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PREFACE 

This document presents an analysis of the processes by which radionuclides 
migrate from sites contaminated by radioactive residues, through environmental 
pathways, to organs of the body where damage by irradiation can occur. The 
analysis is applied to radioactive residues at sites used during and shortly 
after World War II by the U.S. Army Corps of Engineers Manhattan Engineering 
District (MED) and the U.S. Atomic Energy Commission (AEC) primarily for 
storage and processing of uranium and thorium pres. The analysis was under-
taken in order to provide a basis for assessing potential health effects from 
the residues and for establishing cleanup guidelines for the U.S. Department 
of Energy (DOE) Formerly Utilized Sites Remedial Action Program (FUSRAP). 

The analysis is applied to a "model" site for which the extent of the 
radioactive contamination and the parameters that control its release and 
migration were chosen to be typical of the 35 contaminated FUSRAP sites that 
have been identified. This application leads to generic estimates of the 
ratio of the maximum dose (D) of radioactivity that an exposed individual is 
likely to incur as a consequence of the radioactive residues at a model FUSRAP 
site to the concentration (S) of a radionuclide at th?* site. These ratios, 
which will oe different for different radionuclides and different parts of the 
body, are referred to as "D/S factors". They may be used to estimate the 
limits that should be imposed on the concentrations of radionuclides in the 
soil at a FUSRAP site in order not to exceed dose limits that have been estab-
lished as standards for protecting the public from radiological hazards. 

Concentration limits are obtained for uranium-238 + uranium-234, 
thorium-230, and radlum-226, which are the most commonly occurring long-lived 
radionuclides at FUSRAP sites. These limits are referred to as "generic soil 
guidelines." They are derived for a model site and are, therefore, directly 
applicable only to those actual sites for which the extent of the contamination 
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and the environmental characteristics are approximately the same as for the 
model site. There is a wide variation in the characteristics of different 
FUSRAP sites. Site-specific application of the methods developed herein— 
using appropriate site-specific values for the parameters that characterize 
the contamination and the environment—will, therefore, be needed for defini-
tive assessments of the threshold radionuclide concentrations for initiating 
remedial action at individual sites and for certifying the acceptability of a 
specific site for unrestricted use following remedial action. The limits 
derived for the model site can, however, serve as useful preliminary guide-
lines for screening sites and estimating the extent of remedial action needed. 

The D/S factors for a model site are based on an assumed set of circum-
stances, referred to as a "scenario", under which the maximum exposure to an 
individual is likely to occur. The parameters that define the scenario have 
been chosen in a conservative manner, i.e., to lead to dose estimates that are 
higher than those which are likely to occur. However, in carrying out the 
pathway analysis, the models and assumptions have been selected in order to 
obtain the most realistic estimates (except for the drinking water pathway 
where a model that gives very conservative estimates has been chosen in order 
to provide a firm basis for the conclusion that the contribution from this 
pathway is not important for the model site). This strategy differs from the 
common strategy of introducing conservative assumptions at every step. It was 
adopted because the usual strategy can lead to large but indeterminate errors 
that are difficult to assess. The methods used herein to assess the uncer-
tainties (probable errors) would have been more difficult to apply using the 
conventional strategy. The assessment of the uncertainties leads to factors 
that could be used to convert the realistic estimates into more conservative 
estimates. 

The methods developed for this study—and the data, assumptions, and 
calculations used to obtain D/S factors for the model site—are presented 
herein in great detail, more so than is customary for a study of this kind. 
The reasons for doing so are to facilitate an in-depth review of the analysis 
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and to enable the document to be used as a reference work for site-specific 
applications. The detail allows the reader to: 

• Follow all of the steps and reproduce the calculations 
• Examine in detail the bases for the assumptions and choices of 
models 

• Gain a clearer picture of the difficulties encountered in a 
comprehensive pathways analysis of this kind 

• Identify the most likely sources of error 

The logical framework used to organize the analysis is based on two 
aspects of the overall process: (1) the sequence of events and processes that 
occur along each pathway from the source of radioactivity to an organ that can 
be affected, and (2) the characteristics, of the major environmental pathways. 
The sequential events allow a breakdown'of the analysis into three largely 
independent steps: identification of the source terms, analysis of source-
to-exposure, and analysis of exposure-to-dose. The pathway structure leads to 
an identification of, and separate analyses for, nine environmental pathways 
in the source-to-exposure analysis—which combine into three pathways (external 
radiation, internal radiation from inhalation, and internal radiation from 
ingestion of radionuclides) in the exposure-to-dose analysis. 

The processes that are involved in a pathways analysis are extremely 
complex, and many simplifications are needed to carry the analysis through to 
completion. The data needed to validate the models and calculations are 
sparse, and often lacking. There is oftun disagreement, even among experts 
who have studie' the problems carefully, regarding the models, data, and 
assumptions that will lead to the most realistic estimates. By reporting the 
results of the current analysis in great detail, it is hoped that critics (*f 
this work will be able to do more than express doubts about certain results or 
methods, and will be encouraged to indicate precisely those models, data, or 
assumptions with which they disagree and suggest alternative models, data, or 
assumptions that might lead to more realistic estimates. 

The audience for whoa this study Is intended are technically trained 
individuals from any of the various scientific disciplines that are needed to 
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carry through a pathways analysis: biologists, chemists, engineers, hydrolo-
gists, health physicists, and others. An attempt has been made to define 
terms that may be familiar to an expert in one field (e.g., a health physicist) 
but not another. The report is not light reading but it is hoped that, with 
some patience and perseverance, any technically trained professional, and also 
administrators and managers with technical backgrounds, can follow the arguments 
and gain some understanding of the difficulties involved in carrying through a 
pathways analysis. Those who are interested only in the "bottom line" may 
want to skip dire tly from Section 1 to Section 6. 

There are numerous extant pathways analyses for radiological hazards. 
Many of them are iccompanied by computer codes to facilitate application to 
specific situations. The documentation usually summarizes the algorithms and 
data used in the code, but provides only a summary description of the reasoning 
behind the many choices that were made in selecting specific algorithms and 
data. A decision to undertake the current pathway analysis rather than use an 
existing code was motivated by two concerns. First, it did not appear that 
situations for which existing codes had been developed were sufficiently close 
to the conditions pertaining to FUSRAP sites t. provide all of the information 
needed; in particular, the relative importance of different pathways including 
the hydrological pathways. It was decided that an analysis specifically 
tailored to the conditions existing at FUSRAP sites was needed. Second, with 
regard to use of an existing code, apart from applicability of the analysis, 
one cannot attain an adequate understanding of the problems involved in a 
pathways analysis without going through, by hand, the full analysis in all its 
exhausting detail, and such understanding is essential for obtaining credible 
estimates. 

Consideration was given to adopting the methods and adapting the results 
from the very careful and thorough analyses that have been carried out by 
Healy and his coworkers at Los Alamos during the past decade. The circum-
stances to which these studies applied are similar to those that apply to 
FUSRAP sites. However, it was decided that an independent FUSRAP-specific 
analysis was needed to gain an adequate understanding of the problems 
presented by the radiological hazards at FUSRAP sites. 



The analysis presented herein includes an error assessment based on 
comparison of two independent estimates of the D/S factors (see Section 5.1). 
It does not, however, include a systematic statistical analysis of all of the 
sources of error. In order to carry through an error analysis of this kind, 
it would be necessary to write a computer code that would carry through all of 
the calculations, identify the range of uncertainty in each of the many para-
meters used as input, and then carry through a statistical analysis of the 
effect on the D/S factors of varying the input parameters. This task was 
beyond the scope of the current study. 
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ABSTRACT 

Methods of analysis are devbloped for estimating the largest individual 
radiation dose that could result from residual radioactivity at sites identi-
fied by the Formerly Utilized Sites Remedial Action Program (FUSRAP) of the 
U.S Department of Energy. Two unique aspects of the methods are (1) a system-
atic structuring of the radiation pathways analysis into source terms, source-
to-exposure analysis, and exposure-to-dose analysis, and (2) the systematic 
use of data on the average concentrations of naturally occurring radionuclides 
in soil, food, and the human body in order to assess the validity of model 
calculations and obtain more realistic values. The methods are applied to a 
typical FUSRAP site in order to obtain generic source-to-dose (D/S) conversion 
factors for estimating the radiation dose to the maximally exposed individual 
from a known concentration of radionuclides in the soil. The D/S factors are 
used to derive soil guidelines, i.e., the limiting concentrations of radio-
nuclides at a typical FUSRAP site that are unlikely to result in individual 
dose limits that exceed generally accepted radiation protection standards. 
The results lead to the conclusion that the soil guidelines should not exceed 
17, 75, and 300 pCi/g for Ra-226, U-238, and Th-230, respectively. 
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SUMMARY 

This study presents methods of analysis for estimating the largest 
individual radiation dose that is likely to be incurred as a consequence of 
residual radioactivity at sites identified by the Formerly Utilized Sites 
Remedial Action Program (FUSRAP), and applies these methods to obtain dose 
estimates for a hypothetical model site chosen to be representative of a 
typical FUSRAP site. 

