6 
3.21 x lo6 
2.92 x lQ5 
3.61 x lo5 
4.14 x lo4 
4.77 x lo6 
5.81 x lo6 
1.32 x 

2.70 x lo6 
3.10 x lod 
2.30 x lo6 
6.29 x 
5.40 x 10' 

1.28 
8.58 x lo-' 
1.38 x 10' 

3 . 9 2 ~  l o5  

2.82 x 10-5 

9.18 x 10-7 

2.58 x 10-5 

8.60 x 10-3 
9.40 x 10-3 
3.92 x 10' 
2.88 x 10' 
4.29 x 10' 
3.08 x 10' 
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TABLE B.l (Cont.) 

Inhalation DCFn Inhalation DCF,L? 
Radionuclideb Class (rnredpci) Radionuclideb Class (mredpci) 

Pu-240 

Pu-24 1 +D 

Pu-242 

P~-244+D 

s-35 

Sb-124 

Sb-l25+D 

Sc-46 
Se-75 

Se-79 

Sm-147 
Sm-151 
Sn-l13+D 

Sr-85 

Sr-89 

Sr-90+D 

Ta-182 

W 
Y 
W 
Y 
W 
Y 
W 
Y 
W 
W 
D 
W 
Y 
D 
W 

(vapor)" 
D 
W 
D 
W 
Y 
D 
W 
D 
W 
W 
W 
D 
W 
D 
Y 
D 
Y 
D 
Y 
W 
Y 

4.29 x 10' 
3.08 x lo-' 
8.25 x lo3 
4.96 x lo3 
4.11 x 10' 
2.93 x 10' 
4.03 x 10' 
3.89 x 10' 
8.60 x lo3 
5.08 x lo3 
5.62 x lo5 
1.18 x 104 
4.77 x 1 0 - 4  

3.53 x 107 

2.52 x 10-5 

3.02 x 10' 
2.48 x lo6 

5.55 x 10" 

2.13 x lo6 
1.22 x los 
2.96 x lo5 
7.22 x 106 
8.47 x lo6 
6.55 x 
9.84 x lo4 
7.47 x 

4.00 x 

1.92 x 
5.03 x 
6.51 x lo6 

2.47 x lo-" 
1.31 x lo3 
2.18 x lo5 

3.00 x 10-5 

1.07 x 10-5 

4.14 x 10-5 

4.48 x 10-5 

Tc-99 

Te- 125m 

Th-228+D 

Th-229+D 

Th-230 

Th-232 

T1-204 
U-232 

U-233 

U-234 

U-235+D 

U-236 

U-23 8+D 

Zn-65 
Zr-93 

Zr-95+D 

D 
W 
D 
W 
W 
Y 
W 
Y 
W 
Y 
W 
Y 
D 
D 
W 
Y 
D 
W 
Y 
D 
W 
Y 
D 
W 
Y 
D 
W 
Y 
D 
W 
Y 
Y 
D 
W 
Y 
D 
W 

1.02 x 
8.33 x 106 
5.62 x 10& 
7.29 x lod 
2.53 x 10' 
3.45 x lo-' 

2.16 
1.75 

3.26 x 10' 
2.62 x 10'' 

1.64 
1.15 

2.41 x 
1.27 x lo-' 
1.49 x lo-' 
6.59 x 10' 
2.79 x lo3 

1.35 x 10' 

7.88 x lo3 
1.32 x lo-' 

7.29 x lo3 
1.23 x 10-1 

7.99 x 1 0 3  

2.73 x 10-3 

2.54 x 10-3 

2.59 x 10-3 
7.44 x 103 

2.45 x 10-3 
1.25 x 10' 

7.03 x lo3 
1.18 x lo-' 
2.04 x 10' 
3.21 x 10-4 
8.33 x 10-5 
7.40 x lo5 
2.36 x 
1.59 x 

Y 2.33 x 10-5 

Inhalation factors are for an A M A D  of 1 pm 

DCFs for entries labeled by "+D" are aggregated dose conversion factors for intake of a principal 
radionuclide together with radionuclides with a half-life greater than 10 minutes of the associated decay 
chain in secular equilibrium (see Section 3.1 and Table 3.1). 

The three inhalation classes D, W, and Y correspond to retention half-times of less than 10 days, 10 to 
100 days, and greater than 100 days, respectively. 

Indicates a gaseous material. d 
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B.2 ENVIRONMENTAL TRANSPORT FACTORS 

An ETF for dust inhalation is the ratio ETFi,(t) = Ei2(t)/Si(t) of the annual intake Et&) of 

the ith principal radionuclide by dust inhalation to the concentration Si@) of that radionuclide in the 

soil for the tth year following the radiological survey. It can be expressed as the product 

ETFi2(t) = ASR, 8: FA, x FCD,(t) x FU, x FZ2 , (B.1) 

where 

ETFi,(t) = environmental transport factor at timet for dust inhalation for the ith 

principal radionuclide (g/yr), 

ASR, = air/soil concentration ratio = average mass loading of airborne 

contaminated soil particles (1 x 10" g/m3), 

FA, = area factor (dimensionless), 

FCD,(t) = cover and depth factor (dimensionless), 

FO, = occupancy factor (dimensionless), and 

FZ, = annual intake of air (8,400 m3/yr). 

The default mass loading is a conservative estimate that takes into account short periods 

of high mass loading and sustained periods of normal activity on a typical farm (Anspaugh et al. 

1974; Healy and Rodgers 1979). 

Three models are commonly used for the process by which dust becomes airborne (Healy 

and Rodgers 1979, Appendix E; Oztunali et al. 1981, Appendix A; Gilbert et al. 1983, Appendix A). 

The first is a resuspension factor model in which the airborne dust concentration (CdusJ is given as 

a function of an empirically determined resuspension factor (Rf), the effective depth of the layer of 

dust from which resuspension occurs (dJ, and the bulk soil density (p&, The formula relating these 

variables is 

'dust = 'j dr p b  ' (B.2) 

The second is a resuspension rate model in which the airborne dust concentration is given as a 

function of an empirically determined resuspension rate (R,,), surface dust concentration (0, = pb dJ, 

and average deposition velocity (vJ The formula is 
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‘dust = Rr %I’d * (B.3) 

The third is a mass loading model in which an average value of the airborne dust concentration is 

specified on the basis of empirical data, 

The resuspension factor and resuspension rate are related by the equality R, = vd Rr ; hence, 

the resuspension factor and resuspension rate models are not independent. Both resuspension models 

require two parameters that must be determined empirically and can vary over a wide range: (1) a 

resuspension factor or rate and (2) the thickness of the resuspendable layer. (The deposition velocity 

also can vary because of dependence on particle size; however, the uncertainty in assigning a value 

is somewhat smaller.) The mass loading model uses a single parameter that is more directly 

measurable and for which empirical data are more readily available. The mass loading model has, 

therefore, been used in RESRAD for estimating the airborne dust concentration near the source. A 

constant mass loading factor (i.e., ASR,) is used in RESRAD. 

For on-site exposure, the transport process may be regarded as a dilution process in which 

the resuspended contaminated dust is mixed with uncontaminated dust blown in from off site. This 

dllution can be modeled by a Gaussian plume model that uses an area distribution of line sources 

with a zero release height. 

The methodology used in RESRAD to account for this dilution was developed by 

Chang et al. (1998). The model is designed to reflect site-specific soil characteristics and 

meteorological conditions. The site-specific parameters considered include the size of the source 

area, average particle diameter, and average wind speed. Other site-specific parameters (particle 

density, atmospheric stability, raindrop diameter, and annual precipitation rate) were assumed to be 

constant. The model uses the Gaussian plume model combined with removal processes, such as dry 
and wet deposition of particulates. 

The area factor is defined as the ratio of the airborne concentration from a finite area source 

to the airborne concentration of an infinite area source. Chang et al. (1998) calculated the area factor 

for various combinations of particle size (1, 2, 5 ,  10, and 30 pm) and wind speed (1, 2, 5, and 

10 d s )  as a function of the square root of the contaminated area (1-105 m). A constant particle 

density (2.65 g/cm3), atmospheric stability (neutral), raindrop diameter (1 mm), and annual 
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precipitation rate (1 mlyr) were assumed. The area factor was fitted by least squares regression to 

the formula 

a FA, = 
1 + b (G)‘ ’ 03.4) 

where 

A = area of contaminated zone (10,000 m2) and 

a,b,c = least squares regression coefficients. 

For the default particle size of 1 ,urn used in the RESRAD code, the regression coefficients 

for Equation B.4 are given in Table B.2. For wind speeds not listed in Table B.2 (Le., those between 

1 and 10 d s ) ,  the area factor is calculated by interpolation. 

The cover-and-depth factor is the fraction of resuspendable soil particles at the ground 

surface that are contaminated. It is calculated by assuming that mixing of the soil will occur within 

a layer of thickness d,,, at the surface. The cover-and-depth factor FCD,(t) is calculated by the 

formula 

TABLE B.2 Coefficients for the Inhalation Pathway Area 
Factor for a Particle Size of 1 pm 

Least Squares Regression Coefficient 

Wind Speed ( d s )  a b C 

1 1.9005 14.1136 -0.2445 

2 1.6819 25.5076 -0.2278 

0.7837 31.5283 -0.23 5 8 5 

10 0.1846 14.6689 -0.2627 

Source: Chang et al. (1998). 
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where 

d,,, = depth of soil mixing layer (0.15 m), 

CJt) = cover depth at time t (m), and 

T(t) = thickness of contaminated zone at time t (m). 

The occupancy factor for inhalation accounts for the fraction of a year that an individual 

is located on site and the reduction in the dust level afforded by on-site buildings or other structures 

while the individual is indoors. It is expressed as 

where 

f,d = fraction of a year spent outdoors, on site (0.25, dimensionless); 

= fraction of a year spent indoors, on site (0.50, dimensionless); and 

Fdust = indoor dust filtration factor (0.4, dimensionless). 

The fraction of time an individual spends outdoors and the fraction spent indoors are as defined in 

Appendix A. The typical value of the indoor dust filtration factor is 0.4 (Alzona et al. 1979), that 

is, the indoor dust level is about 40% of the outdoor dust level. 

The annual air intake of 8,400 m3/yr used in the RESRAD code is the value recommended 

by the International Commission on Radiological Protection (ICRP 1975). 
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APPENDIX C: 

RADON PATHWAY MODEL 

C.l INTRODUCTION 

The inhalation of radon decay products is a major, and in many cases, the dominant dose 

contributor of internal radiation when radium isotopes are present in the soil. This is especially true 

in many sites identified by the Formerly Utilized Sites Remedial Action Program, the Surplus 

Facilities Management Program, and the Uranium Mill Tailings Remedial Action Program. The 

radon exposure pathway is included in RESRAD because radon and its decay products can 

accumulate to high concentrations in homes located on radium-contaminated sites. In the Committee 

on the Biological Effects of Ionizing Radiation’s (BEIR IV) report (National Research Council 1988), 

Rn-222 and its decay products are singled out as the most important sources of radiation exposure 

to the general public from naturally occurring radioactivity. The estimated annual dose equivalent 

to the bronchial epithelium from inhaled alpha-emitting radionuclides approaches 25 mSv/yr 

(2,500 mredyr) and is due almost entirely to the short-lived radon progeny. The U.S. Environmental 

Protection Agency (EPA) rule (Code ofFederal Regulations, Title 40, Part 6 1) also identifies radon 

as one of the important radiation sources from airborne emissions in the United States. Although 

generic guidelines for radium have been established (see U.S. Department of Energy [DOE] 
Order 5400.5 [DOE 1990]), the addition of the radon pathway is necessary for deriving guidelines 

in a more consistent manner, especially for hot spots and mixtures in which radium or radium 

precursors, such as uranium and thorium isotopes, occur. 

Rn-222 is the most common of the radon isotopes. Other radioisotopes of radon, such as 

Rn-219 (actinon) and Rn-220 (thoron), also occur naturally and have alpha-emitting decay products. 

Actinon has an extremely short half-life (3.9 seconds). Accordingly, concentrations of Rn-219 and 

its progeny in the air are extremely low, and the decay of actinon contributes little to human 

exposure. Rn-220 has a decay half-life of 55.6 seconds. The concentration of thoron in the air is also 

usually low. Dosimetric considerations suggest that the dose to the lung from thoron progeny is, for 

an equal concentration of inhaled alpha energy, less by a factor of 3 than that from Rn-222 progeny. 

However, in some DOEremedial action sites, high concentrations of Th-232 and Ra-228 are present, 
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and, 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. 

Calculation of the committed effective dose equivalents (CEDES) from airborne radon and 

radon decay products requires an estimate of (1) the radon exhalation from the ground surface, 

(2) the radon concentration in the air that results from this flux, and (3) the airborne concentration 

of radon decay products associated with this concentration. At a radium-contaminated site, the radon 

release rate varies with the local distribution of radium, soil type, moisture content, and 

meteorological factors. Covering the contaminated area with soil and clay during remedial action 

or with a concrete floor when a house is being constructed can substantially reduce the emission rate. 

The actual reduction would depend on the physical properties and thickness of the covering 

materials. Inside a house, the concrete floor pad in the foundation would further reduce the radon 

emanation because the diffusion of radon through concrete is much smaller than through soil. 

Radon and radium are soluble in water. When groundwater moves through radium-bearing 

soil, radon and radium are dissolved and transported with the water. When radon-containing 

groundwater is used for domestic purposes, the radon can be released into the living space. The 

amount of radon available for release depends on the type and degree of processing that the water 

undergoes before use. 

A generalized radon pathway model is included in RESRAD for estimating the amount of 

radon released, its concentrations in both indoor and outdoor air, and the resulting radiation dose as 

a function of time from the initial time of consideration. The effects of cover materials and other 

major parameters such as geological and meteorological conditions, decay and ingrowth, and 

leaching and erosion are considered with respect to near-term radon releases and long-term releases 

extending for thousands of years. All time-dependent parameters that would affect the radon release 

rate are considered by the radon pathway model. The indoor air concentration is calculated by a 

model in which radon enters the room through the floor and through ventilation inflow from the 

outdoor air. The radon mixed with the air in the room is then removed by radioactive decay and 

ventilation. In the current version of RESRAD, a single-compartment model that assumes uniform 

mixing is used to estimate the radon concentration distribution in a house. Even though the pathway 

involving radon in groundwater is usually not the dominant route of exposure for radium- 



contaminated sites, it is included for completeness. The CEDE from inhalatlm of radon and its decay 

products is calculated on the basis of the recommendations of International Commission on 

Radiological Protection (ICRP) Publications 32 and 47 (ICRP 1981, 1986), the BEIR IV report 

(National Research Council 1988), and a recent study by the National Research Council (1991). 

C.2 RADON EXHALATION 

Radon is formed continually in the ground and migrates through the soil from radum- 

contaminated soil. Radon in the 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 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 quantified. 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, Bq/m2 x s [pCi/m2 x SI) can be 

mathematically related to the gradient of the radon concentration in the pore space, C, by the Fickian 

diffusion equation 

dC 
dz 

J = p ,D  - , 



_I-- 

C-6 

where 

p t  = total porosity, 

D = diffusion coefficient of radon in soil (m2/s), 

C = radon concentration in the pore space (Bq/m3 or pCi/m3), and 

z = axial distance in the direction of diffusion (m). 

The radon concentration and flux along a one-dimensional direction within multiple layers 

of radium-contaminated soil, the cover material, and the foundation of a building are calculated by 

using the one-dimensional radon diffusion equation 

or 

where . 

t = time (s) ,  

a = radon decay constant (lis), and 

Q = radon source term into the pore space (Bq/[m3 x s] or pCi/[m3 x s]). 

When steady-state conditions are assumed, Equation C.2 can be written as 

The rate of radon generation, Q, or the source of radon released into the pore volume of the 

porous medium, is dependent on the concentration of radium in the contaminated zone. It can be 

evaluated by the following expression: 
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where 

E = radon emanation coefficient (dimensionless), 

Pb - - bulk density of the soil material (kg/m3), 

S,, = radium concentration in soil (Bq/kg or pCi/kg), and 

h = radon decay constant (Us). 

The emanation coefficient E 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 E range from 

about 0.01 to 0.80 (Mueller Associates, Inc. 1986). The observed emanation coefficient depends on 

many factors, including mineral composition of the soil, porosity, particle size distribution, and 

moisture content . 
The radium concentration in soil, SRar is the radon precursor principal radionuclide 

concentration in the contaminated soil. Its value depends on the specific radon isotope being 

considered. For Rn-222 or Rn-220, respectively, S,, 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 total porosity, or void fractionp,, is the fraction of the total volume that is not occupied 

by solid soil particles. Values of total porosity are given in Appendix E. 

The boundary conditions used in RESRAD for solving Equation C.3 are as follows: 

C(2,) = 0, the radon concentration at either the air-ground or the floor-indoor 

air interfaces, Z,, is zero; 

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

C(z) and J(z), that is, the radon concentration and flux, respectively, are 

continuous across medium interfaces in the ground. 

In RESRAD, Equations C.l and C.4, together with the above boundary conditions, are solved 

numerically for the vertical profiles of C and J by using a finite-difference method. The radon flux, 

J ,  is then evaluated (from Equation C.l) at two distinct locations: (1) J,, the outdoor flux at the 
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interface between the ground surface and the atmosphere, and (2) Ji, the indoor flux at the interface 

between the floor 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). Some of the typical values of D for different soils and building materials 

are summarized in the RESRAD Data Collection Handbook (Yu et al. 1993). Because the moisture 

content has such a dominant effect on D (i.e., much smaller effects on D are from other soil 

properties), D has been correlated with moisture content as (Rogers and Nielson 1991) 

D = (1.1 x 10-5)p, exp (- 6Rsp, - 6Rs14p’) , 

where 1.1 x 10” is the radon diffusion coefficient in air (m2/s) and R, is the saturation ratio, defined 

as the ratio of water content over the total porosity (see Appendix E). This correlation is based 

primarily on laboratory data for earthen materials and is used in RESRAD as a default approach for 

the diffusion coefficient if no measured data are available for the site of interest. Nevertheless, 

whenever possible, site-specific diffusion coefficients should be obtained, especially for materials 

other than soil. 

C.3 RADON CONCENTRATIONS 

C.3.1 Outdoors 

The radon concentration in the outdoor air above a site contaminated with radium isotopes 

is influenced by the radon flux from the ground surface, environmental factors, location, and time. 

The estimation of the radon flux from a contaminated site has been described in Section C.2. The 

primary environmental parameters that can influence the dispersion of radon in outdoor air are 

meteorological conditions, such as wind speed and stability class. The calculation of outdoor radon 

concentrations by using all these parmeters requires a comprehensive atmospheric dispersion code 

such as the =OS-AREA code (Yuan et al. 1989). These extensive computations are not practical 

for the purposes of the RESRAD code., because the average radon concentration outdoors on top of 

a radium-contaminated area would be dependent on the size of the contaminated area and the average 

wind speed, and it would not be very sensitive to other meteorological parameters. Aho, the 
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concentration outdoors would be relatively small compared with that indoors. The most feasible 

approach, therefore, is to use a simplified model with some conservative assumptions. The following 

assumptions are used in the current model: 

1. The annual average estimates are appropriate, 

2. An average wind speed is used (a default wind speed of 2 m/s is assumed) to 

conservatively represent annual average wind speed. 

3. The wind direction flow is uniform around the compass, and the frequency 

of flow toward the affected receptor is evenly distributed. 

4. The receptor location and the house are at the geometric center of the 

contaminated area. 

5. The vertical dimension of the plume is conservatively bounded at 2 m, and 

a uniform concentration exists along the vertical plane for the downwind 

distance evaluated. 

6.  The Rn-222 concentration to 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. 

7. The Rn-220 concentration 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. and 

8. All emissions from ground surfaces are uniform. 

According to this model, the annual average radon concentration outdoors is calculated as 

co = - 1 -  e 

where 

C, = annual average concentration of radon outdoors (Bq/m3 or pCi/m3), 

J,  = radon flux at the soil surface outdoors [Bq/(m2 x s) or pCi/(m2 x s)], 
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H, = height into which plume is unifomly mixed (2 m), 

F,, = outdoor area factor (dimensionless), 

A = area of the contaminated zone (m2), 

X = @= effective length of the contaminated area (m), and 

U = annual average wind speed (2 m / s ) .  

The outdoor area factor, F,,, is a correction factor to adjust for the lateral dispersion effect 

for a small contaminated area and is given by the formula 

= l.Q, A 2 100 m2 . 

As a constraint for the ratio C, to J,, it is assumed in RESRAD that 

s 500 s/m , 
Rm -222 

and 

Nazaroff and Nero (1988) observed that the natural Rn-222 and Rn-220 flux is about 0.016 and 

2 Bq/(m* x s), the outdoor concentrations at a height of 1 m are 6 and 16 Bq/m3, and the indoor 

concentrations are 15 to 20 and 3 to 4 Bq/m3, respectively. These values give the ratio of the outdoor 

concentration to flux for Rn-222 as 375 s/m and for Rn-220 as 8 s/m. Both these ratios are less than 

the constraint (Equations C.8 and C.9) used in RESRAD. 

C.3.2 Indoor 

Indoor radon levels depend on many parameters, including building characteristics, 

geographic area, and meteorological conditions (Nazaroff and Nero 1988; Cohen 1991). In 

RESRAD, the radon concentration indoors is determined by assuming a balance between the rate 

of radon entry from sources and ita rate of removal. Radon enters a house by exhalation from the 
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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, a steady-state one-compartment model is used to determine the radon 

concentration indoors. A multicompartment and dynamic model can be used for a more realistic 

analysis if specific information regarding the design of a house is available. 

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

can be expressed as 

dC, JfiiFai 
dt V 

(h + V)C, + vc, = 0 , - - _ - -  (C. 10) 

where 

Ci = radon concentration indoors (Bq/m3 or pCi/m3), 

Ji = radon flux from the floor built on the contaminated area (Bq/[m2 x s] or 

pCi/[m2 x SI), 

A, = interior surface area of the house floor (100 m2), 

Fai = indoor area factor (dimensionless), 

V = interior volume of the house (m3), 

h = decay constant of radon (Us),  and 

v = ventilation rate of the house (Us) .  

The indoor area factor, Fai, is the fraction of the foundation floor area that is built on the 

contaminated area and is given by the following formula: 

Fai = 1.0 when A = Ai , 

=MA, whenA <Ai,  (C. 11) 

= 1 +4D,/fl when A > A, , 



where 

A = area of contaminated zone (m2), 

Ai = interior surface area of the house floor (100 m2), and 

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

The radon flux, Jj ,  from the floor built on the contaminated area is calculated by solving 

Equations C.l and C.4 and by assuming that the floor is a concrete slab that is 15-cm (default) thick 

with a default radon diffusion coefficient of 3.0 x lo7 m2/s. The 3.0 x lom7 m2/s default radon 

diffusion coefficient for the concrete slab is a conservative value compared with the value of 

6.0 x lo-’ m2/s used by the U.S. Nuclear Regulatory Commission (1980). It is used to account for 

possible cracks and other penetrations that may develop in the foundation as the house ages. The 

variation of Rn-222 levels in homes in relation to the age of the house has been investigated by 

Cohen (1991). Of the more than 30,000 homes investigated, the variations have been found to be 

within 36% of the mean values. 

The solution for Equation C. 10 for the indoor radon concentration, Cj, can be written as 

((2.12) 

where H = V/A, (m) is the ratio of the interior volume of the house to the floor area of the house. For 

a single-story house, His  the ceiling height. Because the ventilation rate, v, 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, v, is not an important factor for Rn-220 because of its high decay 

rate. The air exchange rate is usually expressed as air changes per hour and expresses the average 

number of times, in an hour, that the interior volume of the house is replaced by the inflow volume 

of outside air. Three basic mechanisms cause the exchange between indoor and outdoor air: 

(1) infiltration due to pressure gradient - air leakage inward through cracks, ceilings, floors, and 

walls of a house; (2) natural ventilation - the movement of air into and out of a house through 

intentionally provided openings such as windows and doors; and (3) mechanical ventilation - the 

forced movement of air between the indoors and outdoors by fans or air conditioners. 
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Typically, the air exchange rates for U.S. residences without weatherizing measures are 

within the following ranges (Mueller Associates, Inc. 1986): 

Single-family detached house: 0.5 to 1.5 h-', 

Single-family attached house: 0.35 to 1.0 h-', 

Mobile homes: 0.3 to 1.5 h-*, and 

Apartments: 0.3 to 0.9 h-'. 

In RESRAD, the radon concentration in the indoor air, Ci, is first calculated by Equation C.12. 

Subsequently, depending on the usage of groundwater in the house, water's contribution to the final 

value of Ci is added to that calculated from Equation C.12 as described in Section C.3.2.1. 

C.3.2.1 Indoor Radon from Water Use 

Groundwater containing radium can add to the amount of radon in the air indoors. Radon 

is partitioned between air and water in a ratio of about 4 to 1, respectively, 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. In the natural environment, the concentration of Rn-222 

in groundwater depends on the concentration of its parent, Ra-226, in the underlying soil. The rate 

of migration of groundwater is usually slow enough to allow the Rn-222 in water to be in 

approximate secular equilibrium with Ra-226 in the local soil rock. Various studies (Mueller 

Associates, Inc., 1986; Bodansky et al. 1987) on correlating the Rn-222 concentrations in the air of 

typical homes (C,) with the concentrations in water supplies (C,) have indicated that the ratios of 

C, /C, are on the general order of lo4. This value implies that water containing 10,000 pCiL of 

radon would typically increase the indoor Rn-222 concentration by 1 pCi/L. The ratio of radon 

concentrations in indoor air to the radon concentrations in potable water supplies derived by the EPA 

has the following form (EPA 1984): 

(C. 13) 



where 

C, = radon concentration increment inthe indoor air (BqL or pCiL), 

C,,, = concentration of radon in water (BqL or pCiL), 

f,, = transfer efficiency of radon from water to air (dimensionless), 

U, = household water use (Uh), 

v = ventilation rate ( lk ) ,  and 

V = volume of house (L). 

Table C.l presents typical ranges of these parameters. This table indicates that under typical 

conditions, the ratio C, /C, should approximate the 10" empirical value previously determined for 

Rn-222. A more recent study of the contribution of radon-222 from domestic water wells to indoor 

air in Colorado houses (Lawrence et al. 1992) has shown values approaching in homes with a 

high Rn-222 concentration in their water supplies. This value is an order of magnitude greater than 

the lo4 Cdc, ratio as calculated by Equation C.13. One of the reasons that Equation C.13 or its 

equivalent form underestimates the contribution of Rn-222 from water can be attributed to the 

assumption that Equation C.13 uses the entire volume of air in a house. The equation implicitly 

assumes that the indoor air is perfectly mixed. In reality, the distribution of Rn-222 in homes from 

water usage is highly uneven and dependent on the location of the water outlets. Rn-222 

concentrations are expected to be higher in rooms (e.g., bathroom and kitchen) where water is 

accessible and frequently used 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. 

In estimating the radon concentration in the air from radon-contaminated water in homes, 
times the fraction of RESRAD assumes that the air to water concentration of Rn-222 is 1.0 x 

household water from the site. For Rn-220, Cdc, is calculated by the following equation: 

(C.14) 
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TABLE C.l Ranges of Parameters 
where Affecting Radon Concentrations in 

Air from Water Use in the Home 
hRn-222 = Rn-222 decay constant, 

hRn-220 = Rn-220 decay constant, Typical 
Parameter Range Value 

and 

F = fraction of household fw, 0.25-1.0 0.55 
u w  4.75-19 9.5 

water from the site V (L) 37,500-150,000 75,000 
v (1W 0.2-2.0 1 .o (1 .O). 

Note: f,, = transfer efficiency of radon The radon concentration in water, cW, is from water to &, U, = individual use, 
calculated by using the groundwater and surface water 

concentrations, which are adjusted by the fraction of 

household water from these sources. 

= Of house, and = ventilation 

Source: Muel,er Associates, (1986). 

rate per hour. 

C.4 DECAY AND INGROWTH OF RADON AND ITS PROGENY 

The radon that is breathed into the lungs as a noble gas is mostly breathed out before decay. 

The hazard from radon arises from its progeny, which are not gaseous; when they are breathed in, 

they deposit on the interior surfaces of the lung. The decay schemes of Rn-222 and Rn-220 are 

shown in Figures C. 1 and C.2, 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 - Po-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 Po-216 with a half-life 

of 0.15 seconds to Pb-212 with a half-life of 10.64 hours. Thus, levels of Pb-212 will, in general, 

reflect concentrations of Rn-220 in air. Once radon decays, the decay products become solids with 

electrical charges as a result of the decay process. In the air, most of the charged atoms rapidly 

become attached to aerosol particles. Because the fraction of ions that do not become attached is 

particularly important to the radon dosimetry, it has been given a special designation, that is, the 

unattached fraction$ 
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FIGURE C.l Decay Scheme of Rn-222 (including its long-lived parent Ra-226) 
(Source: Kocher 1981) 

C.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 the short-lived radon 

progeny in 1 L of air that results in the ultimate release of 1.3 x lo5 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). On the basis of the 
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FIGURE C.2 Decay Scheme of Rn-220 (including its 
long-lived parent Th-228) (Source: Kocher 1981) 

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: 

WL = 1.03 x 10-6A + 5.07 x 10-6B + 3.73 x 10-6C , (C.15) 

where A, B, and C represent the individual concentrations of, respectively, Po-218, Pb-214, and 

Bi-214 in units of pCi/m3. Similarly, for Rn-220 progeny, the WL value can be evaluated as 

WL = 9.48 x lO-’’A’ + 1.23 x 10-4B’ + 1.17 x 10-5C’ , (C.16) 
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where A : B < and C ’represent the individual concentrations of, respectively, Po-216, Pb-212, and 

Bi-212 in units of pCi/m3. 

Equations C. 15 and C. 16 are used in RESRAD for calculating the WL for Rn-222 and 

Rn-220, respectively. To calculate Wls by using the above equations, the radon progeny 

concentrations in the air must be determined first. 

C.4.1.1 Radon Progeny Concentrations Outdoors 

The decay and ingrowth of the short-lived radon progeny in the outdoor air are calculated 

on the basis of an average transit time from the source to the receptor. For outdoor radon, the most 

important removal processes are dilution by wind and radoactive decay. Other processes, such as 

deposition of radon progeny on the ground surfaces, are insignificant because the transport distances 

from the radon sources to the receptors considered are relatively (i.e., in a range of up to a few 

hundred meters). As discussed in Section C.3.1, the MILDOS-AREA code can be used for a detailed 

site-specific analysis if meteorological data are available. In RESRAD, the 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 U, that is, t = X/(2U), where Xis the effective length of the 

contaminated area as defined in Equation C.7. 

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

(C.17) 

where 

= nth radon progeny concentration outdoors (Bq/m3 or pCi/m3), 
“(n, 

& = ith radon progeny decay constant, 

(C. 18) 

and 
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The index n is for radon and its progeny. For the Rn-222 decay chain, n = 1,2,3, and 4 represent, 

respectively, Rn-222, Po-218, Pb-214, and Bi-214; for the Rn-220 decay chain, n = 1,2,3,  and 4 

represent, respectively, Rn-220, Po-216, Pb-212, and Bi-212. In RESRAD, the outdoor 

concentrations of the Rn-220 progeny, Pb-212 and Bi-212, are limited by the following constraint: 

~0.015 , (C. 19) 
c.,Pb.2 12) 

c.,h-220) 

and 

‘O(Bi-212) 50.015 . 
com-220) 

This limit is used to correct the approximation made by Equation C.17 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. 

C.4.1.2 Indoor Radon Progeny Concentration 

Removal by ventilation and plateout of radon progeny on surfaces within a house becomes 

important for indoor radon because the decay and ingrowth time is much longer for indoor radion 

than for outdoor 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, plateout and 

detachment are complicated, and data are not readily available. The rate of plateout 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). Such a ratio is usually 

called the deposition velocity. 

The plateout process has been reviewed recently (Knutson et al. 1983; Bodansky et al. 

1987). The suggested values of the plateout deposition velocity range from 0.05 c d s  for the highly 

reactive unattached fraction to 0.00075 c d s  for the fraction that has already attached to the aerosol 

in a house. For a room with a floor area of 3 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, when compared with typical air 



changes, range between 0.3 to 1.0 interior volume per hour, which corresponds to removal rates of 

0.005 to 0.0167 per minute. The unattached fractionfin the home has a range of about 1% to 10% 

(National Research Council 1991). In the current version of RESRAD, plateout is not considered in 

calculating radon progeny in a home. This approach is conservative because by neglecting plateout, 

the indoor air concentrations of radon progeny are overestimated. 

The indoor air concentrations of the radon progeny are calculated by a mass balance 

equation. In this equation, the time variation of the concentration of any element of the decay series 

is equal to the sum of the ingrowth rate from the decay of its immediate predecessor plus the inflow 

rate from the outdoor concentration due to ventilation, minus its decay rate and the outflow rate due 

to ventilation. The mass balance equation of radon progeny can be written as follows: 

(C.20) 

where n is equal to 1 for radon; is calculated by using Equation C.10 for the radon indoor 

concentration; n is equal to 2,3, and 4 for the radon progeny (i.e., 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, respectively); 

and Ci and C, are the nth radon progeny concentration indoors and outdoors, respectively, given 
(4 (4 

in units of Bq/m3 or pCi/m3. Under steady-state conditions, the mass balance equation above can be 

solved for Ci as 
fn) 

(C.21) 

C.5 RADON DOSIMETRY 

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 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, consisting 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 
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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 are attached 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 for calculating the dose from inhalation of 

radon and its progeny have been developed (ICRP 1979 - 1982; Jacobi and Eisfeld 1980; James 

et al. 1980; Harley andpasternack 1982). Even though the calculated results from using 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). 

In RESRAD, the radiation dose from radon and its progeny is calculated by using the 

accumulated exposure in terms of working level month (WLM). WLM is a cumulative exposure unit 

historically applied to uranium miners and is 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. To convert 

WLM, or the total cumulative potential alpha energy of radon progeny deposited in the lungs to the 

CEDE, as required by RESRAD, doses to the other organs have to be determined. Retention studies 

of inhaled Rn-222 progeny in the human respiratory systems indicate that the dose from Rn-222 

progeny is primarily delivered to the lung within a few hours after intake. The dose to other tissues 

is relatively small compared with the lung dose (ICRP 1981). With regard to Rn-220, with the 

exception of Pb-212, the dose from its progeny is also primarily delivered to the lungs within a few 

hours of intake because of the progeny’s short decay half-lives. Because the radioactive half-life of 

Pb-212 is comparable with its biological half-life in the lung, the ratio of the bronchial to pulmonary 

dose is lower than that for Rn-222 progeny, and a considerable fraction of the deposited Pb-212 is 

transferred to the blood and other organs and tissues. Dosimetric considerations indicate that for an 

equal concentration of inhaled alpha energy, the dose to the tracheobronchial epithelium from 

Rn-220 progeny is 3 times less than the dose from Rn-222 progeny. The numerical values 

recommended by ICRP Publications 32 and 47 (ICRP 198 1,1986) for workers in uranium and other 

mines are used as a basis in RESRAD for converting WLM to the CEDE. The ICRP-recommended 

dosimetric conversion factors are 10 mSv/WLM (1,000 mremNvLM) for Rn-222 progeny and 

3.5 mSv/WLM (350 mrem/WLM) for Rn-220 progeny. Because the exposure for the general 
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population is continuous and because this group’s breathing rate is lower and shallower than that of 

miners, the use of WLM has to be adjusted for the general population. In RESRAD, the application 

of WLM to the general population follows the approach of a proportional factor K, which was first 

introduced qualitatively in the BEIR IV report (National Research Council 1988) and later analyzed 

quantitatively by a companion study to HEIR IV (National Research Council 1991). 

C.5.1 K Factor: Extrapolation of Doses from Mines to Homes 

Because the environmental conditions in a mine and the physiological characteristics of 

miners are, respectively, significantly different from those in a home and members of the general 

public, the dose conversion factors (DCFs) derived for miners have to be extrapolated to the general 

population in homes. The methodology used in RESRAD is based on the K factor introduced in the 

BEIR IV report (National Research Council 1988). The K factor is a dimensionless proportionality 

factor that converts the risk or dose to the lung to miners per WLM to the risk or dose to an 

individual in a home per WLM. In deriving the K factor, the National Research Council uses a 

recently developed dosimetric model (National Research Council 1991) to estimate the uncertainty 

introduced by differences in exposure-dose relations for miners and the general population. The 

model incorporates a wide range of physical and biological parameters that differ in these two 

environments. The parameters analyzed include aerosol size distribution, unattached fraction, and 

breathing rate and route. The K factors derived 

by the National Research Council are presented 

in Table C.2. 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 Idose per 

WLM exposure is less in a home than in a mine. 

In RESRAD, internal DCFs from inhalation and 

ingestion pathways are based on the ICRP 

dosimetric model for the reference man. For 

consistency with the reference man approach, a 

default K factor of 0.76 (see Table C.2 for the K 

TABLE C.2 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 5-10 yr 0.72 0.83 
Female 0.62 0.72 
Male 0.69 0.76 

Source: National Research Council (1991). 

Child, age 1 yr 0.87 1 .oo 
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factor for target cells: secretory) is used for the adult male in RESRAD, even though the K factors 

for children and infants were somewhat greater than those for adults. This K factor translates to an 

effective dose equivalent DCF of 7.6 mSv/WLM (760 mrem/WLM) for Rn-222 progeny indoors. 

As discussed earlier, for exposure to Rn-222 progeny, the doses to tissues other than the lungs are 

relatively small. Thus, the K factor derived to convert the lung doses is assumed to be applicable for 

converting the CEDES for the general population and miners. 

For exposure to Rn-222 progeny outdoors, the K factor has to be reevaluated because the 

ventilation (Le., the effect of wind) is higher, the unattached fraction is higher, the particle size is 

larger, and the breathing rate is higher than they are indoors. When it is assumed that unattached 

fractions are 8% indoors and 15% outdoors, that particle sizes are 0.15 pm in activity median 

aerodynamics diameter (AMAD) indoors and 0.25 pm in AMAD outdoors, and that minute volumes 

are 12.5 Umin indoors and 21 Umin outdoors, a default Kfactor of 0.57 can be derived for exposure 

to Rn-222 progeny outdoors (by using Figures 2B-2, 2B-3, and 2B-4 provided in the BEIR IV 
report). This K factor corresponds to an CEDE conversion factor of 5.7 mSv/WLM 

(570 mrem/WLM) for Rn-222 outdoors. The minute volume of 21 Umin outdoors is estimated on 

the basis of the assumption that an average individual would do light work 75% of the time and rest 

25% of the time outdoors. 

For exposure to Rn-220 progeny indoors, the National Research Council study (National 

Research Council 1991) introduced a K’ factor that extrapolates the lung dose for exposure to 

Rn-220 progeny in the home relative to Rn-222 in mines. Because the dose from exposure to Rn-220 

progeny is determined principally by the behavior of Pb-212, which has a relatively long radioactive 

half-life (10.6 hours), a considerable fraction of the deposited Pb-212 is transferred to blood and 

other organs or tissues (e.g., bone surface [critical tissue], liver, and red marrow). The K’ factor thus 

derived solely for the lung dose may not be appropriate for estimating the CEDE, which is the sum 

of the products of the dose equivalent to the organ or tissue and the weighting factors applicable to 

each of the organs or tissues that are irradiated. Among the factors that would affect lung dose from 

exposure to Pb-212, only a minute volume would possibly be of any significance when the CEDE 

is the dose of concern. On the basis of assumptions of a minute volume of 30 Umin for miners and 

12.5 Umin for an average person breathing in a home, the ratio of the corresponding CEDE 

proportional factor for these two minute volumes was estimated to be about 0.42. This value 
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corresponds to a dose conversion of about 1.5 mSv/WLM (150 mrem/WLM) indoors, and the default 

is used in RESRAD for calculating doses from exposure to Rn-220 progeny indoors. For exposure 

to Rn-220 progeny outdoors, the minute volume of 21 Llmin assumed for exposure to outdoor 

Rn-222 progeny can be applied. The conversion factor of 0.42 for indoor exposure therefore 

increases to 0.70 for outdoor exposure. This increased conversion factor corresponds to a default 

CEDE factor of about 2.5 mSv/WLM (2.50 mrem/WLM) for Rn-220 outdoors. 
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APPENDIX D: 

INGESTION PATHWAY FACTORS 

Ingestion pathways consist of six environmental pathways and the common exposure 

pathway to which they contribute (see Table 2.1). The doses from these pathways are specified by 

the dose/source ratios described in Section 3. A dose/source ratio (DSR) may be defined as the sum 

of the product of the dose conversion factor (DCF) (which characterizes the exposure pathway), the 

environmental transport factor (ETF) (which characterizes the environmental pathways), branching 

factor (BRFO), and the source factor (SF) (which characterizes ingrowth and decay and leaching of 

the radionuclides) (see Equation 3.9). DCFs for ingestion are described in Section D. 1. ETFs and the 

models and formulas used to calculate them are presented in Sections D.2 through D.4. The models 

used for the ingestion of contaminated soil pathway are discussed in Appendix F. Formulas for 

calculating the SFs are given in Section 3.2.3 and Appendix G. The value listed for the DSR in the 

summary report is the time-integrated value for one year or for the exposure duration (see Section 3.2 

for detailed discussion). 