The analysis is divided into two major parts, a source-to-exposure 
analysis and an exposure-to-dose analysis, in order to separate factors that 
depend entirely on environmental processes and require an analysis of problems 
specific to FUSRAP sites from factors that depend only on physiological 
processes and are common to all circumstances involving exposure to ionizing 
radiation. The results of these analyses are expressed in terms of source-
to-exposure (E/S) and exposure-to-dose (D/E) conversion factors, respectively. 
The product of the E/S and D/E factors gives the source-to-dose conversion 
factors, D/S = (D/E) x (E/S). The annual radiation dose equivalent (D) for 
the "maximally exposed individual" from a radionuclide present in FUSRAP waste 
may be obtained for a given environmental pathway by multiplying the D/S 
factor for that pathway by the -radionuclide concentration (S) in the waste: 
D = (D/S) x s. The D/S factors are also used to obtain soil guidelines from 
dose limits.* The conversion factors are assumed to be independent of the 
radionuclide concentrations in the waste; however, the E/S factor depends on 
other source-term parameters, such as the size of the waste field and the 
rates of release. These dependencies are taken into account in the calcula-
tion of the E/S factors, and are reflected in a corresponding dependence of 
the soil guidelines and health effects on other source parameters. 

The term "soil guideline" is used in this document to mean the "remedial 
action guideline for the limiting concentration of a radionuclide in the soil," 
and is defined in such a manner that if the soil guideline is not exceeded, 
a specified exposure or dose limit should not be exceeded. Soil guidelines 
will depend on the characteristics of a site. 
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The source-to-exposure and exposure-to-dose analyses are carried through 
for both a "model" FUSRAP site for the maximally exposed individual and for a 
"global" FUSRAP site for the average exposed individual. The word "model" 
appears in two contexts in this report. One is as a qualifier of the site—to 
distinguish a "model" site from a "global" site. The other is as a qualifier 
of the methods used to estimate E/S and D/S conversion factors—to distinguish 
"model" conversion factors from "natural" conversion factors. Thus, one may 
have model or natural estimates of the conversion factors for a model site, or 
moiiel or natural estimates of the conversion factors for a global site. The 
distinctions between model and global sites and the distinctions between model 
and natural conversion factors are discussed in Section 2.5. 

The model FUSRAP site is chosen to represent a typical FUSRAP site. The 
global FUSRAP site is a hypothetical site in which the finite contaminated 
region (referred to as the "waste fie'Jd") is extended in size to a waste field 
of global extent. It is used in the analysis to obtain E/S and D/S factors— 
by means of the same models, data, and assumptions used for a model site—that 
are comparable to E/S and D/S factors obtained from data on soil, food, and 
human body concentrations of naturally occurring radionuclides. The conversion 
factors obtained from these data are referred to as "natural" or "natural 
analogue" conversion factors, and are used to improve or assess the uncertainty 
in the estimates of the "model" E/S and D/S factors obtained from detailed 
analyses of the processes by which radionuclides are transported through 
individual pathways. 

S.l SOURCE TERMS 

The radioactive material present at most FUSRAP sites consists primarily 
of waste by-products from uranium and thorium processing (Argonne Natl. Lab. 
1982). Residual quantities of the waste have remained as contaminants of 
buildings and soils at processing and storage sites. The total volume of 
contaminated material is estimated to be about 440,000 m3 (580,000 yd3), of 
which about 91% is from uranium-ore handling and processing, 5% from thorium 
processing, 2% from uranium salts and metal processing, 1% from nuclear weapons 
testing and/or disposal sites, and IX from miscellaneous sources. The con-
taminated areas at most FUSRAP sites range from 0.4 to 4 ha (1 to 10 acres), 
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with a typical value of 2 ha (5 acres). The wastes at most FUSRAP sites are 
currently at or very near the surface. The thickness of the contaminated 
layer ranges from 0.1 to 3 m (0.3 to 10 ft), with a typical thickness of 1.5 m 
(5 ft). 

Although the pathways analysis summarized here is applicable to any 
naturally occurring radionuclide (and, with modifications, to other radio-
nuclides as well), it has been applied only to radionuclides belonqing to the 
uranium-238 (U-238) decay series—in particular, U-238 plus uranium-234 (U-234), 
thorium-230 (Th-230), and radium-226 (Ra-226) and its decay products. These 
radionuclides constitute over 90% of the contamination at FUSRAP sites. 

The average radionuclide concentrations of U-238 and its decay products 
in FUSRAP waste at different sites have been estimated to be in the approxi-
mate ranges of 20 to 1400 pCi/g for U-238 plus U-234, 50 to 500 pCi/g for 
Th-230, and 10 to 500 pCi/g for Ra-226. Radionuclide concentrations at sites 
with contamination other than U-238 or its decay products include about 
110 pCi/g for plutonium-239 (Pu-239) in the waste at one site, 650 pCi/g for 
strontium-90 (Sr-90) at another, and tritium (H-3) concentrations of about 
7 nCi/L in the water in the local aquifer at another. Four sites are contami-
nated with residues from processing of thorium-232 (Th-232). 

S.2 SOURCE-TO-EXPOSURE ANALYSIS 

The source-to-exposure analysis is structured into three parts: (1) devel-
opment of a scenario of human activities that will lead to maximum individual 
exposure, (2) identification of major environmental pathways by which exposure 
to individuals might occur, and (3) detailed analysis of the migration of 
radionuclides through these pathways from source to exposure. This analysis 
leads to a set of E/S factors that may be used to estimate external radiation 
levels and intake of radionuclides by inhalation or ingestion from the source 
terms. 
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S.2.1 Scenarios 

The rates of radionuclide release into the environment and subsequent 
radiation exposure to an individual are dependent on patterns of human 
activity. Idealized patterns (scenarios) of such activities are introduced 
for the purpose of calculating E/S factors for the various pathways. 

The scenario on which the analysis is based is chosen to correspond to 
those future circumstances that might lead to the largest individual dose. 
The hypothetical individual who might receive this maximum dcse is referred to 
as the "maximally exposed individual". The exposure estimates used to calcu-
late the E/S factors are jased on the dose to this individual. The maximum 
dose would bj received only by those few individuals who. at some future time, 
built their homes on a FUSRAP site. The dose to most individuals in the 
exposed population would be smaller, by several factors of 10, than the dose 
to the maximally exposed individual. 

Of the many different scenarios that, have and could be constructed, the 
Intruder-Agriculture (IA) scenario is expected to lead to the maximum indi-
vidual dose. In this scenario it is assumed that a family, unaware of the 
presence of the radioactive waste, builds a home and raises most of their food 
on the site. The IA scenario is not likely to be realized in the near future 
at a FUSRAP site located in an urban-industrial setting. However, one cannot 
be assured that, in the distant future but before the existing hazard from 
F'JSRAP waste has disappeared, urban areas will not rp»"*rt to agricultural use. 
Some pathways and corresponding dose estimates (e.g., the food pathway for 
food grown onsite) are unique to the IA scenario; others (e.g., external 
radiation and radon inhalation) would be the same for other intruder scenarios. 
Estimates for these latter pathways are applicable even when the IA scenario 
is not. 