D.l DOSE CONVERSION FACTORS 

A DCF for ingestion is the dose/exposure ratio DCF,, = HE,i3/Ei, where HE,i3 is the 

committed effective dose equivalent incurred by an individual from intake by ingestion of a quantity 

Ei of the ith principal radionuclide. Values of DCFs for ingestion were taken from Eckerman et al. 

(1988) and are tabulated in Table D. 1. Dose conversion factors depend on the chemical form, which 

determines the fractionf, of a radionuclide entering the gastrointestinal (GI) tract that reaches body 

fluids. Data on the appropriate fractions for different chemical forms are given in Publication 30 of 

the International Commission on Radiological Protection (ICRP 1979-1982). The default DCFs used 

in RESRAD are the values corresponding to the largest values offi in Table D.l. If the chemical 

form of a radionuclide is known and a different value of DCF,, is needed, DCF, can be modified 

for the Windows version by selecting the “Dose Factors’’ option from the main screen and using the 

Dose Conversion Factor Editor. 



0 - 4  

TABLE D.l Committed Effective Dose Equivalent Conversion Factors (DCF,) for Internal 
Radiation from Ingestionasb 

DCF, DCF, 
Radionuclide fi (mremlpci) Radionuclide fi (mremlpCi) 

A~-227+D 
Ag-lOSm+D 
Ag- 1 1 Om+D 
Al-26 
Am-24 1 
Am-243+D 

Ba-133 
Bi-207 
C-14 
Ca-4 1 
0 -45  
Cd- 109 
Ce-141 
Ce-l44+D 

AU- 195 

Cf-252 
C1-36 
Cm-243 
Cm-244 
Cm-245 
Cm-246 
Cm-247+D 
Cm-248 
CO-57 

CO-60 

CS-134 
CS-135 
C~-137+D 
EU-152 
EU-154 
Eu-155 
Fe-55 
Fe-59 
Gd-152 
Gd-153 
&-68+D 
H-3 
1-125 
I- 129 
Ir-192 
K-40 

1.0 x 10-3 
5.0 x 10" 
5.0 x 
1.0 x 10' 
1.0 x 10-3 
1.0 x 10-3 
1.0 x lo-' 
1.0 x lo-' 
5.0 x lo-' 

1 .o 
3.0 x lo" 
3.0 x lo-' 
5.0 x 10" 
3.0 x 10" 
3.0 x 10' 

1 .o 
1.0 x 10-3 

1.0 x 10-3 
1.0 x 10-3 
1.0 x 10-3 
1.0 x 10-3 
1.0 x 10-3 
1.0 x 10-3 
3.0 x 10'' 
5.0 x lo-' 
3.0 x lo-' 
5.0 x 10" 

1 .o 
1 .o 
1 .o 

1.0 x 10-3 
1.0 x 10-3 
1.0 x 10-3 
1.0 x 10-l 
1.0 x 10-l 
3.0 x 10" 
3.0 x lo4 

1 .o 
1 .o 
1 .o 
1 .o 

1.0 x lo-' 
1 .o 

1.48 x lo-' 
7.62 x 
1.08 x 10-5 
1.46 x 104 
3.64 x 10-3 
3.63 x 10-3 
1.06 x 
3.40 x 
5.48 x lo6 
2.09 x 
1.27 x lo6 
3.16 x 

2.90 x 
1.31 x 

2.1 I. x 10-5 
1.08 x 103 

2.51 x 10-3 
2.02 x 10-3 
3.74 x 10-3 
3.713 x 10-3 
3.42 x 10-3 

7.44 x 10-7 

1.02 x 10-5 
7.3)3 x 10-5 

5.mX 10-5 

3.03 x 

1.36 x lo-' 
1.18 x 

2.69 x lo5 

7.07 x 

6.48 x 10" 
9.55 x 
1.53 x 10" 

6.'70 x 10" 
1.61 x lo4 
1.17 x lo6 
1.41 x 10" 
6.840 x 10' 

6.07 x 10-7 

3.85 x 10-5 

1.86 x 10-5 

2.76 x 10" 
5.74 x 

Mn-54 
Na-22 
Nb-93m 
Nb-94 
Nb-95 
Ni-59 
Ni-63 

Pa-23 1 
Np-237+D 

Pb-2 1 O+D 
h - 1 4 7  
Po-2 10 
PU-238 

PU-239 

PU-240 

PU-24 1 +D 

PU-242 

h-244+D 

Ra-226+D 
Ra-228+D 
RU- 106+D 
s-35 

Sb-124 

Sb-125 
Sb-125 
Sc-46 
Se-75 

1.ox lo-' 
1 .o 

1.0 x lo-' 
1.0 x lo-' 
1.0 x 10' 
5.0 x lo-' 
5.0 x lo-' 
1.0 x 10-3 
1.0 x 10-3 
2.0 x lo-' 
3.0 x lo4 
1.0 x lo-' 

1.0 x 10' 
1.0 x 10-3 

1.0 x 10-5 
1.0 x 10-3 

1.0 x 10-5 
1.0 x 10-3 
1.0 x 10" 
1.0 x 10-5 
1.0 x 10-3 

1.0 x 10-5 
1.0 x 10-3 
L O X  10-4 
1.0 x 10-5 
1.0 x 10-3 

1.0 x 10-5 

1.0 x lo' 

1.0 x 10" 

1.0 x 10" 

2.0 x lo-' 
2.0 x lo-' 

1.0 x lo-' 

1.0 x lo-' 
1.0 x lo-' 
1.0 x lo-] 
1.0 x 
1.0 x lo4 
8.0 x lo-' 
5 . 0 ~  lo-' 

5.0 x lo-' 

8.0 x lo-' 

2.77 x 
1.15 x 10-5 
5.21 x 10-7 

2.10 x 10-7 
5.77 x 10-7 
4.44 x 10-3 

5.37 x 10-3 

1.90 x 10-3 
3.20 x 10-3 

4.96 x 10-5 
3.54 x 103 

5.18 x 10-5 
3.54 x 10-3 

6.85 x 10-5 

7.66 x 10-7 
3.36 x 10-3 

4.92 x 10-5 
3.32 x 10-3 

6.32 x 10-5 

2.74 x 10-5 
4.48 x 10-7 

1.01 x 105 

7.14 x 10" 
2.57 x loe6 

1.06 x lo-' 

1.05 x 10" 

3.36 x 10' 

3.69 x 10' 

3.69 x 10' 
5.18 x lo-' 

6.92 x 

3.50 x 10" 

3.60 x 10" 

1.33 x lo3 
1.44 x lo3 

7.33 x 
9.81 x loe6 

2.81 x 
2.80 x lo6 
6.40 x 
9.62 x 
1.75 x 
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TABLE D.l (Cont.) 

DCF, DCF, 
Radionuclide fi (mredpci) Radionuclide fi (mredpci) 

Se-79 

Sm-147 
Sm-15 1 
Sn-l13+D 
Sr-85 

Sr-89 

Sr-90+D 

Ta-182 

Te- 125m 
TC-99 

Th-228+D 
Th-229+D 
Th-230 

8.0 x lo-' 8.70 x 
5.0 x lo-* 
3.0 x 10-4 
3.0 x 10" 3.89 x 
2.0 x 3.19 x 
3.0 x 10-1 1.98 x 
1.0 x 1.49 x 
3.0 x 18' 9.25 x 
1.0 x 9.25 x 
3.0 x 10" 

1.0 x 10-3 
8.0 x lo-' 1.46 x 
2.0 x 10-1 

1.30 x 10' 
1.85 x 10" 

1.53 x lo4 

6.51 x 10' 

3.67 x 10' 

1.0 x 2.28 x 10-5 

2.0 x lo4 
2.0 x 10" 
2.0 x 10-4 

8.08 x 10-4 
4-03 x 10-3 
5.48 x 10-4 

Th-232 
T1-204 
U-232 

U-233 

U-234 

U-235-tD 

U-236 

U-238-i-D 

211-65 
a-93  
Zr-95+D 

2.0 x io" 2.73 x 10-3 

5.0 x lo2 1.31 x 10-3 
2.0 x 10-3 6.92 x 10-5 

2.0 x 10-3 2.65 x 10-5 
5.0 x 2.83 x 104 
2.0 x 10-3 2.61 x 10-5 

2.0 x 10-3 2.81 x 10-5 

2.0 x 10-3 2.47 x 10-5 

2.0 x 10-3 3.74 x 10-5 
5.0 x lo-' 1 . 4  x 10-5 

1 .o 3.36 x lo4 

5.0 x 2.89 x 10" 

5.0 x 2.67 x 10' 

5.0 x loe2 2.69 x lo-" 

5.0 x 2.69 x 10" 

2.0 x 10-3 
2.0 x 10-3 

1.66 x lo4 
3.79 x lo4 

a DCFs for radionuclides labeled "+D" are aggregated dose conversion factors for intake of a 
principal radionuclide together with radionuclides with a half-life greater than 10 minutes of the 
associated decay chain in secular equilibrium (see Section 3.1). 

The tern& represents the fraction of a stable element entering the GI tract that reaches body 
fluids. 

D.2 ENVIRONMENTAL TRANSPORT FACTORS 

D.2.1 Plant, Meat, and Milk Pathways 

D.2.1.1 Environmental Transport Factor Components 

Environmental transport factors for the plant, meat, and milk pathways can be factored into 

the product 
ETFg,ps(t) = FAp X FcDpq(t) X DFpk X FsRij,pqk(f) , @.1> 

k 
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where 

ETF,,,(t) = environmental transport factor for thejth principal radionuclide and 

pqth environmental pathway at time t (glyr); 

i j  = subscript index of a variable whose quantity is assigned to 

radionuclidej as a result of the radioactive decay of radionuclide i, 

which exists in the contaminated zone from the beginning (t  = 0);' 

p = primary pathway index for the plant (p = 3), meat (p = 4), and milk 

(p = 5 )  pathways; 

q = secondary index for root uptake (q = l), foliar deposition (q = 2), 

ditch irrigation (q = 3), overhead irrigation (q = 4), livestock water 

(q = 3, and livestock intake of soil (q = 6); 

FAp = area factor for pth primary pathway (dimensionless); 

FCD,,,(t) = cover and depth factor for the pqth ingestion pathway at time t 

(dimensionless); 

k = food class index.; 

DFpk = dletary factor = annual consumption of the kth food class for the pth 

food pathway (gyr); and 

FSR,l,,k(t) = foodsoil concentration ratio at time t for the jth principal radio- 

nuclide, pqth ingestion pathway, and kth food class at time t 

(dimensionless), when q = 1,2, and 6. When q = 3,4, and 5, it is the 

ratio of the food concentration of radionuclidej at time t to the soil 

concentration of radionuclide i at time 0, for the pqth ingestion 

pathway and the kth food class (drmensionless). 

The sum is over the applicable food classes. The plant pathway consists of two food classes: (1) fruit, 

nonleafy vegetables, and grain ( k  = 1) and (2) leafy vegetables (k  = 2). For the meat and milk 

In the remainder of this appendix, a variable with an ij subscript index refers directly to radionuclide j .  However, 
the quantity of the variable is actually associated with the ingrowth and decay relationship of radionuclidesj and i. 
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pathways, only a single food class (k = 3) is used in the current version of RESRAD. Dietary factors 

are commonly given in kg/yr; they must be converted to g/yr before substitution into Equation D.l 

in order for FSR to be a dimensionless quantity when the soil concentration is specified in Bq/g or 

pCi/g. 

For water-dependent pathways (pathways with 4 = 3,4, or 5 ,  which include a groundwater 

or surface water pathway segment), the food/soil concentration ratios can be factored into the 

products: 

where 

FWR,, = food/water concentration ratio for the jth principal nuclide, pqth 

water-dependent pathway, and kth food class (Vg); 

WSR&t) = ratio of the effective water concentration of radionuclidej at time t 

to the soil concentration of radionuclide i at time 0 (g/L); 

FCW,, = fraction of water obtained from contaminated sources for the pqth 

water-dependent pathway (dimensionless); 

WSR&) = ratio of well water concentration of radionuclide j at time t to the 

soil concentration of radionuclide i at time 0 (a); 
F1 = well water usage as a fraction of water obtained from contaminated 

sources (i.e., well and surface water source) (dimensionless); and 

WSR&) = ratio of surface water concentration of radionuclide j at time t to the 

soil concentration of radionuclide i at time 0 (g/L). 

By substituting Equation D.2 into Equation D.1, the following is obtained 

ETFij,,,,(t) = WEFg,pq(t) x WSR&t) , (D.3) 

where 

WEFv,ps(t) = FAp x FCDPq(t) x 2 DFpk x FWRjpqk P.4) 
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is the water exposure factor for the pqth pathway in units of Uyr, and the quantities on the right are 

as defined for Equations D.l and D.2. A water exposure factor is equal to the ratio of the annual 

intake of the jth principal radionuclide in food contaminated through the pqth water-dependent 

pathway to the concentration of the radionuclide in the contaminated water. Water/soil concentration 

ratios are defined and discussed in Appendixes E and I. 

D.2.1.2 Area Factors 

The area factor (plant, FA,; meat, FA,; and milk, FA,) is used to account for the fraction of 

consumption that is obtained from the contaminated site. If the input value of the “contamination 

fraction” is - 1, then the area factors will be calculated by using Equation D.5. Otherwise, the input 

value will be assigned to the area factor: 

FA, = AL2,OOO when 0 .s A I 1,000 m2, 

= 0.5 when A > 1,000 m2, and 
P.5) 

FA, = FA, = A/20,000 when 0 s A I 20,000 m2, 

= 1 when A > 20,000 m2 , 

where A = area of Contaminated zone (10,000 m2).2 An area of 10,000 m2 = 1 hectare (ha). 

D.2.1.3 Cover and Depth Factors 

The cover and depth factors FCD,, for q = 1 through q = 4 are applicable to the plant 

(p = 3), meat (p = 4), and milk (p = 5 )  pathways. The cover and depth factors FCD,, and FCD, for 

the livestock water and soil pathways are applicable only to the meat and milk pathways. 

D.2.1.3.1 Root Uptake 

The cover and depth factor for root uptake (q = 1) is as follows: 

If a number is included with the unit identification, the variable is an input variable and the number is the default 
value. 
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FCDJt) = 0 when d, = 0 or CAt) 2 d, , 

= 1 when CAt) = 0, T(t) 2 d, , 

= T(t)/’d, when CAt) + T(t) e d, , 

= 1 - CJt)/d, when Ckt) e dry CAt) + T(t) 2 d, , 

where 

C,(t) = cover depth at time t (m), 

T(t) = thickness of contaminated zone at time t (m), and 

d, = maximum root depth (0.9 m). 

The cover depth is given by Equation A.6. Equation D.6 is based on the assumption of a sharp 

boundary between the bottom of any uncontaminated cover and the top of the contaminated zone. 

The effect of mixing uncontaminated and contaminated soil in a surface layer by plowing or other 

disturbance of the soil close to the ground surface is not taken into account. 

D.2.1.3.2 Foliar Deposition and Livestock Soil Intake 

The cover and depth factors for foliar deposition, FCD,,,(t), and livestock soil intake, 

FCD&), for the ingestion pathways are the same as the cover and depth factor FCD2(t) for the 

inhalation pathway (see Equation B.5). 

D.2.1.3.3 Ditch Irrigation, Overhead Irrigation, and Livestock Water 

The contributions from ditch irrigation (q = 3), overhead irrigation (q = 4), and livestock 

water (q = 5 )  are independent of the depth of the contaminated zone in the models used, because the 

infiltrating water will carry the Contamination to the aquifer and contaminate the water regardless 

of the depth and because the subsequent contamination mechanisms do not depend on depth. Hence, 

the cover-and-depth factors for these subpathways are 

FCDp3(t) = FCDp4(t) = FCDp5(t) = 1 . 03.7) 

D.2.1.4 Dietary Factors 

The dietary factor for human food consumption is a tabulated quantity. The default values 

used are given in Table D.2. 
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TABLE D.2 Dietary Factors (DF,,) for Human Food Consumption 

primary Food 
Pathway Class Dietary 
Index, Ingestion Index, Factor, 

P Pathway k Class Description DFpR 

3 Plant foods 1 Fruits, vegetables, and grain 160 kg/yr 

3 Plant foods 2 Leafy vegetables 14 kdyr 

4 Meat 1 Meat and poultry 63 kg/yr 

5 Milk 1 Milk 92 Uyr 

6 Aquatic foods 1 Fish 5.4 kglyr 

6 Aquatic foods 2 Crustacea and mollusks 0.9 kdyr 

7 Drinking water 1 Drinking water 5 10 Uyr 

D.2.1.5 FoodSoil Concentrat.ion Ratios for Plant Foods 

D.2.1.5.1 Root Uptake 

The plant-foodsoil concentration ratios for root uptake are given by 

FSRu,,31k = FSRj31k = Bjv , (D.8) 

where Bjv represents the vegetable/soil transfer factors listed in Table D.3. Bjv is a dimensionless 

quantity, and the values used in RESRAD represent the ratios of the vegetable wet weight 

concentrations (Bq/g or pCi/g) to the dry soil concentrations (Bq/g or pCi/g). It is assumed that the 

same root uptake transfer factors can be used for nonleafy vegetables (k = 1) and leafy vegetables 

(k = 2). 
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TABLE D.3 Vegetable/Soil Transfer Factors (BjJ for Root Uptake 

Bjv Element Bjv Element Bfi Element BiV Element 

Ac 
Ag 
Ala 
Am 
Ar 
AS 
Au" 
Ba 
Be 
Bi 
Br 
C 
Ca 
Cd 
Ce 
Cf 
c1 
Cm 
c o  

2.5 x 10-3 

4.0 x 10-3 
1.0 x 10-3 

1.5 x 10'' 

0 
8.0 x 
1.0 x lo-' 
5.0 x 103 
4.0 x 10-3 
1.0 x l@' 
7.6 x 10' 
5.5 
5.0 x lo-' 
3.0 x lo-' 
2.0 x 10-3 
1.0 x 10-3 

1.0 x 10-3 
20.0 

8.0 x 10" 

Cr 
c s  
c u  
Eu 
F 
Fe 
Gd 
Ge" 
H 
Hg 
Ho 

I 
In" 
Ir 
K 
Kr 
La 
Mn 
Mo 

2.5 x lo4 
4.0 x lo-' 
1.3 x lo-' 

2.0 x 
2.5 x 10-3 

1.0 x 10-3 
2.5 x 10-3 
4.0 x 10' 
4.8 
3.8 x lo-* 

2.0 x lo-' 

3.0 x lo-' 
3.0 x lo-* 

0 

3.0 x lo-' 
1.3 x lo-' 

2.6 x 10-3 

3.0 x 10-3 

2.5 x 10-3 

N 
Na 
Nb 
Nd 
Ni 
NP 
P 
Pa 
Pb 
Pd 
Pm 
Po 
Pr 
Pu 
Ra 
Rb 
Rh 
Rn 
Ru 

7.5 
5.0 x 10" 
1.ox 10' 
2.4 x 10-3 
5.0 x lo2 
2.0 x lo-' 

1 .o 
L O X  

1.0 x 
1.0 x lo-' 
2.5 x 10-3 
1.0 x 10-3 
2.5 x 10-3 
1.0 x 10-3 
4.0 x 

1.3 x 18' 
1.3 x lo-' 

0 
3.0 x lo-' 

Sa 
Sb 
sc  
Se 
Sm 
Sn 
Sr 
Ta* 
Tb 
Tc 
Te 
Th 
TI" 
U 
W 
Xe 
Y 
Zn 
zr 

6.0 x lo-' 
1.0 x 

1.0 x lo-' 
2.0 x 10-3 

2.5 x 10-3 
2.5 x 10-3 
3.0 x lo-' 
2.0 x 10" 

5.0 
6.0 x lo-' 

2.0 x 18' 

1.8 x lo-' 
0 

4.0 x lo-* 

2.6 x 10-3 

1.0 x 10-3 

2.5 x 10-3 

2.5 x 10-3 

1.0 x 10-3 

" 

Source: Wang et al. (1993), except where indicated by footnote "a." 

National Council on Radiation Protection (NCRP 1995). 

D.2.1.5.2 Foliar Deposition 

The plant-foodsoil concentration ratio for uptake from airborne contaminants that deposit 

on foliage is given by 

FSRij,3,k = FSR,.,,, = FA, x FAR,.,,, x ASR, , 0 9 )  

where 

FSRj32k = plant-foodsoil concentration ratio for foliar deposition for the jth 

principal radionuclide and kth food class (dimensionless); 
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FA, = area factor for dilution of resuspended contaminated dust 

(dimensionless); 

FAR,32k = plant-foodair concentration ratio for radionuclide transfer by airborne 

foliar deposition for the jth principal radionuclide and kth food class 

(m3/g); and 

ASR, = aidsoil concentration ratio, specified as the average mass loading of 

airborne contaminated soil particles in a garden during the growing 

season (1 x lo4 g/m3). 

The area factor for dilution of resuspended contaminated dust by mixing with uncontaminated dust 

blown in from off site is given by Equation B.4. The formula for the plant-food/air concentration 

ratio is 

where 

vdi = 

f , =  

- 
TJyk - 

deposition velocity of contaminated dust (0 m/s for hydrogen, argon, 

krypton, and xenon; 1 x m / s  for fluorine, bromine, iodine, and chlorine; 

and 1 x lom3 m/s for all remaining elements listed in Table D.3), 

fraction of deposited radionuclides retained on the vegetation (0.25, 

dimensionless), 

foliage-to-food radionuclide transfer coefficient for the jth principal 

radionuclide and kth food class (qvI = 0.1, qv2 = 1.0, and Tj,v3 = 1.0, 

dimensionless), 

weathering removal constant for vegetation (20 yr-I) ,  

time of exposure of the kth food class to contamination during the growing 

season (tel = 0.17 yr, te2 = 0.25 yr, and te3 = 0.08 yr), and 

wet-weight crop yield for the kth food class (Yvl = 0.7 kg/m2, Yv2 = 1.5 kg/m2, 

and Yv3 = 1.1 kg/m*). 



0-13 

The numerical factor 3.16 x lo4 (kg/g)(s/yr) is used to convert FUj,, to units of m3/g. The 

foliage-to-food transfer coefficient qVk is assumed to be radionuclide independent in the current 

version of the code. The weathering removal constant corresponds to a contaminant removal half- 

time of approximately two weeks. The values for k = 3 are for fodder; they are not included in the 

sum over k in Equation D.l. 

D.2.1.5.3 Ditch Irrigation 

The plant-foodsoil concentration ratio for ditch irrigation is given by 

FSRg,,,Jt) = FWR,.,,, x FZRW X [WSRy,,(t) X FZI + WSRg,,(t) X (I - HI)], (D.ll) 

where 

FsRij,33k(f) = ratio of the plant concentration of radionuclidej at time t to the soil 

concentration of radionuclide i at time 0 for the kth food class 

(dimensionless), 

FWRj33k = plant-food/water concentration ratio for ditch irrigation for the jth 

principal radionuclide and the kth food class (vg), 

FZRW = fraction of irrigation water obtained from the contaminated sources 

(1 .O, dimensionless), 

WSRg,l(f) = ratio of well-water concentration of radionuclidej at time t to the 

soil concentration of radionuclide i at time 0 (g/L), 

FI1 = fraction of well water used for irrigation (balance from surface 

water; 1 .O, dimensionless), and 

WSR,,(t) = ratio of surface water concentration of radionuclidej at time t to the 

soil concentration of radionuclide i at time 0 (g/L). 

The formula for the plant-foodwater concentration ratio, FWRj33k, for ditch irrigation is 

(D.12) 
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where 

I ,  = irrigation rate (0.2 d y r ) ,  

Lj = leach rate constant for radionuclidej (yf'), and 

pe = effective surface density of soil (225 kg/m2). 

The effective surface density is expressed in dry weight, and the default value is based on a plow 

layer of 15 cm. The plant-foodwater concentration ratio Fil?R,33k is in dimensions of Ug (m3/kg); 

Bjv is as defined for Equation D.8; and tek is defined for Equation D.10. The leach rate constant, Lj, 

is discussed in Appendix E. The default value used in the RESRAD code for fraction of well water 

used for irrigation is 1.0 (i.e., 100% of irrigation water is well water). A value of 0.5 means 50% of 

irrigation water is well water and 50% is surface (pond) water. The waterkoil concentration ratios 

are discussed in Appendixes E and I. 

D.2.1.5.4 Overhead Irrigation 

The factoring of the plant-foodsoil concentration ratio for overhead irrigation, FSRij,34k, is 

the same as the factoring for ditch irrigation in Equation D. 11; that is, 

FSRij,34k(t) = FWRj34k x FZRW X [WSRiiI(t) X FZ1 + WSR,i2(t) X (1 - FZl)] . D.13) 

The only difference is that, for overhead irrigation, the plant-foodwater concentration ratio is given 

by 

where FWRj4& is in units of Vg  (m3/kg),, Zrr is as defined for Equation D.12, &'is the fraction of 

deposited radionuclides retained on the vegetation (0.25, dimensionless), and the remaining 

quantities are as defined for Equation D. 10. 
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D.2.1.6 Food/Soil Concentration Ratios for Meat and Milk 

The foodlsoil concentration ratios FSRii,,pq(t) for meat and milk can be factored into the 

product 

where 

FQRjp = radionuclide transfer factor for meat (p = 4) or milk 0) = 5) = ratio 

of the concentration of thejth principal radionuclide in meat or milk 

in Bqkg or pCi/kg to the rate of intake in fodder, soil, or water by 

livestock of thejth principal radionuclide in Bq/d or pCi/d (dkg); 

FIps = daily intake of fodder (q = 1, 2, 3, or 4), water (q = 5 ) ,  or soil 

(q = 6)  by livestock (kg/d - see below for default values); and 

QSRii,,ps(t) = fodder/soil concentration ratio at time t for meat (p = 4) or milk 

(p = 5 )  for the jth principal radionuclide and qth subpathway 

(dimensionless), when q = 1 and 2. When q = 3,4,  or 5, it is the 

ratio of the fodder or livestock-water concentration of radionuclidej 

to the initial soil concentration of radionuclide i (dlmensionless). 

For the soil intake by livestock (q = 6), QSRu,$ = 1. 

The radionuclide transfer factors FQRjp are listed in Table D.4. The livestock fodder intake 

rates are IT4, = 68 kg/d and FZ5, = 55 kg/d for q = 1,2,3, or 4 for meat and milk, respectively, and 

the livestock water intake rates are FI,, = 50 Ud and FI,, = 160 U d  for q = 5. (1 L of water weighs 

1 kg; hence, units of kg/d may be used for all intakes.) The livestock soil intake rates are the same 

for both the meat and milk pathways: FIM = FI,, = 0.5 kg/d. 

The expressions for the fodder/soil concentration ratios are the same as those for the 

foodlsoil concentration ratios given previously; the only difference is in a few parameter values. The 

parameter QSR,,, is time-independent for the water-independent pathways (q = 1,2) and depends 

on time only through the watedsoil concentration ratio WSR,,,(t) or WSRV,Jt) for the water-dependent 

pathways (q = 3,4, or 5). The formulas for the fodder/soil concentration ratios follow. 
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TABLE D.4 Meat (FQR,) and Milk (FQRs) Transfer Factors 

Ac 
Ag 
Ala 
Am 
Ar 
As 
Au" 
Ba 
Be 
Bi 
Br 
C 
Ca 
Cd 
Ce 
Cf 
c1  
Cm 
c o  
Cr 
c s  
c u  
ELI 
F 
Fe 
Gd 
Ge" 
H 
Hg 
Ho 
I 

In" 
Ir 
K 
Kr 
La 
Mn 
Mo 

2.0 x 105 
3.0 x 10-3 

5.0 x 10-5 

1.5 x 103 
5.0 x 103 

1.0 x 103 
2.0 x 103 

1.6 x 103 

2.0 x 105 
6.0 x 105 
6.0 x 10' 
2.0 x 105 
2.0 x lo2 
9.0 x 103 
3.0 x 10' 
1.0 x 
2.0 x 103 
2.0 x 10' 
2.0 x 18' 
2.0 x 103 
2.0 x lo-' 
1.2 x 10' 
1.0 x 10' 

5.0 x lo-" 

0 

2.0 x lo4 

2.0 x 10' 
3.1 x 10' 

4.0 x lo4 

2.0 x 103 
7.0 x 10-3 
4.0 x 103 
2.0 x 10-3 

2.0 x 103 
5.0 x 10-4 
1.0 x 10-3 

2.0 x 10-2 
0 

2.0 x 105 
2.5 x lo-' 
2.0 x IO4 
2.0 x lo6 

0 
1.0 x 
1.0 x 105 
5.0 x 104 

5.0 x 10-4 

3.0 x 103 
1.0 x 103 
3.0 x 105 
7.5 x io-' 

2.0 x 10-3 
2.0 x 10-3 
8.0 x 103 
2.0 x 10-3 
2.0 >I 1 0 5  

7.0 x 103 
3.0 x 10-4 
2.0 x 1 0 5  

5.0 ;< 104 
2.0 x 105 

2.0 x 

2.0 x 10' 
1.2 x 10' 

2.0x 10' 
2.0 x, 

1.0 x lo-' 
1.0 :< 10' 

1.0 x lo-' 
2.0 x lo4 
2.0 'X 

7.0 x 103 
'0 

2.0 x 1 0 5  
3.0 x 104 

N 
Na 
Nb 
Nd 
Ni 
NP 
P 
Pa 
Pb 
Pd 
Pm 
Po 
Pr 
Pu 
Ra 
Rb 
Rh 
Rn 
Ru 
S" 
Sb 
sc 
Se 
Sm 
Sn 
Sr 
Ta" 
Tb 
Tc 
Te 
Th 
Tla 
U 
W 
Xe 
Y 
Zn 

1.0 x 
8.0 x 10' 
3.0 x 1 0 7  
2.0 x 103 
5.0 x 10-3 
1.0 x 103 

5.0 x 103 
8.0 x 
1.0 x 10-3 
2.0 x 103 
5.0 x 103 
2.0 x 103 
1.0 x 104 
1.0 x 10-3 
1.5 x 18' 
1.0 x 103 

0 
2.0 x 103 
2.0 x lo-' 
1.0 x 10-3 

2.0 x 103 

8.0 x 103 

2.0 x 103 
1.0 x 104 
7.0 x 103 
1.0 x 104 

5.0 x lo-' 

1.5 x lo2 
1.0 x 10" 

1.0 x 10' 

5.0 x lo6 

2.0 x la2 
3.4 x lo4 
4.0 x lo2 

0 
2.0 x 10-3 
1.0 x lo-' 

1.7 x 103 zr 1.0 x 10-6 

" NCRP(1995). 

Source: Wang et al. (1993), except where indicated by footnote a. 

1.0 x 10' 
4 . 0 ~  10' 
2.0 x 

2.0 x lo-' 
5.0 x lo6 
1.6 x 10' 
5.0 x lo6 

2.0 105 

3.0 x 
5.0 x 10-3 
2.0 x 10-5 
3.4 x 104 
2 . 0 ~  10-5 

1.0 x 10-3 

5 . o ~  10-3 

1.0 x lo6 

1.ox 10' 

0 
3.3 x lo6 
2.0 x lo2 
1.0 x 10-4 

2.0 x 105 
1.0 x 10-3 
2.0 x 103 

2.0 x 10-5 
1.0 x 103 
5.0 x 104 

3.0 x 10-3 
6.0 x 104 
3.0 x 104 

2.0 x 105 

6.0 x 1 0 7  

5.0 x lo6 
1.0 x 10.' 

5.0 x 

5.0 x 

0 

1.ox 10' 
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is the ratio for root uptake by fodder, where Bjv is the vegetable/soil transfer factor for root uptake 

tabulated in Table D.3. 

is the ratio for foliar deposition on fodder, where FA, is an area factor and ASR, is the aidsoil 

concentration ratio, both defined for Equation D.9, and FAR323 is the plant-foodlair concentration 

ratio defined by Equation D. 10. 

QsR,43(t)  = QSR,53(t)  

= FWRj3,, x FZRW X [WSRO,,(t) X FZ1 + WSRO,,(r) X (1 - FZl)] (D.18) 

is the ratio for ditch irrigation of fodder, where FWRj3,, is the plant-foodlwater concentration ratio 

given by Equation D.12; WSRO,,(t) and WSR,, are the watedsoil concentration ratios for well water 

and surface water, respectively, as derived in Appendix E; and 8’11 is as defined for Equation D. 1 1. 

is the ratio for overhead irrigation of fodder, where FWRj3,+, is the foddedwater concentration ratio 

for overhead irrigation given by Equation D. 14. 

is the ratio for intake of contaminated livestock water, where FLWis the fraction of livestock water 

obtained from the contaminated sources (1 .O, dimensionless), and FLl is the fraction of well water 

used for feeding livestock (balance from surface water; 1.0, dimensionless). A factor of 10” is used 

to convert grams to liters. 
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D.2.2 Aquatic Food Pathway 

The environmental transport factor for the aquatic food pathway (p = 6)  can be factoredinto 

the product 

ETFo,,(t) = FR, x DF6k x FWRj6k) x WSRQ,,(t) , 

where the summation is over the aquatic food classes (see Table D.2), and 

ETFQ,,(?) = environmental transport factor for the aquatic food pathway (fish, 

crustacea, and mollusks) (g/yr), 

DFM = dietary factors for annuaI consumption of fish (k = 1) and crustacea 

and mollusks (k = 2) (kg/yr), 

FR6 = fraction of aquatic food consumed that is contaminated (0.5, 

dimensionless), 

FWRjw = fish/water (k = 1) and crustacea-mollusklwater (k  = 2) concentration 

ratios (bioaccumulation factors) (Lkg), and 

WSR,,(t) = ratio of surface water concentration of radionuclidej at time t to the 

soil concentration ratio of radionuclide i at time 0 (g/L). 

Dietary factors are given in Table D.2. Bioaccumulation factors are given in Table D.5. The 

waterkoil concentration ratio for surface water is calculated by using the surface water model 

described in Appendixes E and I. 

The ETFs may also be written as products of a water exposure factor and a watedsoil 

concentration ratio: 

ETF,,,,(t) = WEF,., x WSRV,,(t) . (D.22) 

D.2.3 Drinking Water Pathway 

The formula for the environmental transport factors for the drinking water pathway is 

ETFg,,(t) = DF, X FDW X [:WSRv,,(t) X FD1 + WSRo,,(t) x (1 - F D l ) ]  , 03.23) 
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TABLE D.5 Aquatic Bioaccumulation Factors (FWR,,) for Fresh Water 

Crustacea and Crustacea and 
Fish (k = 1) Mollusks (k = 2) Fish (k = 1) Mollusks (k = 2) 

Element (LJkg) (LJkg) Element ( m g )  

Ac 

Ala 
Am 
Ar 
As 
Au" 
Ba 
Be 
Bi 
Br 
C 
Ca 
Cd 
Ce 
Cf 
c1  
Cm 
co 
Cr 
c s  
c u  
Eu 
F 
Fe 
Gd 
Ge" 
H 

Ho 
I 
In" 
Ir 
K 
Kr 
La 
Mn 

Ag 

Hs 

1.5 x 10' 
5.0 
5.0 x lo2 
3.0 x 10' 

0 
3.0 x lo2 
3.5 x 10' 
4.0 
1.0 x lo2 
1.5 x 10' 
4.2 x lo2 
5 . o ~  104 
1.0 x 103 
2.0 x lo2 
3.0 x 10' 
2.5 x 10' 

3.0 x 10' 
3.0 x lo2 
2.0 x lo2 

2.0 x lo2 
5.0 x 10' 
1.0 x 10' 
2.0 x lo2 
2.5 x 10' 

1 .o 
2.5 x 10' 
4.0 x 10' 

1.0 x 10' 

0 
3.0 x 10' 
4.0 x lo2 

1.0 x 103 

2.0 x 103 

4.0 x 103 

1.0 x 103 

1.0 x 104 

1.0 x 103 

1.0 x 103 

1.0 x 103 
1.0 x 103 

1.0 x 103 

7.7 x lo2 

0 
3.0 x lo2 

2.0 x lo2 
1.0 x 10' 
1.0 x 10' 
3.3 x lo2 

3.3 x lo2 

1.0 x 103 

1.9 x lo2 

2.0 x lo2 
2.0 x 103 
1.0 x loz 
4.0 x lo2 

1.0 x lo2 
3.2 x le 

9.1 x 103 

2.0 x 103 

1.0 x 103 

1.0 x 103 

1.0 x 103 

1.0 x 103 
2.0 x 104 

2.0 x 104 
1.0 x 103 
5.0 
1.5 x 104 
2.0 x lo2 
2.0 x lo2 

0 

1 .o 

1.0 x 103 
9.0 x 104 

N 
Na 
Nb  
Nd 
Ni 

P 
Pa 
Pb 
Pd 
Pm 
Po 
Pr 
Pu 
Ra 
Rb 
Rh 
Rn 
Ru 
Sa 
Sb 
sc 
Se 
Sm 
Sn 
Sr 
Tan 
Tb 
Tc 
Te 
Th 
T1" 
U 
W 
Xe 
Y 
Zn 

NP 

Mo 1.0 x 10' 1.0 x 10' Zr 

" NCFW(1995). 

Source: Wang et al. (1993), except where indicated by footnote a. 

1.5 x 105 
2.0 x 10' 
3.0 x lo2 
1.0 x lo2 
1.0 x lo2 
3.0 x 10' 

1.0 x 10' 
3.0 x lo2 
1.0 x 10' 
3.0 x 10' 
1.0 x lo2 
1.0 x lo2 
3.0 x 10' 
5.0 x 10' 

1.0 x 10' 
0 

1.0 x 10' 

1.0 x lo2 
1.0 x lo2 
2.0 x lo2 
2.5 x 10' 

6.0 x 10' 
1.0 x lo2 
2.5 x 10' 
2.0 x 10' 
4.0 x 10' 
1.0 x lo2 

1.0 x 10' 

0 
3.0 x 10' 

3.0 x lo2 

5.0 x 104 

2.0 x 103 

1.0 x 103 

3.0 x 103 

1.0 x 104 

1.2 x 103 

1.0 x 103 

0 
2.0 x lo2 
1.0 x lo2 

1.0 x lo2 
4.0 x lo2 

1.1 x lo2 
1.0 x lo2 
3.0 x lo2 
1.0 x 103 
2.0 x 104 
1.0 x 103 

1.0 x 103 

1.0 x 103 

2.0 x 104 

1.0 x lo2 
2.5 x 10' 

3.0 x lo2 
0 

3.0 x lo2 
2.4 x lo2 
1.0 x 10' 

1.7 x lo2 
1.0 x 103 

1.0 x 103 
1.0 x 103 
1.0 x lo2 
3.0 x 10' 
1.ox 103 
5.0 
7.5 x 10' 
5.0 x lo2 
1.5 x 104 
6.0 x 10' 
1.0 x 10' 

0 
1.0 x 103 
1.0 x 104 
6.7 



where 

ETFu,,(t) = environmental transport factors for the drinking water pathway 

(s/yr), 

DF, = annual intake of drinking water (510 Vyr), 

FDW = fraction of drinking water from site (1.0, dimensionless), 

WSR,,(t)  = ratio of well water concentration of radionuclidej at time t to the 

initial soil concentration of radionuclide i (g/L), 

WSR&) = ratio of surface water concentration of radionuclidej at time t to the 

initial soil concentration of radionuclide i (g/L), and 

FD1 = fraction of well water used for drinking (balanced from surface 

water; 1 .O, dimensionless). 

The annual intake of drinking water is a dietary factor from Table D.2. The waterkoil concentration 

ratios are calculated by using the models described in Appendixes E and I. 

D.2.4 Contaminated Food Storage Time Adjustment Factors 

The user can specify storage times that RESRAD will use to calculate radioactive ingrowth 

and decay adjustment factors for water, food, and livestock feed due to storage prior to consumption. 