In the IA scenario, it is assumed that the radioactive waste is unpro-
tected by soil or other cover and that the house, farmyard, family garden, 
pasture for livestock used for meat and milk, and farm pond used for livestock 
water and to raise fish for family consumption are all located in the contam-
inated area. The well used for drinking water is located at the edge of the 
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contaminated area in the direction of groundwater flow. It also is assumed 
that a small child will ingest soil from the contaminated area. 

5.2.2 Environmental Pathways 

The environmental pathways by which radiation from the waste and radio-
nuclides released from the waste can reach an individual form a complex 
network. The strategy for simplifying the analysis is to focus on the objec-
tive of calculating the dose to the maximally exposed individual. Maximum 
exposure will occur onsite because the direct radiation from the waste 
decreases rapidly in intensity with increasing distance from the site, and the 
radionuclides become diluted as they migrate through pathways away from the 
site. For these reasons, offsite pathways are not included in the current 
analysis. The simplification resulting from these and similar considerations 
leads to a set of nine "major" pathways that can be expected to contribute all 
but a very small fraction of the dose to the maximally exposed individual. 
These environmental pathways are shown in Figure S.l. 

5.2.3 Pathways Analysis Methods 

The environmental pathways may be grouped into three categories: external 
radiation, inhalation, and ingestion (see Figure S.l). The external radiation 
pathways are those for which exposure is to radiation from radionuclides that 
do not enter the body. The inhalation and ingestion pathways are internal 
radiation pathways, i.e., radiation from radionuclides that have entered the 
body. 

S.2.3.1 External Radiation Pathways 

External radiation is primarily from two sources: (1) radionuclides in 
the ground, and (2) radionuclides in the air, either in gaseous form or sus-
pended in the atmosphere in particulate form. 

The exposure parameter (E) for radiation from the ground is the annual 
average exposure to ionizing gamma radiation to a person living or> the site. 
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Source Source-to-Exposure Analysis Pathway Exposure Exposure-to-Dose Analysis 

Figure S.l. Simplified Diagram Showing Major Pathways to the 
Maximally Exposed Individual. 

It is calculated from the exposure rate at different locations with weighting 
factors that take into account the time spent indoors, outdoors, and off the 
site, as well as shielding afforded by buildings. 

The exposure parameter for external radiation from airborne particles is 
obtained from estimates of the average concentration of dust in the indoor and 
outdoor air, and the fraction of this dust that comes from contaminated soil. 
Dilution from offsite dust is estimated using average wind velocities and 
simple mixing models. The contaminated-dust concentrations are then averaged 
over the times spent indoors, outdoors, and offsite, with appropriate weighting 
factors to take into account the effects of shielding by buildings. 
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The only gaseous emission of any consequence from FUSRAP waste is 
radon-222 (Rn-222). The exposure to external radiation from airborne radon 
and radon decay products is calculated by a weighted average of indoor and 
outdoor radon concentrations. Since plateout of radon decay products on 
nearby surfaces does not appreciably decrease the exposure to gamma radiation, 
it is assumed that the activity concentrations in air of the short-lived decay 
products of radon are equal to the concentration of radon. 

5.2.3.2 Inhalation Pathways 

Inhalation of radionuclides is an exposure mechanism that contributes to 
the internal radiation dose. The sources are contaminated dust and radon, the 
same as for external radiation from airborne radionuclides. The exposure 
parameter for inhalation of airborne dust is the annual rate of inhalation of 
radionuclides from such dust. The exposure parameter for inhalation of radon 
and its short-lived decay products tpolonium-218 (Po-2i8), lead-214 (Pb-214), 
bismuth-214 (Bi-214), and polonium-214 (Po-214)] is the annual average of the 
radon concentration in the inhaled air multiplied by the working-level ratio 
(WLR). 

Estimates of the exposure to radon and its decay products are based on 
the measurements of George and Breslin (1980). Outdoor values are obtained 
from data on radon exhalation rates together with calculations based on models 
for the mixing and dilution of radon and radon decay products by outdoor air 
motion. Almost all of the exposure occurs indoors; hence, the E/S factors, 
obtained by averaging the indoor and outdoor contributions, are insensitive to 
errors that might be caused by large uncertainties in the estimates of outdoor 
radon concentrations. 

5.2.3.3 Ingestion Pathways 

Water 

It is assumed that water for human consumption will come only from a well 
drilled on or near the contaminated site, and that water for the livestock 
will come from a farm pond constructed on the site. The well is the source of 
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the contaminated drinking water that constitutes the water pathway in Fig-
ure S.l. The farm pond contributes to several ingestion pathways indirectly 
by providing a source of contamination for meat, milk, and fish. 

The principal source of contamination of the pond water will be water 
that becomes contaminated while infiltrating through the waste field and 
subsequently seeps into the pond. Estimates of the radionuclide contamination 
in the farm pond are obtained by a natural analogue approach using data on the 
average radionuclide concentrations in freshwater sources and in soils. 

The well-water contamination is proportional to the infiltration rate, 
i.e., that fraction of the annual rainfall on the waste field that infiltrates 
through the waste. The infiltration rate is equal to the fraction of the 
annual rainfall that is left after the amounts removed by surface runoff and 
evapotranspiration have been subtracted from the total. These amounts can be 
determined from data on runoff for different soils and ground cover and from 
data on rainfall and evapotranspiration. The infiltrating water will perco-
late through the waste field, through the unsaturated zone below the waste 
field, and into the aquifer. It then will be transported by groundwater flow 
to the wel1. 

The well-water contamination depends strongly on the leach rates for 
radionuclides in the waste and the structure and hydrological parameters of 
the unsaturated zone and aquifer. The leach rates are estimated for the 
assumption that the leaching mechanism for FUSRAP waste is direct, ion exchange 
between radionuclides adsorbed on solid surfaces of particles or pores and 
water that percolates through the waste. This assumption leads to very conser-
vative (high) estimates of the well-water contamination. Studies of the 
leaching of radium from contaminated soils (Nathwani and Phillips 1978, 1979a, 
1979b) indicate that leaching is by a diffusion process, with diffusion coef-
ficients of about 10-13 m2/yr. For diffusion coefficients of this magnitude, 
the radionuclide concentrations in the well water would be less than concentra-
tions estimated by the ion-exchange model by a factor of 10-4 or smaller. 

Calculations were carried out for a simplified hydrological structure and 
typical hydrological parameters for materials ranging from sand to clay. An 
unconfined aquifer of infinite extent is assumed. 
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When the aquifer is in streta of high permeability, such as sand or silty 
sand, well-water contamination is low because the high flow rate of groundwater 
through the aquifer results in high dilution of the contaminated water. The 
contamination, and also the interval between the time that the waste is 
emplaced and the time that the contamination in the wel1 water reaches a 
maximum, increases as the hydraulic conductivity of the aquifer decreases. It 
is assumed that a well would not be used if the hydraulic conductivity were 
less than 10-z m/h (for which the horizontal flow rate of groundwater in the 
aquifer would be about 5 m/yr). 

The dilution would be less for an aquifer of limited depth and width if 
these dimensions were less than the vertical and horizontal distances over 
which the radionuclides become dispersed at the edge of the waste field where 
the well is located. These effects have not been included in the generic 
analysis; they will require consideration in site-specific assessments for 
individual sites. 

The exposure parameter for the water pathway is the annual radionuclide 
intake. It is calculated by multiplying the radionuclide concentration in the 
well water (obtained from the above-described model calculations) by the 
annual intake of drinking water. 

Food 

The exposure parameter for all foods is the annual radionuclide intake. 
It is calculated by multiplying the radionuclide concentrations in the various 
foods by the corresponding consumption rates for the maximally exposed 
individual. 

Two independent methods have been used to determine the radionuclide 
concentrations in foods. One method (leading to "model" estimates) makes use 
of models and data that describe the Uetailed processes that occur, e.g., 
soil-to-plant transfer by root uptake, soil-to-air-to-plant transfer by foliar 
absorption, feed-to-meat and water-to-meat transfer, etc. The other method 
(leading to "natural" estimates) makes use of data on the concentrations of 
naturally occurring radionuclides in the soil and in samples of foods from the 
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market. The pathway estimates for the source-to-expo^ure conversion factors 
(E/S) are larger (by factors ranging from 5 to 8) than the natural estimates. 
A geometric average of the model and natural estimates is adopted as the 
"best" estimate and used in the subsequent analysis. 