The adjustment factors are applied after the normal time calculations. For example, if the storage 

time for meat is set at 20 days (default value), all calculated values for the meat pathway will include 

an extra 20 days of in situ radioactive decay and ingrowth. For meat (andmilk), the total storage time 

factor also includes components for irrigation water, livestock water, and livestock fodder. Human 

plant foods also include an irrigation water component. For livestock fodder, the storage time is an 

annual average. The default is obtained by assuming six months of outside grazing and six months 

of silage fodder with an average silo time of three months. The default storage times used in 

RESRAD are listed in Table D.6. 
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TABLE D.6 RESRAD Default 
Storage Times for Food 

Storage 
Product Time (days) 

Crustacea and mollusks 
Fish 
Leafy plants 
Livestock fodder 
Meat 
Milk 
Nonleafy plants 
Surface water 
Well water 

7 
7 
1 

45 
20 

1 
14 
1 
1 
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APPENDIX E: 

WATER PATHWAY FACTORS 

Water pathway factors are components of the environmental transport factors for water- 

dependent ingestion pathways. A water-dependent ingestion pathway can be divided into two 

segments: (1) a water pathway segment that extends from the contaminated zone to a point where 

transport through the food chain begins (a well or surface water body) and (2) a food chain pathway 

segment that extends from the point of entry of a radionuclide from water into the food chain to a 

point of human exposure. Transport through the water pathway segment is characterized by a 

watedsoil concentration ratio, which is defined as the ratio of the concentration of the principal 

radionuclide (either parent or progeny) in water used for drinking, irrigation, or livestock water to 

the initial parent radionuclide concentration in the contaminated zone. Transport through the food 

chain pathway segment is characterized by a water exposure factor, which is defined as the ratio of 

the quantity of a radionuclide ingested annually to the concentration in water used for drinking, 

irrigation, or livestock water. The environmental transport factor for the water-dependent ingestion 

pathway can be expressed as a product of a water exposure factor and a waterkoil concentration 

ratio: 

E q j p q r ( t )  = W q j p q r ( " >  x W q y r ( 0  9 F.1) 

where 

ETFv,pqr(t) = Ev,pqr(t)/Sj(0) = environmental transport factor at time t for thejth 

principal radionuclide transported through the pqrth ingestion 

pathway (g/yr). Ev,pqr(t) is the rate of ingestion (Bq/yr or pCi/yr) 

at time t of thejth principal radionuclide transported through the 

pqrth pathway from the contaminated zone to a point of human 

exposure, and S,(O) is the initial concentration (Bq/g or pCi/g) of 

the ith principal radionuclide in the contaminated zone; 
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ij = subscript index of a variable whose quantity is assigned to the 

principal radionuclidej as the result of the decay of the principal 

radionuclide i, which initially exists in the contaminated zone.' 

p ,  4, Y = pathway indices. The indices p and q identify the food chain 

segment of the pathway (see Table 2.1 and Equation D.l), and 

the index r identifies the water pathway segment, that is, the 

segment from the contaminated zone to well water ( r  = 1) or 

surface water (r = 2). 

WEFv,w,(t) = E,,,,.(t)/Wv,,(t) = water exposure factor at time t for the jth 

principal radionuclide transported through the pqrth pathway 

from the point of water use to the point of exposure (Llyr). 

EiiPqr(t) is the rate of ingestion (Bq/yr or pCi/yr) at time t of the 

jth principal radionuclide transported through thepqrth pathway, 

and Wi,,(t) is the concentration in water (BqL or pCi/L) at time t 

of thejth principal radionuclide transported through the rth water 

pathway segment at the point of entry into the pqth food chain. 

WSRi,,(t) = Wv,,(t)/Si(0) = waterhoil concentration ratio at time t for the rth 

waterpathway segment (a). W,,,(t) is the concentration in water 

(BqL or pCiL) at time t of thejth principal radionuclide trans- 

ported through the rth water pathway segment at the point of 

entry into a food chain pathway segment, and S,(O) is the average 

concentration (Bq/g or pCi/g) at time 0 of the ith principal 

radionuclide in the contaminated zone. 

The water exposure factor WEF,,,,Jt) is discussed in Appendix D. The waterhoil concentration ratio 

WSRis,(t) is discussed in this appendix and Appendix I. 

In the remainder of this appendix, a variable with a subscript index of ij refers directly to radionuclide j .  However, 
the quantity of the variable is actually associated with the ingrowth and decay relationship between radionuclides 
j and i .  
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A water soil concentration ratio, WSR,,  is determined by the rate at which the parent 

radionuclide i is leached from the contaminated zone, the amount of ingrowth of radionuclidej from 

radionuclide i along the water pathway from the boundary of the contaminated zone to the point of 

water use, the time for radionuclidej and its precursors of the same decay chain to be transported 

along the water pathway, and the dilution that occurs along this pathway. The model for estimating 

radionuclide leaching and formulas for calculating the leach rate are given in Section E. 1. Formulas 

that relate the radionuclide concentration in water at the point of use to parameters that characterize 

the leaching and transport processes are derived in Section E.2. Formulas of dilution factors and 

other transport parameters used to calculate WSR,, are given in Section E.3. The transfer functions 

of radioactive decay products transporting through the unsaturated zone and saturated zone are 

discussed in Appendix I. 

E.l RADIONUCLIDE LEACHING FROM THE CONTAMINATED ZONE 

Radionuclides adsorbed in soil are subject to leaching by infiltrating water. Radionuclides 

leaching from the contaminated zone are the sources of groundwater contamination. Therefore, the 

first step in calculating radionuclide concentrations in groundwater is to estimate the leaching of 

radionuclides from the contaminated zone. 

A sorption-desorption, ion-exchange leaching model is used in the RESRAD code. This 

model is characterized by a nuclide-dependent, first-order leach rate constant, Li, which is defined 

as the fraction of available radionuclide i leached out per unit time. The radionuclide release rate 

(source strength, in pCi/yr), Ri ( t ) ,  can be written as follows (Yu 1987): 

k,(t) = L, pp’ A T(t) S,(t) , 

where 

Li = leach rate for radionuclide i (yf’), 

pp) = bulk density of the contaminated zone (kg/m3), 

A = area of the contaminated zone (m’), 

T(t) = thickness of the contaminated zone at time t (m), and 

Si@) = average concentration of the ith principal radionuclide in the 

contaminated zone available for leaching at time t (Bq/kg or pCi/kg). 
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The first-order leach rate constant used in the current version of RESRAD is a time- 

independent radionuclide leach rate constant that is estimated on the basis of the soil residence time 

for the initial thickness of the contaminated zone. A time-independent radionuclide leach rate 

constant for radionuclide i, Li, may be written as 

where 

I = infiltration rate (dyr), 

e(cz) = volumetric water content of the contaminated zone, 

To = initial thickness of the contaminated zone (m), and 

RZ = retardation factor in the contaminated zone for radionuclide i 

(dimensionless) . 
The infiltration rate is given by 

= (1 - CJ(1 - cy,  + I,J 9 (E.4) 

where 

C, = evapotranspiration coefficient (0.5, dimensionless), 

C, = runoff coefficient (0.2, dimensionless), 

P, = precipitation rate (annual rainfall, 1 .O d y r ) ,  and 

I,, = irrigation rate (0.2 d y r ) .  

To calculate the infiltration rate, the average evapotranspiration coefficient is used rather 

than the average evapotranspiration rate., E, (see Geraghty et al. [ 19731 for U.S. average). Using the 

average evapotranspiration rate does not take into account the correlation between precipitation and 

evapotranspiration and, for arid regions, can give a spurious negative infiltration rate. The evapo- 

transpiration coefficient is related to the evapotranspiration rate by the formula 

C, = E, /[ (1 - CJP, + IJ. Runoff coefficients for a specific site may be obtained from Table E. 1. It 

is assumed that irrigation water is controlled by ditching or by the duration of application so that 

none will be lost by runoff. The default irrigation rate is for humid regions with limited growing 



TABLE E.l Runoff Coefficient Values 

Type of Area Coefficient Value 

Agricultural environment" 

Flat land with average slopes of 0.3 to 0.9 &mi 
Hilly land with average slopes of 46 to 76 m/mi 
Rolling land with average slopes of 4.6 to 6.1 m/mi 

Intermediate combinations of clay and loam 
Open sandy loam 
Tight, impervious clay 

Cultivated lands 
Woodlands 

Cl  0.3 
C1 0.1 
C1 0.2 

c2 0.2 
c2 0.4 
c2 0.1 

c3 0.1 
c3 0.2 

Urban environment 

Flat, residential area - about 30% impervious Cr 0.4 
Moderately steep, residential area - about 50% impervious Cr 0.65 
Moderately steep, built-up area - about 70% impervious cr 0.8 

a The runoff coefficient for an agricultural environment is given by C, = 1 - c1 - c2 - cg. 

Source: Data from Gray (1970). 

seasons; an appropriate generic value for arid regions would be Z, = 1 d y r .  Site-specific values for 

the precipitation and irrigation rates should be used whenever possible. 

The volumetric water content of the contaminated zone, 0("'), is the product of the saturated 

water content of the contaminated zone, e!;), and the saturation ratio of the contaminated zone, 

R,". The saturated water content is the water content when the soil material is saturated. Hence, e,, 
equals pI ,  where pr is the total porosity of the soil material, that is,2 

%t= pt * 03-51 

The superscript is omitted for a general definition. The definition applies for all zones. 
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The saturation ratio, R,, is defined as the ratio of 8 over e,,, that is, 

R~ = we,,, = e/pr . 

When the medium is saturated, R, equals unity. Under unsaturated infiltration conditions, the 

saturation ratio is a function of the infiltration rate, the saturated hydraulic conductivity, and the 

texture of the soil. The saturation ratio can be estimated by using the following equation (Clapp and 

Hornberger 1978): 

1 
R s = = [ & )  2 b + 3 ,  (E.7) 

where 

I = infiltration rate (dy r ) ,  

K,,, = saturated hydraulic conductivity (dy r ) ,  and 

b = soil-specific exponential parameter (dimensionless). 

Representative values of KSat, Os,,, and b for various soil textures are listed in Table E.2. 

The volumetric water content of the unsaturated zone (including the contaminated zone), 

which is calculated with Equations E.6 and E.7, is checked against the field capacity (F,) of the 

unsaturated soil. The field capacity sets the lower limit of the volumetric water content and is used 

to replace the calculated value when the calculated value is smaller. Once the volumetric water 

content is set to the field capacity, the saturation ratio is recalculated with Equation 6. 

The retardation factor for radionuclide i, Rdi, is the ratio of the average pore water velocity 

to the radionuclide transport velocity. On the basis of the assumption that the adsorption-desorption 

process can be represented with a linear isotherm, the retardation factor can be calculated with the 

following formula (Yu 1987): 
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TABLE E.2 Representative Values of Saturated Hydraulic 
Conductivity, Saturated Water Content, and the Soil-Specific 
Exponential Parameter 

Hydraulic Soil-Specific 
Conductivity, Saturated Water Exponential 

Texture Ksllt (nw) Content, 8, Parameter, b 

Clay 
Clay loam 
Loam 
Loamy sand 
Sand 
Sandy clay 
Sandy clay loam 
Sandy loam 
Silty clay 
Silty clay loam 
Silty loam 

4.05 x 10' 
7.73 x 10' 
2.19 x 10' 

5.55 x le 
6.84 x 10' 
1.99 x lo2 

3.26 x 10' 
5.36 x 10' 
2.27 x 16 

4.93 x 103 

1.09 x 103 

0.482 
0.476 
0.45 1 
0.410 
0.395 
0.426 
0.420 
0.435 
0.492 
0.477 
0.485 

1 1.40 
8.52 
5.39 
4.38 
4.05 
10.40 
7.12 
4.90 
10.40 
7.75 
5.30 

~ 

Source: Data from Clapp and Hornberger (1978). 

where 

pb = bulk soil density (g/cm3), 

ICdi = distribution coefficient for the ith principal radionuclide (cm3/g), and 

0 = volumetric water content (dimensionless). 

The distribution coefficient is the radionuclide equilibrium concentration ratio of the 

adsorbed radionuclide (in soil) to the desorbed radionuclide (in water). Representative distribution 

coefficients are given in Tables E.3 through E.7. 

Table E.3 lists the geometric values of distribution coefficients for different soil types 

obtained from the literature or predicted by using concentration ratios (Sheppard andThibault 1990). 

Table E.4 compares RESRAD distribution coefficients with recently reported values. 

Values in the table from the International Atomic Energy Agency ( M A  1994) and from Sheppard 

and Thibault (1990) are for loamy soil. Values from NUREGKR 55 12 (Kennedy and Strenge 1992) 

are for sandy soil. The RESRAD default distribution coefficients in Table E.4 are the values 
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TABLE E 3  Summary of Geometric Mean Kd 
Values (cm3/g) for Each Element by Soil Type 

Element Sand Loam Clay Organic 

Ac 
Ag 
Am 
Be 
Bi 
Br 
C 
Ca 
Cd 
Ce 
Cm 
c o  
Cr 
cs 
Fe 
Hf 
Ho 
I 
K 
Mn 
Mo 
Nb 
Ni 

NP 
P 
Pa 
Pb 
Pd 
Po 
Pu 
Ra 
Rb 
Re 
Ru 
Sb 
Se 
Si 

450 
90" 

1,900" 
250 
100 
15 
5" 
5 

80a 
500" 

4,000" 
60" 
70" 

280" 
220" 
450 
250 

1 I' 
15 
50" 
10" 

160 
400" 

5° 
5 

550 
270" 
55 

150" 
5501" 
500" 

55 
10 
55" 
45" 

150 
35 

1,500 
120" 

9,600" 
800 
450 
50 
20 
30 
40" 

8,100" 
18,000" 
1,300" 

30" 
4,600" 

800" 
1,500 

800 
5" 

55 
750" 
125 
550 
300 
25" 
25 

1,800 
16,000" 

180 
400" 

1,200* 
36,000" 

180 
40 

1,000" 
150 
500 
110 

2,400 
180" 

8,400" 

1,300 
600 
75 
1 

50 
560" 

20,000" 
6,000 

550" 
1,500 
1.900" 

165" 
2,400 
1,300 

1" 
75 

180" 
90" 

900 
650" 
55" 
35 

2,700 
550 
250 

3,000 
5,100" 
9,100" 

270 
60 

8OOa 
250 
740 
180 

5,400 
15,000" 

112,000" 
3,000 
1,500 

180 
70 
90 

900" 
3,300" 
6,000" 
1 ,000" 

270" 
270" 
600" 

5,400 
3,000 

25" 
200 
150" 
25" 

2 , m  
1,100" 
1,200" 

90 
6,600 

22,000" 
670 

7,300 

1,900" 
2,400 

670 
150 

6,600" 
550 

1,800 
400 
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TABLE E.3 (Cont.) 

Element Sand Loam Clay Organic 

Sm 
Sn 
Sr 
Ta 
Tc 
Te 
Th 
U 
Y 
Zn 
Zr 

245 
130 
15" 

220 
0.1" 
125 

3,200" 
35" 

170 
200" 
600 

800 
450 
2oa 

900 
0.1" 
500 

3,300 
15" 

720 
1,300" 
2,200 

1,300 
670 
1 loa 

1,200 
1" 

720 
5,800" 
1,600" 
1 ,OOo 
2,400" 
3,300 

3,000 
1,600 

150" 
3,300 

1" 
1,900 

89,000" 
410" 

2,600 
1 ,600" 
7,300 

Values obtained from the literature; all other values are 
predicted by using concentration ratios. 

Source: Sheppard and Thibault (1990). 

from different sources (Baes and Sharp (1983), Nuclear Safety Associates, Inc. (1980), Ishenvood 

(1981), U.S. Nuclear Regulatory Commission (1980), Gee et al. (1980), and Staley et al. (1979). 

Whenever a distribution coefficient was not available, its default value was set as -1, in which case 

RESRAD calculated the value by using correlation with soil-to-plant transfer factors (Section 3.1.1 

and Appendix €3). 

E.2 WATEWSOIL CONCENTRATION RATIOS IN TERMS OF NUCLIDE 
WATER-TRANSPORT PARAMETERS 

A waterhoil concentration ratio can be expressed in terms of functions that characterize the 

source terms and transport processes and that are applicable for both simple and complex 

hydrogeological strata. By introducing simplifying approximations for the functional form of the 

breakthrough curve that are generally applicable, even for complex hydrogeological structures, the 

transport and source functions can be specified by a small number of nuclide water-transport 

parameters. Various models can be used to derive the relationships between these parameters and 

measurable quantities. The analysis is applicable to either the groundwater or surface water pathway; 
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TABLE E.4 Comparison of RESRAD Default K, Values (cm3/g) with 
Values from Other Sources 

NUREG/CR-55 12 RESRAD 

Element (1 994) Thibault (1990) Strenge (1 992) and later) 
M A  Sheppard and Kennedy and (version 5.62 

Ac 
Ag 
A1 
Am 
Au 
Ba 
Bi 
C 
Ca 
Cd 
Ce 
Cf 
Ch 
Cm 
c o  
Ce 
Eu 
Fe 
Gd 
Ge 
H 
I 
Ir 
K 
Mn 
Na 
Nb 
Ni 

Pa 
Pb 
Pm 
Po 
Pu 
Ra 
Ru 
S 

NP 

1,500 
120 

990 

a 

30 
40 

8,100 

18,000 
1,300 
4,400 

810 

4.5 

720 

540 
300 
25 

1,800 
16,000 

400 
1,200 
36,OO 
900 
150 

1,500 
120 

9,600 

450 
20 
30 
40 

8,100 

Y 8,000 
1,300 
4,600 

800 
- 

20 
5 

55 
750 

550 
300 
25 

1,800 
16,000 

400 
1,200 

36,000 
1,000 

- 

- 

420 
90 

1,900 
30 
52 
120 
6.7 
8.9 
40 
500 
5 10 
1.7 

4,000 
60 
270 
240 
160 
240 

- 

- 

1 
91 
18 
50 
76 
160 
400 
5 

510 
270 
240 
150 
550 
500 
55 
14 

20 
0 
0 
20 
0 
50 
0 
0 
50 
0 

1 ,OOo 
- lb 
0.1 
-1 

1,000 
1,000 
-1 

1 ,OOo 
-1 
0 
0 

0.1 
0 

5.5 
200 
10 
0 

1 ,ooo 
-1 
50 
100 
-1 
10 

2,000 
70 
0 
0 
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TABLE E.4 (Cont.) 

Element 

Sb 
sc 
Se 
Sm 
Sn 
Sr 
Ta 
Tc 
Te 
Th 
T1 
U 
Zn 
Zr 

NUREG/CR-5512 RESRAD 
IAEA Sheppard and Kennedy and (version 5.62 
(1 994) Thibault (1990) Strenge (1992) and later) 

490 
810 
450 
20 
810 
0.1 

3,300 

12 

1,300 
2,200 

150 

500 
800 
450 
20 
900 
0.1 
500 

3,300 

15 
1,300 
2,200 

45 
310 

240 
130 
15 

0.1 
140 

3,200 
390 
15 

200 
580 

- 

0 
0 
0 

- 1  
0 
30 
0 
0 
0 

60,000 
0 
50 
0 
- 1  

a A hyphen indicates no data available. 

- 1 indicates that the code will calculate the default distribution coefficient on the 
basis of a correlation with the plant root uptake transfer factor. 

Sources: Baes and Sharp (1983), Nuclear Safety Associates, Inc. (1980), Isherwood 
(1981), U.S. Nuclear Regulatory Commission (1980), Gee et al. (1980), and Staley 
et al. (1979). 

hence, in the following derivation, the subscript r that is used to identify different water pathways 

has been omitted in order to simplify the expressions. 

According to the definitions presented in Equation E. 1, the waterhoil concentration ratio, 

WSR,(t), can be expressed as 

where WSR,,(t) is given in units of (e), and WU(t) is the average concentration at time t of thejth 

principal radionuclide in water at the point of use in units of BqL or pCiL due to the original 

concentration at t = 0 of the ith principal radionuclide, Si(0), in units of Bq/g or pCi/g. 
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TABLE E.5 Distribution Coefficients for Strontium and Cesium" 

Strontium Cesium Conditions 

Alluvium, 0.54 mm 
Basalt, 0.54 mm, 300 ppm TDS 
Basalt, 0.54 mm, sea water 
Basalt, 32-80 mesh 
Basalt-fractured in-situ measurement 
Carbonate, >4 mm 
Dolomite, 4,000 ppm TDS 
Granite, >4 mm 
Granodiorite, 0.5-1 mm 
Granodiorite, 100-200 mesh 
Hanford sediments 
Salt, >4 mm, saturated brine 
Sand, quartz - pH 7.7 
Sands 
Sandstone, >4 mm 
Shaley siltstone, %I mm 
Soils 
Tuff 

48-2,500 
220-1,200 
1.1 
16140 
3 
0.19 
5-14 
1.7 
11-23 
4-9 
50 
0.19 
1.7-3.8 
1343 
1.4 
8 

454,000 
19-280 

120-3,200 

6.5 
790-9,500 

14 

34 
1,000-1,800 
8-9 
300 
0.027 
22-3 10 
100 
100 
3 10 
190-1,100 
800-1 8,000 

39-280 

~~ - 

a All values have been rounded to two significant figures. 

Source: Data from Isherwood (1981). 

The concentration of thejth principal radionuclide at the point of use at time t as a result 

of the original contamination of the ith principal radionuclide, W;,(t), is the sum of all contributions 

from the decay products of the original contamination, Si(0), which was leached from the 

contaminated zone at a time earlier than t .  If k is a radionuclide in the decay chain from i t o j  (i and 

j inclusive), the concentration of radionuclide k in the contaminated zone resulting from an original 

contamination of the ith radionuclide S,(O) can be expressed as follows by using the source factor 

SF, as defined in Section 3.2.3 and Appendix G: 

S,(t) = S$O) SF&) . (E.10) 
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TABLE E.6 Distribution Coefficients for Thorium 
and Uranium 

Thorium 
Clay soil, 5 mM Ca(NO,),, pH 6.5 
Illite, 0.1 g/L Th, pH 3.2 
Illite, 0.1 g/L Th, pH > 6 
Illite, 1 g/L Th, pH 3.2 
Medium sand, pH 8.15 
Montmorillonite, Ca-saturated clay, pH 6.5 
Schist soil, 0.1 g/L Th 
Schist soil, 1 g/L Th, pH 3.2 
Siltlclay, pH 8.15 
Silt loam, Ca-saturated clay, pH 6.5 
Very fine sand, pH 8.15 

160,000 
1,000 
<100,000 
120 
40-130 
400,000 
603.2 
8 
270-10,OOO 
160,000 
3 10-470 

Uranium 
Clay soil, 1 pprn UO+*, pH 5.5 
Clay soil, 1 ppm UO+’, pH 10 

300 
2,000 
270 
4,400 
4.5 
2.9 
62,000 

Clay soil, 1 ppm UO+2, pH 12 
Clay soil, U(VI), 5 mM Ca(NO,),, pH 6.5 

Limestone, 100-170 mesh, brine, pH 6.9 
Silt loam, U(VI), Ca-saturated, pH 6.5 

Dolomite, 100-325 mesh, brine, pH 6.9 

Source: Data from Isherwood (1981). 

The release rate (atomslyr) of k atoms from the contaminated zone into the unsaturated zone can be 

written by substituting the following in Equation E.2: 

(E. 1 1) 

where hk is the decay constant of radionuclide k and constant is a unit conversion factor. Use of the 

leach rate as defined in Equation E.3 yields 
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TABLE E.7 Distribution Coefficients for Several Radionuclides from Various Sources 

Kd Kd 
Element pH (cm3/g) source Element pH (cm3/g) Source 

Cesium 

Deuterium 

Lead 

Plutonium 

Radium 

3 
5 
8 
10 

4-9 

All 

2.2 
7.7 

4-9 

2 
5 
7 
11 

4-9 

2 
4 
6 
7 

2.2 
7.7 

45 
150 
905 
650 

1,100" 

0 

1,850 
10,000 

99' 

150 
250 
8,500 
1 ,m 

1,80V 

0 
12 
60 
100 

13 
2,400 

Staley et al. (1979) 

Baes and Sharp (1983) 

Gee et al. (1980) 

Baes and Sharp (1983) 

Staley et al. (1979) 

Baes and Sharp (1983) 

U.S. Nuclear Regulatory 
Commission (1980) 

Gee et al. (1980) 

Strontium 

Thorium 

Uranium 

2 
3 
7 
10 

4-9 

2 
5 
7 
13 

2.2 
7.7 

4-9 

2 
8 
10 
13 

2.2 
7.7 

4-9 

0.1 
6 
500 
170 

27b 

500 
3,000 
50,000 
50 

1.2 
80,000 

60,oood 

0 
100 
600 
50 

1.3 
23,000 

45' 

Staley et al. (1979) 

Baes and Sharp (1983) 

Rancon (1973) 

Gee et al. (1980) 

Baes and Sharp (1983) 

Rancon (1973) 

Gee et al. (1980) 

Baes and Sharp (1983) 

Geometric mean (GM) of values ranging from 10 to 52,000, with a geometric standard deviation (GSD) of 6.7. 

GM of values ranging from 0.15 to 3,300, with a GSD of 7.4. 

GM of values ranging from 1 I to 300,000, with a GSD of 10. 

GM of values ranging from 2,000 to 510,000, with a GSD of 4.5. 

GM of values ranging from 4.5 to 7,600, with a GSD of 5.5. 

GM of values ranging from 11 to 4,400. with a GSD of 3.7. ' 

The transfer function, Gkj(t) is defined as follows: if Nk atoms of radionuclide k are released 

at time to from the contaminated zone into the unsaturated zone, nj(t) dt = Nk G, (t -to) dt atoms of 

radionuclidej will arrive at the point of use between r and t + dr. This function is developed in 

Appendix I. 

The release rate, R, (r) , of k atoms into the unsaturated zone will result in a release of j 

atoms from the saturated zone to the point of use of 
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03.13) 

where the asterisk denotes the time convolution of the functions, and rkj(t) is the release amount of 

radionuclidej at the point of use at time t due to the release of radionuclide k from the contaminated 

zone. 

The concentration of j at the point of use resulting from k atoms being released from the 

contaminated zone can be estimated by dividing the activity by the water flow rate, ZA, and 

multiplying by the dilution factor,$ 

' j  rkj( t )  f 
wkj(t) = ZA x constant 03. 14) 

The waterkoil concentration, WSR,, can be derived by summing the concentrations of 

nuclide j from all the decay products of nuclide i, that is, nuclide k (which then will decay to 

nuclidej), and then dividing by the original contamination of i, S,(O): 

u 
k ZA constant WSR&t) = 

S,(O) 

By defining the source-term leaching ratio Qj(t) as 

WSR&t) can be explicitly written as 

03-15) 
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E.3 WATER TRANSPORT PARAMETERS 

E.3.1 On-Site Groundwater Pathway (r = 1) 

The water transport parameters for radionuclide i are the breakthrough time Ati (the time 

following the radiological survey at which radionuclides first appear in the water at the point of use), 

the rise time 6tir (the time following the breakthrough time for the radionuclide concentration in the 

water to attain a maximum value), and the dilution factorA, (the ratio between the concentration in 

the water at the point of use to the concentration in the infiltrating water as it leaves the unsaturated 

zone). Two models are used for calculating these parameters: a mass-balance (MB) model and a 

nondispersion (ND) model. In the MB model, it is assumed that all of the radionuclides released 

from the contaminated zone are withdrawn through the well. In the ND model, it is assumed that the 

dispersivity is nil, the unsaturated zone consists of one or more horizontal homogeneous strata, the 

saturated zone is a single homogeneous stratum, and water withdrawal introduces only a minor 

perturbation in the water flow. These assumptions lead to a pattern of flow lines from which the 

dilution factor can be estimated by geometric considerations. 

The user has the option of selecting which model to use. Usually, the MB model is used for 

smaller contaminated areas (e.g., 1,000 m2 or less) and the ND model is used for larger areas. The 

breakthrough times are the same for both models; the rise times and dilution factors are different. 

E.3.1.1 Breakthrough Time 

The well from which water is withdrawn for domestic use or irrigation is conservatively 

assumed to be located either in the center of the contaminated zone (in the MB model) or at the 

downgradient edge of the contaminated zone (in the ND model). For either location, radionuclides 

are assumed to enter the well as soon as they reach the water table; hence, the transport time through 

the aquifer is nil, and the breakthrough time is equal to the transport time through the unsaturated 

zone, which is the sum of the times that a radionuclide is transported through those strata of the 

unsaturated zone that lie below the contaminated zone. 

n + l  

m= 1 
Ati = At?:) , 03.19) 
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where 

n = number of distinct horizontal strata in the unsaturated zone below the 

contaminated zone at time 0 and 

At?'!') = transport time for the ith principal radionuclide through the mth 

stratum (yr). 

The upper bound, n + 1, of the summation in Equation E. 19 is for the (n + 1)th unsaturated 

stratum created by the decrease in the water table. The thickness of this (n + 1)th stratum, &n+l, is 

equal to the product of the water table drop rate, v,, and time. That is, 

kn+* = Vwr x t 9 (E.20) 

where v ,  = water table drop rate (0.001 d y r ) .  

The hydrogeological and hydrogeochemical properties of the (n + 1)th unsaturated stratum 

are assumed to be the same as those of the saturated stratum. The RESRAD code allows up to five 

horizontal strata below the contaminated zone, that is, n s 5.  If n = 0, the contaminated zone extends 

down to the aquifer. 

The formula for the transport time is 

where 

km = thickness of the mth stratum (Azl = 4 m, hz,, ... , 45 = 0), 

R(") = retardation factor of the ith principal ra&onuclide in the mth stratum of 
d i m  

the unsaturated zone, 

p(uz) = effective porosity of the mth stratum of the unsaturated zone (0.2, 
em 

dimensionless), and 

R(") = saturation ratio of the mth stratum (dimensionless). 
sm 

(E.21) 
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The unsaturated zone retardation factors, kUz), are calculated by the formula 4 " t  

where 

(") = bulk soil density in the mth stratum (1.5 g/cm3), 
bm 

dUz) = distribution coefficient for the ith principal radionuclide in the mth 
d i m  

stratum (cm3/g), and 

= total porosity of the mth stratum (0.4, dimensionless). 
fm 

The saturation ratio, R(uz), can be deteimined by using Equation E.7. 
' m  

Data that may be used to estimate breakthrough times when site-specific measurements are 

not available are given in Tables E.2 through E.8. Saturated water contents (porosities), soil-specific 

exponential parameters, and saturated hydraulic conductivities are given in Table E.2; distribution 

coefficients are given in Tables E.3 through E.7; and total porosities and effective porosities are 

given in Table E.8. 

Hydraulic conductivity is a critical hydrological parameter that can differ by several orders 

of magnitude from one site to another. Site-specific values should be used for deriving soil 

guidelines. Default values of the distribution coefficient values used in the RESRAD code are given 

in Table E.4. 

Distribution coefficients depend strongly on soil type, the pH and Eh of the soil, and the 

presence of other ions (see Tables E.3 through E.7). Thus, considerable uncertainty can be 

introduced by using default values for the distribution coefficients. This uncertainty is a critical 

matter, particularly in cases in which the water-dependent pathways are the dominant contributors 

to the total dose/source concentration ratios. Default values for the distribution coefficients are 



E-21 

TABLE E.8 Representative Porosity Values 

Total Porosity, p ,  Effective Porosity, p ,  

Arithmetic Arithmetic 
Material Range Mean Range Mean 

Sedimentary material 
Clay 
Gravel (coarse) 
Gravel (fine) 
Gravel (medium) 
Limestone 
Sand (coarse) 
Sand (fine) 
Sand (medium) 
Sandstone (fine) 
Sandstone (medium) 
Silt 
Siltstone 

Wind-laid material 
Eolian sand 
Loess 
Tuff 

Igneous rock 
Basalt 
Weathered gabbro 
Weathered granite 

Metamorphic rock 
Schist 

0.36-0.57 
0.24-0.36 
0.25-0.3 8 

a - 
0.07-0.56 
0.31-0.46 
0.25-0.53 

- 
- 

0.14-0.49 
0.34-0.51 
0.2 14.4 1 

- 
- 
- 

0.03-0.35 
0.42-0.45 
0.34-0.57 

0.04-0.49 

0.42 
0.28 
0.34 

0.30 
0.39 
0.43 

- 

- 
- 

0.34 
0.45 
0.35 

- 
- 
- 

0.17 
0.43 
0.45 

0.38 

0.01-0.18 
0.13-0.25 
0.13-0.40 
0.17-0.44 

4-0.36 
0.18-0.43 
0.01-0.46 
0.16-0.46 
0.02-0.40 
0.12-0.41 
0.01-0.39 
0.01-0.33 

0.32-0.47 
0.14-0.22 
0.02-0.47 

- 
- 
- 

0.22-0.33 

0.06 
0.21 
0.28 
0.24 
0.14 
0.30 
0.33 
0.32 
0.21 
0.27 
0.20 
0.12 

0.38 
0.18 
0.2 1 

- 
- 
- 

0.26 

a 

Source: Data from McWorter and Sunada (1977). 

A hyphen indicates no data available. 
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provided only for the purpose of obtaining preliminary estimates; site-specific values should be used 

for deriving soil guidelines whenever possible. 

In addition to the option of using default values, four other options have been implemented 

in RESRAD to derive distribution coefficients when site-specific data are not available. The first 

option is to derive the distribution coefficients from the soil-to-plant transfer coefficients by using 

the correlation proposed by Sheppard and. Sheppard (1989). The second option uses the groundwater 

concentration data, if available, to derive the distribution coefficients. The third option uses leach 

rate data, if available, to derive the distribution coefficients. The fourth option uses solubility limit 

data to derive an equivalent distribution coefficient. The first three options are discussed in detail 

in Appendix H; the fourth option is presented in Appendix J. 

The distance from the ground surface to the water table, DJt), at time t is 

n t l  

where 

C&) = cover depth at time t (m), 

T(t) = thickness of contaminated zone at time t (m), and 

Aq,, = as defined in Equations E.20 and E.21. 

In the current version of RESRAD, the water table is assumed to be below the contaminated 

zone, that is, D,(O) 2 CJO) + T(0). 

E.3.1.2 Rise Time 

When the well is located at the downgradient edge of the contaminated zone, as shown in 

Figure E.l (i.e., if the ND model is used), the rise time is given by the formula 

6t,, = zpi when & I; d,, DWt(t) 2 Cdt) + T(t) 

= T&W,) when 6 > d,, D,,(t) 2 cdt) + V t )  , 
(E.24) 
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Contaminated Inflow 

I1 

FIGURE E.l Dilution of Contaminated Inflow by Uncontaminated Inflow 
in the Nondispersion Model for a Well Adjacent to the Contaminated Area 

where 

6 = (ZN,f,))a = distance from the water table to the lower 

boundary of contamination in the aquifer at the 

downgradient edge of the contaminated zone (m), 

I = infiltration rate (dyr) ,  

(sz) VWfr = K, J,  = water flow rate per unit cross-sectional area in the 

saturated zone (Darcy velocity) (dyr) ,  

If,”) = saturated hydraulic conductivity of the saturated zone 

(100 mlyr), 

J, = hydraulic gradient in the flow (x)  direction (0.02, 

dimensionless), 

Q = length of the contaminated zone parallel to the 

hydraulic gradient (maximum distance from the 

upgradient edge to the downgradient edge parallel to 

the hydraulic gradient, 100 m), 
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FIGURE E.l Dilution of Contaminated Inflow by Uncontaminated Inflow 
in the Nondispersion Model for a Well Adjacent to the Contaminated Area 

where 

< = (WWfr)Q = distance from the water table to the lower 

boundary of contamination in the aquifer at the 

downgradient edge of the contaminated zone (m), 

Z = infiltration rate (dyr ) ,  

Vwfr = Ks'""J, = water flow rate per unit cross-sectional area in the 

saturated zone (Darcy velocity) (dyr),  

K',"" = saturated hydraulic conductivity of the saturated zone 

(100 d Y 0 ,  

J, = hydraulic gradient in the flow (x) direction (0.02, 

dimensionless) , 

P = length of the contaminated zone parallel to the 

hydraulic gradient (maximum distance from the 

upgradient edge to the downgradient edge parallel to 

the hydraulic gradient, 100 m), 
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distance of the well intake below the water table 

time for the ith principal radionuclide to be trans- 

ported from the upgradient edge to the downgradient 

edge of the saturated zone (yr), 

effective porosity of the aquifer (0.2, dimensionless), 

and 

retardation factor for the ith principal radionuclide in 

the saturated zone (dimensionless). 

Equation E.24 is used only in the ND model. Representative porosities are given in Table E.8. The 

infiltration rate is given by Equation E.4. Representative saturated hydraulic conductivities are given 

in Table E.2. Representative distribution coefficients are given in Tables E.3 through E.7. 

If the well is in the center of the {contaminated zone (i.e., if the MB model is used), the rise 

time is assumed to be zero; that is, for the MB model, 

sti, = 0 . (E.25) 

E.3.1.3 Dilution Factor 

It is assumed that the water flow is vertically downward from the bottom of the 

contaminated zone to the water table; hence, no dilution will occur in the unsaturated zone. The 

dilution in the saturated zone is estimated by using the conservative assumption that the dispersivity 

is zero. 

The dilution factor for the MB model is a radionuclide-independent factor given by the 

formula 

fl = -- A I  , 

= 1, 

A Z e U ,  

A Z r  U w ,  UW " W  

= 1, 

A Z e U ,  

A Z r  U w ,  

P 
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where 

A = area of the contaminated zone (m2), 

I = infiltration rate ( d y r ) ,  and 

U,,, = well pumping rate = annual volume of water withdrawn from well 

(250 m3/yr). 

The infiltration rate is calculated by Equation E.4. 

For a well located at the downgradient edge of the contaminated zone, the dilution factor 

for the ND model is given by the formula 

= when d, 2 - A , ( < dw , 
dW 4 

A when d, > - , < c dw , - A I  - -  
*W 4 

A 
4 

= 1.0 when dr 2 - , ( 2 dw , 

- A I dw when d, > - A , 6 2 dw , - 
u w  6 P 

where d, is the effective pumping width (m) and is calculated as 

(E.28) 

Parameters used in Equations E.27 and E.28 are defined the same as those in Equations E.24 and 

E.26. 

The dilution factors for a well located away from the edge of the contaminated zone can be 

significantly smaller than the dilution factors estimated by Equations E.26 and E.27 for a well 

located in or immediately adjacent to the contaminated zone. The one-dimensional model used to 

obtain Equations E.26 and E.27 cannot be used to estimate this reduction; a two- or three- 

dimensional model must be used to estimate a more realistic dilution factor. In addition, the 
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assumption of no dispersivity may be unnecessarily conservative if the well is not located very close 

to the contaminated zone. The estimation of off-site well concentrations is discussed further in 

Appendix K. 

E.3.2 Surface Water Pathway (r = 2) 

The surface water pathway will consist of an on-site groundwater pathway segment that 

extends to the edge of the contaminated zone, an off-site groundwater pathway segment that extends 

from the edge of the contaminated zone to a location where surface seepage occurs, and a surface 

water segment in which the contaminated groundwater is mixed with uncontaminated surface water. 

Contamination of the surface water can also occur as a consequence of erosion as contaminated soil 

is deposited in a nearby streambed or pond. This pathway is not included in the current version of 

RESRAD. 

E.3.2.1 Breakthrough Time 

The breakthrough time for the slurface water pathway is assumed to be the same as that for 

the groundwater pathway, that is, 

Ati2 = Atil = Ati , 03.29) 

where Ati is calculated by using Equations E. 19 through E.22. 

E.3.2.2 Rise Time 

The rise time for the surface water pathway is assumed to be the same as that used in the 

ND model for the groundwater pathway, that is, 

6ti2 = 6ti, , (E.30) 

where at,, is given by Equation E.24. 

E.3.2.3 Dilution Factor 

The dilution factor for the surface water pathway is based on the assumptions that the 

surface water is a pond and that (1) the inflow and outflow for the pond are in steady-state 

equilibrium and (2) the annual inflow of radioactivity into the pond is equal to the annual quantity 
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of radioactivity leached from the contaminated zone, accounting for decay, ingrowth, and retardation. 

On the basis of these assumptions, the dilution factor is the ratio of the annual volume of water that 

percolates through the contaminated zone to the annual total inflow of water into the pond. If, in 

addition, it is assumed that the infiltrating water flow is vertically downward, the dilution factor is 

given by the formula 

f2 = N A ,  9 

where 

A = area of contaminated zone (lo4 m2) and 

A, = area of watershed ( lo6 m’). 
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APPENDIX F: 

SOIL INGESTION PATHWAY FACTORS 
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APPENDIX F: 

SOIL INGESTION PATHWAY FACTORS 

Soil ingestion occurs very often among young children, especially those under 18 months 

old. Children incidentally ingest soil when playing on the ground indoors or outdoors. Adults ingest 

soil (or dust) while working in attics or other uncleaned areas of a house or doing yard work. 

The dose/source ratio DSR,(t) at a certain time point ( t )  for radionuclide i caused by 

ingestion of contaminated soil (or dust) is calculated as the sum of the product of the dose conversion 

factor DC&,, the branching factor BRAj, the environmental transport factor ET$%, and the source 

factor SFjj, in which both leaching and ingrowth and decay processes are considered, and 

radionuclide j is the decay product of radionuclide i: 

DSR,(t) = Zj DCFjs x BRLj x ETF,,(t) x SF$) . (F.1) 

The DCF for soil ingestion is the dose/exposure ratio, DCF,% = HEJx/Ej, where HEJ8 is the committed 

effective dose equivalent incurred by an individual from intake by soil ingestion of a quantity Ej of 

thejth principal radionuclide. DCF values for soil ingestion are the same as those for the food 

ingestion pathway in Table D. 1. 

The environmental transport factor ETF(t) for soil ingestion is the ratio of the annual intake 

E,.&) of thejth principal radionuclide by soil ingestion to the concentration Si ( t )  of the radionuclide 

in the soil, that is, ET<&) = Ej8(t)/Sj (t) .  The environmental transport factor can be calculated by the 

following equation: 

ET<.,($) = FSZ x FA, x FCD,(t) x FO, , (F.2) 

where 

ET<&) = environmental transport factor at time t for soil ingestion for thejth 

principal radionuclide (g/yr), 

FSZ = annual intake of soil (36.5 g/yr), 

FA8 = area factor (dimensionless), 
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FCD,(t) = cover and depth factor (dimensionless), and 

= occupancy factor (dimensionless). 

The annual intake of soil depends on the age group. The U.S. Environmental Protection 

Agency (1997) suggests that a value of 36.5 g/yr (100 mg/d) can be used as an average value for 

young children (under the age of 7), and that 73 g/yr (200 mg/d) can be used as a conservative 

estimate of the mean. For other age groups (older than 7 years old), the average value is 18.25 g/yr 

(50 mg/d), which accounts for intakes of both outdoor soil and indoor dust. In RESRAD, a soil 

ingestion rate of 36.5 g/yr is used as the, default; it is based on a daily intake rate of 100 mg and 

365 dyr. 

The area factor represents the fraction of the play or work area that might be contaminated. 

It is assumed that 

where A is the area of the contaminated zone and 1,000 m2 is the assumed play or work area, which 

is approximately the size of a single house lot. 

The cover-and-depth factor is the same as for the inhalation pathway (see Equation B.5) and 

represents the fraction of soil particles at the ground surface that are contaminated. On the ground 

surface, a default soil mixing depth of 151 cm is assumed, within which soils are disturbed and mixed 

by human activities or wind. As with the external gamma and inhalation pathways, an occupancy 

factor is used for the soil ingestion pathway in the RESRAD code. The default of 0.75 is based on 

the assumption that 50% of a person’s time is spent indoors, 25% is spent outdoors in the 

contaminated area, and 25% is spent off site in an uncontaminated area. The occupancy factor is the 

total of the time spent indoors and outdoors on site. 

The source factor is a correction factor for leaching and ingrowth and decay. The derivation 

of source factors is presented in Appendix G. 

Values for the dose/source ratios (DSRs) listed in the summary report are integrated values 

determined by considering either a duration of one year or the duration of the exposure (an input 

value). More detailed discussions on calculating the integrated values are provided in Section 3.2. 
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APPENDIX G: 

SOURCE FACTORS 

The time dependence of dose/source ratios resulting from radioactive ingrowth and decay 

and infiltration leaching is taken into account by introducing source factors (SFs), SF,(t). 

Radionuclides are divided into two groups: those with half-lives longer than one month or six 

months (principal radionuclides) and those with half-lives less than one month or six months 

(associated radionuclides) (see Tables 3.1 and 3.2). It is assumed that the associated radionuclides 

are in secular equilibrium with their principal radionuclide and that the leach rates of the associated 

radionuclides are the same as those of their principal radionuclides. Hence, only the SFs for the 

principal radionuclides need to be calculated. 

Let SJO) be the initial concentration of the ith principal radionuclide, and let S,  ( r )  be the 

concentration at time t of thejth principal radionuclide that results from ingrowth from the initial 

inventory of the ith principal radionuclide. The parameter S,,(t) is the concentration of the undecayed 

portion that is available for leaching of the ith principal radionuclide. Si,@), which does not include 

any contribution from ingrowth, should be distinguished from 

which does include the contribution from ingrowth. The parameter S&O) = 0 unless i =j, and 

S,(t) = 0 unless i = j or unless the jth principal radionuclide is a decay product of the ith principal 

radionuclide. SF is defined as 

SF#) = S,(f)/S,(O) . 

The initial values of the SFs are SF&O) = 0 unless i = j ,  and SF,,(O) = 1.  For t > 0, SF&) = 0 unless 

i = j  or unless thejth principal radionuclide is a decay product of the ith principal radionuclide. When 

i = j ,  the inequality 1 > SF&) > 0 will be satisfied for t > 0. 

SF is a correction factor for the source term (Le., radionuclide concentration in the 

contaminated zone), which includes the contribution from ingrowth and the removal due to 
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radioactive decay and leaching. If leaching is negligible, SF reduces to a factor that accounts for 

ingrowth and decay only. This factor is called the ingrowth and decay factor, lo&). 

Equations for calculating SFs and ingrowth and decay factors are given below. Branching 

radionuclides constitute a common complication, and there are four possible cases to consider: 

(1) only associated radionuclides are involved; (2) a principal radionuclide parent branches to 

associated radionuclide progeny; (3) an associated radionuclide parent branches to at least one 

principal radionuclide decay product; and (4) a principal radionuclide parent branches to at least one 

principal radionuclide decay product. Cases 1 and 2 cover most of the radionuclides in Tables 3.1 

and 3.2 (Case 3 does not occur at all), and, on the basis of the assumption that all associated 

radionuclides are in equilibrium with their principal radionuclide parents, branching need not be 

considered in deriving SFs and ingrowth and decay factors. The longest associated radionuclide half- 

life in Table 3.1 is 138.4 days (Po-210); in Table 3.2, it is 27.0 days (Pa). 

Table 3.1 contains three Case 4 branching principal radionuclides: Eu-152, Pu-241, and 

Cm-243. Two additional Case 4 branching principal radionuclides are included in Table 3.2: Sb-125 

and Zr-95. Case 4 is handled by treating all such principal radionuclides as double entries; the initial 

concentration of each part is multiplied by the appropriate branching fraction. The ingrowth and 

decay of each portion is then calculated independently by ignoring (temporarily) the other portion. 

For example, Cm-243 (Part 1) follows the decay path Cm-243 - Pu-239- ... Pb-207, and the Cm-243 

(part 2) decay is Cm-243-Am-243-Np-239-P~-239-Pb-207. The final dose is obtained by simple 

addition of the Part 1 and Part 2 components. The advantage of this approach is that all other 

branching is of the Case 1 or Case 2 type and can be ignored, as described in the previous paragraph. 

The Source Factors Table of the DETAILED.REP file (Section 4) lists the individual contributions 

of each Case 4 portion, and all Dose/Source Ratios in the DETATLED.REP file show the overall 

value for each Case 4 portion. 

Cm-245 is unique RESRAD case in that it is not a branching principal radionuclide but its 

Pu-241 progeny is. The same Case 4 double-entry procedure is used for CM-245, with the Pu-241 

branch fractions used to adjust the initial Cm-245 concentration for each part. The two decay paths, 

showing only the principal radionuclide components and final product, are as follows. One path is 

Cm-245 - Pu-241 - Am-241 -+ Np-237 -+ U-233 .+ Th-229 - Bi-209. The other path is 
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Cm-245 - Pu-241 - Np-237 - U-233 - Th-229 - Bi-209. The Part 1 and Part 2 concentration 

multipliers (Pu-241 branch fractions) are, respectively, 0.9999755 and 2.34E-5. Again, the final dose 

is obtained by simple addition of the Part 1 and Part 2 components. 

Spontaneous fission is a special case of branching radionuclide decay. Four RESRAD 

principal radionuclides are of this type. They are as follows (the spontaneous fission branch is given 

in parentheses): Cf-252 (0.03092), Cm-246 (2.614 x 103, Cm-248 (0.0826), and Pu-244 (0.00125). 

Three of the nuclides are in the same decay chain: Cf-252 -+ Cm-248 + Pu-244 +... Pb-208. The 

decay chain for Cm-246 is Cm-246 -+ Pu-242 -+ ... Pb-206. 

RESRAD treats a spontaneous fission branch as a simple loss of activity that is applied to 

all progeny but not to the parent. No attempt is made to account for the dose from the fission 

products. Thus, assuming that Cf-252 is the only spontaneous fission nuclide present initially, the 

source factor adjustment multiplier is 1.0 for Cf-252, 1 - 0.03092 = 0.96908 for Cm-248, 

0.96908 x (1 - 0.0826) = 0.88903 for 1-244,  and 0.88903 x (1 - 0.00125) = 0.88792 for all the 

progeny that follow. 

The equation for ingrowth and decay and leaching of a nonbranching chain, when a first- 

order ion-exchange leaching is assumed (see Appendix E), is 

dA,/dt = h,A,-, - (1, + L,) A, , 

where 

hk = 4n(2)/?',, = radioactive decay constant of the kth radionuclide (yr-'), 

T,,, = radioactive decay half-life of the kth radionuclide (yr), 

A, = activity concentration of the kth radionuclide in the chain (Bq/g or pCi/g), 

and 

Lk= leach rate of the kth radionuclide (yr-I); the radionuclide leach rateis 

defined in Appendix E (Equation E.3). 

(G.3) 
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The solution to Equation G.3 is 

where 

P = 0,1, ..., k-1, and 
k-1 

O = O  

The source factor SF&) can be calculated as 

where P(ij) is the sequence number for the jth principal decay product of the ith principal 

radionuclide, numbered from the ith principal radionuclide [P (ii) = 01. The ingrowth and decay factor 

ZD&) is the source factor SF&) when the leach rates L, and Lk are set to zero. 

The source factor calculated for the special radionuclides tritium and carbon-14 incorporates 

the losses from the contaminated zone due to evasion (Eiquations L. 12 and L.28). The total source 

factor is calculated as the product of the source factor for decay and leaching and the source factor 

for evasion. 
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APPENDIX H: 

DISTRIBUTION COEFFICIENTS 

The distribution coefficient K d  is a partitioning coefficient of a solute between the solid and 

liquid phases. Under equilibrium conditions, it is assumed that the concentration of a solute in the 

solid (S) phase is proportional to that in the liquid (C) phase; that is, S = K d  C. This linear 

relationship is used by RESRAD to estimate the radionuclide concentration in soil water on the basis 

of the concentration in soil particles. The value of K d  for a given radionuclide can be quite variable, 

depending strongly on soil type, the pH and Eh of the soil, and the presence of other ions. Therefore, 

considerable uncertainty can be caused by using the default value for the distribution coefficient, 

especially when the water-dependent pathways are the dominant pathways for radiation exposure. 

Because of the wide range of Kd values, site-specific values should always be used whenever they 

are available. The measurement methodology for the distribution coefficients is discussed in the 

RESRAD Data Collection Handbook (Yu et al. 1993). 

In addition to the direct input of Kd values from the screen, RESRAD provides four optional 

methods for deriving the distribution coefficient. The first method requires inputting a value greater 

than zero for the elapsed time since material placement (TI) and providing the groundwater 

concentration of the radionuclide, which is measured at the same time as the radionuclide soil 

concentration. The second method uses the input solubility limit to derive an effective Kd. The third 

method uses the nonzero input leach rate (default is 0) to derive Kd. The last method is based on the 

correlation between the planthoil concentration ratio and the waterhoil distribution coefficient, 

which can be invoked by setting the K d  value to - 1 on the input screen. Only one of the four methods 

can be used in each RESRAD calculation. If more than one of the requirements are satisfied, 

RESRAD will always choose according to the following order - the groundwater concentration 

method first, the solubility limit method second, the leach rate method third, and the plant/soil 

concentration ratio method last. The derived & values will replace the input Kd values and will be 

used in the calculation. The solubility limit method, which considers the dissolution limit of a 

radionuclide, is described in Appendix J; the other three methods, which do not consider the 

dissolution limit, are discussed in this appendix. 
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H.l GROUNDWATER CONCENTRATION METHOD 

The groundwater concentration method requires inputting two parameters - the elapsed 

time since material placement (TI> and the groundwater concentration (Wi) for radionuclide i. The 

values for both parameters should be greater than zero. The radionuclide groundwater concentration 

is measured in an on-site well at the same time as the soil concentration is measured. The well is 

assumed to be located at the downgradient side of the site boundary for the nondispersion (ND) 

model (see Appendix E). For the mass balance (MB) model, in which the well is located at the center 

of the site, the groundwater input method is not applicable. In case the values of TI and were 

entered and the MB model was selected, the code will neglect the input data of W, and continue to 

finish the dose calculations. However, information regarding the neglect of input data will appear 

in the message log file, which can be accessed by selecting the “message log” option under the 

“view” menu item. 

On the basis of measured soil and groundwater concentrations and the elapsed time between 

the disposal of radioactive wastes and the performance of a radiological survey, it is possible to 

determine the distribution coefficient of a radionuclide with the provided geological and geometrical 

information. To simplify the derivation procedures, it is assumed that the distribution coefficients 

of radionuclide i in the contaminated zone, Kdi(n), in the unsaturated zone, K d i / ) ,  and in the saturated 

zone, are equal. The geological and geometrical structures of the contaminated site are 

assumed to be unchanged between the time of the waste placement and the performance of the 

radiological survey; that is, the thickness of the cover material and the contaminated zone and the 

distance from the ground surface to the water table remain the same. Iterative calculations to find 

a best fit value for the distribution coefficient can then be carried out by following the leaching 

model presented in Appendix E. 

During the iterative calculations, input data are checked constantly for the possibility of 

finding a reasonable Kd to match the specified environmental setting. If RESRAD finds that the input 

data violate the leaching model, thus making the derivation of a reasonable Kd impossible, warning 

messages will appear in the message log file (accessible through the “view” menu item and “message 

log” option), and the input groundwata concentration will be reset to zero. The input value of Kd 
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will then be used to continue the remaining calculations. This case leads to the same result as that 

reached if no groundwater concentrations were input into the code. 

Since the Kd value of only one radionuclide is solved in each iteration procedure and the 

input Kd values of other radionuclides in the same decay chain are used, multiple runs of the 

RESRAD code are necessary when considering a decay chain involving more than one principal 

radionuclide. In each run, only one radionuclide is input with a nonzero groundwater concentration. 

In the first run, the first radionuclide in the decay chain is input with a nonzero groundwater 

concentration. In the second run, the derived Kd for the first radionuclide (which can be found in the 

summary report from the first run) is used, and the groundwater concentration of the second 

radionuclide in the decay chain is input. In the third run, the derived Kd's for the first and second 

radionuclides are used, and the groundwater concentration of the third radionuclide in the decay 

chain is input. This procedure can be used for the remaining radionuclides in the decay chain. The 

correct dose estimates from exposures can then be obtained from the last RESRAD calculation. 

Sections H.l. 1 and H. 1.2 detail the iteration procedure used in RESRAD for deriving distribution 

coefficients by the groundwater concentration method. 

H.l.l Breakthrough Time and Rise Time as Functions of Kd, 

According to Equations E.19 and E.21, the breakthrough time for a radionuclide i that is 

not the decay product of other radionuclides can be written as 

By substituting R (") with Equation E.22, Ati then becomes 
dim 

when it is assumed that the Kd value for all the unsaturated zones is the same. 
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Equation H.2, after rearrangement, can be expressed as a linear function of Kdi: 

At,[ = + x2 Kdi 3 

where 

and 

The rise time of the radionuclide i considered, 6ti, depends on the geometrical 

characteristics of the site. For the nondispersion model, 6ti is a function of zpi and can be expressed 

as 

' t i  = ('ti) x W.6) 

The value of x, according to Equation E.24, is 

x = 1 when C s d, , DWI(t) 2 CAt) + T(t) , 
03.7) 

= 1/(47dw) when C> d, , Ow#) 2 CAt) + T(t) . 
By incorporating the definition of zpi into Equation H.6, 6,i then can be written as 

03.9) 

(H. 10) 

where 

(H. 11) 
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and 

because 

(H.12) 

(H. 13) 

and the Kd value for the saturated zone is assumed to be the same as that for the unsaturated zone. 

The leach rate constant for radionuclide I ,  Lj is also a function of K , if it is assumed that 4 

the Kd values for different soil layers are the same. From Equation E.3, Li can be expressed as 

1 
(H.14) L, = 

' 5  -t ' 6  Kd,  

with 

PI (cz) To xs = 
I 

9 (H. 15) 

and 

(H. 16) 

H.1.2 Solution for the Distribution Coefficient 

H.1.2.1 Relationship between the WatedSoil Concentration Ratio 
and the Distribution Coefficient 

The transport speed of radionuclides in soil and the dilution factor of radionuclide 

groundwater concentrations are functions of the site-specific geometrical, geological, and soil 

properties. Because these functions are quite complicated, it is impossible to determine the Kd value 

of a radionuclide analytically. As a result, a numerical iterative procedure is used in the RESRAD 
code for deriving the Kd value. The iterative procedure involves selecting a trial Kd value to generate 

a value for the waterhoil concentration ratio (the ratio of the groundwater concentration to the soil 

concentration of the radionuclide of concern at the survey time), then comparing the generated value 
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with the input value. If agreement between the generated value and the input value is not reached, 

another trial Kd value is selected, and a comparison of the water/soil concentration ratios is 

performed. This trial and comparison procedure is continued until agreement between the generated 

value and the input value is reached. To successfully determine the K d  value, knowledge about the 

range of the K d  vdue and its influence on the magnitude of the water/soil concentration ratio is 

required. Knowing the range of the Kd value helps with selecting the first trial value. Knowing the 

relationship between the Kd value and the water/soil concentration ratio helps with selecting a 

subsequent trial K d  that is closer to the answer. 

For a principal radionuclide i that is not a decay product of any other radionuclide, the 

relationship between the watedsoil concentration ratio Wi(t)/Si(0) and the distribution coefficient Kdi 

is such that an increase in Kdi will result in an increase in the breakthrough time Ati and rise time 8ti 

and a decrease in the leach rate constant Li. Therefore, the peak value of Wi(t)/Si(0) will decrease. 

When the principal radionuclide i is a decay product of another radionuclide, the breakthrough time 

and rise time also depend on the Kd vahes of the preceding radionuclides in the decay chain and 

cannot be expressed easily by Equations E.21 and E.24. However, when K d  values for the preceding 

radionuclides are fixed, the peak value of Wi(t)/Si(0) still decreases as the value of the Kdi increases. 

If the placement time TI is assumed to occur between the breakthrough time and the peak time, then 

the water/soil concentration ratio at the survey time increases if the K d  value of radionuclide i 

decreases. 

To observe groundwater contamination of a radionuclide, the input placement time TI must 

be greater than the breakthrough time of the radionuclide, To allow the groundwater concentration 

to increase after the survey time (a more conservative approach), TI must be less than the peak time 

(breakthrough time plus rise time). Although the breakthrough time and peak time of a radionuclide 

depend on the Kd values of the preceding radionuclides in the decay chain, they cannot be calculated 

with Equations E.21 and E.24. Equations E.21 and E.24 can be used, however, to set a range for the 

K d  value, which then can be used to select the first trial value for the iteration procedure. 

Because the waste placement time is different from the radiological survey time, an absolute 

time frame beginning with the waste placement time is used internally by the RESRAD code. 

Therefore, the survey time corresponds to a time period of TI, according to the absolute time frame. 
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However, a relative time frame beginning with the survey time is used for the text report and graphic 

output. 

H.1.2.2 Definition and Magnitude Range of the Distribution Coefficients 

The various distribution coefficients used in the iterative procedure based on the 

groundwater concentration method are defined as follows: 

(K&- The lower limit of the distribution coefficient Kdi of radionuclide i that 

would cause the peak waterkoil concentration ratio to occur at time TI 

(absolute time frame), if radionuclide i is not a decay product of any other 

radionuclide. 

(K& - The upper limit of the distribution coefficient Kdi of radionuclide i that 

would cause the breakthrough time to equal TI (absolute time frame), if 

radionuclide i is not a decay product of any other radionuclide. 

The solution of the distribution coefficient for radionuclide i, Kdi , can be found only for the 

ND model. If the MB model is selected, the code will neglect the input groundwater concentration 

and use the default Kd value to continue the dose calculations. Such information is contained in the 

log file, which can be retrieved after calculations are completed by choosing the “message log” option 

under the “view” menu item. 

H.1.2.3 Calculation of (K& and (Kdi)bt  

From the above discussion, a distribution coefficient of (KdJr would result in a peak 

waterhoil concentration ratio at time TI (absolute time). On the basis of this information, (Qr can 

be solved as follows: 

Therefore, 

(H. 19) 



H-10 

The water/soil concentration ratio, ( Wi(t)/Si(o)),., calculated at time TI (absolute time) with (K& will 

be greater than (or equal to) the measured value (Wi/Si),,,. The value of (Kdi)br can easily be solved by 

setting TI to ati: 

TI = Ati (H.20) 

(H.21) 

(H.22) 

Because, by definition, the distribution coefficient Kdi should always be greater than or equal to zero, 

any negative solution for (KdJbt is not allowed. The occurrence of a negative (KdJbr indicates that no 

contamination of radionuclide i should be observed at time TI (absolute time) and is obviously 

contrary to observation. Therefore, if the calculated (KdJbt  is less than zero, a warning message will 

appear in the message log file and the water concentration will be neglected. 

H.1.2.4 Flow Diagram for the Iteration Procedure 

Once the magnitude range for Kdi is defined, an iterative procedure is performed to determine 

the value of Kdi' A preliminary check must be made, however, to make sure that it is possible to find 

a solution. When (&Jbr is less than 0, a warning message will appear in the message log file and the 

iteration will be aborted. The normal calculation will be continued by setting Wi to 0 and using the 

input distribution coefficient. Figure H. 1 illustrates the flow diagram for the iteration procedure. 

H.2 THE LEACH RATE METHOD 

When a nonzero leach rate for radionuclide j is input, RESRAD will calculate the 

distribution coefficient on the basis of this value.' Equation E.3 is used first to derive the retardation 

factor for the contaminated zone, then Equation E.8 is used to obtain &, the distribution coefficient 

' The indexj corresponds to principal radionuclides present originally as well as any principal radionuclides resulting 
from ingrowth. 
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of the contaminated zone. After Kd is obtained, its magnitude will be checked for validity (Kd must 

be greater than or equal to 0). If Kd is negative, indicating that the input leach rate is unreasonably 

large according to the leaching model in Appendix E, then the input leach rate will be neglected, and 

its value will be recalculated with the input distribution coefficient. This process results in the same 

situation as if the input leach rate of radionuclide j were zero. Otherwise, the derived Kd will replace 

the screen input value, and RESRAD will continue the remaining calculations. 

When an acceptable K d  has been derived, this value will be used not only for the 

contaminated zone but for the unsaturated zone(s) and the saturated zone. If the user does not want 

to have the input distribution coefficients of the unsaturated zone(s) and the saturated zone 

substituted, another execution of RESRAD with the derived Kd for the contaminated zone and a zero 

input leach rate is required. 

H.3 THE PLANT/SOIL CONCENTRATION METHOD 

Another method for deriving the distribution coefficient is the planthoil concentration 

method. According to Baes et al. (1984) and Sheppard and Sheppard (1989), a strong correlation 

exists between the plant/soil concentration ratio (CR) and the contaminated zone distribution 

coefficient Kd. Sheppard and Thibault (1990) proposed the following correlation equation: 

In Kd = a + b (In CR) , (H.23) 

where a and b are constants. From experimental data, the value for the coefficient b is found to be 

-0.56 (Thibault et al. 1990; Kennedy and Strenge 1992). The value of a depends on soil type: for 

sandy soil, a = 2.1 1; for loamy soil, a = 3.36; for clayey soil, a = 3.78; and for organic soil, a = 4.62. 

Baes et al. (1984) also proposed the above correlation equation (Equation H.23) but with different 

coefficient values. Equation H.23 provides a method of estimating the distribution coefficient from 

the plant/soil concentration ratio, especially when experimental or literature data are not available. 

The planthoil concentration ratio (CR) used is based on the weights of dry soil and wet 

plants. The soil-to-plant transfer coefficient, Bjv, used in RESRAD is also based on the weights of dry 
soil and wet plants. Therefore, the RESRAD default Bjv values or the user-specified values of the soil- 

to-plant transfer factors can be used in Equation H.23 for the calculation of Kd: 

In Kd, = a + b (In BiV) , (H.24) 
I 
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wherej is the radionuclide index. When the input distribution coefficient Kd value (whether it is for 

the contaminated, unsaturated, or saturated zone) is - 1, the soil-to-plant transfer factor Bjv will be 

used for calculating the distribution coefficients by using Equation H.24. In the current version of 

RESRAD, loamy soil is assumed, that is, a = 3.36 in Equation H.24. It is also assumed that the 

derived Kd applies to all zones. If the user would like to use different Kd values for dfferent soil 

layers, then RESRAD must be executed once again with the derived value assigned to the proper 

soil layer. 
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APPENDIX I: 

RADIOACTIVE DECAY PRODUCT TRANSFER FUNCTION 

1.1 INTRODUCTION 

The transfer function Gkj used in Appendix E was derived in two steps. In the first, the 

transfer function gki through a soil layer of fixed thickness was derived. The function gkj relates the 

release of radionuclide k from the contaminated zone to the observation of radionuclidej at the point 

of water use as a result of the decay of radionuclide k. When there is more than one soil layer (i.e., 

unsaturated zone), this function can be derived analytically if it is assumed that the radionuclides in 

the decay chain travel through the zones such that their relative velocities remain fixed. Under these 

conditions, the unsaturated zones can be treated as a single, thick, soil layer. In the second step, 

consideration was given to the transport through the saturated zone where the distance the released 

radionuclides travel is not fixed but related to where they were released, that is, the distance from 

the point of release to the downgradient edge of the contaminated zone. The transfer function Gkj is 

the average of &is, which vary in travel distance. 

1.2 MATHEMATICAL MODEL OF TRANSFER FUNCTIONS 

Consider the simplest case of radionuclide i being released from the contaminated zone and 

observed at the point of use. The transfer function through a fixed distance is simply a delta (6) 

function in time multiplied by the decay factor for the amount of time it takes to travel this 

distance q: 

-)LiTi 
gJt) = gii(t,Ti) = e 6 ( t - ~ J  . 

The transfer function G,(t) through the unsaturated and saturated zones is the average over all paths 

of the fixed distance transfer function gii(t). This is because g is a function not only of t  but also of 

the breakthrough times and decay constant of radionuclide i: 



1 

- e -’if - -- nonzero when Tui 5 t s Tu,. + Tsi , 
‘si 

= 0 otherwise (in all other cases). 

The transit time for radionuclide i to travel through all of the unsaturated zones (the breakthrough 

time) is represented by Tui, and Tsi is the transit time for radionuclide i through the saturated zone (the 

rise time). 

In general, if g&t,[TJ) is the transfer function through a given depth of a soil layer where 

Tis the set of breakthrough times, then the transfer function G,(t) through the unsaturated zones of 

fixed depths and the saturated zone of variable length is the average of g&t) through the different 

travel distances: 

where Tu is the set of unsaturated breakthrough times and T, is the set of saturated rise times 

(i.e., maximum time to travel the saturated zone). 

For the case in which i decays directly intoj, the transfer function, g2,u (Le., the fixed length 

transfer function for a decay chain length of 2), will be nonzero for all times between the transit 

times of the two radionuclides, Ti and Ti (let T, be the smaller and T2 be the larger; that is, subscript 1 

refers to the faster moving radionuclide and subscript 2 refers to the slower one). These two extremes 

correspond to the decay of radionuclide i t o j  at the beginning and at the end of the travel but not 

necessarily in that order. For radionuclidej to arrive at a time between T, and T,, the location of the 

decay of i to j can be calculated by letting x represent the fraction of distance that i travels before 

decay: 

t = x T ~  + (1 - x)T. I . (1.4) 
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Consider a small layer around x with a thickness of dx. As the result of the decay of 

nuclide i, which is released at the top, only a fraction of the i nuclides will arrive at this small layer. 

Another fraction will arrive as decay products (nuclidej). Some of the i nuclides will decay to 

j nuclides in the small layer. In turn, some of thej nuclides will reach the bottom between times t and 

t + dt, where dt is the difference in arrival times from the case in which i decays at the top of the 

small layer and i decays at the bottom of the small layer. The unsaturated transfer function can then 

be expressed as 

-biTpe -L,T, (1 -x) g2,,(t) dt = hi(dxTi) e 

and 

(1.5) 
= 0 in all other cases (i.e., otherwise). 

If it is assumed that the relative transport speed (i.e., the speed ratio) between nuclide i and 

nuclidej in the saturated zone is the same as that in the unsaturated zone, then the saturated zone can 

be treated as another unsaturated zone (with a saturation ratio of one), and the distance that the 

radionuclides travel through this zone will depend on the horizontal location of the release point to 

the point of water use. The transfer function G,,,(t) through the unsaturated and saturated zones can 

be derived by integrating the unsaturated transfer function g , ,  ( t )  as described in Equation 1.6: 
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The transfer function is nonzero in the region Tu, < t < Tu2 + Ts2, and the limits of the integral can be 

defined as 

and F = ratio of the transport speeds: 

F =  Tu2 + Tsz 

Tu1 + Tsl 

In the region where this integral is nonzero, G , ,  ( t )  can be expressed as 

where 

(I. 10) 

and 

TL = Tul + xLTsl ; TH = Tul + +TSl . (I. 11) 

If both i andj  have the same breakthrough time, then this expression for G, is invalid. A similar 

derivation can be used in this case, with g2 in Equation 1.5 replaced by Bateman’s equation for two 

radionuclides and a 6 function. 

For the case in which i decays to k, which in turn decays to j ,  the transfer function g,, is 

nonzero between the smallest and the largest transit times. For gZij, for a given time t between the 

larger and the smaller transit times, there is only one solution for the location in the transport path 

for radioactive decay from i toj. For g3,ij, there is more than one solution for the locations in the 
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transport path where the two decays occur at a given time t. Therefore, the transfer function g,, (t)  

is the sum of all the solutions: 

(1.12) 

Let the smallest transit time among Ti, q, and Tk be TI;  let the largest transit time be T,; and let the 

intermediate transit time be T2. Then, x,, x,, and x3 are governed by the following equations: 

t = xlT, + x2T2 + x3T3 (I. 13) 

and 

XI + x 2  + x , = 1  , (I. 14) 

where x1 is the path fraction traveled by the fastest-moving radionuclide, x3 is the path fraction 

traveled by the slowest-moving radionuclide, and x, = 1- x1 - x, is the path fraction traveled by the 

other radionuclide. The transfer function g3,ij(t) in Equation 1.12 can be expressed in terms of 

subscript indexes 1,2, and 3 by correlating radionuclides i, j ,  and k to the transit times T I ,  T,, and 

T3 (not necessarily in that order). The two differentials in the right side of the equation then can be 

converted to the differential of time t, dt, and the selected differential of one of the path fractions, 

dx,, dx,, or dx,, by multiplying by the Jacobian of the conversion. The differential of time, dt, in both 

sides of the equation then cancels out, and the summation in the right side of the equation can be 

replaced by integrating over the selected path fraction for the appropriate limits. It is easier to 

determine the limits for the path fraction x2 than for x1 and x,. In the paragraph below, an example 

is given to illustrate the derivation of the transfer function g,,? 

If it is assumed that Ti, Tk, and Ti can be designated as TI ,  T,, and T,, respectively, then g3,ij 

in Equation 1.12 can be written as 

g3,g (t)dt = hiTihkTk e -'lxlT1 e -%?zT2 e -sx3T3 h h 
1 3 -  (I. 15) 

If t is between TI and T2, then the smallest value of x, is 0; the largest value is (t - T,)/(T, - TI) .  

Otherwise, if t is between T2 and T3, the smallest value of x2 is 0; the largest value is 

(T3 - tY0-3 - Tz). 
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From Equations I. 13 and I. 14, the path fractions x1 andx, can be written as functions of time 

t and path fraction x, as follows: 

and 

t - Tl 

T3 - Tl 

(I. 16) 

(I. 17) 

The value of the Jacobian to convert (x~, x,) to (x,, t) is U(T3 - T,).  The transfer function g3,ij(t) in 

Equation 1.15 can be obtained by integrating over the path fraction x,: 

Performing this integral yields 

where 

(I. 18) 

and 
Tl i; t e T2 
T 2 s t t T 3  

(1.20) 

(1.21) 

As with g ,  and g,, this unsaturated transfer function g3,ij can be similarly integrated to obtain the 

transfer function G3,$ through the unsaturated and saturated zones. 
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In general, if there are n radionuclides in the decay chain from i toj, the transfer function 
I 

g,,, can be expressed as 

(1.22) 

Expressions for g4, G4, g,, and G5 have been derived but are not reproduced here. However, the 

analytical expressions for the transfer functions g,,, g,,,, g,,, etc., are too complicated to be 

implemented in the computer program. Another methodology was developed to find the time integral 

of the transfer functions, Jg,, (t)dt and IC,, (t)dt, when n is greater than 5. This methodology is 

described in Section 1.3. 

1.3 TRANSFER FUNCTION TIME INTEGRALS 

For the general case in which there are n nuclides involved in the decay chain, the transport 

path of fixed length can be broken into n segments whose fractional length can be denoted by xi, 

along which the ith nuclide in the decay chain travels. The summation of the fractional length xi is 

then 1, xi and 

width Ax, the contribution to nuclide n at the bottom is given by 

n i 

xi = 1. Considering the decay of nuclide i into i + 1 at the depth given by 
i=l j=i 

(1.23) 

To obtain the time integral, this function must be integrated over all the 2s.  This is an n - 1 

dimensional integral. Exn-, is integrated first, the limits of xn-] are from 0 to 1 - xj . Next, 

the limits of xn-2 are from 0 to 1 - xj . This process continues until the last integral over x1 

is 

n-2 

n -3 j= 1 

j =  1 
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completed from 0 to 1. The integral is equivalent to the time-integrated value of the transfer function 

g,,(t) and can be written as follows: 

_ -  n-1 

where the integral function is defined as 

and the parameter ai is defined as 

a, := hiTi - hn+lTn,, . 

(1.24) 

(1.25) 

(1.26) 

Performing the first (innermost) integral will show the recursive relation (with initialization, Le., 

lo = 1): 

(1.27) 

When the radionuclides travel with the same velocity, the above expression for the integral of the 

transfer function (Equation 1.27) reduces to Bateman's equation. 

This methodology can be extended to obtain the time integral of the transfer function G,,(t) 

through both the unsaturated and saturated zones by assuming that the relative transport speeds 

(speed ratios) of radionuclides in the saturated zone are the same as those in the unsaturated zone. 

Equation 1.27 can be expressed as 

(1.28) 
i = l  
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where 
n-1 
n hjTj 
j= 1 a, = 

n (1.29) 
II (hjTj - hiTi) 

j=1, j+i 

It is assumed that the ratio of transit times between radionuclidej and radlonuclide 1 is Fj, then a, 

can be written as 

n-1 

j= 1 
ll ljFj 

ai = 
n (1.30) 
II (hjFj - hiFi) 

j=l, j + i  

The time-integrated value of G,(t) can be obtained by replacing 2;: with Tui + XT,, then integrating 

the right side of the equation over x within the limits of 0 and 1. 

(1.31) 

where Tui is the transit time through the unsaturated zone for radionuclide i and Tsi is the transit time 

through the saturated zone for radionuclide i. Parameters TUi and T,. can be calculated by using 

Equations E.23 and E.26 or E.23 and E.27, respectively. 

The time-integrated value can be used in conjunction with the time distribution of the 

transfer function G,,(t) to estimate the waterlsoil concentration ratios. The shape of the time 

distribution depends on the relative transport speed of the radionuclide of interest at the point of 

water use compared with all the radionuclides that appeared earlier in the decay chain. For a decay 

chain with a length greater than five, the following approximation is used in RESRAD. If the 

slowest-moving radionuclide is one of the first five in the decay chain, then the time distribution of 
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the fifth radionuclide in the chain, G,(t), is used for the remaining radionuclides. Otherwise, a 

constant time distribution between the breakthrough time of the fastest-moving radionuclide through 

the unsaturated zone and a cutoff time is assumed. The cutoff time is the largest of the individual 

cutoff times of radionuclides in the decay chain. The individual cutoff time of radionuclide i is 

defined as the smaller of Tui + T,. and the relative decay time zi. The relative decay time zi is the sum 

of the smallest unsaturated zone breakthrough time for all of the radionuclides in the decay chain up 

to member i ,  plus twice the inverse of the decay constant of radionuclide i .  Once the time distribution 

of the transfer function G, is determined, the time-integrated value Q;+” is used to normalize the 

transfer function. 

In general, the derivation of the transfer function through the unsaturated and saturated zone 

G(t) used in RESRAD can be illustrated by the following example. Consider a decay chain of n 

radionuclides: 

nuclide 1 -. nuclide 2 -. nuclide 3 ... + nuclide n , 0.32) 

where the numbers indicate the decay order, n is the radionuclide of interest at the point of water use, 

and 1 is the initial parent radionuclide leaching out from the contaminated zone. If n s 5 ,  the transfer 

function G,(t) is derived by using the mathematical model described in Section 1.2. For n > 5 ,  the 

transfer function G,(t) is 

R 
G,(Z) = G&t) x - 

i2 g+, (1.33) 

when the maximum of (Tul + Tsl,  Tu2 + Ts2, ... Tu, + T,) is (Tul + Tsl), (Tu2 + Ts2), (Tu3 + Ts3), (Tu4 + 
T J ,  or (Tu5 + Ts5). Otherwise, 

(1.34) 
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where 

Tu,min = the minimum of (Tul, Tu3, ... Tun), 

TC", = the m=imLlm of Ku,,1, Tcut,2, Tcut,3*.. T,,,), 

TCut,, = the minimum of [(Tu, + T',), ZJ, 

zi = (mh+ (2/Ai), and 

( = the minimum of (Tu,, Tu2, TUJ. 
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APPENDIX J: 

ESTIMATION OF THE EFFECTIVE DISTRIBUTION 
COEFFICIENT FROM THE SOLUBILITY CONSTANT 

J.l INTRODUCTION 

The RESRAD code uses the distribution coefficients to estimate the leachability of 

radionuclides from soil. The distribution coefficient, Kd, represents the ratio of the radionuclide 

concentration in soil to that in solution under equilibrium conditions. Parameters that affect the value 

of the distribution coefficient are the physical and chemical characteristics of the soil and the 

chemical species present in the contact solution. For soils contaminated with radionuclides, the 

radionuclides may form several different compounds or may be associated with different 

geochemical species, thereby resulting in differences in leachability and solubility. When in contact 

with chemical species in solution, these radionuclides might be desorbed into the solution by 

dissolution or complexation, by, for example, chelating agents commonly used in decontamination 

washes. Therefore, the investigation of radionuclide distribution among different geochemical 

species and the solubility of these geochemical species is useful for predicting the possible maximum 

concentration of a radionuclide in soil solution. The estimated maximum radionuclide concentration 

in soil solution can be further utilized to calculate an effective distribution coefficient based on the 

measured soil concentration. The effective distribution coefficient estimated would then limit the 

dissolution of the radionuclide, if used in the RESRAD calculation, so that the concentration of the 

radionuclide in the soil solution would not exceed the solubility limit. This option of estimating an 

effective distribution coefficient can be invoked by entering the solubility limit from theinput screen. 

In this appendix, the methodology for estimating the effective distribution coefficient on the basis 

of radionuclide solubility is presented, and sample calculations are provided to demonstrate the use 

of this methodology. 

5.2 METHODOLOGY 

In the early stage of the leaching process, geochemical species with high solubilities are first 

released into the solution phase by dissolution. As leaching proceeds, geochemical species with low 

solubilities start to dissolve. The investigation of radionuclide distribution among different 
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geochemical species in soil can provide useful information for predicting the amount of radionuclide 

that will be released into the solution phase under equilibrium desorption conditions. Unfortunately, 

laboratory information on possible solid phase and solution species of radionuclides is usually 

unavailable, and the little information that is available is mostly very site- and solution-specific, thus 

making extrapolation of data very difficult. To estimate the possible solids present in a given soil 

solution system, available thermodynamic data have been reviewed by several research groups to 

develop a methodology for predicting possible solids present in a given soil solution system (Garrels 

and Christ 1965; Pourbaix 1966; Rai and Lindsay 1975; Rai and Serne 1977). Currently, the Eh-pH 

diagrams (Garrels and Christ 1965; Pourbaix 1966) and the stability-pH diagrams (Rai and Lindsay 

1975; Rai and Serne 1977) have been developed for several chemical elements that represent the 

existence of possible chemical compounds under given generic environmental conditions. As 

reported by Ames and Rai (1978), the Eh-pH diagrams predict the presence of different solids for 

elements that exist in more than one oxidation state. The diagrams do not, however, indicate the total 

amount of the element and the relative amount of various species in solution under specific 

conditions. Therefore, the stability-pH diagrams were used as the basis for this study; the equations 

developed for predicting the distribution coefficient are presented below. 