Plant Foods. Plants can accumulate radionuclides by two means: (1) uptake 
from the soil through the root system (root uptake), and (2) deposition of 
contaminated dust on the foliage of aboveground fruits or veqetables (foliar 
deposition). Radionuclides deposited on the foliage may be absorbed into the 
plant tissue and then consumed. Even if the radionuclides are not absorbed, 
they can be ingested if the contamination is not removed before the vegetable 
or fruit is i»aten. Host of the radionuclides in plant foods result from root 
uptake when the plants are grown in the exposed waste field. 

Meat and Milk. Meat from livestock raised on the site can become contami-
nated with radionuclides if the animals ingest contaminated feed (e.g., pasture 
grass) or water. Livestock for family use on a farm could include hogs, 
chickens, and other meat-producing animals. It is assumed that all of the 
meat consumed by the family is beef; the differences in the quantities of 
radionuclides ingested that would be obtained by assuming a different mix if 
meat-producing animals are not significant for the purpose of this study. It 
is assumed that pasture grass consumed by the livestock is grown in the contami-
nated area, and that this source provides half of the feed for the livestock. 
It is further assumed that the hay and other dry fodder that make up the other 
half of the feed come from an uncontaminated source. The water for the cattle 
is assumed to come from the farm pond. 

Fish Pathway. It is. common practice on small farms to stock a pond with 
fish for family consumption. The fish become contaminated with radionuclides 
absorbed from the water and ingestod with food. The amount of radioactivity 
in the fish is calculated by use of a standard reference value for the water-
to-fish transfer coefficient. 

Soil Pathway. The soil pathway, which takes into account internal radia-
tion exposure from radionuclides in soil that is ingested by a child, is 
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included in the analysis because the effect is the same as if the radionuclides 
were ingested with food. The ingestion rate is assumed to be 0.1 kilogram of 
soil per year. 

S.3 EXPOSURE-TO-DOSE ANALYSIS 

The exposure-to-dose analysis relates the exposure from external radiation 
and from inhaled or ingested radionuclides (exposure parameters) to the radia-
tion doses received by the whole body or parts of the body (dose parameters). 
The analysis leads to a set of exposure-to-dose conversion factors that are 
ratios of the dose ani exposure parameters, referred to as D/E factors. The 
product of an E/S factor and a D/E factor is a source-to-dose (D/S) conversion 
factor. 

The dose used for inhaled and ingested radionuclides is the "50-year dose 
commitment", which is defined as the total integrated dose equivalent that 
would be received over a 50-year period following the intake of a radionuclide. 
The dose parameter (D) is the 50-year dose commitment from radioactivity taken 
in during one year, expressed in millirems per year (mrem/yr). The external 
dose rate is the dose actually received from external radiation sources during 
one year, also expressed in mrem/yr. Dose effects from internal and external 
radiation, within the range of dose rates that can occur for FUSRAP waste, are 
assumed to be additive and cumulative; hence, the internal and external dose 
rates are added and discussed together as equivalent contributions to the 
total dose that determines the health effects. 

S.3.1 External Radiation Dose 

The conversion factor from external gamma radiation exposure expressed in 
units of milliroentgens (mR) to a dose expressed in units of millirems (mrem) 
is very close to unity. When differential absorption and shielding of organs 
are taken into account, resulting D/E factors for radionuclides of the U-238 
decay series range from 0.6 to 1.1 mrem/mR for various organs. Values of the 
factors for converting from the average concentrations of radionuclides in the 
air are based on the results of previous studies (Momeni et al. 1979). 
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5.3.2 Internal Radiation Dose from Inhalation 

The conversion factors for inhalation of contaminated dust are calculated 
from mathematical models of the processes by wnich radionuclides from inhaled 
particles accumulate in various parts of the body. Particles larger than 
about 10 pm are effectively entrapped in the upper part of the respiratory 
track (the nasopharyngeal region); smaller particles (called "respirable 
particles") reach the lower part. Some respirable particles are exhaled; the 
remainder are deposited in the lower respiratory tract from which a fraction 
of the radionuclides will be carried by several mechanisms to other parts of 
the body. The D/E factors used for this analysis are obtained from previous 
studies based on models that take all of these processes into account 
(U.S. Nucl. Reg. Comm. 1980—Table G-5.1). 

5.3.3 Internal Radiation Dose from Ingestion 

Following ingestion, some of the radionuclides pass through the gastroin-
testinal tract and are excreted in a day or so; others are absorbed into the 
wlood stream and deposited in various organs of the body. These internally 
deposited radionuclides may remain in the body for many years before they are 
eliminated by biological processes or radioactive decay. The D/E factors for 
ingestion used in this study were obtained from those in current use for 
estimating radiation doses from uranium milling operations. D/E factors for 
an adult are used for all ingested substances except soil; D/E factors for a 
child are used for soil because this pathway is potentially significant only 
for a small child. 

S. 4 GENERIC SOURCE-TO-DOSE CONVERSION FACTORS 

The source-to-dose (D/S) conversion factors, obtained by multiplying the 
E/S and D/E factors described above, are first calculated for a global FUSRAP 
site (model estimates) and compared with D/S factors estimated directly from 
doses calculated from data on body burdens, i.e., the concentrations of 
naturally occurring radionuclides in the body (natural estimates). The 
comparison is used to assess the uncertainty in the pathway estimates of the 
D/S factors for the model site. 
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This comparison reveals good agreement between the model and natural D/S 
factors for Ra-226 and its decay products. However, it is found that for 
U-238 plus U-234 and Th-230, the natural D/S factors obtained from body burdens 
are one to two orders of magnitude (factors of 10) larger than the model D/S 
factors. An examination of the possible causes cT the discrepancy indicates 
that it is probably due to different methods used to calculate the dose rates 
to different organs of the body from the concentrations of radionuclides 
deposited in these organs. Data that would permit a more precise determina-
tion of the cause of the discrepancy and permit an assessment of the relative 
accuracy of the model and natural estimates are lacking; hence, a geometric 
mean of the natural and mcdel D/S factors are calculated for use in assessing 
health effects and establishing soil guidelines. 

Comparison of the natural and model D/S factors suggests that the uncer-
tainties for the whole-body dose range from less than 2 for Ra-226 and its 
decay products to about 10 for U-238 plus U-234, with a value of about 6 for 
Th-230, and the uncertainties for the bone dose range from very small for 
Ra-226 and its decay products (the agreement between the model and natural 
factors is fortuitously good—the ratio is 1.01) to about 5 for U-238 plus 
U-234, with an intermediate value of about 2 for Th-230. These estimates of 
the uncertainties should be regarded as indicative rather than definitive. 

The uncertainty estimates represent the probable range of error for a 
site with characteristics that correspond to the model site. The D/S factors 
for individual sites can exceed the generic D/S factors for a model site by 
factors larger than those given above, or can be smaller (by an order of 
magnitude or more) because of large deviations in characteristics of individual 
sites in comparison to characteristics of the model site. 

The D/S conversion factors for a model FUSRAP site are given in Table S.l. 
The limiting radionuclide concentrations in the soil that, for a model FUSRAP 
site, would limit the whole-body and bone doses and radon exposure to the 
limits specified in radiation protection standards applicable to FUSRAP sites 
are given in Table S.2. 
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Table S.l. Mean Estimates of the Source-to-Dose (D/S) 
Conversion Factors for the Maximally Exposed 
Individual at a Model Site for the Principal 

Radionuclides in the U-238 Decay Series 

D/S in (mrem/yr)/(pCi/g) 
Radionuclide 
and Organ 

External 
Radiation 

Internal 
Radiation Total 

U-238:t1 
Whole body 
Bone 
Whole lung 

Th-230:t2 
Whole body 
Bone 

Ra-226:t3 
Whole body 
Bone 
Whole lung 
Bronchial epitheliumt4 

0.1 
0.1 
0.08 

•v.0 
»\»0 

10 
11 
9 

2.4 
20 
0.7 

0.3 
5 

11 
76 
28 
120 

2.5 
20 

0.8 

0.3 
5 

21 
87 
37 

120 

The total D/S factor for U-238 is the annual external dose from 
U-238, Th-234, Pa-234m, and U-234 plus the annual 50-year dose 
commitment from inhalation and ingestion of U-238 and U-234 per 
pCi/g of U-238 in the waste for the maximally exposed individ-
ual at a model FUSRAP site. 
The total D/S factor for Th-230 is the annual 50-year dose 
commitment from inhalation and ingestion of Th-230 per pCi/g 
of Th-230 in the waste for a maximally exposed individual at 
a model FUSRAP site. 
The total D/S factor for Ra-226 is the annual external dose 
plus the 50-year dose commitment from inhalation and ingestion 
of Ra-226 and all of its radioactive decay products (Rn-222, 
Po-212, Pb-214, Bi-214, Po-214, Pb-210, Bi-210, and Po-210) 
per pCi/g of Ra-226 in the waste for the maximally exposed 
individual at a model FUSRAP site. 
The dose to the bronchial epithelium is primarily from inhala-
tion of airborne decay products of Rn-222. The ratio of the 
exposure, expressed as the radon working level (WL), to the 
concentration of Ra-226 in the waste is estimated to be 
WL/S = 0.0016 WL/(pCi/g) indoors. 
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Table S.2. Three Radiation Protection Standards and Generic Soil 
Guidelines for FUSRAP Sites Derived from D/S Factors for the 

Maximally Exposed Individual at a Model FUSRAP Sitet1 

Radiation 
Protection Standard Radionuclide 

Corresponding Generic 
Soil Guidelines (pCi/g) 

0.03 WL radon decay product 
exposuret2 Ra-226 19 

1500 mrem/yr bone doset3 U-238 75 
Th-230 300 
Ra-226 17 

500 mrem/yr whole-body doset3 U-238 200 
Th-230 1700 
Ra-226 24 

11 Calculated using the D/S factors from Table 5.9, except for radon 
exposure in which the WL/S ratio from Table 3.6 is used. 

t2 U.S. Environmental Protection Agency standard: 40 CFR 192, Health and 
Environmental Standards for Inactive Uranium Mill Tailings (includes 
background). 

t3 U.S. Department of Energy standard: Requirements for Radiation 
Protection, DOE Order 5480.1A, Chapter XI, August 1981 (above 
background). 

S.5 CHANGES WITH TIME FROM RADIOACTIVE DECAY AND WASTE DISPERSAL 
BY EROSION AND LEACHING 

The half-lives of the principal radionuclides are 4.5 x i o 9 years (U-238), 
77,000 years (Th-230), and 1,600 years (Ra-226). Hence, within the time 
period of concern for this study (10,000 years), the decrease in the concentra-
tions of U-238 and Th-230 in the waste field would be negligible. The concen-
tration of Ra-226 would decrease to 65% of its initial value in 1,000 years 
and to 1.3% of its initial value in 10,000 years if no ingrowth occurred; 
however, with ingrowth» the decrease would also be negligible. At most FUSRAP 
sites, Ra-226 is in near-secular equilibrium with Th-230 and thus the decrease 
in concentration of Ra-226 by radioactive decay is controlled by the rate of 
decay of Th-230. Hence, the decay of Ra-226 as a result of radioactive decay 
is also negligible over the time frame of concern. 
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Assuming natural succession growth, a 5% slope, and sheet erosion, the 
time for a 1.5-m-deep waste field to be completely dispersed by erosion is 
estimated to be ?hout 30,000 years. 

The estimated time for dispersal by leaching into the groundwater depends 
on the leaching mechanism. If the leaching mechanism is by ion exchange of 
radionuclides adsorbed on the surface of soil particles, which is the mecha-
nism by which radionuclides migrate through an aquifer, the D/S factors in 
1,000 years would be reduced to about 10% of the initial value for U-238 and 
to about 20% of the initial value for Ra-226. The reduction for Th-230 would 
be negligible. In 10,000 years, the reduction would still be negligible for 
Th-230 whereas the D/S factors for U-238 and Ra-226 would be reduced to less 
than 1% of their initial values (except for the water pathway). 

If the leaching is by a diffusion process, with diffusion coefficients 
comparable to those obtained from laboratory measurements on ore-contaminated 
soils, the leach rates would be slower by a factor of 10-4 or less, and the 
reduction in the D/S factors from leaching would be negligible in a period of 
10,000 years. The leaching at FUSRAP sites contaminated by ore or ore-
processing residues is expected to be closer to that predicted by the diffusion 
model, but somewhat faster because the laboratory measurements do not take 
into account the effect of some of the biological, chemical, and physical 
processes that occur under field conditions but not under laboratory 
conditions. 
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1. INTRODUCTION 

1.1 OBJECTIVES 

The objectives of this study are (1) to identify and/or develop suitable 
methods for obtaining realistic estimates of the largest individual radiation 
dose likely to be incurred as a consequence of trace amounts of radionuclides 
prese.nt in the soil material and rubble at sites identified by the Formerly 
Uti'ii .ed Sites Remedial Action Program (FUSRmP); and (2) to apply these methods 
to obtain generic estimates of the potential dose to the maximally exposed 
individual at a representative FUSRAP site. 

The information in this study is needed in order to (1) estimate the 
health effects likely to be incurred as a consequence of the radioactivity at 
FUSRAP sites; (2) provide a basis for establishing appropriate average concen-
tration limits on radionuclides in the ground for use in determining appro-
priate levels of remedial action; and (3) provide a basis and starting point 
for comparative analyses, both generic and site-specific, of the radiological 
impacts for the different alternatives for stabilization or disposal of the 
contaminated FUSRAP materials. These needs are directly related to the FUSRAP 
objectives summarized in Section 1.2. 

1.2 BACKGROUND 

The U.S. Army Corps of Engineers Manhattan Engineer District (MED) and 
its successor, the U.S. Atomic Energy Commission (AEC), conducted programs 
during the 1940s ana 1950s involving research, development, processing, and 
production of uranium and thorium, and storage of radioactive ores and their 
processing residues. These programs were conducted pursuant to the First War 
Powers Act of 1941 and the Atomic Energy Acts of 1946 and 1954, as amended. 
Virtually all of this work was performed for the federal government by private 
contractors at sites that were either federally, privately, or institutionally 
owned (U.S. Dep. Energy 1981). 

1-1 
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Many of these sites and nearby properties became contaminated with radio-
nuclides, at low concentrations and mostly of natural origin, as a result of 
work done for the federal government. When the contracts for MED/AEC activities 
were terminated, the sites were decontaminated according to health and safety 
criteria and guidelines applicable at that time and then released for unre-
stricted use. It has become necessary to reconsider this action because 
radiological criteria, guidelines, and proposed guidelines for returning sites 
to unrestricted use have become more stringent as research on the effects of 
low-level radiation has progressed. 

A program was initiated by the AEC in 1974 to identify formerly utilized 
MED/AEC sites and to determine their radiological status based on a review of 
historical records. These activities were continued by the U.S. Energy Research 
and Development Administration (ERDA), successor to the AEC, and extended to 
include contacts with current and former site owners, site visits, radiological 
surveys, and analyses of potential risks to public health. 

Under the Department of Energy Organization Act of 1977, the functions 
and authority of ERDA were transferred to the U.S. Department of Energy (DOE), 
including the responsibility for the site survey program. The results of 
these surveys indicated that several of the formerly utilized sites, as well 
as nearby properties, were contaminated at levels that might require remedial 
action. DOE subsequently initiated the Formerly Utilized Sites Remedial 
Action Program. 

The overall FUSRAP objective is to decontaminate selected sites to permit 
their unrestricted use or to stabilize and/or otherwise control residual 
radioactivity at the sites to meet current criteria for the protection of 
public health and safety. Thirty-five sites have been identified to date as 
possibly requiring some form of remedial action (Figure 1.1). Twenty-one of 
the sites have been designated as requiring such action. 