5.2.1 Stability-pH Diagrams for Radionuclides 

The methodology developed by Rai and Lindsay (1975) and Rai and Serne (1977) for 

constructing a stability-pH diagram utilizes thermodynamic standard free energies of formation 

(AG,") to calculate equilibrium constants for various minerals/solids under standard conditions, that 

is, 1 atm and 25 "C. On the basis of the estimated equilibrium reaction constant, the equation for the 

concentrations of related chemical species in a specific mineral or solid can be formulated. For any 

given soil solution system for which the chemical information is insufficient, concentrations of 

common cations (such as Ca+2, Mg+2, K+., and Na+) and anions (such as C1-, HCO;, C03-2, NO;, F-, 

are usually selected to represent expected environmental conditions. The equation 

for the concentration of the radionuclide being investigated can then be simplified as a function of 

the solution pH. For each radionuclide investigated, the stability-pH diagram can be constructed so 

as to provide information on the saturate solubility of the radionuclide under given environmental 

conditions with different solution pHs. Typical soil concentrations of selected elements and 

and 



J-5 

inorganic anions have been reported by Rai and Lindsay (1975), Dvorak et al. (1978), and Nieto and 

Frankenberger (1985). Details of the method for constructing stability-pH diagrams with Al-minerals 

such as analcime (NaAlSi,O, x H,O) have been described by Rai and Lindsay (1975). 

Stability-pH diagrams for various chemical elements in an oxidizing soil environment are 

available (Ames and Rai 1978). For each chemical element, a stability-pH diagram is constructed 

to provide information on the saturate solubility of the element under given environmental conditions 

with respect to different solution pHs. In these diagrams, any solid with its stability line below 

another solid’s stability line is more stable than the other solid. For sites with specific soil solution 

properties, the stability-pH diagram can be modified to correspond to the actual ionic concentration. 

This modification results in an upward or downward shift of the isotherms. For some of the 

radionuclides considered in the current version of RESRAD, stability-pH diagrams presented by 

Ames and Rai (1978) are summarized in Section 5.4. 

5.2.2 Estimation of the Saturate Solubility for a Specific Radionuclide 

Consider a soil-solution system in which the initial concentration of radionuclide i in soil 

is Si(0) (Bq/g or pCi/g soil). Assume that all of radionuclide i can be released into the soil solution 

under the worst desorption conditions; the total concentration of radionuclide i in this soil solution 

system C,ot,i (mol/L) is 

1 l x  1,OOOmL x - x -  1 ctot,i = Si(0) x M, x - 
‘Ai AWi ‘solution L 

9 

where 

M, = total mass of contaminated soil (g), 

= volume of contaminated soil x bulk density of soil, 

= vxp,, 

Vsdurion = volume of soil solution (mL), 

= volume of contaminated soil x volumetric water content, 

= vxe,  

(J.1) 
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SA, = specific activity of radionuclide i (pCi/g), 

AW, = atomic weight of radionuclide i (@mol), and 

p b  1 = S,(O) x - x - x - 
0 SA, AW, 

(J.2) 

The maximum concentration of radionuclide i in soil solution ( C r , i )  in the stability diagram 

can be used as the starting point to search for the maximum saturate solubility by the following 

process: 

1. In the stability diagram for radionuclide i, draw a horizontal line L, with log 

Ai = log C,, to represent the total concentration of radionuclide i in the soil 

solution system. Any solids, with a solubility line below L, might be present 

as stable solids in the given soil solution system. 

2. At a specific solution pH, draw a vertical line b. The intercept between 

and the solubility line right below L, indicates the maximum concentration of 

radionuclide i in a saturate soil solution, that is, the maximum saturate 

solubility S,, at the specific solution pH. 

5.2.3 Derivation of the Effective Distribution Coefficient by the RESRAD Code 

For the soil solution system discussed above, assume that, under equilibrium conditions, 

X fraction (%) of the total amount of radionuclide i will be released from soil into the solution phase. 

In terms of the radioactivity concentration, the empirical distribution coefficient Kd for radionuclide i 

is defined as 

(J-3) 
Radioactivity Concentration in Soil Phase, pCilg soil 

Kdi - Radioactivity Concentration in Solution Phase, pCilmL solution ' 
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Then 

K. = SJO) x (1-x) x M, X 'solution 
. .  

Sj(0) x x x Ms Ms 
--d, (J.4) 

1-x E x - .  - - -  
X P  

Calculation of the effective distribution coefficient can be pedormed by using the following 

procedure: 

1. Calculate the maximum mass concentration of radionuclide i, C (g/mL 

solution), on the basis of the input saturate solubility. 

c = S X - ( A )  1 xAW, 
1,000 mL 

S = Saturate solubility - 
(?I) 

2. Calculate the fraction of the total radionuclide mass released into the solution 

phase, X. 

3. Calculate the effective distribution coefficient under saturated conditions. 

1-x e Kd, = - x -  
Pb 

(J.5) 

(5.7) 

5.3 EXAMPLE 

The example provided in this section uses U-238 as the principal contaminant. This 

example demonstrates how the maximum saturate solubility can be found by using the stability-pH 
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diagrams provided in this appendix. It also demonstrates how the RESRAD code calculates an 

effective distribution coefficient on the basis of the input maximum saturate solubility. 

Consider a contaminated site with the following properties: 

Contaminated soil 

Area 1,000 m2 

Depth l m  

Bulk density, Pb 1.6 g/cm’ 

Volumetric water content, 8 0.2 

Contaminant (U-238) 

Initial concentration 1,OOO pCi/g soil 

Specific activity 3.36 x lo5 pCi/g 

1. Calculate the total activity of U-238 in the soil solution system. 

1 x- x 1,000 p b  1 Ctor,i = S,(O) x - x - 
0 SA, AW, 

= 1,000 x - 1 6  x 1 x- x 1,000 = 0.1 (F) . 
0.2 (3.36 x io5) 238.1 

2. Find the maximum saturated solubility of U-238 in solution. On the basis of 

the stability diagram for U0,+2 shown in Figure J.11 (which appears near the 

end of this appendix), draw a horizontal line L, with log Ai = - 1 to represent 

the total concentration of U-238. Draw a vertical line J+ to represent the 

solution pH. The U02+2 solid with a stability line right below L, at each 

solution pH is used as the reference solid. The intercept between and the 

stability line of the reference solid indicates the saturated solubility of U0,+2 

in the soil solution system investigated. The estimated saturated solubilities 

for soil solution systems with a solution pH varying from 4 to 9 are shown in 

Table J . l .  

(J.8) 
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TABLE J.l Estimated Saturated Solubilities for 
Different Solution pH’s 

Solution Saturated Solubility, 
PH Reference Solid s m n r  (mofi) 

4 U02(OH), x H20 3.5 x 10-3 
5 UO,(OH), x H,O 3.6 x 10-5 
6 U02(OH), x H,O 2.8 x 10-7 
7 U0,C03 1.3 x 10-3 
8 U0,C03 1.3 x 10-5 
9 uo,co, 1.6 x 10-7 

3. Input the saturated solubility into RESRAD for derivation of an effective 

distribution coefficient. 

If the solution pH = 5 and the input saturated solubility is 3.6 x mom, 

then RESRAD calculates the distribution coefficient on the basis of the 

following procedure. 

a. Calculate the maximum mass concentration of U-238 in the soil solution 

as 

238.1 g 
mol 

L x  5 mol Cn, = 3.6 x 10- - x 
L 1,ooomL 

g U-238 
mL solution 

= 8.6 x 

b. Calculate the maximum fraction of total U-238 released into the solution 

phase as 

3.36 x 105 0.2 = 1.19 x 10-5 x x - = 3.6 x 10-4 . 
1.000 1.6 

(J.9) 

(J.10) 
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c. Calculate the effective distribution coefficient as 

=- 1- (3.6 x x - = 3 5 0 ( $ ) .  0.2 
3.6 x 10-4 1.6 

4. RESRAD calculates different distribution coefficients for different input 

saturate solubilities. The effective distribution coefficients, Kd, calculated on 

the basis of solubilities corresponding to different solution pHs, for U-238 in 

soil solution systems are summarized in Table 5.2. 

TABLE J.2 Calculated Effective 
Distribution Coefficients at 
Different Solution pH’s for 
Uranium-238 

(J. 1 1) 

(J.12) 

Solution Calculated Effective Kd 
PH 

4 3.0 
5 3.5 x lo2 
6 4.5 x 104 
7 9.5 
8 9.6 x IO2 
9 7.8 x 104 

5.4 RESRAD INPUT REQUIREMENTS 

In addition to the direct input of the Kd value, RESRAD provides four other input options 

for deriving the Kd value: (1) groundwater concentration method, (2) solubility method, (3) leaching 

constant method, and (4) soil-to-plant transfer factor method. This appendix discusses the 

methodology for the solubility method. Appendix H discusses the other three methods. To use the 

solubility method, users need to input the solubility constant corresponding to the solubility limit 

under equilibrium desorption conditions. 

Constants of specific activity and atomic weight for radionuclides considered in the current 

version of RESRAD are summarized in1 Table J.3 and are included in the RESRAD database. 
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TABLE 5.3 Constants of Atomic Weight and Specific Activity for Radionuclides in the 
Current RESRAD Database 

Atomic Atomic 
Weight Specific Activity Weight Specific Activity 

Radionuclide (g/mol) (PCW Radionuclide (g/mol) (PCU 

Ac-227 
Ag-108m 
Ag-l10m 
A1-26 
Am-241 
Am-243 
Au-195 
Ba-133 
Bi-207 

Ca-41 
Ca-45 

Ce-141 
Ce- 144 

C-14 

Cd- 109 

Cf-252 
C1-36 
Cm-243 
Cm-244 
Cm-245 
Cm-246 
Cm-247 
Cm-248 
CO-57 
CO-60 
CS-134 
CS-135 
CS- 137 
Eu-152 
Eu- 1 54 
Eu-155 
Fe-55 
Fe-59 
Gd-152 
Gd-153 
Ge-68 
H-3 
I- 125 
1-129 
Ir-192 
K-40 
Mn-54 
Na-22 
Nb-93m 
Nb-94 

227.1 
108.0 
110.0 
26.0 

241.1 
243.1 
195.1 
133.0 
207.1 

14.0 
41.0 
45.0 

109.0 
141.0 
144.0 
252.2 
36.0 

243.1 
244.1 
245.0 
246.0 
247.0 
248.1 
56.9 
59.9 

134.0 
134.9 
137.0 
152.0 
154.0 
155.0 
55.0 
59.0 

152.0 
153.0 
68.0 
3.0 

125.0 
129.0 
192.1 
40.0 
54.0 
22.0 
93 .O 
93.9 

7.24 x 1013 
2.61 x 1013 
4.75 x 1015 
1.92 x 10" 
3.42 x 10" 
2.00 x 10" 
3.66 x 1015 
2.50 x 1014 

5.36 x 1013 
4.45 x 1oI2 
8.47 x 10" 
1.78 x 10l6 

2.85 x 10l6 
2.58 x 1015 

3.19 x 1015 
5.37 x 1014 

5.16 x 1013 
8.09 x 1013 

1.72 x 10" 
3.07 x 10" 
92.7 107 
4.25 x 109 
8.46 x 1015 
1.13 x 1015 
1.29 x 1015 

8.65 x 1013 
1.81 x 1014 
2.73 x 1014 
4.65 x 1014 

2.42 x 1015 
4.97 x 10'6 
2.18 x 10' 
3.53 x 1015 
6.67 x 1015 
9.61 x 1015 

9.18 x 1015 

7.74 x 1015 
6.24 x 1015 
2.82 x 1014 

3.30 x 10" 

8.83 x lo8 

1.74 x 10l6 
1.73 x lo8 

6.99 x lo6 

1.90 x 10" 

Ni-59 
Ni-63 

Pa-23 1 
Pb-210 
Pm-147 
Po-210 
Pu-238 
Pu-239 
Pu-240 
Pu-241 
Pu-242 
Pu-244 
Ra-226 
Ra-228 
Ru-106 
s-35 
Sb-124 
Sb-125 
SC-46 

Np-237 

Se-75 
Se-79 
Sm-147 
Sm-151 
Sn-113 
Sr-85 
Sr-89 
Sr-90 
Ta-182 

Te-125m 
Tc-99 

Th-228 
Th-229 
Th-230 
Th-232 
Tl-204 
U-232 
U-233 
U-234 
U-235 
U-236 
U-238 
Zn-65 
2-93  
Zr-95 

59.0 
62.9 

237.1 
231.1 
210.1 
147.0 
210.1 
238.1 
239.1 
240.1 
241.1 
242.1 
244.1 
226.1 
228.1 
106.0 
35.0 

124.0 
125.0 
46.0 
75.0 
79.0 

147.0 
151.0 
112.9 
84.9 
88.9 
89.9 

182.0 
98.9 

125.0 
228.1 
229.1 
230.1 
232.1 
204.1 
232.1 
233.1 
234.1 
235.1 
236.1 
238.1 
65.0 
93.0 
94.9 

8.08 x 10" 
5.68 x 1013 

7.04 x 108 
4.72 x 10" 
7.63 x 1013 

9.27 x 1014 
4.49 x 10'5 

1.71 x 1013 

1.03 x 1014 

1.77 x 107 

2.72 x 1014 
3.26 x 1015 

1.03 x 1015 

6.20 x 10" 
2.27 x 10" 

3.93 x 109 

9.88 x 10" 

4.27 x 10l6 
1.75 x 10l6 

3.39 x 10l6 
1.45 x 10l6 
6.96 x 1O'O 
2.29 x 104 
2.63 x 10'3 
1.00 x 1oI6 
2.37 x 1OI6 
2.91 x 10l6 
2.91 x 10i4 
6.23 x 1015 

8.19 x 1014 

1.69 x 10" 
1.80 x 1OI6 

2.14 x 10'' 
2.02 x 1o'O 
1 . w x  I d  
4.64 x 1 0 1 ~  

2.14 x 1013 
9.63 x 109 
6.23 x 109 

3.33 x 105 
8.24 x 1015 
2.51 x 109 

2.16 x lo6 
6.46 x 10' 

2.15 x 10l6 
Nb-95 94.9 3.91 x 1015 
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J.5 COMPILATION OF STABILITY DIAGRAMS 

The chemistry and geochemistry of some of the radionuclides considered in RESRAD are 

briefly reviewed in this section from the standpoint of the relative solubilities of possible solid 

phases. The information summarized below is based on the assumption that radiochemical properties 

of all isotopes of an element are identical with respect to their reaction with geological materials. 

J.5.1 Americium 

Scant information is available on the possible solid phases of americium in soil and rock 

environments (Ames and Rai 1978). The relative solubility of several americium solids in an 

oxidizing environment (PO, = 0.68 atm) have been estimated by Latimer (1952) and Keller (1971) 

as a function of solution pH. On the basis of this information, the stability diagram for americium 

solids has been constructed by Ames and Rai (1978) as shown in Figure J.1. It can be seen that the 

solubility of the americium solids decreases rapidly as the solution pH increases. Except for 

Am(OH),, changing the soil solution system from oxidized to reduced conditions decreases the 

solubility of Am+3 associated with each possible solid phase. 

5.5.2 Antimony 

Thermodynamic data for Sb2O3 (Sillen and Martell 1964), Sb,O,, Sb(OH),, Sb,O,, Sb20,, 

Sb,S,, SbCl,, and SbF, (Wagman et al. 1968) compounds were selected by Ames and Rai (1978) to 

construct the stability diagram shown in Figure 5.2 for antimony solids in an oxidizing soil 

environment with PO, = 0.68 atm. The SbCl,, SbF,, and Sb,S3 solids are very soluble in the 

oxidizing environment and therefore are not shown in this figure. 

5.5.3 Cerium 

The stability diagram for cerium solids is shown in Figure 5.3. The thermodynamic data for 

the compounds used to develop this figure were obtained from Schumm et al. (1973) for Ce203 and 

CeO,, Baes and Mesmer (1976) for Ce(OH),, and Sillen and Martell (1964) for CePO,. 
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FIGURE J.l Relative Stability of Various Americium Solids in an Oxidizing Soil 
Environment  PO,^) = 0.68 atm] (Source: Adapted from Ames and Rai 1978) 

5.5.4 Cesium 

Thermodynamic data are available for the following cesium solids: Cs(OH), Cs,O, CsCl, 

CsClO,, Cs2S0,, Cs,CO,, CsHCO,, CsNO,, and CsF. As reported by Ames and Rai (1978), all these 

solids are highly soluble; therefore, stability diagrams for cesium are not presented. 

J.5.5 Cobalt 

The stability of cobalt solids depends on the pH and the oxidation-reduction environment. 

Sources from which thermodynamic data for various cobalt solids were obtained were Sillen and 

Martell (1964) for Co(OH),, COCO,, and CoOOH; Wagman et al. (1969) for COO and CoHPO,; 

Robie and Waldbaum (1968) for CO,(Po& and Chase et al. (1975) for c0304. The stability diagram 

for cobalt is shown in Figure J.4. 
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FIGURE 5.2 Activity of SbO' in Equilibrium with Various Antimony Solids in 
an Oxidizing Soil Environment [PO,, = 0.68 atm] (Source: Adapted from Ames 
and Rai 1978) 

5.5.6 Curium 

Curium can form hydrides, hydroxides, halides, oxides, and organometallic compounds 

(Keller 197 1). A search for thermodynitmic data for these compounds was unsuccessful except for 

CmF,. Therefore, a stability diagram for curium cannot be developed at this time. 

5.5.7 Europium 

Europium forms oxides, hydroxides, and salts with chlorides and sulfates. The stability 

diagram for europium is shown in Figure J.5. The thermodynamic data for the compounds used to 
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develop this figure were obtained from Shumm et al. (1973) for Eu,O, and Eu(OH), and Latimer 

(1952) for Eu,(SO,), 8H,O. The other solids were too soluble and fall beyond the graph boundaries. 

J.5.8 Iodine 

Most iodine compounds are very soluble. Some of the insoluble or sparingly soluble 

compounds include the iodites of lead and palladium, the hypoiodites of silver and mercury, and 

barium periodates (Pourbaix 1966). In normal soils, the concentrations of most of these elements 

(Pb, Pd, As, Hg, and Ba) that form compounds with iodine are very low (Ames and Rai 1978). 
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J.5.9 Neptunium 

Thermodynamic data are unavailable for neptunium compounds other than oxides and 

hydroxides (Burney and Harbour 1974). The stability diagram for neptunium shown in Figure J.6 

relates the activity of NpO; to pH in an oxidizing environment (PO, = 0.68 atm) in equilibrium with 

neptunium oxides and hydroxides. 

J.5.10 Plutonium 

The stability diagram for plutonium shown in Figure J.7 relates the solubility of P L J ~  to pH 

in an oxidizing environment (PO, = 0.68 atm) in equilibrium with various plutonium solids. The 

parameters indicated in parentheses after the mineral formulas refer to the additional condition of 
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equilibrium. For example, (V&G) indicated after the Pu(HPO,), mineral formula denotes that the 

mineral is considered to be in equilibrium with variscite and gibbsite. 

5.5.11 Radium 

The compounds formed by radium and their solubilities are similar to barium. 

Thermodynamic data for radium compounds are available only for RaNO,, RaCl,, RaIO,, and RaSO, 

(Parker et al. 1971). All of the compounds except radium sulfate are very soluble. Therefore, the 

stability diagram for radium compounds is not presented. The solubility product for radium sulfate 

is 4.25 x lo-" at 25°C and 1 atm. 
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FIGURE 5.6 Relative Stability of Various Neptunium Solids in an Oxidizing 
Soil Environment [PO,&) = 0.68 atm] (Source: Adapted from Ames and 
Rai 1978) 

5.5.12 Ruthenium 

Ruthenium is generally present in association with platinum group metals. Ruthenium can 

also form discrete solid compounds such as RuO,, RuO,, Ru(OH), Ru(OH),, RuCl,, and RuS,. The 

stability diagram for ruthenium solids, under oxidizing conditions (pOz = 0.68 atm) is shown in 

Figure J.8. The thermodynamic data .for Ru(OH), and Ru(OH), were obtained from Sillen and 

Martell (1964); the data for RuO, and RuO, were obtained from Wagman et al. (1969). 

5.5.13 Strontium 

Strontium is an alkaline earth metal and forms several salts. Thermodynamic data for 

various strontium compounds are available in the literature. Except for SrSiO,, SrHPO,, Sr,(PO,),, 
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SrCO,, and SrSO,, the strontium solids are too soluble to construct a stability diagram. As shown 

in data from Figure J.9, the stability diagram for strontium was developed on the basis of 

thermodynamic data from Sillen and Martell (1964) for Sr,(PO,), and Parker et al. (197 1) for SrSiO,, 

SrHPO,, SrCO,, and SrSO,. 

5.5.14 Technetium 

Baes and Mesmer (1976) reported that technetium (VU) forms strong peracids (HMO,) and 

that its oxides are very soluble. Scant information is available concerning the solubility of its salts 

(Ames and Rai 1978). 
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J.5.15 Thorium 

Common insoluble thorium compounds include hydroxides, fluorides, and phosphates. 

Soluble compounds include chlorides, nitrates, and sulfates. The stability diagram for thorium, as 

shown in Figure J. 10, is constructed for an assumed environmental condition of equilibrium with 

various thorium solid phases. The thermodynamic data for ThO,(s) were selected from Baes and 

Mesmer (1976). The data for the other compounds were selected from Sillen and Martell (1964). 

5.5.16 Tritium 

Tritium is a radioactive isotope of hydrogen. Thus, the behavior of tritium in soils would 

be expected either to be similar to hydrogen or to exist as an ion, gas, or liquid (tritiated water). In 
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(Source: Adapted from Ames and Rai 1978) 

the soil solution system investigated, tritium can travel rapidly at about the same velocity as the soil 

water or groundwater. 

5.5.17 Uranium 

The stability diagram of uranium solids presented by Ames and Rai (1978) in terms of the 

uranyl ion solubility is shown in Figure J. 1 1. Thermodynamic data for (1) Na&JO, and UO,CO, were 

obtained from Garrels and Christ (1965); (2) data for UO,(OH),, UO,(OH), x H,O, and 

Na,UO,(CO,), were obtained from Sillen and Martell (1964); and (3) the remaining species were 

obtained from Palei (1963). 
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APPENDIX K: 

ESTIMATION OF INDIVIDUAL OFF-SITE DOSES 

The current version of the RESRAD code is designed to evaluate the radiological 

consequences (dose, excess cancer risk, and concentrations) to an on-site receptor, that is, an 

individual located above the primary contaminated area. RESRAD-OFFSlTE, a companion code, 

can be used to predict the radiological dose and excess cancer risk to an off-site receptor, that is, an 

individual located outside the area of primary contamination. Concentration of the radionuclides in 

environmental media outside the primary area of contamination can also be estimated with 

RESRAD-OFFSITE. RESRAD-OFFSITE considers all the environmental pathways in RESRAD. 
The model and algorithms used in RESRAD-OFFSITE are described in the following sections. 

K.1. SIZE, CONCENTRATION, AND RELEASE FROM PRIMARY CONTAMINATION 

This section describes the manner in which RESRAD-OFFSITE conceptualizes the physical 

dimensions of the primary contamination, the concentration of radionuclides in the primary 

contamination, and the releases to the atmosphere and to groundwater from the primary 

contamination as a function of time. 

RESRAD- OFFSITE Version 1 .O uses a rate-controlled model to compute the release to 

groundwater. Under this model, the radionuclides are released (leached) to groundwater uniformly 

over the depth of the primary contamination. Thus (in the current version of the code), the release 

to groundwater affects the concentration in the primary contaminated zone but not its physical 

dimensions. Equilibrium-controlled (i.e., solubility or adsorption) groundwater release models are 

not included in this version of RESRAD-OFFSITE. 

The release of dust to the atmosphere occurs from the mixing layer at the top of the primary 

Contamination. Thus, the release can decrease the total quantity of the radionuclides in soil but not 

the concentration in soil. Tritium (H-3) and carbon-14 (C-14) can be released by evasion from the 

whole depth of the contamination. This release is modeled in RESRAD-OFFSlTE as being uniform 

over the entire depth of the primary contamination, and it affects the concentration in the primary 

area of contamination but does not affect its physical dimensions. 



K.1.1 Physical Dimensions 

The physical dimensions of the primary contamination are defined by three parameters - 
area, length parallel to the direction of flow in the aquifer, and thickness - for all but the external 

radiation calculations. The area and the length remain constant with time at the user-specified input 

values. The thickness of the primary contamination is computed as a function of time on the basis 

of the values of the initial thicknesses and erosion rates of the cover and the primary Contamination 

as follows: 

(K.1) 

where 

T,(t) = thickness of the primary contamination at time t (m); 

T,(O) = initial thickness of the primary contamination (m); 

cPc = rate at which the primary contamination is eroded (m yr-'); 

t = time since the site was characterized (yr); 

t, = T,,(O)/E,, the time to erode the cover (yr); 

T,(O) = initial thickness of the cover (m); and 

E,, = rate at which the cover is eroded (m yr-'). 

K.1.2 Concentration of Radionuclides 

The concentrations of radionuclides in soil depend on the radiological half-life and the rate 

at which the radionuclides are released to groundwater. The activity concentrations of the initially 

present radionuclide and its progeny are obtained by solving the following series of equations: 

The solutions are of the form 
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where 

t 

A k  

p k  

'k,i  

= activity concentration of the kth radionuclide of the transformation chain 

(Bq g-' or pCi g-'), 

= time since the site was characterized (yr), 

= radiological transformation constant of the kth radionuclide (yr-I), 

= leach rate constant of the kth radionuclide (yr-'),' and 

= set of coefficients defined by 

For H-3 and C-14, the activity concentration is given by the equation 

A(t) = A(O)exp(-ht-pt-e(t)t) , 

where 

~ ( t )  = evasion rate (yr-') (see Appendix L). 

' If the user does not input a leach rate, RESRAD-OFFSITE will estimate a leach rate by equating the initial 
release rate with the equilibrium desorption release rate. The equilibrium desorption release rate is computed 
with the user-specified distribution coefficient of the radionuclide in the region of primary contamination. 
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K.1.3 Release to Groundwater 

The total activity of a radionuclide released to groundwater per unit of time is given by the 

product of the activity concentration in soil, the bulk density of the soil, the volume of the primary 

contamination, and the release rate: 

= rate at which the kth radionuclide of the transformation chain is released to 

groundwater (pCi yr- '), 

= leach rate constant of the kth radionuclide (yr-'), 

= activity concentration of the kth radionuclide (pCi g-'), 

= dry bulk density of the soil in the region of primary contamination (g ~rn-~), 

= area of primary coritamination (m'), 

= thickness of the primary contamination at time t (m), and 

= unit conversion factor (cm3 m - 3  

K.1.4 Release to Atmosphere in the Form of Dust 

The total activity of a radionuclide released to the a.,nosphere per unit of time is given by 

the product of the activity concentration in surface soil and the rate at which dust is released from 

the area of primary contamination. The RESRAD code does not include a model for estimating the 

airborne fugitive dust emission from the contaminated zone. It uses an empirically determined mass 

loading factor (or dust concentration) for the air immediately above the contaminated area and 

assumes equilibrium between the deposition and emission rates. 

R,du(t) = fC&) A#) mdu A vdu 3.15576 x lo7 , 
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where 

RF(t )  = rate at which the kth radionuclide of the transformation chain is released to the 

atmosphere as dust (pCi yr-l), 

A,@) = activity concentration of the kth radionuclide (pCi g-I), 

mdu = concentration of dust in air above the area of primary contamination (g m-3), 

A = area of primary contamination (m2), 

vdu = deposition velocity of dust in the area of primary contamination (m s-'), 

3.15576 x lo7 = unit conversion factor (s yr-'), 

&&t) = cover and depth factor that relates the concentration in surface soil to the 

concentration in the primary contamination and is given by 

fJt) = 1 if TJt)  = 0 = dmix , 

where 

TJt )  = Tcv(0) - &,,,xt if t < t,, , 

T&) = 0 if t e t ,  , 

TJt)  = thickness of the cover at time t (m), and 

dmk = depth of mixing (m). 
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K.1.5 Times at which the Activity Concentration and Release Rates Are Computed 

The activity concentrations and the release rates to groundwater and to the atmosphere in 

the form of dust are computed at each of the graphical time points, The computed values are written 

in SFSIN.DAT, AQF'LUXIN.DAT, and .AFLUXIN.DAT, respectively, and are meant to be used for 

debugging purposes. The peak release rates to the atmosphere are written to PEAKFLUX.DAT. 

RESRAD-OFFSITE gives the user the option of selecting either a linear or logarithmic spacing of 

the graphical points between year one and the forecasted time horizon. The first and second time 

points are always set at zero and one year. 

K.1.5.1 Forecast Time Horizon 

The user specifies the exposure duration for radiological dose calculations in the First 

Inputs screen and the times at which the dose and risk are to be reported (Text output) in the 

Reporting Times screen. The forecast time horizon, that is, the time span over which predictions are 

to be made, is the sum of the largest reporting time and the exposure duration. 

K.1.5.2 Linear Spacing 

If linear spacing is selected, the: user-specified number of graphical points will be generated 

evenly between year one and the forecast time horizon, subject to the constraint that the (time) 

interval between graphical time points will be at least one year. The values so generated will be 

truncated to an integer. If the user specifies a number of graphical time points greater that the 

forecast time horizon, the constraint imposed on the time interval will cause the forecast time 

horizon to be extended. 

K.1.5.3 Logarithmic Spacing 

If logarithmic spacing is selected, the user-specified number of graphical points will be 

generated so that their logarithm is spaced evenly over the logarithm of the forecasted time horizon 

(geometric series); again, this process is subject to the constraint that the (time) interval between 

graphical time points will be at least one year. The values so generated will be truncated to an 

integer. 
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If the user-specified combination of number of time points and forecasted time horizon 

results in a spacing between graphical time points of less than one, the graphical time points will be 

generated as follows. The graphical time points will initially be spaced at unit time intervals (an 

arithmetic series of increment one) until the remaining time points form a geometric series with an 

interval that exceeds one year. The values so generated will be truncated to an integer. 

K.2 DOSE AND RISK FROM OFF-SITE ATMOSPHERIC TRANSPORT 

Dose and risk resulting from the off-site atmospheric transport of radionuclides is computed 

by using CAP88-PC (Parks 1997), which is linked to RESRAD-OFFSITE. When the user begins the 

execution of the computational code, three atmospheric transport options are presented: (1) generate 

a CAP88-PC input file and execute CAP88-PC, (2) generate a CAP88-PC input file for later use, and 

(3) do not calculate atmospheric transport by using CAP88-PC. When the user chooses to generate 

a CAP88-PC file, the peak release rates to the atmosphere computed by RESRAD-OFFSITE will 

be written to a CAP88-PC input file. 

K.3 DOSE AND RISK FROM GROUNDWATER TRANSPORT AND 
OFF-SITE ACCUMULATION 

RESRAD-OFFSITE computes the dose and risk resulting from the transport of 

radionuclides by groundwater and the accumulation of irrigation-derived nuclides at off-site 

locations. RESRAD-OFFSITE includes a transport model that considers the following processes 

when modeling radionuclide transport in groundwater: (1) advective transport through the mobile 

pores in the soil, (2) dispersive transport in the soil moisture, (3) equilibrium (linear) adsorption and 

desorption of nuclides on soil surfaces, (4) diffusion of radionuclides into and out of some of the 

immobile pores, and ( 5 )  decay and ingrowth due to radiological transformations. The off-site 

accumulation model in RESRAD-OFFSITE considers radiological transformations, mixing of soil 

in the surface layer, erosion of the surface layer, and equilibrium desorption release in computing 

the concentrations of radionuclides in surface soil. The following subsections discuss the individual 

transport and accumulation models used in RESRAD-OFFSITE. 
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K.3.1 Transport of Radionuclides through the Unsaturated Zone 

This subsection describes the manner in which RESRAD-OFFSlTE conceptualizes the 

transport of contaminants in the partially saturated zone. The methods and expressions used to 

compute the flux exiting the partially saturated zone are presented. 

The current version of RESRAD-OFFSITE considers the effects of longitudinal (vertical) 

dispersion on a radionuclide, if the radionuclide travels through an entire layer of partially saturated 

soil in the same form. (When a large number of atoms of a radionuclide travel across a partially 

saturated layer, some will undergo radiological transformations and will exit the layer as one of the 

progeny of the radionuclide that entered the layer. The remainder, which did not transform, will exit 

the layer in the same form. RESRAD-OFFSlTE has the ability to consider the effects of longitudinal 

dispersion on these radionuclides.) The code gives the user two options when modeling the transport 

of a progeny nuclide that entered the layer as one of its parents and then transformed within the layer: 

(1) consider the effects of nuclide-specific retardation and ignore the effects of longitudinal 

dispersion or (2) consider the effects of longitudinal dispersion and ignore the effects of nuclide- 

specific retardation. If the user inputs different distribution coefficients for the parent and its 

progeny, the code will use the first option. The user must input the same distribution coefficients for 

both parent and progeny to use the second option. If the scenario involves a transformation chain 

consisting of radionuclides with differing distribution coefficients and if longitudinal dispersion is 

also important, better predictions can be obtained by subdividing the partially saturated layer into 

smaller layers with the same properties. Then progeny-specific retardation and longitudinal 

dispersion will be modeled over a greaterportion of the partially saturated layer. RESRAD-OFFSITE 

currently allows specifications of up to five partially saturated layers. 

K3.1.1 Flux of Radionuclides That Entered and Exited the Layer 
in the Same Form 

The governing equation for a transforming solute with only longitudinal dispersion is 



where 

R d = - + - ,  ‘c Kd p& 
‘a ‘a 

and the initial and boundary conditions are an instantaneous unit flux across a unit area, that is, 

and are of a transforming solute, that is, 

O,Rd /c(z, t)  dz = exp( -It) . 
-m 

If one starts with the solution of Lindstrom et al. (1967) for a “flux-plug type of input at the 

surface,” considers the limit where the duration of the flux plug tends to go to zero while the total 

flux goes to unity, and then modifies for a transforming solute, the following equation is obtained 

The flux at a distance z at time t is  given by 

If the flux entering a partially saturated layer is known as a function of time, it can be convolved with 

the above expression (for output flux from an instantaneous unit input flux) to obtain the flux exiting 

the layer. In RESRAD-OFFSITE, the fluxes entering a layer are known at each of the intermediate 

times. If it is assumed that the (entering) fluxes at intermediate times can be approximated by linear 

interpolation, an analytical solution for the flux exiting the layer can be obtained as follows. 

Let the input fluxes at times t ,  and t2 be s(tl) and s(t2), respectively. Approximate the input 

flux at intermediate times by linear interpolation, 

t2 - t  f - t ,  

t2 -t1 f2 -11 
s(z,t,5t5t2) = s(tJ - + s(tJ - * (K. 10) 



By transforming the variable to t = to - t 
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, the input flux becomes 

= a + b t .  

The output flux at a distance z at time to 2 tz 2 t ,  is given by 

(K. 1 1) 

to-tl z j T e & - k T  (K. 12) 
JTz,to) = J’ (a +bz) - 4DT dc 

z 4nDt  
to - tz 

This can be integrated by factorizing and then changing the variables as shown in the next two steps: 
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2 0  
bz 

2 0  

s 
z + d x E ( t o  - t ,  ) 

Integration yields: 

flz,to) = [; - + bz ) exp [ -- z v  z d m ]  
2 4 7 z z  2 0  2 0  

2 0  

The flux exiting the layer at the nth intermediate time is obtained by summing the contributions of 

the input fluxes over the preceding n - 1 time intervals. 
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2 0  2 0  
(K. 13) 

with 

K.3.1.2 Flux of Radionuclides That Were Produced by Radiological 
Transformations within the Layer 

The transfer function is of the. form 

(see Appendix I). 

If the flux entering a partially saturated layer is known as a function of time, it can be 

convolved with the above expression (for output flux from an instantaneous unit input flux) to obtain 

the flux exiting the layer. In RESRAD-OFFSITE, the fluxes entering a layer are known at each of 

the intermediate times. If it is assum.ed that the (entering) fluxes at intermediate times can be 

approximated by linear interpolation, an analytical solution for the flux exiting the layer can be 

obtained as follows. 

Let the input fluxes at times t,  and tz be s(tJ and s(tJ respectively. 



K-I 5 

Approximate the input flux at intermediate times by linear interpolation, 
t2 - t  t - t l  

t2  - 4  t 2  - 4  
s(z,t1<t<t2) = s(tJ - + 4 tJ  - - 

By transforming the variable to T = to - t, the input flux becomes 

+ s(t2) to - - t1 
t2 - to + z 

s(z, to-t2~;z~to-t1) = sol) 
t2 - tl t2 - 4  

= a + b z  . 

Then the flux at a distance z at time to is given by 

(K. 14) 

(K. 15) 

(K.16) 

to - I 1  
-- - h,,ny E fkT (a + bz) exp(az + p TI) dz 

'parent to -*z 

to-$ 

to - tz 1 b 
exp(az + p TI) - - exp(az + p T,)  

a2 
- -- 'progeny 

'parent 

The flux exiting the layer at the nth intermediate time is obtained by summing the contributions of 

the input fluxes over the preceding n- 1 time intervals. 
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(K. 17) 

with 

and 

K.3.2 Transport of Radionuclides through the Saturated Zone 

This subsection describes the manner in which RESRAD- OFFSITE conceptualizes the 

transport of contaminants in the saturated zone. The methods and expressions used to compute the 

concentration of contaminants in water extracted from a well and from a surface water body are 

presented. 

The current version of RESRAD-OFFSlTE considers the effects of longitudinal 

(horizontal) dispersion on aradionuclide, if it travels the entire length of the saturated zone from the 

point of contamination to the source of water in the same form. The code gives the user three options 

when modeling the transport of aprogeny nuclide that entered the saturated zone as one of its parents 

and then was transformed within the saturated zone: (1) consider the effects of nuclide- specific 

retardation and ignore the effects of longitudinal dispersion, (2) consider the effects of longitudinal 

dispersion and ignore the effects of nuclide-specific retardation, or (3) model the effects of parent 

and progeny-specific retardation and longitudinal dispersion by subdividing the length of the 

saturated zone. RESRAD-OFFSlTE allows up to 100 subdivisions of the saturated zone. If the user 

inputs different distribution coefficients for the parent and its progeny, the code will use the first 

option. The user must input the same distribution coefficients for both the parent and the progeny 

to use the second option. 
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Lateral (horizontal transverse) dispersion and vertical transverse dispersion in the saturated 

zone also can be accounted for when computing the concentration in water extracted from the well. 

If the user chooses to consider vertical dispersion in the saturated zone, the effects of clean 

infiltration over the length of the saturated zone will be ignored. RESRAD-OFFSITE separates the 

consideration of transverse dispersion from the consideration of longitudinal dispersion for ease of 

computation. 

The system being modeled is depicted in Figure K.1. The input flux is treated as pulse 

distributed over a parallelepiped of dimensions L, x Ly x L,, where Lx is the length of the 

contaminated zone, L,, is the width of the contaminated zone, and L, = LJ7Vd. 

K.3.2.1 Concentration of Radionuclides That Traversed the Saturated Zone 
in the Same Form 

The governing equation for a transforming solute is 

When modeling longitudinal transport first, the simplified governing equation to be solved is 

(K. 19) 

and the initial and boundary conditions are (i) an instantaneous unit pulse release over a Ly x L, 

section, that is, 

and (ii) the solute is a transforming solute, that is, 
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FIGURE K.l Representation of the Idealized Saturated Zone 
Transport System 

The solution is 

r 1 

1 1 - ( x - v t ) 2  
cuq(x,t) = -- - 

L L O R , 1 ]  Y 4nDt  4 D t  

Flux is given by 

(K.20) 

Consider an instantaneous unit release of cross section Ly x L, and of length L, in the x 

direction into the saturated zone. The concentration at a distance x from the downgradient edge of 

the release is 
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- h t  a Y .  1 ca,(x,t) = 
4nDt  4 D t  

(K.22) 

Substituting 

where 

and 
L x + x - u t  

J a E  5, = 

The flux at distance x is 

(K.23) 

(K.24) 

Now consider the effect of lateral (transverse horizontal) dispersion. The simplified 

equation to be solved is 

(K.25) 
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If the above equation oa is solved 

conservative solute, /c(y,t) dy 
-m 

for an ins tan taneous 

= 1 :  

unit point pulse release, c(0,O) = 1, of a 

(K.26) 

Now consider an instantaneous unit pulse release of width, L,,, of a conservative solute, 

c(y,O) = 1 v Iy( s Ly/2 
= 0 v IyJ > LJ2 ' 

and 

/c(y,t)dy = 1 v t > 0 . 
-m 

The solution is 

Similarly, consideration of vertical dispersion results in 

(K.27) 

(K.28) 
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By replacing the uniform transverse distributions (lfLy, l/LJ of the nondispersing plume with the 

above expressions for the transverse concentration distributions into the expression derived for 

longitudinal transport, 

where 
X - Vxt/ Rd Lx+X -VxtfRd 

= 9 5, = 7 

z + L z  z -Lz  c+ = , and t;- = /- /- 
In the case of the vertical concentration profile reaching the boundary of the impermeable layer 

underlying the aquifer, a mirror source is introduced at z = 2Hu9. Additional mirror sources are 

introduced (at z = -2Hu,, 4Hu9, -4Hu9, 6Huq, .........) each time the reflected profile reaches the water 

table or the lower impermeable boundary. 

Now consider a well of depth d, and pumping diameter d, = U,/(d,v,), at a distance x, from 

the downgradient edge of the source and at a distance yo from the plume center line. 

The concentration in water extracted from the well is 

(K.30) 
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The integral of the error function is evaluated by using the following series for the error function 

(which is useful for arguments in the range -4.0 to 4.0): 

2 m X 2 n + l  
erf(x) =: - (-IT 6 n=O (2n  + l)n! 

and 

OD X 2 n + 2  2 
X 

Inted(x) = erf(2) = - (- 1)" s fi n=O (2n + 2 ) ( 2 n  + l )n!  
0 

Thus, 

(K.31) 

(K.32) 
where 

and 

with additional terms in cw,,(f) for reflections off the impermeable layer and the water table if 

necessary. 

The radionuclide concentration in well water can be computed by convolving the above 

expression for the concentration in well 'water due to a unit pulse input into the saturated zone, with 

the time-dependent input pulse obtained from the unsaturated zone transport calculations. RESRAD- 

OFFSITE, however, uses a further approximation to simplify the calculations in order to (1) reduce 

run time, (2) generate the transverse cross-sectional concentration profile in the aquifer at the 

location of the well without excessive demand on memory, and (3) facilitate a future improvement 
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in the saturated zone transport calculations, in which the zone would be subdivided to model the 

longitudinal dispersion of the progeny. 

The previous expressions pertained to an instantaneous source of dimension L, x L,, x Lz. 

Now consider a point source. The concentration due to an instantaneous point source is 

(X  - Vxt/Rd)2 ---- y 2Rd z 2 R d ]  

4Dxt /Rd 4Dyt  4Dzt  

The peak concentration at any location occurs at a time given by 

and 

r 

.. 

tP 4 Dx tp" 4 D ~ 1 R d  4Dytp" 4Dztp2 

(K.33) 

CP(X,Y,Z,tP) = 0 , (K.34) 
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The peak concentration at the centerline occurs at 

r ,  1 

(K.35) 

If there was no dispersion in the longitudinal direction, contaminants would appear at (x,O,O) at a 

time t, = XRd lvx following an instantaneous point release. Longitudinal dispersion spreads the 

contaminants out, and they arrive over a period of time; the peak occurs at time tp = CD,v,l xRd/vx. The 

transverse profile of the concentration will vary somewhat over this period of time. In RESRAD- 

OFFSlTE, the transverse concentration profile at time tp is used in place of the range of profiles. The 

expressions used by RESRAD-OFFSITE for the radionuclide concentration in the aquifer and in the 

water extracted from the water sources due to an instantaneous pulse input are as follows. 

For the concentration in the aquifer, the expression is 

where 
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For the concentration in water extracted from the well, 

(K.37) 
where 

2y0 + d r  +L 2 y o + d r - L  2yo-dr+LY + Inter€ 2Y 0 - d r - L y  Interf -Inter€ -Inter€ 
4 p q Z i  4/m 4/m 4 / q K  9 

and 

with additional terms in cwSz(t) for reflections off the impermeable layer and the water table if 

necessary. 

For the concentration in the surface water body, the expression is 

(K.38) 
X, -vxtlRd 

- erf 'primary contamination exp( - t cs(x,,t) = 
'water shed LxLy ' z  ' a  Rd 

The above expressions due to a unit pulse input into the saturated zone are convolved with the time- 

dependent input pulse obtained from the unsaturated zone transport calculations to compute the 

concentration in the well water and the concentration in the surface water body. 

If the user inputs zero values for the transverse dispersion coefficients, the following 

expressions are used instead to compute the concentration in water extracted from the well: 
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cws(yo,r) = minimum i l . 2 )  9 (K.39) 

where 
Z dc = maximu O,dw -xZlv,), if d w c ( x + L , ) -  

'd  
m( 

and 

Z if dw 2 (x+L, ) -  . 
' d  

K.3.2.2 Concentration of Radionuclides That Were Produced by Radiological 
Transformations within the Saturated Zone 

The transfer function is of the form 

G(t) = - 'progeny FLT exp(aijt+pijT,) . 
'parent 

This is used in place of the expressions for longitudinal dispersion as follows: 

(K.40) 

'primary contamination G(t) 
C&t) = 

Awater shed LxLyLzeaRd * 

K.3.3 Accumulation of Radionuclides at Off-Site Locations 

This subsection describes the manner in which RESRAD- OFFSITE conceptualizes the 

accumulation of contaminants in off-site agricultural areas. The methods and expressions used to 

compute the concentration of contaminants in surface soil, plants, meat, and milk are presented. 

The current version of RESRAD- OFFSITE considers the accumulation of contaminants 

in off-site surface soil due to contaminated irrigation. Although the code is capable of computing the 
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accumulation of contaminants in off-site surface soil resulting from atmospheric deposition, this 

computation is not performed because CAPSSPC (Parks 1997) is used to compute the radiological 

health effects due to the atmospheric release. Radiological transformations, mixing of soil in the 

surface layer, erosion of the surface layer, and equilibrium desorption release are considered in 

computing the concentration in surface soil. 

Accumulation of contaminants in plants due to root uptake from off-site soil and on-site 

soil and foliar uptake from overhead irrigation are considered. Calculation of contamination resulting 

from deposition of contaminated dust on the plants is suppressed, because this is computed in 

CAPSSPC (Parks 1997). 

Transfer and accumulation of contaminants in meat and milk due to the ingestion of 

contaminated plants, incidental ingestion of soil with plant feed, and consumption of contaminated 

livestock water are considered. 

K.3.3.1 Accumulation in Surface Soil 

The following processes affecting activity concentration in the mixing zone are considered: 

time-dependent deposition of contaminants, uniform mixing in a mixing layer, decay and ingrowth 

due to first-order (radioactive) transformations, loss due to surface erosion at a constant rate, and 

desorption equilibrium-controlled release. These processes and the net change in the mixing zone 

are discussed in the following subsections. 

Net change in mixing zone 

The net change in the number of atoms of i in the mixing zone between time t and t+dt is 

(K.41) 

DeDosition 

The number of atoms of i added to the mixing zone due to deposition between time t and 

t+dt is 
Q(t)  A dt 

(K.42) 
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Radioactive transformations 

The number of atoms of i added to the mixing zone due to radioactive transformations of 

j (= i - l), the parent of i, between time t and t+dt, is 

sjo(t) p i  d: A O dt . (K.43) 

The number of atoms of i removed from the mixing zone due to radioactive transformations of i, 

between time t and t+dt, is 

sy(t) p i  d," A O dt . (K.4)  

Surface erosion 

The number of atoms of i removed from the mixing zone due to surface erosion between 

time t and t+dt is 

where E O = e" / d," is the fraction of ,the mixing zone that is eroded each year. 

Adsomtion eauilibrium - leaching 

Let c,(t) and s/( t )  denote the activity concentration of nuclide i in the aqueous and solid 

phases of the mixing zone at time t .  Then, 

c,(t) (3; + si/@) pi = s;(t) pi and si l t )  = c,(t) K:i . (K.46) 

Thus, 

(K.47) 

The number of atoms of i removed from the mixing zone due to leaching between time t and t+dt 

(K.48) 



- 
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where 

Combining the change in the number of atoms of nuclide i in time dt due to all these processes, 

(K.49) 

which can be integrated from time 0 to t to obtain 

(K.50) 

The form of Di(t) needs to be known to solve this equation. 

Deposition due to irrigation 

Let the quantity of irrigation water that is applied to a unit area of the agricultural field in 

time tir (irrigation time in an year) be qir. It is possible to apply the above set of equations for two 

time periods: (1) the part of the year when irrigation is applied (ti,,), with appropriate values of a and 

p, and (2) the remainder of the year, with no deposition . However, given the assumption of uniform 

mixing throughout the year rather than the once-a-year mixing that occurs during plowing, it is 

appropriate to model the accumulation on the basis of the assumption that the quantity of irrigation 

water, qir, is applied uniformly over the year. The rate at which the contaminant is deposited on the 

ground is then given by 
r 1 

I -  1 - exp( -Aw t,> 

h W  

qir 
tir 

Di(t) = - wiir(t) (K.5 1) 
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The last term adjusts for the fraction of deposition that is intercepted and retained by the plants. The 

activity concentration of contaminant in irrigation water, wii'(t), is known at each intermediate 

time point and is assumed to vary linearly between these time points. Thus, Di(t) is a linear 

function oft, that is Di(t) = ai + pit, and CI and p will be determined by the concentration-time pairs 

bracketing the time of interest. 

DePosition from atmomhere 

The rate at which the contaminant is deposited on the ground from the atmosphere is given 

by 

(K.52) 

The last term adjusts for the fraction of deposition that is intercepted and retained by the plant. The 

activity concentration of the contaminant in air, a,($), is known at each intermediate time point and 

is assumed to vary linearly between these time points, Thus, Di(t), is a linear function of t ,  that 

is, Di(t) = ai + Pit, and CI and p will be determined by the concentration-time pairs bracketing the 

time of interest. Thus, Di(t) is a linear function o f t ,  that is, Di(t) = ai + Pit, and integration yields 

1 Pi + -  
(K.53) 

ThUS, 
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(K.54) 

First member of transformation chain 

which can be rewritten as 

where 

(K.56) 

C,' = s,O(O)-A,L . 
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Second member of transformation chain 

Substituting s,"(t) with Equation K.5.6 yields 

(K.57) 

(K.58) 

0 

and carrying out the integral yields 

1 - L + E  ' + b o ) t  
+ + - e  - ~ + E ' + ~ ' ) t ]  (K.59) 

+ E O  +Go 

%! +L2 

which can be rewritten as 

S,"<t> 

-A1 -L,  

-b + E  + b o ) t  
+ C,2e = A : t + A i + C 2 e  ? 

1 - ( . l + E ' + L ~ ) t  (K.60) 
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where 

c: ,and 
1 1 2  c, = 

L , + L ; - ~ , - L , "  

ith member of transformation chain 

Proof by induction: 

j k - k k + E o + L ; ) f  If sj"(t) = A:t+A; +c Cj e , then 
k = l  

(K.62) 

+ [1 - , - t i + E " + L ; ) t ]  

hi - + E O  + L~' 

(K.6 1) 
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i k - b k + E o + L : ) t  

and s;(t) = A;t+A,' tc Ci e , 
k = l  

where 

0 
0 hi Aj + Pi Ai = 

hi + E  0 + L; d; (hi + E  0 +L;) ' 

C' ,forall k + i ,and k hi ci = 

hi +L; -hk - L; 

i 
Cii = s,"(O) -A: - C C: . 

k =  1 

K.3.3.2 Accumulation in Plants 

Accumulation of contaminants in plants due to root uptake from off-site soil and on-site 

soil and foliar uptake from overhead irrigation are considered. Calculation of contamination due to 

deposition of contaminated dust on the plant is suppressed, because this is computed by CAPSS-PC 

(Parks 1997). 

Root uPtake from on-site soil 

If part (or all) of the agricultural area lies above the primary contamination, the roots of the 

plants could penetrate the primary contamination and take up the contaminants. This is computed 

as follows: 

P i ( 0  = fafcd(t)  rtJ;: S , W  , (K.63) 

where 
pi(t)  = activity concentration of contaminant i in the plant, 

= fraction of the agricultural area that lies directly above the primary 

contamination, 
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rtf, = root uptake factor of contaminant i for the plant, 

si(t) = activity concentration of contaminant i in on-site soil, 

&(t) = cover and depth factor that is the fraction of the root length exposed to the 

primary contamination given by 

= thickness of the cover at time t (see Appendix L), 

= thickness of the primary contamination at time t (Appendix L), and 

= length of the root. 

Root uptake from off-site soil 

This is computed by using 

= activity concentration of contaminant i in plants, 

= root uptake factor of contaminant i for plants, and 

= activity concentration of contaminant i in off-site soil. 

Foliar uptake from overhead irrigation from off-site soil 

This is computed by using 
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where 

f t l  

Y 

wii'(t) 

qir 

(K.64) 

= activity concentration of contaminant i in plants, 

= fraction of contaminant that is intercepted by plants, 

= fraction of contaminant that is translocated from the foliage to the edible part of 

the plants, 

= wet weight crop yield, 

= growing time period during which the plant is exposed to contaminants, 

= weathering removal rate constant for plants, 

= activity concentration of contaminant i in irrigation water at time t ,  and 

= quantity of irrigation water applied to a unit area of cultivated land in a year. 

K.3.3.3 Accumulation in Meat and Milk 

Transfer and accumulation of contaminants in meat and milk due to ingestion of 

contaminated plants, incidental ingestion of soil with plant feed, and consumption of contaminated 

livestock water are considered. These are computed by using 

where 

imx. = daily intake to equilibriudslaughter concentration in the meahi lk  factor, 

qing * 
pi(t)  

= quantity of plant feed ingested per day, 

= activity concentration of contaminant i in plants, 

S 

'ling = quantity of soil ingested with the plant feed per day, 
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sio(t) 

s,(t) 

= activity concentration of contaminant i in off-site soil, 

= activity concentration of contaminant i in on-site soil, 

W 

qing = quantity of water consumed per day, 

wF(t) 

fa 

= activity concentration of contaminant i in livestock water, 

= fraction of the agricultural area that lies directly above the primary 

contamination, and 

f J t )  = cover and depth factor for surface soil (see Appendix L). 

Id4 NOMENCLATURE FOR EQUATIONS 

Dimensions: length Q, mass (M), time (T), activity (A). 

Groundwater tranmort 

caq = c(x,t) = concentration in aqueous phase (activity L-3), 

cs = concentration in aqueous phase in the surface water body (activity L-3), 

cw = concentration in water extracted from the well (activity L-3), 

d, = pumping diameter of well (L), 

dw = depth of well (L), 

Dx = longitudinal hydrodynamic dispersion coefficient (L'T- '), 

D, = lateral hydrodynamic dispersion coefficient (Lq-'), 

Dz = vertical hydrodynamic dispersion coefficient (L'T- '), 

D = effective longitudinal hydrodynamic dispersion coefficient of contaminant 

(Lq-  9, 
JTx,t) = contaminant flux across a horizontal plane (Activity L-2T-'), 
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I 

Kd 

= Darcy infiltration velocity (vertical) (LT-I), 

= distribution coefficient of the nuclide (L3M-'), 

R, = retardation factor (L3M-'), 

s(t) = input flux at time TI, 

t = time (T), 

Uw 

vd 

= rate at which water is extracted from the well (L3T-'), 

= horizontal Darcy velocity (longitudinal) (LT-'), 

v, = v, average pore water velocity (longitudinal/vertical) (LT-'), 

v = average contaminant velocity (longitudinalhertical) (LT-I), 

= distance in longitudinal direction (L), x 

y 

z 

8, 

= distance in lateral direction (L), 

= distance in vertical direction (L), 

= mobile moisture content (advection) (L3L-3), 

8, = soil moisture that is contaminated by advection or by diffusion (L3L-3), 

pb = dry bulk density of the soil (IvIL-~), 

h = radioactive transformation rate (T-'), 

FkT = a function of h and 71, 

G(t) = output flux of progeny due to an instantaneous unit input flux of parent to the 

saturated zone, 
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f&. = a function of h and Ti, 

g(t) = output flux of progeny due to an instantaneous unit input flux of parent to the 

unsaturated zone, 

Ti = advective travel time of nuclide i in saturated zone (T), 

aij = a function of h and Ti, and 

p j j  = a function of h and Ti, 

Off-site accumulation 

A ' 

a,(t) 

= off-site area (L2), 

= activity concentration in air* 

Di(t) = deposition rate* (AL-'T-' 1 9  

d," = off-site depth of mixing (L), 

E ' = off-site normalized surface erosion rate (T-'), 

fa = fraction of the agricultural area that lies directly above the primary 

contamination, 

fcd(t) = cover and depth factor for root uptake, 

= fraction of contaminant that is intercepted by plants, 

= fraction of contaminant that is translocated from the foliage to the edible part of ftr 
the plants, 

Z ' 

K:,, 

Ljo 

pi@) 

= off-site infiltration rate ( L P ) ,  

= off-site distribution coefficient* (L"M), 

= off-site leach rate coefficient* (TI), 

= activity concentration in the plants* (AM"), 
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= quantity of irrigation water applied to a unit area of cultivated land in a year 

(L3L-2T1), 

= root uptake factor, 

= on-site activity concentration* (AM"), 

= off-site activity concentration* (AM-'), 

= time (T), 

= growing time period during which the plant is exposed to the contaminants (T), 

= time period during which the plant is irrigated (T), 

= deposition velocity (LT'), 

= activity concentration in irrigation water at time t* (AL-~), 

= activity concentration in livestock water* (AL-3), 

= wet weight crop yield 

= off-site surface erosion rate (LT-I), 

= off-site moisture content, 

= transformation coefficient* ('PI, 

= weathering removal rate constant for plants (T-'), and 

= off-site bulk density (ML-3). 

* subscript i refers to contaminant i. 
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APPENDIX L: 

TRITIUM AND CARBON-14 PATHWAY MODELS 

Pathway analysis models for deriving soil concentration guidelines in the RESRAD code 

have been developed primarily for radionuclides in solid form. Tritium (H-3) and carbon-14 (C-14), 

which are ubiquitous, mobile, and have an abundance of stable isotopes in the environment, require 

special consideration in radiological analysis to more accurately assess their potential hazards.' This 

appendix describes the pathway analysis models developed for H-3 and C-14. 

L.l GENERAL APPROACH 

The pathway analysis models in RESRAD are inherently complex. To avoid additional 

complexity, the basic strategy employed in developing the H-3 and C-14 pathway models was to 

maintain the general RESRAD approach but to add pathway-dependent submodels in the code to 

take into account the special behavior of these hydrogen and carbon isotopes in the environment. 

Numerous pathway analysis models have been developed for estimating radionuclide 

concentrations in food products and doses to humans from the environmental release of H-3 (Evans 

1969; Moore et ai. 1979; National Council on Radiation Protection and Measurement 1979) and 

C-14 (Killough and Rohwer 1978; Moore et al. 1979; Zach and Sheppard 1991). However, many of 

these models have evolved from analyses of atmospheric sources; therefore, they are not appropriate 

for ground sources, such as residual radioactive materials on or beneath the ground surface. 

The specific activity methodology that has been used extensively for calculating doses from 

H-3 and C-14 assumes, conservatively, that a state of equilibrium exists among their concentrations 

in all environmental media - air, water, food products, and body tissues. When this methodology 

is applied to contaminated soil, an infinitely large, uniformly distributed source area is assumed. 

Consequently, the methodology is not specifically useful for a radioactively contaminated site with 

a finite area. This simplistic, yet conservative, approach may, however, be applicable to some of the 

individual pathways, such as soil-to-plant and water-to-fish transfers. The advantage of using this 

In general, it is assumed that tritium is transferred in environmental media through its association with water as 
tritiated water (HTO); C-14 follows the conversion of CO, and becomes fixed in vegetation and reaches man 
primarily through the ingestion pathway. 
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method for individual pathways is that the uncertainty introduced into the pathway analysis can be 

reduced because of the minimal number of parameters required. The major goal in developing the 

H-3 and C-14 models was to maintain sufficient flexibility in the code so that site-specific data could 

be used for a conservative, yet realistic, analysis of the potential hazards associated with the presence 

of these hydrogen and carbon isotopes in the environment. 

The following sections describe the submodels developed for calculating the effective dose 

equivalents from soils containing residual activities of H-3 and C-14. These submodels are for 

estimating radionuclide concentrations in soil and soil water, in air, and in food products. 

Estimates of radionuclide concentrations in groundwater or surface water for sites 

contaminated with H-3 and C-14 can be derived by using the nuclide water pathway submodels 

described in Appendix E. Therefore, this appendix does not include a water-pathway-related 

submodel. 

L.2 TRITIUM SUBMODELS 

Tritium, with an atomic mass number of 3 and a decay half-life of 12.26 years, is a naturally 

occurring isotope of hydrogen produced by the interaction of cosmic ray protons and neutrons with 

nitrogen and oxygen atoms. H-3 is a product of ternary fission of uranium and plutonium and is also 

produced by activation of deuterium in the coolant (2H(n,y)3H) of light-water-cooled nuclear power 

reactors. Because H-3 decays to helium-3 by emitting a low-energy beta particle (E- = 

0.0186 MeV), it does not pose an external hazard. However, it can pose an internal radiological 

hazard once inhaled or ingested. The ingestion dose conversion factor is about 1/800 of that of Cs- 

137+D. Because H-3 has essentially the same chemical behavior as stable isotopes of hydrogen 

(i.e., H-1 and H-2), it will occur in organisms throughout ecosystems in concentrations that depend 

on the ratio of H-3 to stable hydrogen in the environment.’ 

Tritium released to the environment is usually converted to the oxide form quite rapidly and 

is dispersed like ordinary water. The relatively large mass difference between ordinary water and 

tritiated water (HTO) has some influence on HTO’s properties. For example, the vapor pressure of 

HTO is about 10% lower than that of ordinary water, and the molecular diffusion coefficient in air 

The specific activity of elemental H-3 is approximately 9,700 CVg. 
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is about 5% lower (Murphy 1990). In general, the circulation of H-3 would be expected to closely 

follow that of water. To estimate the H-3 concentration in air (as vapor), in water, and in food, the 

H-3 concentration in the soil water in the contaminated zone must be estimated first. 

L.2.1 Tritium in Soil Water 

The H-3 concentration in soil water in the form of HTO in the contaminated zone under 

equilibrium conditions can be expressed as follows: 

where 

WH-p)  = concentration of H-3 in soil water in the contaminated zone 

(pCi/cm3), 

pb"z) = bulk density of the contaminated zone (1.5 g/cm3), 

SH-3 = concentration of H-3 in contaminated soil (pCi/g), 

8 (") = volumetric water content of the contaminated zone (dimensionless), 

and 

Rf) = retardation factor of H-3 in the contaminated zone (dimensionless, 

see Appendix E). 

The volumetric water content, e("), is expressed in Equation E.6 of Appendix E as 

pt(cz) 

R,'"") = saturation ratio. 

= total soil porosity and 



The retardation factor, Rd, is expressed in Equation E.8 of Appendix E as 

R d = l  + p b  Kd 

6 

Substituting Equations L.2 and L.3 into Equation L.l, WH-p)  can be written as 

(L.3) 

where 

Kd(cL) = distribution coefficient for H-3 (0 cm3/g). 

For the case of HTO, H-3 transport generally follows that of stable hydrogen in water (Le., Kd = 0); 

therefore, 

L.2.2 Tritium in Air 

The H-3 concentration in the air above an area of soil contaminated with H-3 is influenced 

by the H-3 flux from the ground surface, environmental and meteorological factors, location, and 

time. If H-3 closely follows the transport of stable hydrogen in the environment, the relationship of 

H-3 in air versus H-3 in the ground will be analogous to that of stable hydrogen in these media. In 

the case of HTO, this relationship implies that H-3 concentrations in air and soil will depend on the 

ratio of water vapor in air to the water content in soil. 

For HTO in the contaminated zone, the H-3 flux or the evaporation rate from a 

contaminated site can be estimated by using the water balance equation (Equation E.4) and other 

site-specific parameters. 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. 
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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: 

where 

CHm3, lq"' = average equilibrium concentration of H-3 in air (pCi/m3), 

CH, neqrn = average equilibrium concentration of hydrogen in air (g/m3), and 

W, = mass fraction of hydrogen in water (1 g H per 9 cm3 H20 because 

1 g H20 = 1 cm3 H20). 

The average equilibrium concentration of hydrogen in air can be expressed as 

1 C H , $ e q m  = - 9 %  ' 

where 

1/9 = mass fraction of hydrogen in water (dimensionless) and 

Ha = average absolute humidity in air (8 g/m3). 

Equation L.6 can be rewritten as 

CH-3,aeqm = WH-J(cz) x Ha . 

(L.7) 

Site-specific values of the absolute humidity are r-duired as input to de-mnine the 

equilibrium concentration of H-3 in air. Because of the wide variability in atmospheric humidity 

from one location to another within the United States, a contour map of absolute humidity values 

is provided for user reference (Figure L. 1). 

For a local source with a finite area A, the H-3 concentration in air can be estimated by 

using the following approximation, which neglects the small amount of water retained in plants 

relative to the amount released from the soil: 

- 3.17 x x 0.5 x EVSN x f i  
'H-3.a - 

H m i x  X u 
7 (L.9) 



Mean Absolute Range of 
Humidity (g/m3) Values (g/m3) 1 I 

-I 4.7 3.0 - 5.5 - 6.6 5.6 - 7.5 
-1 8.4 7.6 - 9.5 
m d  10.6 9.6 - 11 .b 
-1 13.8 11.6 - 16.5 

CYA4710 

FIGURE L.l Absolute Humidity by Geographical Region (Source: Etnier 
1980) 

where 

CH-3,cr = average concentration of H-3 in air over a contaminated area of 

finite size (pCi/m3), 

3.17 x lo-’ = unit conversion factor (yr/s), 

0.5 = time fraction wind is blowing toward receptor (dimensionless), 

EVSN = H-3 flux (evasion rate) from the contaminated area (pCi/m2 x yr), 

A = area of Contaminated zone (10,000 m’), 

= height at which the tritiated water vapor is uniformly mixed (2 m 

for the human inhalation pathway; 1 m for the plant, meat, and 

milk ingestion pathways), and 

U = annual average wind speed (2 d s ) .  
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For HTO, the H-3 flux EVSN can be calculated on the basis of the water balance equation 

for the contaminated site: 

EVSN = lo6 x WH-3(cz) x Et (L. 10) 

where 

lo6 = unit conversion factor (cm3/m3) and 

E, = evapotranspiration rate (see Equation E.4 in Appendix E for definitions of 

constituent parameters) (dy r )  

The H-3 concentration in air calculated by using Equation L. 10 should always be less than 

the equilibrium value calculated by using Equation L.8 for an infinitely large source area. For H-3 

in forms other than tritiated water vapor, the H-3 flux EVSN may be obtained by using site-specific 

measurements . 
The H-3 flux to the atmosphere results in a fractional loss of H-3 from soil water in addition 

to the loss of H-3 because of radioactive decay and leaching. To account for the H-3 lost to air from 

the contaminated zone, an evasion source factor for H-3 is included in addition to the source factor 

for radioactive decay and leaching. The evasion source factor SF, (t)  can be calculated as follows: 

where 

Ec = 0 when dref - C,(t)cO , 

= EH-,when dref - Cd(t)>T(t) , 
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and where 

SF, (t)  = source factor for H 3  due to evapotranspiration (dimensionless), 

E, = evasion rate adjusted for cover thickness (yr-I), 

= evasion rate constant (yr-'1, 

drej = reference evasion depth (0.3 m), 

C, ( t )  = cover thickness (m), 

T(t) = thickness of the contaminated zone (m), 

t = elapsed time (yr), and 

10" = unit conversion factor (m3/cm3). 

L.2.3 Tritium in Food 

L.2.3.1 Plant Food/Soil Concentration Ratio for Root Uptake 

The transfer of H-3 to foods such as produce, meat, milk, and fish is calculated by using the 

general equations derived in Appendix D. However, the food transfer coefficients for H-3 must be 

derived by taking into account site-specific parameters such as water content in foods, animal diets, 

and intake rates. Derivation of the food transfer coefficients is discussed in the following sections. 

Tritium concentrations in plants grown on contaminated soil can be modeled by assuming 

that the transfer of H-3 from soil to plants follows the path of stable hydrogen from soil to plants as 

or 

' H - 3 , p k  = 9 x WH-3(Cz) ' H , p k  (L. 14) 
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where 

CH-3,pk = concentration of H-3 in plants; pathwayp = 3 (produce ingestion),p = 4 

(meat ingestion), or p = 5 (milk ingestion); plant type k = 1 (leafy 

vegetables), k = 2 (other vegetables, fruits, and grains), or k = 3 (fodder) 

(pCi/g); and 

CH,pk = mass fraction of hydrogen in plants (dimensionless). 

The mass fraction of hydrogen in plants (for k = 1,2, and 3) is estimated to have a value of 

0.089. Therefore, Equation L.14 can be rewritten as 

'H-3 ,pk  = 0.8 x W H - 3 ( c z )  . (L.15) 

By substituting the expression for H-3 in soil water (Equation L.4) into Equation L.15, Equation L.13 

can be rewritten as 

(L. 16) 

The plant-foodsoil concentration ratio for root uptake is calculated by combining 

Equations L. 16 and D.8: 

(L.17) 

L.2.3.2 Transfer Factor for Meat and Milk 

The transfer of H-3 to meat and milk can be calculated by correlation with the transfer of 

stable hydrogen to meat and milk by calculating the intake rate of hydrogen in the animal diet as 

follows: 

(L. 18) 

(L. 19) 



where 
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CH-,, = concentration of H-:3 in meat (p = 4) or milk (p = 5) (pCi/kg), 

FZH-3, = daily intake rate of H-3 in livestock diet (pCi/d), 

CH,p = mass fraction of stable hydrogen in meat or milk (dimensionless), 

FZ,,p = daily intake rate of istable hydrogen in livestock diet (kg/d), 

W, = mass fraction of stable hydrogen in livestock water (0.11, 

dimensionless), 

FZp5 = daily intake rate of water by livestock (p = 4,50 Wd; p = 5,160 Ud), 

FDR, = mass fraction of stable hydrogen in livestock fodder (0.10, 

dimensionless), 

FZpq = daily intake rate of fodder by livestock (p = 4, 68 kg/d; p = 5, 

55 kg/d), 

S, = mass fraction of stable hydrogen in soil (dimensionless), 

FZfi = daily intake rate of soil by livestock (0.5 kg/d), and 

= mass fraction of water in meat or milk (dimensionless, default values cH20. P 

are provided in Table L. 1). 

TABLE L.l Water Content of Food Types 

Water Fraction 
Food Type (kdh.3) 

Fresh fruits, vegetables, and fodder 0.80 
Grain and stored feed 0.80 
Meat 0.60 
Milk 0.88 

Source: Napier et al. (1988). 
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The mass fraction of stable hydrogen in soil (based on dry soil weight) can be calculated as 

where pw (1 g/cm3) is the density of water. 

By using Equations L.18 and L.19, the H-3 transfer factor FQRH-3,p can be derived as 

follows: 

‘H, P 

F Q R H - ~ , ~  = (wH Fzp5) + (FDRH,p Fzpq) -+ (’If F z p 6 )  (L.22) 

The values of CH,p and FDR, ,  can be derived from the water contents in meat, milk, and fodder. 

Table L. 1 shows the default values of these parameters used in the RESRAD code. These parameters 

are not expected to be very site specific. The concentration of H-3 in meat or milk can then be 

calculated as 

‘H-3,p = FIH-3,p ‘QRH-3,p ‘ (L.23) 

L.2.3.3 Transfer Factor for Aquatic Food 

Tritium transfer from contaminated water to fish or other aquatic foods is calculated by 

using aquatic bioaccumulation factors (FWRm), as described in Section D.2.2: 

‘H-3.6k = FWRH-3,6k wH-3,2 ’ (L.24) 

where 

FWilriH-3,6k = fisldwater (k  = 1) and crustacea-mollusklwater (k = 2) concentration 

ratio (bioaccumulation factor) for H-3 (1.0 Ukg), 

C,,,, = concentration of H-3 in fish or other aquatic foods (pCi/kg), and 

WH-3.2 = concentration of H-3 in surface water (pCi/L). 
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The value of the fishlwater and crustacea-mollusk/water transfer factor for H-3 used in the RESRAD 
code is 1 .O Ukg. 

In the RESRAD calculations, the plant and food transfer factors are used to calculate the 

environmental transfer factors (ETF,, pq)  of H-3 from the contaminated zone for pathways p and 

subpathways q as a function of time. This approach maintains the general pathway analysis 

methodology in RESRAD so that site-specific variables, such as depth and area factors associated 

with the various pathways, can still be effective. 

L.2.4 Tritium Absorption Dose 

Water vapor is absorbed through the skin at approximately 50% of the inhalation rate of 

water vapor (International Commission on Radiological Protection 1979-1982; Hamby 1992). To 

account for dermal absorption of €IT0 vapor in air, RESRAD multiplies the dose from inhalation 

alone by a factor of 1.5. 

L.3 CARBON-14 SUBMODELS 

C-14, with a radiological half-life of 5,730 years, is a naturally occurring isotope of carbon 

produced in the stratosphere by the interaction of cosmic ray neutrons with nitrogen atoms. C-14 is 

also produced in appreciable quantities in atmospheric and underground testing of nuclear and 

thermonuclear devices, as well as in nuclear power operations (primarily the result of fission and 

neutron activation). C-14 decays to stable nitrogen by emitting a beta particle (Em = 0.156 MeV) 

and does not pose an external hazard. Because C-14 emits a higher-energy beta particle, it poses a 

more severe internal radiological hazard than H-3. The ingestion dose conversion factor is 

approximately 30 times that of H-3. One of the most important pathways involving the radiological 

dose to humans from soil contaminated with C-14 is the plant ingestion pathway. In addition to 

direct root uptake from soil and foliar deposition of dust particles contaminated with C-14, carbon 

in gases volatilized from the soil is directly incorporated into the plant by the process of 

photosynthesis. 

Like models developed for H-3., much of the modeling for C-14 has evolved from analyses 

of atmospheric sources and is not appropriate for ground contamination sources (US Nuclear 

Regulatory Commission 1977; Killough and Rohwer 1978; Zach and Sheppard 1991). 
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The models used for calculating the dose from C-14 in air usually assume a steady-state 

relationship among carbon isotopes, from the point of photosynthetic fixation through the food chain 

to man. In the natural environment, the ratio of C-14 to C-12 (the common form of stable carbon) 

in the body, as well as in plants and animals, is the same as it is in the atmosphere. At a site 

contaminated with C-14, the amount of C-14 in air (and hence in all living organisms) would 

increase over the natural background. 

L.3.1 Carbon-14 in Air 

Inorganic and organic reactions convert most forms of soil carbon to carbon dioxide (CO,). 

Because of the volatile nature of CO,, soil carbon is usually lost to the air, where it becomes 

absorbed in plants through photosynthesis. The concentration of C-14 in air above a contaminated 

zone depends on the volatilization (evasion) rate of carbon from the soil, the size and location of the 

source area, and meteorological dispersion conditions. 

Sheppard et al. (1991) measured the rate of C-14 loss from soils in outdoor lysimeter 

experiments. They found that the evasion rate, E, was not a strong function of soil properties. For 

clay and loam soils, the evasion rate was estimated to be 3.8 x 10q7/s; for sand and organic soils, the 

evasion rate was estimated to be 6.7 x 10-7/s. However, evasion rates from as low as 1.0 x lO-'O/s 

from native carbonates and humified soils have been observed by Amiro et al. (1991). 

For a local contaminated source of area A, the C-14 concentration in air can be estimated 

in a manner similar to that used in Equation L.9 for H-3: 

- 3.17 x lo-* x 0.5 x EVSN x f i  
Hmi* x u CC-M, a - 9 

where 

CC-14,a = average concentration of C-14 in air over a contaminated area of 

finite size (pci/m3), 

3.17 x lo-* = unit conversion factor (yr/s), 
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0.5 = time fraction wind is blowing toward receptor (dimensionless), 

EVSN = C-14 flux (evasion rate) from the contaminated area (pCi/m2-yr), 

A = area of contaminated zone (10,000 m'), 

Elmir = height into which the CO, is uniformly mixed (2 m for the human 

inhalation pathway; 1.0 m for the plant, meat, and milk ingestion 

pathways), and 

U = annual average wind speed (2 mls). 

The flux of gaseous C-14 to the atmosphere from soil was correlated to the evasion loss rate by 

Sheppard et al. (1991) for a reference depth of 30 cm as follows: 

where 

lo6 = unit conversion factor (cm3/m3), 

S,-,, = concentration of C-14 in contaminated soil (pCi/g), 

Ec-14 = evasion loss rate constant (22 yr-'), 

p p )  = bulk density of the contaminated zone (1.5 g/cm3), and 

drer = reference soil depth (0.3 m). 

The evasion rate of C-14 describes the TABLE L.2 Carbon-14 Evasion Rate 
Factor 

fraction of the soil inventory of C-14 that is lost to 

the atmosphere per unit time. This rate can 
Evasion 

Rate usually be obtained by measuring the C-14 

inventory as a function of time in the 
Soil Type (yr-9 

Clay 12 
contaminated zone. Table L.2 lists the measured L~~~ soils 12 

Sandy soils evasion rates for C- 14 from lysimeter organic soils 

experiments. 

22 
22 

Stable carbon in carbonate soils 0.0032 
Water 0.91 

The Of '-14 is assumed to 
Sources: Sheppard et al. (1991); Amiro and Davis 

follow that of stable carbon in the environment. (1991). 
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For an infinitely large source area, the ratio of C-14 in air to C-14 in soil is analogous to that of 

stable carbon in air and soil: 

(L.27) 

where: 

Cc-14,aeqm = equilibrium concentration of C-14 in air (pCi/m3), 

Cc,tqm = equilibrium concentration of stable carbon in air (0.18 g/m3), 

Ec-14 = evasion rate of C-14 in soil (22/yr), 

Sc-14 = concentration of C-14 in soil (pCi/g), 

Ec-12 = average evasion rate of stable carbon from soil (O.O032/yr), and 

S, = fraction of soil that is stable carbon (0.03, dimensionless). This 

parameter varies with soil type and would be considerably higher 

for soils rich in organic content (e.g., peat). 

For a finite source contaminated with C-14, the concentration of C-14 in air (calculated with 

Equation L.25) should always be less than the concentration of C-14 from an infinitely large 

contaminated source area (calculated with Equation L.27). 

To account for the C-14 lost to air from the contaminated zone, an evasion source factor 

for C-14 is needed in addition to the source factor for radioactive decay and leaching. The evasion 

source factor SF, ( t )  can be derived as follows: 

where 



and where 

SF, ( t )  = source factor for C-,14 due to atmospheric evasion (dimensionless), 

E, = evasion rate adjusted for cover thickness (yf'), 

dref = reference evasion depth (0.3 m), 

C, ( t )  = cover thickness (m), 

T(t) = thickness of the contaminated zone (m), and 

t = elapsed time (yr). 

L.3.2 Carbon-14 in Food 

The main pathway for C-14 intake by humans from a C-14-contaminated site is usually 

through food ingestion. The transfer of C-14 to foods such as produce, meat, milk, and fish is 

calculated by using the general equations derived in Appendix D. However, the food transfer 

coefficients for C-14 must be derived by taking into account site-specific parameters such as the 

carbon content in foods, animal diets, and intake rates. Derivation of the food transfer coefficients 

is discussed in the following sections. 

L.3.2.1 Plant-Food/Soil Concentration Ratio for Root Uptake 

C-14 soil-to-plant transfer factors (Bc-14,v) are often used to estimate the radiological dose 

to humans from soil contaminated with C-14 (Coughtrey et al. 1985; Oztunali and Roles 1985; Zach 

and Sheppard 1991). The transfer factors for C-14 currently used in most pathway analysis models 

are derived primarily from early data compiled by Ng et al. (1968). As stated by Sheppard et al. 

(1991), Ng's derivation treated C-14 in the same manner as trace elements by basing the soil-to-plant 

transfer factor BC-IAV on the average stable carbon contents of vegetation and soil. This method of 

determining the transfer factor for carbon is overly conservative for the dose estimation because 

vegetation incorporates most of its carbon from the atmosphere during photosynthesis. Sheppard 

et al. (1991) describes the implications of this transfer coefficient for C-14 and indicates that two 

separate pathways exist: (1) direct root uptake and (2) uptake by foliage of gases volatilized from 

the soil and absorbed from the atmosphere. 
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Therefore, the quantification and comparison of these two pathways is important for 

deriving the meaningful transfer coefficient for a specific site contaminated with C-14. In general, 

the direct root uptake pathway should depend on the magnitude of the soil source; the atmospheric 

pathway should depend on the volatilization rate from the soil, the uptake rate of foliage, and the 

meteorological dispersion conditions. Also, the size of the source area is an important factor because 

it determines air concentrations from local sources. In RESRAD, C-14 in plants is assumed to be 

derived from these two separate pathways. For each pathway, the transport of C-14 is assumed to 

follow that of stable carbon as 

(L.29) 

where 

Cc-14,vs = concentration of C-14 in plants derived from C-14 in soil (pCi/kg), 

1,000 = unit conversion factor (gkg), 

S,.,, = concentration of C-14 in soil (pCi/g), 

Cc,ys = fraction of plant mass that is carbon derived from soil 

(dimensionless), 

Sc = fraction of soil that is stable carbon (0.03, dimensionless), 

Cc-14,va = concentration of C-14 in plants derived from C-14 in air (pCi/kg), 

CC-14,a = concentration of C-14 in air (pCi/m3), 

Cc,va = fraction of plant mass that is carbon derived from photosynthesis 

(dimensionless), and 

Cc,a = concentration of stable carbon in air (1.8 x 10“ kg/m3). 
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Equations L.29 and L.30 can be merged into Equation L.31 for deriving the total 

concentration of C-14 in a plant from these two separate pathways as a function of site-specific 

parameters: 

where 

Cc-t4,v = concentration of C-14 in plants (pCi/kg), 

C , ,  = fraction of stable carbon in plants (dimensionless) (0.4 for grain and 

nonleafy vegetables;; 0.09 for fruits, vegetables, and fodder), 

Fa = C , ,  Kc,” = fraction of carbon in plants derived from carbon in air 

(0.98, dimensionless), and 

F, = Cc,vs Kc,” = fraction of carbon in plants derived from carbon in soil 

(0.02, dimensionless; F, = 0, if S, = 0). 