Current land uses and the generally low levels of radiation present at 
FUSRAP sites pose little immediate health risk to the general public or threat 
to the environment. Nevertheless, potential hazards could develop 1f land 
uses changed to permit prolonged exposure to radioactive waste or if additional 



1 Kellex Research Fac i l i t y Jersey Ci ty , NJ 12 Albany Metal lurgical Albany, OR 23 Seaway Industr ia l Park Tonawanda, NY 
2 Middlesex Sampling Plant Middlesex, NJ Research Center 24 Ashland Oi l Company Tonawanda, NY 

and v i c i n i t y properties 13 Chupadera Mesa White Sands. NM 25 Pasadena Chemical Company Pasadena, TX 
1 Shpack l a n d f i l l Norton, MA 14 University of Chicago Chicago, IL 26 W.R. Grace & Company Curtis Bay, MO 
4 Niagara Fal ls Storage Lewlston, NY IS Mal l inckrodt, Inc. St. Louis, MO 27 Harshaw Chemical Company Cleveland, OH 

Site v i c i n i t y properties 16 St. Louis Airport St. Louis, MO 28 Iowa State University Ames, IA 
S St. Louis Ai rpor t Storage St. Louis, MO Storage Site 29 National Guard Armory Chicago, IL 

Site (V i c i n i t y Properties) 17 Clecon Metals, Inc. Cleveland, OH 30 01 In Chemical Corporation J o l i e t , IL 
6 Middlesex l a n d f i l l Middlesex, NJ 18 Gardinler, Inc. Tampa, FL 31 Universal Cyclops Aliqulppa, PA 
7 Linde A i r Products Tonawanda, NY 19 Palos Park Forest Chicago, JL 32 Ventron Corporation Beverly, MA 
8 Bayo Canyon Los Alamos, NM Preserve 33 Vatertown Arsenal Cambridge, MA 
9 E. I . Ou Pont de Nemours Deepwater, NJ 20 Conserv, Inc. Ni rhc ls , Fl 34 Ashland Oi l Company No. 2 Tonawanda, NY 

& Company 21 Seneca Army Oepot Romulus, NY 35 Stat in Island Port Richmond, NY 
10 University of Cal i forn ia Berkeley, CA 22 Guterl-Simonds Steel L>":kport, NY 
11 Add/Pueblo Canyjn Los Alamos, NM Divis ion 

Figure 1.1. Location of Sites That Require or May Require Remedial Action. 
Source: Argonne National Laboratory (1982). 
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radioactive contaminants migrated offsite as a result of natural processes or 
human activity. 

Remedial action involves several steps: identification of the sites, 
decontamination and/or control of the contamination, disposal and/or stabil-
ization of the radioactive residues, compliance with legal and regulatory 
requirements, and certification of the sites for appropriate future use. 

This study evolved from a need to examine the appropriateness of the 
radionuclide concentration limits used in setting cleanup standards and to 
assess the radiological impacts that might result from stacilization and/or 
disposal of the radioactive residues, which consist mainly of soil material 
and rubble containing trace amounts of radionuclides. (This material is 
referred to in this study as "FUSRAP waste.") 

1.3 SCOPE 

The scope of this study is limited to consideration of the radiation 
doses that might result from FUSRAP waste. The health effects that might 
result from these doses are examined in a separate study (U.S. Dep. Energy 
1983). 

The radiation doses of concern include occupational doses and doses to 
the general public. Occupational doses are similar to, and expected to be 
less than, occupational doses for currently operating near-surface disposal 
sites; they are not considered here for reasons given below. Assessment of 
radiological impacts to the general public must take into account both the 
population dose and the maximum dose that is likely to be incurred by any 
individual. This maximum dose is defined as the dose that would be incurred 
by a hypothetical "maximally exposed individual" under circumstances that can 
reasonably be expected to occur. The circumstances must be specified as part 
of the analysis. The dose to the maximally exposed individual is the dose of 
primary concern in assessing health effects, and is the dose on which most 
radiation protection standards are based. Preliminary estimates of the 
population dose from FUSRAP waste indicated that they would be very small 
compared to the average dose from natural background radiation (Gilbert et al. 
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1982). The scope of this study has, therefore, been limited to methods and 
generic estimates for the dose to the maximally exposed individual. 

The scope of this study is also limited to the development and application 
of methods of analysis to a generic assessment of the radiological hazards 
from FUSRAP waste; site-specific applications are not included. There are 
three reasons for this approach. First, the data needed for site-specific 
assessments were not available at the time this study was prepared. Second, 
it is important to develop and test a common methodology (i.e., models and 
methods of analysis) for site-specific asessments prior to use. The develop-
ment and testing can best be done for a hypothetical "model" FUSRAP site for 
which the parameter values have been chosen to be within the range of and 
typical of the values that would be obtained from site-specific data. Third, 
uniform guidelines must be established for preliminary assessments of the need 
for remedial action and for rertifying sites for unconditional release. Such 
guidelines are based, in part, on generic assessments of the health effects. 

Generic estimates encounter the problem of assigning generic values to 
site parameters that might range over many orders of magnitude (factors of 10). 
In principle, the parameter value should be chosen to correspond to the average 
for all sites; allowance for deviations from the average should be taken into 
account separately and explicitly either in the guidelines, in factors intro-
duced in a well-defined manner in order to allow for probable deviations from 
the average, or in site-specific analyses. The customary approach is to 
choose generic parameter values that correspond to the most likely conditions 
and +o resolve individual uncertainties by introducing a conservative bias 
into each choice. (A "conservative" choice always is understood in this study 
to be a choice that leads to a higher rather than a lower estimate of the 
radiation dose.) Since many parameters are involved, often as products rather 
than sums, the cumulative effect of many conservative biases in the parameters 
can lead to a rather severe conservative bias in the dose estimates. A natural 
analogue approach has been used in this study as an aid in identifying and 
correcting for overconservative estimates resulting from the cumulative efforts 
of conservative biases, and for estimating uncertainties (probable ranges of 
error). In order to utilize this approach, unnecessary conservatism was 
avoided and realistic estimates were used to the extent possible. 
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The conditions under which short-term and long-term radiological impacts 
occur can be quite different and require separate assessments. Short term is 
defined here as a period of about 10 to 30 years during which the stabili-
zation/disposal actions are carried out and present or currently planned use 
of the FUSRAP and/or disposal site continues; long term is defined as any 
period extending beyond the short term. Long-term hazards continue until the 
concentrations of radionuclides in the waste are all reduced to innocuous 
levels by radioactive decay or by dispersal in the environment. The upper 
limit for this time could extend to the end of civilization for long-lived 
radionuclides such as uranium-238 (U-238) and thorium-232 (Th-232).* 

The scope of this study is further limited to (1) an estimation of the 
radiation dose to the maximally exposed individual that would occur if no 
remedial action were undertaken and the site was released for unrestricted use 
(the no-action alternative), or (2) an estimation of the radiation dose to the 
maximally exposed individual that could occur in the long term after completion 
of the remedial action. For practical reasons, the analysis has been limited 
to a period of 10,000 years. The hazards may persist for a longer time, but 
the maximum individual dose would not be greater for a longer time period. 

The remedial action alternatives, other than the no-action alternative, 
encompass a variety of alternatives for land disposal of FUSRAP waste ranging 
from institutional controls only through development of elaborate regional 
disposal sites (Gilbert et al. 1982). This analysis is applicable to all of 
these disposal alternatives, and the no-action alternative as well, because 
relaxation of institutional controls, erosion of cover over the waste, and 
degradation of other barriers will, over a sufficiently long time period, tend 
to reduce the difference between radiological impacts for the no-acticn alterna-
tive and other near-surface land disposal alternatives tv magnitudes comparable 
to the uncertainties in the estimates of these impacts. 

*This limit is referred to in a recent EPA/NRC/D0E agreement on human intrusion 
standards for high-level-waste repositories in which the reported proposed 
language is "...that the federal government is to be committed to maintain 
passive, permanent controls for as long as civilization exists" (Anon. 1982). 
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The occupational dose would be associated with remedial action and would 
occur only in the short term; hence, it is not considered herein. If remedial 
action were undertaken, the dose to the maximally exposed individual would, in 
general, be much less in the short term than in the long term because institu-
tional controls and barriers can be relied upon to be more effective during 
the short term. 