Dividing both sides of Equation L.31 by SCql4, the soil-to-plant transfer factor BC-lAv, including all 

sources, can be given as 

It has been shown that most of the plant carbon is assimilated from the atmosphere through 

photosynthesis. Only 1 to 2% is absorbed directly through the roots (Sheppard et al. 1991). In 

RESRAD, the default values of Fa and F, are assumed to be 0.98 and 0.02, respectively. 

Equation L.32 is used in RESRAD to calculate C-14 concentrations in various plant products 

consumed by either humans or livestock. 

L.3.2.2 Transfer Factor for Meat and Milk 

The C-14 concentrations in meat and milk are assumed to be derived totally from the 

livestock diets. The transfer of C-14 from the livestock diets to meat and milk is assumed to follow 
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the same route as that of stable carbon. The C-14 contents in meat and milk are related to the intake 

rates of stable carbon and C-14 by livestock as 

(L.33) 

FzC,p = (wC "p5) + (FDRC,p Fzpq) + ('c F'p6) ' (L.34) 

where 

FQRc-,4,p = C-14 transfer factor for meat (p = 4) or milk (p = 5 )  (dkg), 

Cc-,4,p 

FZC-14,p 

= concentration of C-14 in meat (p = 4) or milk (p = 5) (pCi/kg), 

= intake rate of C-14 in the diet of beef cattle (p = 4) or milk cows 

(p = 5) (pCi/d), 

CC.P = fraction of stable carbon in meat or milk (beef = 0.24, milk = 0.070, 

dimensionless), 

F'CP = intake rate of stable carbon in the diet of beef cattle or milk cows 

Wd), 

w c  = concentration of stable carbon in livestock water (2.0 x kg/L), 

FZp5 

FDR, 

FZP* 

Fzp6 

= livestock water intake rate (160 Ud, milk 50/d, beef cattle), 

= concentration of stable carbon in livestock fodder (kg/kg), 

= livestock fodder intake rate (p = 4,68 kg/d; p = 5,55 kg/d), and 

= livestock soil intake rate (0.5 kg/d). 

Combining Equations L.33 and L.34, the C-14 transfer factor for meat and milk can be calculated 

as 

(L.35) 
- - CC.P 

FQRC-14*p (Wc x FZp,) + x FZpq) (Sc x FZp6) ' 
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The values of CC,, and FDR, ,  can be obtained by measuring the carbon contents in various local 

foods and feeds. However, these are not expected to be very site specific. Table L.3 shows the 

RESRAD default values for these parameters. The concentrations of C-14 in meat and milk can then 

be calculated as 

‘C-14.p = FeRC-14,p FIG-14.p - (L.36) 

L.3.3.3 Transfer Factor for Aquatic Food 

C-14 in fish or other aquatic food is calculated by using aquatic bioaccumulation factors 

(Fw&-14,6k) as described in Section D.2.2: 

(L.37) ‘C-l4,6k = FWRC-14,6k wc-14 ,2  ’ 

where 

FWR,,4,, = fiswwater (k = 1) and crustacea-mollusklwater (k = 2) 

concentration ratio (bioaccumulation factor) for C-14 (k = 1, 

5 x lo4; k = 2,9.1 x lo3 Ukg) and 

Wc-,, ,  = concentration OF C-14 in surface water (pCi/L). 

The values of fiswwater and crustacea-mollusklwater transfer factors used in the RESRAD code are 

5 x lo4 Ukg and 9.1 x lo3 Ukg, respectively. 

TABLE L.3 Carbon Content of Food 
Types and Water 

Carbon Fraction 
Food Type (kglkg) 

0.090 Fresh fruits, vegetables, 

Grain and stored feed 0.40 
Meat 0.24 
Milk 0.070 

and fodder 

Water 2 x  1 0 5  

Source: Napier et al. (1988). 
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In the RESRAD calculations, these site-specific plant and food transfer factors - Bc.14,v, 

FQRc-14,p, and FWRC-,,,, - are used in a similar manner to transfer factors assigned to other solid 

radionuclides. These transfer factors are used to calculate the time-dependent C-14 foodsoil 

concentration ratios, FsRc-14,pqk(t), in various foods due to residual C-14 contamination in soil. This 

approach assumes that the other site-specific variables, such as the depth and area factors associated 

with various pathways, are applicable to C-14. 
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APPENDIX M: 

UNCERTAINTY ANALYSIS 

Uncertainty or probabilistic analysis in RESRAD is the computation of the total uncertainty 

induced in the output (dose and risk) as a result of either the uncertainty or the probabilistic nature 

of the input parameters. This analysis helps determine the relative importance of the inputs in terms 

of their contributions to total uncertainty. Also, the results of uncertainty analysis can be used as a 

basis for determining the cost-effectiveness of obtaining additional information or data on input 

variables. 

The RESRAD code is designed to facilitate analysis of the effects of the uncertainty or 

probabilistic nature of input parameters in the RESRAD model. A standard or a stratified Monte 

Carlo method can be applied to generate random samples of input variables. Each set of input 

variables is used to generate one set of output results. The results from applying all input samples 

are analyzed and presented in a statistical format in terms of the average value, standard deviation, 

minimum value, and maximum value. The cumulative probability distribution of the output is 

obtained and presented in a tabular form in terms of percentile values. Graphical presentations of the 

uncertainty results are also provided, including a plot of time-dependent statistics, cumulative 

probability distribution percentile plots, and scatter plots. Further analysis using the regression 

method can be done to find the correlation of the resultant doses with the input variables. Partial 

correlation coefficients, partial rank correlation coefficients, standardized partial regression 

coefficients, and standardized partial ranked regression coefficients can be computed to provide a 

tool for determining the relative importance of input variables in influencing the output. Scatter plots 

are also useful in determining the inputs that have a significant influence on the output. 

M.l SAMPLING METHOD 

Samples of the input variables are generated by using an updated (1994) version of the Latin 

hypercube sampling (LHS) computer code (Iman and Shortencarier 1984). The uncertainty input 

form of the RESRAD user interface collects all the data necessary for sample generation and 

prepares the input file for the LHS code. When the RESRAD code is executed (run), the LHS code 

will be called if the user has requested a probabilistic/uncertainty analysis. Parameters for the sample 
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generation include the initial seed value for the random number generator, number of observations 

(N,,,), number of repetitions (ZVEp), sampling technique, method of grouping the samples generated 

for the different variables, type of statistical distribution for each input variable, parameters defining 

each of the distributions, and any corre:lations between input variables. 

Two sampling techniques are available: LHS and simple random sampling (SRS). The LHS 
technique is a constrained sampling scheme developed by McKay et al. (1979). It divides the 

distribution of each input variable into No,,, nonoverlapping regions of equal probability. One sample 

value is obtained at random (using the current random seed) from each region on the basis of the 

probability density function for that region. Each time a sample is obtained, a new random seed is 

also generated from the current random seed for use in the next region. The sequence of random 

seeds generated in this manner can be reproduced if there is ever a need to regenerate the same set 

of samples. After a complete set of Nobs samples of one probabilistic/uncertain variable has been 

generated, the same procedure is repeated to generate the samples for the next variable. The Monte 

Carlo sampling or SRS technique also obtains the Nabs samples at random; however, it picks out each 

sample from the entire distribution by using the probability density function for the whole range of 

the variable. Report No. 100 of the International Atomic Energy Agency ( M A )  safety series (1989) 

discusses the advantages of the two sampling techniques. 

The Nabs samples generated for each probabilistichncertain variable must be combined to 

produce Nabs sets of input variables. Two methods of grouping (or combining) are available: random 

grouping (RG) and correlatedhncorrelated grouping (CG). Under RG, the Nobs samples generated 

for each of the variables are combined randomly to produce Nabs sets of inputs. For Nvor 

probabilistichncertain variables, there are (Nobs!)Nvm-l ways of combining the samples. It is possible 

that some pairs of variables may be correlated to some degree in the randomly selected grouping, 

especially if Nobs is not sufficiently larger than Nva,. Under CG, the user specifies the degree of 

correlation between each correlated variable by inputting the correlation coefficients between the 

ranks of the variables. The pairs of variables for which the degree of correlation is not specified are 

treated as being uncorrelated (Le., having a zero correlation). The code checks whether the user- 

specified rank Correlation matrix is positive definite and suggests an alternative rank correlation 

matrix if necessary. It then groups the samples so that the rank correlation matrix is as close as 
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possible to the one specified. Both matrices are in the LHS.REP file, and the user should examine 

them to verify that the grouping is acceptable. 

Iman and Helton (1985) suggest ways of choosing the number of samples for a given 

situation. The minimum and maximum doses and risk vary with the number of samples chosen. The 

accuracies of the mean dose and of the dose values for a particular percentile depend on the number 

of samples and also, in the latter case, on the percentile of interest. The confidence interval or the 

upper or lower confidence limit of the mean can be determined from the results of a single set of 

samples. Distribution-free upper (u%, v%) statistical tolerance limits can be computed by using the 

SRS technique according to the methodology in IAEA Report No. 100 ( M A  1989). For example, 

if the user is interested in the u% dose (e.g., 95 percentile dose), a specific set of samples will yield 

an estimate of this u% dose. The user may want to find the v% upper confidence limit of this u% 

dose, which is called the upper (u%, v%) statistical tolerance limit. That is, the user can be v% 

confident that the u% dose will not exceed the upper (u%, v%) statistical tolerance limit. The upper 

(u%, v%) statistical tolerance limit is the maximum dose predicted by a sample of size n, where n 

is the smallest integer that satisfies the relation 1 - (u%/lOO)” 2 v%/lOO. This applies to SRS. If LHS 

is used, a number of repetitions of the specified number of samples can be performed to assess the 

range of the percentile dose of interest. 

While the expression above can be used for SRS, it is not applicable for LHS. When LHS 

is used, it is necessary to repeat the analysis with Nrep different sets of Nabs observations in order to 

assess the range of the percentile dose of interest. When the user specifies Nrep repetitions, the LHS 

computer code first generates the first set of Nabs observations (as described in the second paragraph 

of this section). The code then uses the last seed it computed when generating the previous set of Nabs 
observations to generate the next set of Nabs observations. The Nrep sets of Nabs observations are used 

by RESRAD to produce Nnp sets of the desired output. 

M.2 DISTRIBUTION PARAMETERS 

The set of input variables for uncertainty analysis is chosen via the code’s interface. Each 

variable so chosen must have a probability distribution assigned to it and may be correlated with 

other input variables included in the uncertainty analysis. Thirty-four types of distribution are 
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available in the LHS routine. These distribution types and distribution parameters are summarized 

in Table M. 1 (at the end of this appendlx after the references). 

M.3 UNCERTAINTY ANALYSIS RESULTS 

The printable results of the uncertainty analysis are presented in the text file 

MCSUMMARREP. The report first lists probabilistic inputs, their distributions, and the parameters 

of the distributions. These data are followed by the statistics (mean, standard deviation, minimum, 

and maximum) for total dose, dose due to each nuclide in the primary contamination, total risk, risk 

due to each nuclide in the primary contamination, and dose from each pathway and radionuclide 

combination; these statistics are provided ,at each user time. Then the cumulative probability density 

of the total dose is presented in a tabular form for percentile values, in steps of 2.5%. This table is 

followed by tables showing the minimum, maximum, mean, and median dose and 90%, 95%, 97.5%, 

and 99% of the total dose at each graphical time for each repetition. Tabulations of the correlation 

and regression coefficients of the doses (peak total dose, peak pathway doses, peak nuclide doses, 

and the total dose at the time of the peak of the mean total dose at graphical times) against the input 

variables are provided for each repetition at the end of the report, at the user’s request. The input 

variables are ranked according to their relative contribution to the overall uncertainty in these 

correlation and regression coefficient tables. 

Tabular and graphical uncertainty results can be viewed in the interactive probabilistic 

output. Graphical results include temporal plots, scatter plots, and cumulative density plots. 

Temporal plots are available for the mean dose and for 90% and 95% of the total dose. Scatter plots 

can be viewed to observe any trends occurring between each of the inputs and any of the following 

outputs: peak pathway doses, peak nuclide doses, and dose at user times for any pathway-nuclide 

combination. Cumulative probability plots of these outputs are also available. Tabulations of the 

minimum, maximum, mean, standard deviation, and percentile values in steps of 5% are also 

available for the same set of outputs. The 95% confidence ranges for these statistics are computed 

when appropriate. 

Detailed information pertinent to the samples processed is provided in a separate file, 

LHS.REP. This file contains the actual Latin hypercube samples for each observation and for each 

repetition. The file first provides the initial seed value of the random number generator with which 
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the code started, number of variables selected for uncertainty analysis, number of observations, and 

number of repetitions. Next is a table on the input variables and their distributions. This table 

provides the ranges of these variables rather than the distribution parameters, which are provided in 

the file MCSUMMAR.REP. The input rank correlation matrix is displayed if the user chooses to 

introduce some correlation among the input variables. Following that, tables on the actual 

observations and their ranks are provided. The rank of observations is applied in an ascending 

manner; rank 1 is assigned to the lowest value. The correlation of the input variables is then 

displayed for raw (actual) and for rank data. The correlation matrix should be examined to ensure 

that the correlation introduced by the user is applied and that any undesired Correlation is not 

significant. This information is provided in the LHS.REP file for every repetition. 

The primary results of the probabilistic runs are stored in files UncPeak.ASC and 

UncGrpT0.BI.N. The probabilistic inputs used by the code are in LHSBIN.DAT. Not all the data in 

UncPeak.ASC and UncGrpT0.BI.N are processed in RESRAD and presented in the printable textural 

reports and interactive reports. A user who wishes to analyze the complete set of raw output may 

access these files. These files are saved with the PEK and BIG extensions when the “save all” 

command is issued. The first four lines of UncPeak.ASC are headers. The second line contains 

integer number I, the number of pathways, number of nuclides initially present in the contamination, 

number of observations, number of repetitions, and number of probabilistic variables. Data from 

each set of observations is in a single line; thus, there are Noh x Nrep + 4 lines in this file. The peak 

dose and the time of the peak dose from each nuclide and pathway combination, as well as the 

pathway totals, nuclide totals, and grand total, are in ASCII file. UncGrpTo.BIN is a binary file of 

record length 4, The first NPTS+1 records are the graphical times, where NPTS is the number of 

graphical times selected by the user. These records are followed by NPTS+l records of the total dose 

for each probabilistic observation; thus, there are (1 + Nobs x Nwp) x NPTS records in this file. 
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APPENDIX N: 

CALCULATION OF TIME-INTEGRATED CANCER RISKS 

N.l INTRODUCTION 

This appendix discusses the procedures used in RESRAD to calculate lifetime cancer risks 

resulting from radiation exposure. The methods discussed are based largely on current radiation risk 

science and recommendations of the U.S. Environmental Protection Agency (EPA), International 

Commission on Radiological Protection (ICRP), and National Academy of Sciences (NAS). 

Exposure to ionizing radiation at relatively high doses and high dose rates has been shown to 

increase cancer risk. However, most of the risk calculations done by RESRAD are in the low- 

dose/low-dose-rate regime, and the risk and slope factors assume a linear relationship between dose 

and risk and are extrapolated from high-dose/high-dose-rate data under the assumption that there is 

no threshold. Other methods of extrapolation to the low-dose region could yield higher or lower 

numerical estimates of cancer risks. Studies of human populations exposed to low doses are 

inadequate to demonstrate the actual level of risk. According to the Committee on Interagency 

Radiation Research and Policy Coordination (CIRRPC), there is scientific uncertainty about cancer 

risk in the low-dose region below the range of epidemiologic observation, and the possibility of no 

risk cannot be excluded (CIRRPC 1992). 

One methodology for assessing radiological risk uses the dose conversion factor (DCF) to 

estimate the incurred committed effective dose equivalent (CEDE); an appropriate risk factor is then 

applied. However, the DCF is derived on the basis of a 50-year working life and incorporates a 

reference body weight for an adult. This methodology of estimating cancer risk with the DCF is not 

completely applicable for members of the general public (EPA 1989). Rather than using the CEDE 

to estimate risks, the CEDE should be compared with the established radiation protection standards 

or criteria to assure regulation compliance. A better estimate of the radiation risk can be computed 

by using the EPA risk coefficients with the exposure rate (for the external radiation pathways) or the 

total intake amount (for internal exposure pathways). The EPA risk coefficients are estimates of risk 

per unit of exposure to radiation or intake of radionuclides that use age- and sex-specific coefficients 

for individual organs, along with organ-specific DCFs. The EPA risk coefficients are characterized 
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as best-estimate values of the age-averaged lifetime excess cancer incidence risk or cancer fatality 

risk per unit of intake or exposure for the radionuclide of concern. Detailed information on the 

derivation of EPA risk coefficients and their application can be found in several EPA documents 

@PA 1991a,b; 1994,1997; Eckerman et al. 1999). The methodology used in the RESRAD code for 

estimating cancer risks follows the EPA risk assessment guidance (EPA 1997) and is presented in 

the following sections. 

N.2 CALCULATION OF INTAKE RATES 

Intake rates calculated by the RFSRAD code are listed in the INTRISK.REP report 

generated after each execution. They are listed by radionuclide and pathway and correspond to 

specific times. Intake rates for inhalation and ingestion pathways are calculated first for all of the 

principal radionuclides and then multiplied by the 

inhalation and soil ingestion pathways (p = 2 and 8, 

can be calculated by using the following equation: 

M 

i = l  
(Zntake)j,p(t) = ETFj,Jt) x 

risk coefficients to estimate cancer risks. For 

respectively), the intake rates (Bq/yr or pCi/yr) 

SF#) x Si(@ x BRF,, , 

where 

(Zntake)j,p(t) = intake rate of radionuclidej at time t (Bq/yr or pCi/yr), 

M = the number of initially existent radionuclides, 

ETFi, ( t )  = environmental transport factor for radionuclide j at time t (g/yr), 

p = primary index of pathway, 

SFii ( t )  = source factor (see Appendix G for its derivation), 

i, j = index of radionuclide (i for the initially existent radionuclide 

andj for the radionuclides in the decay chain of radionuclide i), 

S,(O) = initial soil concentration of radionuclide i at time 0, and 

BRFU = a branching factor that is the fraction of the total decay of 

radionuclide i that results in the ingrowth of radionuclidej. 
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For the ingestion of plant, meat, milk, aquatic foods, and drinking water pathways (p = 3,4,5,6, and 

7, respectively), the intake of radionuclides can be calculated with Equation N.2: 

where 

q = secondary index for the plant, meat, and milk pathways (p = 3,4, 

and 5): q = 1 for root uptake, q = 2 for foliar deposition, q = 3 for 

ditch irrigation, q = 4 for overhead irrigation, q = 5 for livestock 

water, and q = 6 for livestock intake of soil; 

ETFii,,(t) = environmental transport factor for the jth principal radionuclide 

and the pqth environmental pathway at time t (g/yr) (see 

Appendix D for its calculation); and 

SF’g,p,(t) = an adjusting factor to modify the soil concentration. Forp = 3,4, 

and 5, when q = 1 and 2, SF’,,,(t) = SF,(t); when q = 3 and 4, 

SF‘g,pq(t) = 1. Forp = 4 or 5, when q = 5, SF’g,pq(t) = 1 and when 

q = 6, SF’,,,(t) = SFij(t). Forp = 6 and 7, SF’,,,$) = 1 for all q. 

The intake rates of radon and its progeny are calculated by using the indoor and outdoor 

concentrations with Equation N.3. The calculation for radon and its progeny concentrations can be 

found in Appendix C. 

where 

Cj,ind = indoor air concentration of radionuclidej (Bq/m3 or pCi/m3), 

And = time fraction spent indoors on site throughout the year (0.5), 

Cj,ow = outdoor air concentration of radionuclide j (Bq/m3/pCi/m3), 

fold = time fraction spent outdoors on site throughout the year (0.25), and 

FZ = inhalation rate (8,400 m3/yr). 
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The inhalation rate (FZ) used to estimate the radon intake rate is the same as the inhalation rate, FI,, 

used for the inhalation of dust particle pathway. 

N.3 CALCULATION OF TIME-INTEGRATED CANCER RISKS 

Results for time-integrated excess cancer risks are also listed in the INTRISK.REP report. 

The integration of cancer risks over the exposure duration (ED) is evaluated numerically by 

Simpson’s formula, similar to the integration of radiation doses (see Section 3.2). The user can 

specify the maximum number of integration points, up to 513, in the title input form (which is 

accessible by selecting the “Title” option under the “File” menu item). The integration point is used 

to divide the exposure duration (from t to t + ED) into smaller intervals and to obtain additional time 

points in addition to t and t + ED. Cancer risks correspond to t, t + ED, and the additional time points 

inbetween are calculated and multiplied by certain weighting factors. The sum of the weighted 

cancer risks over all the time points is then an estimate of the integrated risks starting at time t .  

The integration is initiated by using 5 and 9 integration points. The integration results are 

compared with each other to see if they agree within 1%. If they are in agreement, no further 

integration calculation is needed, and the results for the 9 integration points are reported. If they are 

not in agreement, integration is performed with 17 integration points, and the results for the 

17 integration points are compared with those for the 9 integration points. If they agree within 1%, 

the results for the 17 integration points are reported. Otherwise, further integration calculations are 

performed. The number of integration points is increased in the 2n + 1 sequence, starting with n = 2, 

until either the user-specified maximum is reached or a better-than-1% convergence is achieved. 

The cancer risk at a certain time point from external exposure can be estimated directly by 

using the risk coefficients, which are the excess cancer risks per year of exposure per unit of soil 

concentration. Because the risk coefficients are derived on the basis of the assumptions that the 

contamination source is infinite both in depth and lateral extension and that there is no cover material 

on top of the contaminated soil, it is necessary to modify the risk coefficients with the cover and 

depth, shape, and area factors to reflect the actual conditions. Noncontinuous exposure throughout 

a year also requires that the occupancy factor be considered when calculating the cancer risks. 

Consequently, the RESRAD code uses the environmental transport factor for the external radiation 
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pathway, along with the risk coefficient and exposure duration, to calculate the excess cancer risks 

as per Equation N.4: 

where 

RCi1 = risk coefficient for external radiation (risMyr)/(pCi/g) and 

ED = exposure duration (30 yr). 

For the inhalation and ingestion pathways, the cancer risks at a certain time point are 

calculated as the products of intake rates, risk coefficients, and exposure duration. Unlike the intake 

rates, cancer risks from inhalation of radon and its decay progeny are reported as total risks that 

include radon and progeny contributions. Therefore, the radon risks are the sums of the products of 

the individual radon or progeny intake rates and their risk coefficients. The radon inhalation risk 

coefficient for Rn-222 listed in the Health Effects Assessment Summary Tables (HEAST) (EPA 

1997) under Rn-222+D includes contributions from its short-lived progeny, which were assumed to 

have an equilibrium fraction of 50% with Rn-222. Because RESRAD does not assume the 50% 

equilibrium fraction but rather calculates the individual radionuclide concentrations, the Rn-222+D 

risk coefficient value is not appropriate for RESRAD. The individual risk coefficient for Rn-222 was 

obtained from another EPA report (EPA 1994). Table N.l lists the risk coefficients for radon and 

its progeny. 

TABLE N.l Slope Factors for Radon and Its Progeny" 

Nuclide Inhalation (l/pCi) Nuclide Inhalation (UpCi) 

Rn-222 1.8 x Rn-220 1.9 x 1 0 - l ~  

PO-2 1 8 3.7 x Po-216 3.0 x 1 0 - l ~  

Pb-2 14 6.2 x Pb-212 3.9 x lo-" 
Bi-214 1.5 x lo-" Bi-212 3.7 x lo-" 
a Slope factor is the risk coefficient for cancer morbidity. Slope 

factors were obtained from HEAST (EPA 1994) for all the 
above radionuclides except radon. The slope factor for radon 
was taken from HEAST (EPA 1997). 
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Equation N.4 is used to calculate the cancer risks for the external radiation pathway at a 

certain time point for the principal radionuclidej (parent or progeny). The summation is used to 

consider contributions to the concentration of radionuclide j resulting from all the parent nuclides 

i that have existed since the beginning through different decay chains. Another way to express cancer 

risks is to attribute them to the parent nuclide i. The total cancer risk that is assigned to the parent 

nuclide i includes contributions from all of the radionuclides in the decay chain and can be calculated 

by using an equation similar to Equation N.4 but with summation over radionuclide index j from 1 to 

N ,  where N is the total number of principal radionuclides. The total cancer risks from the ingestion 

of plant, meat, milk, aquatic foods, and drinking water are evaluated with Equation N.5; the results 

from the inhalation and soil ingestion pathways are evaluated with Equation N.6. The grand total of 

cancer risks, that is, the sum of the total cancer risks over all principal radionuclides, can be obtained 

by using either the total cancer risks assigned to the principal radionuclides or the total cancer risks 

assigned to the parent radionuclides. Both methods will give the same result, as shown in 

Equation N.7. 

(ToZaZ cancerrisk)i,p(t) = 
N r n  1 

(Total cancer risk)Jt) = 
N 

j = l  
ET.j,p(t)  x SFU(t) x Si(@ x B W i j  x RCjS x ED . 

M 
= (Total cancer risk),,(t) . 

i = l  

N.4 RISK COEFFICIENTS IN THE RESRAD DATABASE 

(N.7) 

Two sets of risk coefficients obtained from different sources are included in the RESRAD 
database. Users can choose either one of the available data sets or use their own data source to 

specify the values of risk coefficients. The Dose Conversion Factor Editor, accessible by choosing 
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the “Dose Factors” option under the “File” menu bar, can be used to make the selection. The first 

set of risk coefficients, which is also the default set, was Obtainedprimarily fromFGR-13 (Eckennan 

et al. 1999). FGR-13 includes risk coefficients for latent cancer morbidity (called slope factors) and 

for cancer mortality from six different modes of exposure. The six modes are inhalation of air, 

ingestion of food, ingestion of tap water, and external exposure from submersion in air, from a 

surface source of soil, and from an infinite volume source of soil. Risk coefficients for four of the 

exposure modes (inhalation, ingestion of food, ingestion of tap water, and external exposure from 

an infinite source of soil) are used in RESRAD to conduct risk calculations. The risk coefficient for 

air submersion is not used because radiation exposure from air submersion is not considered in 

RESRAD. The risk coefficient for external exposure from a surface is not used because if it were, 

it would limit the RESRAD application to such sources. The risk coefficient for an infinite source 

is therefore used instead, because RESRAD can adjust the values to consider a finite source 

(including a surface source) by using an area factor and a cover and depth factor calculated by the 

code. 

Tables N.2 through N.4 list the risk coefficients from FGR-13 for the external, inhalation, 

and food and water ingestion pathways, respectively. For radionuclides that do not have values in 

FGR-13, the values from the second data set were used. Values listed in Tables N.2 through N.4 are 

for a cutoff half-life of 30 days. When a cutoff half-life of 180 days is selected, risk coefficients of 

decay progeny that have a half-life between 30 and 180 days are added to the listed values. In such 

a case, the added values are used in the RESRAD calculations and reported in the health risk report 

that is generated by RESRAD. 

FGR- 13 provides separate inhalation risk coefficients for particulate aerosols of type F, type 

M, and type S ,  which represent, respectively, fast, medium, and slow absorption to blood. The risk 

coefficients are also listed for tritium, sulfur ruthenium, iodine, and tellurium in vapor form and for 

tritium and carbon in gaseous form. Gastrointestinal uptake,&, as shown in Tables N.3 and N.4, 

represents the fraction of a radionuclide reaching the stomach that would be absorbed to blood 

without radiological decay during passage through the gastrointestinal tract. The listed values of& 

are for an adult; they might be different for other age groups. 
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TABLE N.2 FGR-13 Morbidity and Mortality 
Risk Coefficients for External Exposure 

A~-227+D 

Ag-lOSm+D 
Ag- 1 1Om+D 

A1-26 

Am-24 1 
Am-243+D 

AU- 195 

Ba-133 

Bi-207 

C-14 

Ca-41 
Ca-45 

Cd- 109 

Ce-141 
Ce-l44+D 

Cf-252 

C1-36 

Cm-243 
Cm-244 
Cm-245 
Cm-246 
Cm-247+D 
Cm-248 

CO-57 
CO-60 

1.47E-06 

7.19E-06 
1.3OE-05 

1.33E-05 

2.76E-08 
6.3 5E-07 

1.38E-07 

1 .&E-06 

7.08E-06 

7.83E-12 

O.OOE+OO 
3.96E-11 

8.73E-09 

2.27E-07 
2.41E-07 

NAa 

1.74E-09 

4.19E-07 
4.85E-11 
2.38E-07 
4.57E-11 
1.36E-06 

NA 

3.55E-07 
1.24E-05 

9.99E-07 

4.90E-06 
8.84E-06 

9.03E-06 

1.86E-08 
4.32E-07 

9.35E-08 

9.77E-07 

4.82E-06 

5.21E-12 

O.OOE+OO 
2.66E-11 

5.79E-09 

1.54E-07 
1.65E-07 

NA 

1.19E-09 

2.85E-07 
2.87E-11 
1.62E-07 
2.72E- 1 1 
9.27E-07 

NA 

2.42E-07 
8.44E-06 
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TABLE N.2 (Cont.) 

CS- 134 7.1OE-06 
CS-135 2.36E-11 
C~-137+D 2.55E-06 

4.83E-06 
1.58E-11 
1.73E-06 

EU-152 
EU-154 
EU-155 

5.3OE-06 
5.83E-06 
1.24E-07 

3.6 1E-06 
3.97E-06 
8.43E-08 

O.OOE+OO 
3.97E-06 

Fe-55 
Fe-59 

O.OOE+OO 
5.83E-06 

O.OOE+OO 
1.09E-07 

Gd-152 
Gd-153 

O.OOE+OO 
1.62E-07 

Ge-68+D 4.17E-06 2.84E-06 

O.OOE+OO H-3 O.OOE+OO 

4.54E-09 
3.9OE-09 

I- 125 
I- 129 

7.24E-09 
6.10E-09 

2.31E-06 Ir-192 3.4OE-06 

K-40 7.97E-07 5.44E-07 

2.65E-06 Mn-54 3.89E-06 

Na-22 1.03E-05 7.03E-06 

Nb-93m 
Nb-94 
Nb-95 

3.83E-11 
7.29E-06 
3.5 3E-06 

2.21E-11 
4.96E-06 
2.41E-06 

O.OOE+OO 
O.OOE+OO 

Ni-59 
Ni-63 

O.OOE+OO 
O.OOE+OO 

Np-237+D 7.96E-07 5.41E-07 

9.45E-08 Pa-23 1 1.39E-07 

2.8 8E-09 Pb-2 10+Db 4.17E-09 



N-12 

TABLE N.2 (Cont.) 

Pm-147 

Po-210 

PU-238 
PU-239 
PU-240 
PU-24 1 +D 
PU-242 
Pu-244 

Ra-226+D 
Ra-228+D 

R~-106+D 

s-35 

Sb-124 
Sb-125b 

Sc-46 

Se-75 
Se-79 

Sm-147 
Sm-151 

Sn-113 

Sr-85 
Sr-89 
Sr-90+D 

Ta-182 

Tc-99 

Te-125m 

Th-228+D 
Th-229+D 
Th-230 
Th-232 

3.21E-11 

3.95E-11 

7.22E-11 
2.OOE-10 
6.98E-11 
1.33E-11 
6.25E-11 

NA 

8.49E-06 
4.5 3E-06 

9.66E-07 

8.77E- 12 

8.89E-06 
1.81E-06 

9.63E-06 

1.45E-06 
1.1OE- 1 1 

O.OOE+OO 
3.60E- 13 

2.02E-08 

2.2OE-06 
7.19E-09 
1.96E-08 

6.04E-06 

8.14E- 1 1 

6.98E-09 

7.79E-06 
1.17E-06 
8.18E- 10 
3.42E- 10 

2.16E-11 

2.69E-11 

4.53E-11 
1.34E- 10 
4.39E-11 
2.563-07 

NA 

5.79E-06 
3.08E-06 

6.59E-07 

3.95E-11 

5.84E- 12 

6.05E-06 
1.24E-06 

6.56E-06 

9.82E-07 
7.30E- 12 

O.OOE+OO 
2.1 1E-13 

1.37E-08 

1.49E-06 
5.1 OE-09 
1.39E-08 

4.1 1E-06 

5.48E-11 

4.40E-09 

5.31E-06 
7.97E-07 
5 53e- 10 
2.3OE-10 
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TABLE N.2 (Cont.) 

T1-204 2.76E-09 1.88E-09 

U-232 5.98E-10 4.03E-10 
U-233 9.82E-10 6.66E-10 
U-234 2.52E-10 1.68E-10 
U-235+D 5.43E-07 3.69B-07 
U-236 1.25E- 10 8.21E-11 
U-238+D 8.66E-08 7.01E-08 

Zn-65 2.8 1E-06 1.9 1E-06 

Zr-93 O.OOE+OO O.OOE+OO 
zr-95 3.4OE-06 2.31E-06 

a NA = not available. 

Pb-210+D and Sb-125 values listed are for a cutoff 
half-life of 30 days. When a cutoff half-life of 
180 days is selected, risk coefficients for decay 
progeny that have a half-life between 30 and 
180 days are added to the listed values. In such a 
case, the added values are used in the RESRAD 
calculations and are reported in the health risk report 
that is generated by RESRAD. 
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TABLE N.3 FGR-13 Morbidity and Mortality Risk Coefficients for Inhalation 

Morbidity Mortality 
Nuclide Typea f,b (l/pCi) (l/pCi) 

A~-227+D 

Ag-l08m+D 

Ag- 1 1Om+D 

A1-26 

Am-241 

Am-243+D 

AU-195 

Ba-133 

Bi-207 

C-14 (particulates) 

C-14 (monoxide) 

(2-14 (dioxide) 

F 
M 
S 

F 
M 
S 

F 
M 
S 

F 
M' 
S 

F 
M 
SI 

F 
M 
S 

F 
M 
S 

P 
M 
s 
F 
M 
S 

F 
M 
S 

G 

G 

5 .OOE-04 
5.OOE-04 
5.OOE-04 

5.OOE-02 
5.OOE-02 
1 .OOE-02 

5.00E-02 
5 .OOE-02 
1 .OOE-O2 

l.00E-02 
1 .OOE-02 
1 .WE42 

5 .OOE-O4 
5.00E-04 
5 .OOE-04 

5 .OOE-O4 
5.OOE-04 
5.00E-04 

1 .00E-O 1 
1 .00E-0 1 
1 .WE-0 1 

2.OOE-01 
1 . WE-0 1 
1 .OOE-02 

5.OOE-02 
5 .OOE-02 
5 .OOE-02 

l.OOE+OO 
1 .OOE-O 1 
1 .OOE-O2 

l,OOE+00 

1 .00E+OO 

1 .O 1E-07 
1.33E-07 
2.13E-07 

2.1OE-11 
2.67E-11 
1.04E- 10 

2.02E-11 
2.83E-11 
4.51E-11 

4.OOE-11 
6.92E-11 
2.9OE-10 

3.77E-08 
2.8 1E-08 
3.54E-08 

3.7OE-08 
2.71B-08 
3.37E-08 

2.95E-13 
4.1 1E-12 
6.48E-12 

6.25E- 12 
1.16E-11 
3.25E-11 

2.08E-12 
2.1OE-11 
1.1OE- 10 

6.22E- 13 
7.07E-12 
1.69E-11 

3.36E- 1 5 

1.99E- 14 

8.24E-08 
1.21E-07 
2.02E-07 

1.51E-11 
2.15E-11 
8.95E-11 

1.44E-11 
2.3OE-11 
3.81E-11 

2.77E-11 
5.85E-11 
2.60E- 10 

2.95E-08 
2.44E-08 
3.34E-08 

2.92E-08 
2.34E-08 
3.17E-08 

1.74E- 13 
3.67E-12 
5.85E-12 

4.55E-12 
9.88E- 12 
2.86E-11 

1.24E- 12 
1.78E-11 
9.62E-11 

4.26E-13 
6.51E-12 
1 S9E-11 

2.27E-15 

1.36E-14 
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TABLE N.3 (Cont.) 

Morbidity Mortality 
Nuclide Type" fib (l/pCi) (l/pCi) 

Ca-4 1 

Ca-45 

Cd- 109 

Ce-141 

Ce- 144+D 

Cf-252 

C1-36 

Cm-243 

Cm-244 

Cm-245 

Cm-246 

F 
M 
S 

F 
M 
S 

F 
M 
S 

F 
M 
S 

F 
M 
S 

F 
M 
S 

F 
M 
S 

F 
M 
S 

F 
M 
S 

F 
M 
S 

F 
M 
S 

3 .00E-O 1 
1 .00E-O1 
1 .00E-02 

3.OOE-0 1 
1.OOE-01 
1 .OOE-02 

5.00E-02 
5.OOE-02 
5.00E-02 

5.00E-04 
5.00E-04 
5 .OOE-O4 

5.00E-04 

5.00E-04 

5 .OOE-04 
5 .OOE-O4 
5 .OOE-O4 

l.OOE+OO 
l.OOE+OO 
1.00E+00 

5 .OOE-O4 
5 .OOE-04 

5 .OOE-O4 

5.OOE-04 

5.00E-04 
5 .OOE-04 
5 .OOE-04 

5 .OOE-04 
5.OOE-04 
5 .OOE-04 

5 .OOE-04 
5 .OOE-04 
5.00E-04 

2.75E-13 
2.09E-13 
5.07E- 1 3 

1.20E- 12 
9.40E- 12 
1.28E-11 

1.48E-11 
1.77E-11 
2.19E-11 

2.37E- 12 
1.14E- 1 1 
1.35E-11 

8.36E-11 
1.1 OE- 10 
1.80E- 10 

NAc 
NA 
NA 

1.32E- 12 
2.5OE-11 
1 .OlE- 10 

3.03E-08 
2.69E-08 
3.67E-08 

2.63E-08 
2.53E-08 
3.56E-08 

3.81E-08 
2.7 8E-08 
3.45E-08 

3.77E-08 
2.77E-08 
3.46E-08 

2.58E- 13 
1.9OE-13 
4.7OE-13 

9.92E- 1 3 
8.70E- 12 
1.19E-11 

1.05E-11 
1.52E-11 
2.01E-11 

1.82E- 1 2 
1.02E-11 
1.22E-11 

7.22E-11 
9.81E-11 
1.66E- 10 

NA 
NA 
NA 

8.77E- 13 
2.34E-11 
9.55E-11 

2.41E-08 
2.38E-08 
3.47E-08 

2.10E-08 
2.26E-08 
3.36E-08 

2.9 8E-08 
2.4OE-08 
3.26E-08 

2.95E-08 
2.39E-08 
3.26E-08 
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TABLE N.3 (Conk) 

Morbidity Mortality 
Nuclide Type” fib (l/pCi) ( l/pCi) 

Cm-247+D 

Cm-248 

CO-57 

CO-60 

(3-134 

CS-135 

C~-137+D 

Eu-152 

Eu- 154 

Eu-155 

Fe-55 

]ti 
N !5 

F 
M 
s 

IF 
M 
S 

‘F 
M 
S 

F 
M 
S 

F 
M 
S 

F 
M 
S 

F 
M 
S 

F 
M 
S 

F 
M 
S 

F 
M 
S 

5 .OOE-04 
5 .OOE-O4 
5.OOE-04 

5 .OOE-O4 
5 .OOE-04 
5 .OOE-O4 

1.00E-01 
1 .OOE-0 1 
1 .OOE-O2 

1 .OOE-0 1 
1 .OOE-0 1 
1 .OOE-02 

1 .00E+OO 
1 .WE-0 1 
1 .OOE-O2 

1 .OOE+OO 
l.OOE-01 
1 .OOE-O2 

1 .OOE+OO 

1 .OOE-02 
1 .WE-0 1 

5 .OOE-O4 
5 .OOE-O4 
5.00E-04 

5.OOE-04 
5.OOE-04 
5.OOE-04 

5 .00E-04 
5.00E-04 
5.00E-04 

l.OOE-O1 
1 .OOE-0 1 
1 .OOE-02 

3.49E-08 
2.5OE-08 
3.09E-08 

NA 
NA 
NA 

6.96E-13 
2.09E- 12 
3.74E- 12 

1.7lE-11 
3.58E-11 
1.01E-10 

1.65E-11 
3.09E- 1 1 
6.99E-11 

1.86E- 12 
1.04E-11 
2.49E-11 

1.19E-11 
3.3OE-11 
1.12E- 10 

1.9OE-10 
9.1OE-11 
9.07E-11 

2.11E-10 
1.15E-10 
1.4 1E-10 

1.91E-11 
1.48E-11 
1.88E-11 

1.48E- 12 
7.99E-13 
6.48E-13 

2.74E-08 
2.16E-08 
2.9 1E-08 

NA 
NA 
NA 

4.63E-13 
1.76E-12 
3.23E-12 

1.17E-11 
2.97E-11 
8.58E-11 

1.13E-11 
2.61E-11 
6.14E-11 

1.26E-12 
9.55E-12 
2.33E-11 

8.10E- 12 
2.89E-11 
1.02E-10 

1.52E-10 
7.47E-11 
7.96E-11 

1.74E-10 
9.81E-11 
1.27E- 10 

1.66E-11 
1.33E-11 
1.73E-11 

1.22E-12 
6.7OE-13 
5.88E- 13 
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TABLE N.3 (Cont.) 