After a complete assessment for the potential radiation doses for all 
environmental pathways for the base case of no action has been carried out, 
apsessment of the corresponding potential radiation doses for the various 
alternatives reduces to the much simpler problem of estimating the reduction 
in the dose contribution from eacii pathway due to barriers and institutional 
controls. Such estimates use the same methodology and are fairly straight-
forward, apart from estimating the duration of active controls and the rate of 
degradation of barriers. These estimates can be addressed more efficiently on 
a site-specific basis after the number of alternatives that require detailed 
consideration has been reduced to a more manageable number. 
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2. STRUCTURING THE ANALYSIS 

The analysis developed in this report is intended for use in calculating 
source-to-dose (D/S) conversion factors for the maximally exposed individual. 
Each conversion factor is the ratio of the annual dose (D) to the maximally 
exposed individual from a radionuclide present in a waste field of specified 
dimensions to the concentration (S) of that radionuclide in the waste. The 
structuring of the analysis into source-term characterization, scenario con-
struction, pathway identification, source-to-exposure analysis, and exposure-
to-dose analysis is described in this section. A detailed discussion of the 
models used in the pathway analyses and application of the analysis to a model 
FUSRAP site are presented in Sections 3 through 5. 

2.1 SOURCE TERMS 

2.1.1 Waste Characterization 

The radioactive materials present at roost FUSRAP sites consist primarily 
of waste by-products from uranium and thorium processing (Argonne Natl. Lab. 
1982). Residual quantities of the waste have remained as contaminants of 
buildings and soil materials at processing and storage sites. The different 
waste sources and the principal contaminants of concern are summarized in 
Table 2.1. The total volume of contaminated material is estimated to be about 
440,000 ma (580,000 yd3), of which about 91* is from uranium ore handling and 
processing, 5% from thorium processing, 2% from uranium salts and metal pro-
cessing, 1% from nuclear weapons testing and/or disposal sites, and IX from 
miscellaneous sources. 

The principal hazard at most sites is from radium-226 (Ra-226) and its 
short-lived decay products; the duration of the hazard is determined primarily 
by the parent radionuclide uranium-238 (U-238) or its decay product thorium-230 
(Th-230). Radiological surveys indicate that typical average radionuclide 

2 - 1 
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Table 2.1. FUSRAP Waste Classification 

Source of 
Contamination Primary Contamination 

Half-Life of 
Parent 

Radionuclide 
(years) 

Uranium ore handling 
and sampling 

Uranium-238 and decay products 4 . 5 x io9 

Uranium ore processing: 
Product Uranium-238 and decay products 4.5 x 109 

Residue (tailings) Thorium-230 and decay products 7.7 x 104 

Uranium salt/metal 
processing 

Uranium-238 and decay products 4.5 x 109 

Thorium processing Thorium-232 and decay products 1.4 x lO10 

Nuclear weapons and/or 
disposal sites 

Fission products and tran-
suranics 

Variable 

Mi seellaneous Tritium and uranium-238 decay 
products 

Variable 

Source: Argonne National Laboratory (1982). 

concentrations lie in the ranges of 20 to 1400 pCi/g for U-238 and uranium-234 
(U-234), 50 to 500 pCi/g for Th-230, and 10 to 500 pCi/g for Ra-226, with 
localized hot spots that exceed these averages by a factor of 10 to 100 or 
more. Concentrations at sites with contamination other than U-238 or its 
decay products include about 110 pCi/g of plutonium-239 (Pu-239) at one site, 
650 pCi/g of strontium-90 (Sr-90) at another site, and tritium (H-3) concentra-
tions of about 104 pCi/L (10 pCi/g) in the water from a nearby well at a third 
site. The contaminated areas range typically from 0.4 to 4 ha (1 to 10 acres) 
in extent and from 0.1 to 3 m (0.3 to 10 ft) in depth, with a few sites where 
the contamination is limited to buildings. 

For the model FUSRAP site as defined in the generic analysis, the dimen-
sions of the waste field are 140 m x 140 m x 1.5 m, i.e., an area of 2 ha to a 
depth of 1.5 m. The radionuclides arje assumed to be homogeneously distributed 
within the waste field. Typical average radionuclide concentrations for sites 
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contaminated by uranium ore processing and handling are 50 pCi/g of U-238 (and 
also U-234) and 100 pCi/g of Th-230 and each of its decay products. 

The exposure from contaminated buildings is not taken into account in the 
pathways analysis because the potential exposure in the short term can be 
determined directly from radiation surveys, which are needed in order to 
determine whether the buildings meet applicable regulations. In the long 
term, it is assumed that the buildings are demolished. The potential impacts 
from demolition are outside the scope of this study. The rubble generated by 
building demolition is expected to be less than 5% of the total FUSRAP waste 
volume, with average radionuclide concentrations well below the average for 
soil materials. 

The source parameters used for defining the conversion factors are the 
average activity concentrations of the radionuclides in the waste, in pCi/g, 
where one picocurie corresponds to 2.22 nuclear disintegrations per minute.* 
It is not feasible in a generic pathways analysis to consider inhomogeneities 
in the radionuclide distributions, in particular the contribution to the D/S 
factors from hot spots. The exposure from hot spots will be considerably less 
than the value estimated by applying D/S factors calculated for the entire 
waste field to the maximum radionuclide concentration in a hot spot because 
reducing the size of the contaminated region for a given radionuclide concen-
tration decreases the D/S factor, and this decrease can be considerable when 
the size becomes comparable to a typical hot spot (e.g., of the order of 
1 m3). Hence, estimates made by using the generic D/S factors will be quite 
conservative when applied to maximum radionuclide concentrations. For inhomo-
geneities that are not too large (e.g., where local concentrations do not 
deviate from the average concentration by more than a factor of about 2), 
estimates based on average radionuclide concentrations are considered to be 
reasonable. 

*The activity concentration may be converted into a mass concentration by using 
the relation 1 curie = 2.80 x io-6 AT^ grans, where A is the atomic mass of 
the radionuclide and T, is the half-life ir. years. 
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The only radioactive sources that are explicitly considered in this study 
are those from U-238 and its decay products. The U-238 activity comes from 
natural uranium that consists of 99.283% U-238, 0.711% U-235, and 0.0054% 
U-234 by weight. The exposure from U-235 is not explicitly considered because 
U-235 contributes only 2% to the total activity of natural uranium and this 
small additional contribution can be analyzed by the same methods used for 
U-238 and its decay products. Contaminants other than natural uranium and its 
decay products are present at some sites, but the analysis and methods for 
estimating the exposure from them are the same (apart from use of the natural 
analogue estimates to verify or improve model estimates). The differences are 
in the parameter values, especially for tritium (H-3), which migrates much 
more readily through the water and food pathways. The D/S factors for these 
other contaminants are expected to be comparable to or less than those from 
the U-238 series radionuclides. 

The decay chain for U-238 is shown in Figure 2.1. It is assumed that all 
of the decay products of U-238 were in secular equilibrium in the ore before 
processing.* The processing that took place at the FUSRAP sites disturbed the 
secular equilibrium of U-238 with Th-230 and Ra-226 because uranium, thorium, 
and radium have different chemical properties and are separated in different 
proportions during processing. Hence, the concentrations of U-238, Th-230, 
and Ra-226 must be specified separately. U-238 is assumed to remain in secular 
equilibrium with U-234 and intervening members of the series [thorium-234 
(Th-234) and protactinium-234m (Pa-234m)].** It is assumed that Ra-226 is in 
secular equilibrium with its decay products in the waste. Emanation into the 
air of the first decay product, radon-222 (Rn-222) gas, will reduce the concen-
trations of the decay products of Ra-226 to values below equilibrium; but this 

*A decay series, or consecutive subseries, is in secular equilibrium when the 
ratios of the activity concentrations of the members are approximately equal. 

**Isotopic separation of U-238 and U-234 can and does occur (see discussion 
following Table 3.13 in Section 3.3.1.2). The heuristic assumption of 
U-238/U-234 equilibrium is introduced in order to simplify the analysis. 
The source tersi (S) is the concentration of U-238 alone; hence the assump-
tion affects only the dose estimate (D). It leads to more conservative esti-
mates for external radiation and inhalation pathways. The effect of iso-
topic separation on the food pathways is taken into account in the empirical 
transfer coefficients; the effect on the water pathway is taken into account 
in the distribution coefficient (K.). 
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Only the dominant decay mode 
is shown. 