Morbidity Mortality 
Nuclide Typea fib (l/pCi) (l/pCi) 

Fe-59 

Gd-152 

Gd-153 

Ge-68+D 

H-3 (particulates) 

H-3 (water vapor) 

H-3 (elemental) 

H-3 (organic) 

1-125 (particulates) 

1-125 (vapor) 

1-125 (methyl iodide) 

1-129 (particulates) 

1-129 (vapor) 

1-129 (methyl iodide) 

F 
M 
S 

F 
M 
S 

F 
M 
S 

F 
M 
S 

F 
M 
S 

V 

G 

G 

F 
M 
S 

V 

V 

F 
M 
S 

V 

V 

1 .00E-O 1 
1.00E-01 
1.00E-02 

5.00E-04 
5.00E-04 
5 .OOE-04 

5.00E-04 
5.00E-04 
5.OOE-04 

1 .00E+OO 
1 .OOE+OO 
1 .OOE+OO 

1 .OOE+OO 
1 .OOE-01 
1 .OOE-02 

1.00E+00 

1.00E+OO 

1.00E+OO 

l.OOE+OO 

1.00E-02 

1 .00E+OO 

1 .OOE+OO 

1 .OOE+OO 

1 .00E-O 1 

1 .OOE-01 
1 .OOE-O2 

1 .OOE+OO 

1.00E+00 

7.96E- 12 
1.33E-11 
1.47E- 1 1 

9.1OE-09 
5.33E-09 
8.5 8E-09 

4.63E- 12 
6.55E-12 
8.58E- 12 

2.94E- 12 
4.9OE-11 
1 .O8E- 10 

1.95E- 14 
1.99E-13 
8.5 1E-13 

5.62E-14 

5.62E- 18 

1.28E-13 

1.06E- 1 1 
3.22E-12 
1.49E-12 

2.77E-11 

2.16E- 1 1 

6.07E-11 
2.83E-11 
2.56E-11 

1.6OE-10 

1.24E- 10 

5.66E- 12 
1.14E-11 
1.29E-11 

7.99E-09 
4.8 1E-09 
8.14E-09 

3.81E-12 
5.8 1E-12 
7.73E- 12 

1.67E- 12 
4.49E-11 
1.00E-10 

1.34E-14 
1.69E-13 
7.84E- 13 

3.85E- 14 

3.85E-18 

8.77E-14 

1.1OE-12 
1.08E-12 
1.20E- 12 

2.87E- 12 

2.23E- 12 

6.22E-12 
9.62E-12 
2.21E-11 

1.64E-11 

1.27E-11 
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TABLE N3 (Cont.) 

Morbidity Mortality 
Nuclide Type" fib (l/pCi) (l/pCi) 

Ir-192 

K-40 

Mn-54 

Na-22 

Nb-93m 

Nb-94 

Nb-95 

Ni-59 

Ni-63 

Np-237+D 

Pa-23 1 

IF 
M 
s 

F 
M 
S 

F 
M 
S 

F 
M 
S 

F 
M 
S 

F 
M 
S 

F 
M 
S 

F 
M 
S 

F 
M 
S 

F 
M 
S 

F 
M 
S 

1 .00E-02 
1 .00E-02 
1 .00E-02 

1 .OOE+OO 
1 .OOE+OO 
1 .OOE+OO 

1.OOE-01 
l.OOE-O1 
1. OOE-O 1 

1 .OOE+OO 
1 .OOE+OO 
1.00E+OO 

1 .OOE-02 
1 .OOE-02 
1 .OOE-02 

1 .OOE-O2 
1 .OOE-02 
1 .OOE-02 

1.00E-02 
1.00E-02 
1.00E-02 

5.00E-02 
5.00E-02 
1.00E-02 

5.00E-02 
5 .OOE-02 
1 .OOE-O2 

5.00E-04 
5.OOE-04 
5 .OOE-04 

5 .OOE-04 
5.00E-04 
5.00E-04 

7.14E- 1 2 
1.92E-11 
2.41E-11 

1.03E-11 
5 .OOE- 1 1 
2.22E-10 

2.79E-12 
5.88E- 12 
1.21E-11 

3.89E-12 
3.5OE-11 
9.73E-11 

7.07E-13 
1.9OE- 12 
5.66E- 12 

2.01E-11 
3.77E-11 
1.35E- 10 

1.89E- 1 2 
5.44E- 12 
6.44E-12 

5.74E- 13 
4.66E- 13 
1.27E- 12 

1.3 8E- 12 
1.64E- 12 
3.74E- 12 

1.75E-08 
1.77E-08 
2.87E-08 

7.62E-08 
4.07E-08 
4.5 5E-08 

4.85E- 12 
1.67E-11 
2.15E-11 

6.55E-12 
4.44E-11 
2.08E-10 

1.97E-12 
4.66E- 12 
9.88E-12 

2.67E-12 
3.06E-11 
8.55E-11 

5.11E-13 
1.66E- 12 
5.25E-12 

1 .#E- 1 1 
3.2OE-11 
1.18E-10 

1.31E-12 
4.66E-12 
5.55E- 12 

3.89E- 1 3 
3.6OE-13 
1.17E-12 

9.32E-13 
1.36E-12 
3.46E- 12 

1.29E-08 
1.55E-08 
2.71E-08 

5.62E-08 
3.27E-08 
4.26E-08 
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TABLE N3 (Cont.) 

Morbidity Mortality 
Nuclide Typea fib (l/pCi) (l/pCi) 

Pb-2 1 O+Dd 

Pm-147 

Po-2 10 

h-238 

PU-239 

PU-240 

PU-24 1 +D 

PU-242 

Pu-244 

Ra-226+D 

Ra-228+D 

F 
M 
S 

F 
M 
S 

F 
M 
S 

F 
M 
S 

F 
M 
S 

F 
M 
S 

F 
M 
S 

F 
M 
S 

F 
M 
S 

F 
M 
S 

F 
M 
S 

2.OOE-01 
1 .OOE-0 1 
1 .OOE-02 

5.OOE-04 
5.OOE-04 
5 .OOE-O4 

1 .OOE-0 1 
1 .OOE-0 1 
1 .OOE-02 

5.OOE-04 
5 .OOE-04 
1 .OOE-05 

5.OOE-04 
5.OOE-04 
1 .OOE-05 

5.OOE-04 
5.OOE-04 
1 .OOE-O5 

5.00E-04 
5.00E-04 
l.OOE-05 

5 .OOE-O4 
5 .OOE-O4 
1 .OOE-05 

5 .OOE-04 
5.OOE-04 
1 .OOE-05 

2.00E-01 
1 .OOE-0 1 
1.00E-02 

2.OOE-01 
1 .OOE-O 1 
1.00E-02 

9.18E- 10 
2.8OE-08 
1.63E-08 

9.1 OE- 12 
1.16E-11 
1.6lE-11 

9.95E- 10 
1.08E-08 
1.45E-08 

5.22E-08 
3.36E-08 
3.55E-08 

5.5 1E-08 
3.33E-08 
3.32E-08 

5 .%E-08 
3.33E-08 
3.32E-08 

8.66E-10 
3.34E-10 
1.4 1E- 10 

5.25E-08 
3.13E-08 
3.09E-08 

NA 
NA 
NA 

4.38E-10 
I. 15E-08 
2.82E-08 

1.22E-09 
5.21E-09 
4.37E-08 

6.76E-10 
2.8333.-09 
1 .%E-08 

8.44E-12 
1.07E- 1 1 
1 SOE- 11 

7.29E-10 
1.02E-08 
1.37E-08 

4.40E-08 
2.97E-08 
3.35E-08 

4.66E-08 

3.13E-08 
2.94E-08 

4.66E-08 
2.94E-08 
3.1 3E-08 

7.33E- 10 
2.84E- 10 
1.30E- 10 

4.4OE-08 
2.76E-08 
2.92E-08 

NA 
NA 
NA 

3.15E-10 
1.09E-08 
2.68E-08 

8.75E-10 
4.69E-09 
4.15E-08 
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TABLE N.3 (Cont.) 

Morbidity Mortality 
Nuclide Typea fib (l/pCi) (l/pCi) 

RU- 106+D 

Ru-106 (vapor) 

S-35 (inorganic) 

S-35 (dioxide) 

S-35 (carbon disulfide) 

Sb-124 

Sb-125d 

Sc-46 

Se-75 

Se-79 

Sm-147 

Sm-151 

F 
M: 
S 

V 

F 
M 
S 

V 

v 
F 
M 
S 

F 
M 
S 

F 
M 
S 

F 
M 
S 

F 
M 
S 

F 
Nt 
SI 

F; 
1\11 
Si 

5.OOE-02 
5.OOE-02 
1 .OOE-02 

5.00E-02 

8.OOE-01 
1 .OOE-0 1 
1 .OOE-02 

8.OOE-01 

8.00E-01 

1 .OOE-0 1 
1.00E-02 
1 .OOE-02 

l.OOE-O1 
1 .OOE-02 
1 .OOE-02 

1 .OOE-04 
1 .OOE-04 
1 .OOE-O4 

8.OOE-01 
1.OOE-01 
1 .OOE-O2 

8.OOE-01 
1.OOE-01 
1 .OOE-02 

5 .OOE-O4 
5 .OOE-O4 
5 .OOE-O4 

5.OOE-04 
5 .OOE-O4 
5 .OOE-04 

3.48E-11 
1.02E- 10 
2.23E-10 

5.51E-11 

2.32E- 1 3 
5.03E- 12 
6.55E- 12 

4.96E-13 

2.9OE-12 

4.81E-12 
2.43E-11 
3.2OE-11 

3.85E- 12 
1.66E- 1 1 
4.OOE-11 

1.89E-11 
2.16E-11 
2.47E-11 

3.77E- 12 
4.03E-12 
5.OOE- 12 

3.33E-12 
9.25E- 12 
1.99E-11 

1.26E-08 
6.88E-09 
9.29E-09 

9.18E- 12 
4.88E-12 
4.8 8E- 12 

2.27E-11 
8.95E-11 
2.06E- 10 

8.62E-11 

1.45E- 13 
4.63E- 12 
6.03E- 12 

3.19E-13 

1.96E- 12 

3.16E-12 
2.09E-11 
2.79E-11 

2.78E-12 
1.48E-11 
3.60E- 1 1 

1.40E- 1 1 
1.82E-11 
2.14E-11 

2.66E-12 
3.29E- 12 
4.26E-12 

2.33E-12 
8.33E-12 
1.87E-11 

1.13E-08 
6.25E-09 
8.81E-09 

8.55E-12 
4.55E-12 
4.55E-12 
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TABLE N.3 (Cont.) 

Morbidity Mortality 
Nuclide Typea fib (l/pCi) (l/pCi) 

Sn-113 

Sr-85 

Sr-89 

Sr-90+D 

Ta-182 

Tc-99 

Te-125m (particulates) 

Te-125m (vapor) 

Th-228+D 

Th-229+D 

Th-230 

F 
M 
S 

F 
M 
S 

F 
M 
S 

F 
M 
S 

F 
M 
S 

F 
M 
S 

F 
M 
S 

V 

F 
M 
S 

F 
M 
S 

F 
M 
S 

2.OOE-02 
2.OOE-02 
2.OOE-02 

3.OOE-01 
1 .WE-0 1 
1.WE-02 

3.OOE-01 
1 .OOE-0 1 
1 .OOE-O2 

3 .OOE-O 1 
1.00E-01 
1 .OOE-02 

1 .OOE-03 
1 .OOE-03 
1 .OOE-03 

8.OOE-01 
1 .OOE-0 1 
1 .OOE-02 

3 .WE-0 1 
1 .WE-0 1 
1 .OOE-O2 

3.WE-01 

5 .OOE-04 
5.00E-04 
5.00E-04 

5.00E-04 
5 .OOE-04 
5 .OOE-04 

5.OOE-04 
5.OOE-04 
5.OOE-04 

2.3SE- 12 
1 .WE- 1 1 
1.45E-11 

1.47E-12 
2.56E-12 
3.23E-12 

4.OOE-12 
2.34E-11 
3.02E-11 

4.69E-11 
1.13E-10 
4.34E- 10 

7.62E- 12 
2.77E-11 
3.74E-11 

1.16E- 12 
1.41E-11 
3.81E-11 

1.43E-12 
1.17E-11 
1.45E-11 

3.77E- 12 

2.24E-08 
9.19E-08 
1 A4E-07 

1 .O 1E-07 
1.34E-07 
2.3OE-07 

3.40E-08 
2.35E-08 
2.85E-08 

1 S4E- 12 
8.73E-12 
1.3OE-11 

1.03E-12 
2.05E-12 
2.65E- 12 

2.8 1E-12 
2.04E-11 
2.67E-11 

4.21E-11 
1.04E- 10 
4.06E- 10 

5.11E-12 
2.44E-11 
3.35E-11 

6.88E- 13 
1.29E-11 
3.58E-11 

9.4OE-13 
1.07E-11 
1.34E-11 

2.5513-12 

1.64E-08 
8.57E-08 
1.37E-07 

7.63E-08 
1.2OE-07 
2.17E-07 

2.48E-08 
1.95E-08 
2.68E-08 
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TABLE N.3 (Cont.) 

Morbidity Mortality , Nuclide fib (l/pCi) (11 Ci) 

Th-232 

Tl-204 

U-232 

U-233 

U-234 

U-235+D 

U-236 

U-238+D 

Zn-65 

Zr-93 

F 
M 
5; 

I; 

S 

I’ 
M 
!5 

P 
M 
s 

IF 
M 
s 
P 
M 
s 

F 
M 
IS 

F 
M 
S 

F 
IM 
s 
F 
M 
S 

nfi 

5.00E-04 
5.00E-04 
5.00E-04 

l.OOE+OO 
1 .OOE+OO 
1 .OOE+OO 

2.OOE-02 
2.00E-02 
2.OOE-03 

2.00E-02 
2.OOE-02 
2.OOE-03 

2.OOE-02 
2.00E-02 
2.OOE-03 

2.OOE-02 
2.OOE-02 
2.00E-03 

2.00E-02 
2.OOE-02 
2.OOE-03 

2.OOE-02 
2.OOE-02 
2.00E-03 

5 .OOE-0 1 
1 .OOE-0 1 
1 .OOE-02 

2.00E-03 
2.OOE-03 
2.00E-03 

4.14E-08 
2.39E-08 
4.3 3E-08 

2.45E-12 
2.27E-11 
6.07E-11 

3.69E-09 
1.95E-08 
9.25E-08 

6.44E-10 
1.16E-08 
2.83E-08 

6.29E- 10 
1.14E-08 
2.78E-08 

5.89E- 10 
1.01E-08 
2.51E-08 

5.96E- 10 
1.05E-08 
2.58E-08 

5.78E-10 
9.35E-09 
2.37E-08 

7.59E- 12 
5.81E-12 
7.47E-12 

1.52E-11 
7.29E- 12 
6.07E- 1 2 

2.99E-08 
1.92E-08 
4.07E-08 

1.48E-12 
2.07E-11 
5.66E-11 

2.63E-09 
1.8OE-08 
8.77Ei-08 

4.55E- 10 
1.1 OE-08 
2.69E-08 

4.44E-10 
1.07E-08 
2.64E-08 

4.15E-10 
9.5 1E-09 
2.3 8E-08 

4.18E- 10 
9.92E-09 
2.45E-08 

4.10E- 10 
8.83E-09 
2.25E-08 

5.22E- 12 
4.44E-12 
6.14E- 1 2 

1.4lE-11 
6.7OE-12 
5.66E- 12 
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TABLE N.3 (Cont.) 

Morbidity Mortality 
Nuclide Type* fib (l/pCi) (l/pCi) 

Zr-95 F 2.00E-03 6.55E-12 4.92E- 12 
M 2.00E-03 1.65E-11 1.45E-11 
S 2.00E-03 2.llE-11 1.87E-11 

FGR-13 provides separate risk coefficients for particulate aerosols of type F, 
type M, and type S representing, respectively, fast, medium, and slow absorption to 
blood. The risk coefficients are also provided for tritium, sulfur, nickel, ruthenium, 
iodine, and tellurium in a vapor form and for tritium and carbon in a gaseous form. 

The gastrointestinal uptake (f,) values are for an adult and represent the fraction of 
a radionuclide reaching the stomach that would be absorbed to blood without 
radiological decay during passage through the gastrointestinal tract. 

NA = not available. 

* PB-2lO+D and Sb-125 values listed are for a cutoff half-life of 30 days. When a 
cutoff half-life of 180 days is selected, risk coefficients for decay progeny that have 
a half-life between 30 and 180 days are added to the listed values. In such a case, 
the added values are used in the RESRAD calculations and are reported in the 
health risk report that is generated by RESRAD. 
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TABLE N.4 FGR-13 Morbidity and Mortality Risk Coefficients for Ingestion of Food 
and Tap Water 

Morbidity (l/pCi) Mortality (l/pCi) 

Nuclide .fin Food Water Food Water 

A~-227+D 

Ag- 108m+D 
Ag-1 lOm+D 

A1-26 

Am-24 1 
Am-243+D 

Au-195 

Ba-133 

Bi-207 

C-14 

Ca-4 1 
Ca-45 

Cd-109 

Ce-141 
Ce-l44+D 

Cf-252 

C1-36 

Cm-243 
Cm-244 
Cm-245 
Cm-246 
Cm-247+D 
Cm-248 

CO-57 

0.0005 

0.05 
0.05 

0.01 

0.0005 
0.0005 

0.1 

0.2 

0.05 

1 

0.3 
0.3 

0.05 

(1.0005 
0.0005 

0.0005 

1 

0.0005 
0.0005 
0.0005 
0.0005 
0.0005 
0.0005 

0.1 

6.5 1E-10 

1.12E-11 
1.37E-11 

2.49E-11 

1.34E- 10 
1.41E-10 

2.19E-12 

9.44E- 12 

8.14E-12 

2.OOE-12 

4.37E- 13 
3.37E-12 

6.70E- 12 

6.77E- 12 
5.19E-11 

NAb 

4.44E-12 

1.23E-10 
1 .OSE-lO 
1.35E-10 
1.31E-10 
1.3OE-10 

NA 

1.49E- 12 

4.85E- 10 

8.14E- 12 
9.88E- 12 

1.73E-11 

1.04E-10 
1.08E-10 

1 SOE- 12 

6.8 1E-12 

5.66E-12 

1.55E- 12 

3 S3E- 13 
2.47E-12 

5 .WE- 12 

4.63E-12 
3.53E-11 

NA 

3.30E- 1 2 

9.47E- 1 1 
8.36E-11 
1.04E- 10 
1.02E-10 
1.00E-10 

NA 

1.04E- 12 
CO-60 0.1 2.23E-11 1.57E-11 

4.45E-10 

7.1OE-12 
8.51E-12 

1.42E-11 

9.47E-11 
9.82E-11 

1.22E- 12 

6.4OE-12 

4.63E- 12 

1.36E-12 

3.85E- 13 
2.32E- 12 

4.22E-12 

3.77E-12 
2.87E-11 

NA 

2.93E- 12 

8.5 1E-11 
7.47E-11 
9.5 1E-11 
9.29E-11 
9.07E-11 

NA 

8.99E- 1 3 
1.44E-11 

3.39E- 10 

5.233- 12 
6.22E-12 

9.92E- 1 2 

7.44E-11 
7.68E-11 

8.4OE-13 

4.7OE-12 

3.24E-12 

1.07E-12 

3.17E-13 
1.75E- 12 

3.20E- 12 

2.56E-12 
1.96E-11 

NA 

2.20E- 12 

6.7OE-11 
5.88E-11 
7.47E-11 
7.33E-11 
7.13E-11 

NA 

6.29E-13 
1.02E-11 
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TABLE N.4 (Cont.) 

Morbidity (l/pCi) Mortality (l/pCi) 

Nuclide ha Food Water Food Water 

(3-134 
CS-135 
C~-137+D 

EU- 152 
EU- 154 
EU-155 

Fe-55 
Fe-59 

Gd-152 
Gd-153 

Ge-68+D 

H-3 (organically bound) 
H-3 (tritiated water) 

1-125 (based on cow's milk) 
I- 125 

1-129 (vapor, based on cow's milk) 
1-129 

Ir-192 

K-40 

Mn-54 

Na-22 

Nb-93m 
Nb-94 
Nb-95 

Ni-59 
Ni-63 

Np-237+D 

1 
1 
1 

0.0005 
0.0005 
0.0005 

0.1 
0.1 

0.0005 
0.0005 

1 

1 
1 

1 
1 

1 
1 

0.01 

1 

0.1 

1 

0.01 
0.01 
0.01 

0.05 
0.05 

5.14E-11 
5.88E- 12 
3.74E-11 

8.7OE-12 
1.49E-11 
2.77E-12 

1.16E-12 
1.1 1E-11 

3.85E-11 
2.22E-12 

1.03E-11 

1.44E- 13 
6.5 1E- 14 

6.29E-11 
3.43E-11 

3.22E-10 
1.93E-10 

1.07E-11 

3.43E-11 

3.11E-12 

1.26E-11 

1.17E- 12 
1.11E-11 
3.5OE-12 

3.89E- 13 
9.5 1E-13 

4.22E-11 
4.74E- 12 
3.ME-11 

6.07E-12 
1.03E-11 
1.90E- 12 

8.62E-13 
7.88E-12 

2.97E-11 
1.52E- 12 

7.24E- 12 

1.12E-13 
5.07E-14 

2.54E-11 
2.54E-11 

1.48E-10 
1.48E-10 

7.36E-12 

2.47E-11 

2.28E-12 

9.62E- 12 

8.03E- 13 
7.77E-12 
2.45E-12 

2.74E-13 
6.7OE-13 

0.0005 9.1OE-11 6.73E-11 

3.54E-11 
3.96E- 12 
2.55E-11 

5 .WE- 12 
8.47E- 12 
1 S5E- 12 

8.84E- 13 
7.07E- 12 

2.83E-11 
1.24E-12 

5.86E- 1 2 

9.84E- 14 
4.44E-14 

6.51E-12 
3 S7E- 12 

3.28E-11 
1.96E-11 

5.99E- 1 2 

2.18E-11 

1.96E-12 

8.66E- 1 2 

6.55E-13 
6.4OE-12 
2.00E-12 

2.32E-13 
5.66E- 13 

5.78E-11 

2.93E-11 
3.23E-12 
2.09E-11 

3.52E- 1 2 
5.88E- 12 
1.07E- 12 

6.7OE-13 
5.03E-12 

2.23E-11 
8.55E-13 

4.15E-12 

7.73E-14 
3.49E-14 

2.64E-12 
2.64E- 12 

1-5lE-11 
1.5 1E-11 

4.14E-12 

1.59E-11 

1.46E- 12 

6.66E- 12 

4.48E-13 
4.51E-12 
1.41E-12 

1 HE-13 
4.OOE-13 

4.38E-11 
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TABLE N.4 (Cont) 

Mortality (l/pCi) 

Food Water 

Morbidity (l/pCi> 

Food Water Nuclide f," 

Pa-23 1 0.0005 2.26E-10 1.73E-10 1.59E- 10 1.22E- 10 

Pb-2 1 O+D" 0.2 1.19E-09 8.88E- 10 8.62E- 10 6.52E-10 

1.38E-12 9.44E-13 Pm-147 0.005 2.48E-12 1.69E- 12 

Po-210 (organic) 
Po-210 (inorganic) 

0.5 
0.1 

2.25E-09 
4.85E-10 

1.7E-09 
3.77E- 10 

1.64E-O9 
3.47E-10 

1.3 1E-09 
2.74E-10 

Pu-238 
Pu-239 
Pu-240 
Pu-24 1 +D 
Pu-242 
Pu-244 

0.0005 
0.C1005 
0.0005 
0.0005 
O.CW5 
0.0005 

1.69E-10 
1.74E-10 
1.74E- 10 
2.28E- 12 
1.65E-10 

NA 

1.31E-10 
1.35E-10 
1.35E-10 
1.76E-12 
1.28E-10 

NA 

1.30E-10 
1.34E- 10 
1.34E- 10 
5.83E-12 
1.28E-10 

NA 

1.02E- 1 0 
1.05E-10 
1.05E- 10 
4.16E-12 
1.OOE-10 

NA 

0.2 
0.2 

5.14E-10 
1.43E-09 

3.85E-10 
1.04E-09 

3.54E-10 
1.02E-09 

2.66E- 10 
7.41E-10 

2.39E-11 Ru- 106+D 0.05 6.11E-11 4.22E-11 3.46E-11 

3.7OE-12 
7.03E-13 

2.72E-12 
5.14E-13 

2.49E- 12 
4.48E-13 

1.85E- 12 
3.28E-13 

S-35 (organic) 
S-35 (inorganic) 

1 
1 

1.06E-11 
3.74E- 12 

7.4OE-12 
2.69E- 12 

Sb-124 
Sb- 125" 

0.1 
0.1 

1 ME-1 1 
6.14E-12 

1.29E-11 
4.37E- 12 

3.55E-12 Sc-46 0.000 1 8.88E-12 6.22E-12 5.03E- 12 

Se-75 
Se-79 

0.8 
0.8 

1.08E-11 
9.69E- 12 

8.14E-12 
7.29E-12 

7.55E-12 
6.73E-12 

5.77E-12 
5.11E-12 

3.74E- 1 1 
5.55E-13 

3.66E-11 
4.55E-13 

2.92E-11 
3.13E-13 

Sm-147 
Sm-15 1 

0.0005 
0.0005 

4.77E-11 
8.07E- 13 

2.43E-12 Sn-113 0.02 6.33E-12 4.33E-12 3.53E- 12 

2.06E- 12 
1.1OE- 1 1 
7.46E-11 

1.51E-12 
7.77E-12 
5.96E-11 

Sr-85 
Sr-89 
Sr-90+D 

0.3 
0.3 
0.3 

3.11E-12 
1.84E-11 
9.55E-11 

2.26E-12 
1.28E-11 
7.4OE-11 

6.48E-12 4.48E- 12 Ta- 182 0.001 1.15E-11 7.9 6E- 1 2 
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TABLE N.4 (Cont.) 

Morbidity (l/pCi) Mortality (1lpCi) 

Nuclide fl" Food Water Food Water 

Tc-99 0.5 4.00E-12 2.75E-12 2.28E-12 1.58E-12 

Te-125m 0.3 4.7OE-12 3.33E-12 2.78E-12 2.01E-12 

Th-228+D 
Th-229+D 
Th-230 
Th-232 

0.0005 4.22E-10 3.OOE-10 2.57E-10 1.85E-10 
0.0005 7.14E-10 5.29E-10 4.74E-10 3.53E-10 
0.0005 1.19E-10 9.1OE-11 7.99E-11 6.18E-11 
0.0005 1.33E-10 1.01E-10 9.07E-11 6.92E-11 

T1-204 1 8.25E-12 5.85E- 12 4.96E- 1 2 3.54E- 1 2 

U-232 
U-233 
U-234 
U-235+D 
U-236 
U-238+D 

0.02 3.85E-10 2.92E-10 2.67E- 10 2.04E-10 
0.02 9.69E-11 7.18E-11 6.25E-11 4.66E-11 
0.02 9.55E-11 7.07E-11 6.14E-11 4.59E-11 
0.02 9.73E-11 7.18E-11 6.17E-11 4.6OE-11 
0.02 9.03E-11 6.7OE-11 5.81E-11 4.33E-11 
0.02 1.2OE-10 8.73E-11 7.46E-11 5.46E-11 

Zn-65 0.5 1 S4E-11 1.17E- 1 1 1.04E-11 7.99E-12 

zr-93 0.01 1.44E-12 1.llE-12 1.05E-12 8.36E-13 
zr-95 0.01 6.59E-12 4.59E-12 3.74E- 12 2.62E-12 

" Gastrointestinal uptake (fJ values are for an adult and represent the fraction of a radionuclide 
reaching the stomach that would be absorbed to blood without radiological decay during passage 
through the gastrointestinal tract. Separate risk coefficients are given for tritium as tritiated water 
and organically bound tritium and for the organic and inorganic forms of polonium and sulfur. For 
iodine, risk coefficients based on cow's milk are also listed. 

NA = not available. 

Pb-21O+D and Sb-125 values listed are for a cutoff half-life of 30 days. When a cutoff half-life of 
180 days is selected, risk coefficients for decay progeny that have a half-life between 30 and 180 
days are added to the listed values. In such a case, the added values are used in the RESRAD 
calculations and are reported in the health risk report that is generated by RESRAD. 
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The second set of risk coefficients in the RESRAD database (i.e., lifetime cancer incidence 

risks, also referred to as morbidity risks or slope factors), were obtained from three sources. Risk 

coefficients from HEAST (EPA 1995, 1997)' were given first priority, with exceptions for 

radionuclides not listed and for any inconsistency observed between the HEAST and DCF values. 

For those radionuclides, risk coefficients were obtained from either the 1994 EPA report or by 

multiplying the DCFs with a risk factor (7.6 x risklpsv) @PA 1994). 

For example, in HEAST (EPA 1995,1997), external slope factors for C-14, C1-36, S-35, Sr-9O+D, 

and Ce-135 are zero, whereas the corresponding DCFs from Federal Guidance Report No. 12 (FGR- 

12) (Eckerman and Ryman 1993) are not zero. To solve the inconsistency between the HEAST and 

the DCF values, the default values for the risk coefficients were obtained by multiplying the DCFs 

with a risk factor (7.6 x risWmrem or 7.6 x loe8 risWpSv). For Sb-l25+D and Pb-210+D, the 

RESRAD code uses different sets of risk coefficients, depending on whether the cutoff half-life for 

the principal radionuclides is 30 or 180 days. Table N.5 lists the risk coefficients for different 

radionuclides in the RESRAD database. Only one ingestion risk coefficient is listed for each 

radionuclide, which is different from the first data set, in which two risk coefficients - one for the 

ingestion of water and the other for the ingestion of food - were specified. This ingestion risk 

coefficient is used for all the ingestion pathways to obtain the corresponding cancer risks. 

risWmrem or 7.6 x 

' The EF'A is in the process of publishing updated risk coefficients. A draft HEAST is available on the EPA Web site 
(http://www.epa.gov/radiation/heast/userguid.htm). This set of risk coefficients is consistent with the FGR-13 
morbidity risk coefficients discussed in Section N.4. The new HEASTrisk coefficients will be incorporated in future 
versions of the RESRAD code. 
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TABLE N.5 Slope Factors for Principal Radionuclides" 

External Inhalation Ingestion 
Nuclide (l/YrY(Pc~g) (l/pCi) (l/pCi) 

A~-227+D 

Ag-l08m+D 
Ag-1 1Om+D 

A1-26 

Am-24 1 
Am-243+D 

AU- 195 

Ba-133 

Bi-207 

C-14 

Ca-4 1 
Ca-45 
Cd-109 

Ce-141 
Ce-l44+D 

Cf-252 

Cl-36 

Cm-243 
Cm-244 
Cm-245 
Cm-246 
Cm-247 
Cm-248 

CO-57 
CO-60 

CS-134 
CS- 135 
CS- 137+D 

9.3 x (b) 

1.1 x lo-' (b) 
5.6 x 

1.3 io-' (c) 

4.6 x 1 0 - ~  
2.7 x 1 0 - ~  

1.6 x (c) 

9.2 x 10-~  

5.5 x 

1.0 x lo-" (c) 

0 (b) 
3.9 x 10-l8 
5.6 x lo-'' 

1.4 x 10-~  
1.6 1 0 - ~  

1.8 x lo-" (b) 

1.8 1 0 - ~  (c) 

1.7 x 
2.1 x lo-" 
5.5 x 
1.8 x lo-" 
1.0 x 
1.5 x lo-" 

2.1 x 1 0 - ~  
9.8 x 

5.9 x 

2.1 x 
2.9 x lo-'' (c) 

7.9 x 

7.0 x lo-'' 
3.2 x lo-'' (b) 

6.0 x lo-'' (c) 

3.9 x 
3.8 x 

9.1 x (c) 

4.0 x lo-'' 

9.4 x 

7.0 x 10- l~  

9.1 x lo+" (c) 

1.9 x lo-" 

4.3 x lo-'' 
1.1 x 10-'O 

2.5 x 

2.6 x (b) 

1.3 x 

2.9 x 
2.4 x 
3.9 x 
3.9 x 
3.6 x 
1.5 x 1 0 - ~  

2.9 x 
6.9 x lo-" 

2.9 x lo-" 
2.7 x lo-'' 
1.9 x 10-l1 

6.3 x lo-'' 

6.1 x lo-'' 
8.4 x lo-'* (b) 

9.9 x (c) 

3.3 x lo-'' 
3.3 x 10-'O 

8.4 x 10-l~ (c) 

2.7 x lo-'* 

5.1 x 

1.0 x 

9.1 x 10- l~  (c) 
2.0 x 10-l2 

3.9 x 10-l2 

8.0 x 

3.0 x lo-" 

1.8 x lo-'' (b) 

2.2 x 10-l2 

2.1 x 10- lo 
3.4 x 10-l0 
3.3 x 10-'O 

1.3 x 1 0 - ~  

9.7 x 10- l~  
1.9 x lo-" 

4.7 x lo-" 
4.5 x 10-l2 

2.5 x lo-'' 

3.1 x lo-'' 

3.2 x lo-'' 
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TABLE N.5 (Cont.) 

External Inhalation Ingestion 
Nuclide (l/yr)/(pCi/g) (l/pCi) (l/pCi) 

Eu-152 
Eu-1 54 
Eu-155 

Fe-55 
Fe-59 

Gd-152 
Gd-153 

Ge-68+D 

H-3 

I- 1 25 
I- 129 

Ir- 192 

K-40 

Mn-54 

Na-22 

Nb-93m 
Nb-94 
Nb-95 

Ni-59 
Ni-63 

Np-237+D 

Pa-23 1 

Pb-2 10+D 

Pm-147 

Po-210 

4.1 x: 
4.7 x: 
6.1 x 

0 
4.6 x 

0 
7.2 x 

4.3 x (c) 

0 

2.4 x 1 0 - ~  
2.7 x 1 0 - ~  

2.7 x (b) 

6.1 x 1 0 - ~  

3.3 x 

8.2 x 

3.6 x lo-" 
6.1 x 
2.9 x 

0 
0 

4.6 x 1 0 - ~  

2.7 x 

1.1 x lO-''(d) 

6.4 x 

3.3 x lo-" 

7.9 x lo-" 
9.2 x lo-" 
9.6 x 

5.6 x 1 0 - l ~  

1.8 x io-' (c) 

2.6 x 10-l~ (c) 

9.6 x 10- l~  

1.2 x 10-'O 

7.1 x 

3.2 x 

1.7 x lo-" 

1.1 x lo-" (b) 

7.5 x 10-l2 

3.7 x 

4.9 x 10-l2 

4.3 10-l~ 
8.2 x lo-" 
3.1 x 

4.0 x 10-l~ 
1.0 x 10-l2 

3.5 x 

2.4 x 

1.7 x lo-' (d) 

7.5 x 

2.1 x 

5.7 x 10-l2 
9.4 x 10-l2 

3.5 10-l~ 
5.9 x 10-l2 

1.7 x 

1.1 x 10-l0 f )  
1.3 x lo-' 

1.1 x 10-l2 (c) 

7.2 10 - l~  

2.6 x lo-" 
1.8 x lo-'' 

6.4 x (b) 

1.3 x lo-" 

2.0 x 10-l2 

8.0 x 

6.6 x 
6.9 x 
2.3 x 

1.9 10-l~ 
5.5 x 10-l~ 

3.0 x lo-'' 

1.5 x lo-'' 

6.8 x lO-"(d) 

1.4 x lo-'' 

3.3 x 10-'O 
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TABLE N.5 (Cont.) 

External Inhalation Ingestion 
Nuclide (l/yr)/(pCi/g) (l/pCi) (l/pCi) 

Pu-238 
PU-239 
PU-240 
PU-24 1 +D 
PU-242 
P~-244+D 

Ra-226+D 
Ra-228+D 

RU- 106+D 

s-35 

Sb-124 
Sb-l25+D 

Sc-46 

Se-75 
Se-79 

Sm-147 
Sm-151 

Sn-l13+D 

Sr-85 
Sr-89 
Sr-90+D 

Ta-182 

TC-99 

Te-125m 

Th-228+D 
Th-229+D 
Th-230 
Th-232 

T1-204 

1.9 x lo-" 
1.3 x lo-'' 
1.9 x lo-" 

1.1 x (e) 
1.6 x lo-" 
3.7 x 

6.7 x 
3.3 x 

7.6 x 1 0 - ~  

1.1 x lo-" (c) 

7.4 x 
1.3 x (d) 

7.9 x 

8.9 x 1 0 - ~  
1.4 x lo-" (c) 

0 
2.9 x 10-l~ 

7.9 x 1 0 - ~  (e) 

5.4 x lo-'' 
1.5 x 

1.9 x (c) 

4.7 x 

6.2 x 10-l~ 

2.2 1 0 - ~  

6.2 x (b) 
7.7 x (b) 
4.4 x lo-" 
2.0 x lo-" 

8.7 x lo-'' 

2.7 x 
2.8 x 
2.8 x 

2.6 x 
2.7 x 

2.8 x lo-'' (e) 

2.8 x 1 0 - ~  
9.9 x 10-'O 

1.2 x lo-'' 

1.9 x 10-l~ 

1.3 x lo-" 
5.2 x (d) 

1.3 x lo-" 

4.9 x 
7.5 x 10-l2 (c) 

6.9 1 0 - ~  
4.6 x 

6.7 x lo-'* (e) 

1.1 x 

6.9 x lo-" 

1.7 x lo-" 

2.9 x lo-'* 

2.9 x 

9.7 x 
8.3 x 
1.7 x 
1.9 x 

3.7 x 10-l2 

1.2 x 10-l2 

3.0 x lo-'' 
3.2 x lo-'' 
3.2 x lo-'' 

5.2 x f )  
3.0 x lo-' 
3.2 x lo-'' 

3.0 x lo-'' 
2.5 x lo-'' 

3.5 x lo-" 

4.2 x 10-l~ 

1.1 x 10-l1 

5.7 x 10-l2 

3.0 x (d) 

6.5 x 
6.6 x (c) 

2.5 x lo-'' 
4.6 10-l~ 

3.8 x (e) 

1.4 x lo-'' 

5.6 x lo-'' 

7.0 x 

1.4 x 

2.5 x 

2.3 x lo-'' 
3.6 x lo-'' 
3.8 x lo-" 

1.0 x lo-" 

3.3 x lo-" 

2.0 x 10-l2 



TABLE N.5 (Cont.) 

External Inhalation Ingestion 
Nuclide ( l/Yr)/(Pcw (l/pCi) (l/pCi) 

U-232 3.4 x lo-" 5.3 x 8.1 x lo-" 
U-233 3.5 x lo-" 1.4 x 4.5 x lo-" 
U-234 2.1 x lo-" 1.4 x 4.4 x lo-" 
U-235+D 2.7 x lo-' 1.3 x 4.7 x lo-" 
U-236 1.7 x lo-" 1.3 x 4.2 x lo-" 
U-238+D 6.6 x (b) 1.2 x 6.2 x lo-" 

Zn-65 2.3 x 1.0 x lo-" 9.9 x 10-l2 

zr-93 0 5.3 x 10-l2 5.2 x 10' 
Zr-95+D 2.8 x: 6.5 x lo-'* 3.9 x 10-l2 

a Slope factor is the risk coefficient for cancer morbidity. Footnotes 
b through e are indicated in parentheses because superscripts 
would be difficult to locate. 

Values were taken from EPA (1995). 

Values were calculated by using a DCF and a risk factor 
(7.6 x risldmrem). 

Values listed are for a cutoff half-life of 30 days. When a cutoff 
half-life of 180 days is selected, slope factors for decay progeny 
that have a half-life between 30 and 180 days are added to the 
listed values. In such a case, the added values are used in the 
RESRAD calculations and are reported in the health risk report 
that is generated by RESRAD. 

Values were taken from the sum of individual radionuclide values 
in HEAST (EPA 1997). 

e 

Source: Slope factors were obtained from HEAST (EPA 1997), 
except those denoted by footnotes b, c, or e. 
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