The times si own are half-lives. 
The symbols a and p indicate 

alpha and beta decay. 
An asterisk indicates that the 

isotope is also a gamma 
emitter. 

Figure 2.1. Uranium-238 Decay Series. Source- Argonne 
National Laboratory (1982). 
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reduction will be 20% or less, depending on the amount and effectiveness of 
confining cover (U.S. Nucl. Reg. Comm. 1980), and can be neglected for the 
purpose of calculating dose contributions other than those due to radon 
emanation. 

The radionuclides of the U-238 decay series for which separate 0/S con-
version factors are calculated are U-238, Th-230, and Ra-226. These radio-
nuclides are referred to as the "principal" radionuclides of the U-238 series. 
The activity concentrations of other radionuclides of the U-238 decay series 
in the waste are assumed to be determined by, and approximately equal to, the 
activity concentrations of their principal parents in the chain. The decay 
products of the principal radionuclides (if any, other than another principal 
radionuclide) will migrate at different rates through the environmental path-
ways and must be considered separately if their half-lives are not small 
compared to their transit times. If the half-life of the decay product is 
short compared to the transit time, then the contribution at the point of 
exposure from the migrating component will be small and the concentration of 
the decay product at that point of exposure will be determined by the concen-
tration of the parent principal radionuclide. The decay products of Ra-226 
for which pathway transport must be considered separately from transport of 
the principal parent include Rn-222 and lead-210 (Pb-210), both progeny of 
Ra-226. The dose from these decay products is counted as part of the dose 
from Ra-226 in the calculation of the D/S conversion factors. 

2.1.2 Source-Term Variability 

Source-term variability refers to the decrease with time in the strength 
of the source terms. It is important for assessing the magnitude and duration 
of the radiological hazards. 

Three natural processes can cause the strength of the source terms to 
decrease with time: radioactive decay, dispersal by leaching, and dispersal 
by erosion. There is a complementary relationship between the strength of a 
source term and the rate of decrease with time for all three of these processes. 
When the rate of decay or dispersal is high, the strength of the source terms— 
and also the magnitude of the health effects—will be large, but the rate of 
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depletion of the source will also be high. Conversely, if the rate of decay 
or dispersal is low, the rate of depletion will be low and the hazard will 
persist for a long time. 

The rate of radioactive decay can be predicted for long times with great 
accuracy. The source term for a given radionuclide for any pathway is propor-
tional to Aexp(-At), where A = £n(2)/Tj^ is the decay constant for a radionuclide 
with a half-life T^. As A. increases, the magnitude of the source term for 
t = 0 will increase, but so will the rate of decrease of the source term, with 
a consequent decrease in the time required for the source term to be reduced 
to the point that the hazard becomes negligible. 

Predictions of the rate of dispersal by leaching or erosion are very 
uncertain, even for relatively short times. The rate of erosion controls the 
strength of the source terms for the population dose but has no significant 
effect on the magnitude of the maximum individual dose. It is important for 
the latter dose only in regard to the rate of dispersal by erosion, which can 
be a controlling factor for the duration of the hazard. The uncertainty in 
erosion rate predictions is not, therefore, a serious problem for estimating 
the maximum individual dose. 

The uncertainty in the prediction of the leach rate is a more serious 
matter because the leach rate controls the strength of the source term for the 
groundwater pathway as well as the rate of dispersal by leaching. In order to 
resolve this problem, two different models of leaching mechanisms, which 
provide bounding estimates of \he leach rate, are used in this analysis. One 
model, the ion-exchange model, predicts a righ leach rate and, therefore, a 
large source term for the water pathway ani =». rapid depletion of the source 
terms (for all pathways) by dispersal. The other model, the diffusion model, 
predicts a low leach rate and a slow depletion of the source terms (by leaching). 
The ion-exchange model is used in this study for the water pathway source 
terms; the diffusion model is used for predicting the rate of reduction in the 
source terms from dispersal by leaching for all other pathways. Both of these 
choices represent a conservative resolution of the problem presented by the 
uncertainty in leach rate predictions. However, estimates of the rates of 
decrease in exposure and the source term for the water pathway are given for 
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both models in order to proviud information and insight into the ranges of 
values that might occur. 

In the ion-exchange model, it is assumed that the leaching mechanism is 
the same as the mechanism by which radionuclides are transported in an aquifer 
by flowing groundwater, i.e., by ion exchange between radionuclides adsorbed 
on the surfaces of soil particles and radionuclides dissolved in the perco-
lating water. This model has been used by Baes and Sharp (1983) to predict 
radionuclide leaching from root zone soil for assessment dDplications. It is 
the more appropriate model for circumstances in which radionuclides arc dis-
tributed in the soil in the form of adsorbates rather than within a solid 
matrix. It will give the most reliable estimates for those few FUSRAP sites 
that are contaminated by man-made radionuclides [e.g., tritium (H-3), 
strontium-90 (Sr-90), and cesium-137 (Cs-137)] rather than ore and ore-
processing residues. 

In the diffusion model, it is assumed that transport of the radionuclides 
by infiltrating water is a diffusion process that may be characterized by a 
diffusion equation. It is the more appropriate model for circumstances in 
which the radionuclides are distributed throughout the solid matrix of the 
particles of soil material. The radionuclides in ore and ore-processing 
residues, and also naturally occurring radionuclides, fit this description; 
hence, the diffusion model can be expected to give the more realistic charac-
terization of the source terms at most FUSRAP sites. 

Studies of the leaching of radium from soils contaminated by radium-
bearing tailings from a uranium extraction process (Nathwani and Phillips 
1978, 1979a, 1979b) have revealed a time dependence that is characteristic of 
diffusion. This material is very similar to FUSRAP waste from ore and ore-
processing residues. However, estimates of leach rates based on the data of 
Nathwani and Phillips represent lower bounds rather than realistic estimates 
because they are based on laboratory measurements rather than field studies. 
Leach rates under field conditions will be larger because laboratory measure-
ments do not take into account such mechanisms as weathering and microbial 
action that can break up the soil grains. These mechanisms increase the leach 
rate by increasing the surface area and decreasing the distance through which 
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the radionuclides must diffuse in the solid matrix before reaching an exposed 
surface. 

The manner in which leaching occurs by the ion exchange model may be 
described as follows. The initially contaminated area is assumed to be a 
rectangle of dimensions L by L that extends downward from the surface by a x y 
distance L?; this contaminated region is referred to as the "waste field". 
The radionuclides will be transported downward by the infiltrating water. The 
migration may be approximated by a downward displacement of the upper and 
lower boundaries of the contaminated layer at a velocity of U mm/yr, which 
will be different for different radionuclides. Estimated generic values are 
U = 1.2, 0.001, and 0.6 mm/yr for uranium, thorium, and radium, respectively 
(see Section 3.3.1.2). 

At a time t after waste emplacement, there will be a layer of thickness 
C(t) = Ut above the contaminated layer in which the radionuclide concentration 
is much less than in the contaminated layer. In actuality, the radionuclide 
concentration within this cover layer will vary with time and distance, and 
there will be a gradual increase, with no sharp boundary, between the radio-
nuclide concentration at the ground surface and the radionuclide concentration 
in the migrating region. The simplified leaching model leads to an idealized 
characterization in which the boundaries of the contaminated region remain 
sharply defined as they move downward and the radionuclide is entirely removed 
from the cover layer; hence, the cover layer is equivalent to a layer of clean 
soil of thickness C(t). The reduction in exposure due to the cover layer, and 
also due to deviations of the waste field thickness from the generic value, 
may be approximated by an expression of the form exp(-aC(t))[l - exp(-aL )] 
for most pathways (the water pathway is an exception), where a is an attenua-
tion coefficient that is characteristic of the pathway and soil. This expres-
sion and the values of a for different pathways are derived and discussed in 
Section 3 and in the Appendices. 

Leaching of a radionuclide is governed by the diffusion equation in the 
diffusion model. In the idealized case of a homogeneous waste field of infinite 
lateral extent and uniform thickness, the radionuclide concentration will be 
given by a function S(z,t), where S(z,0) = SQ for 0 £ z £ -L and S(z,0) = 0, 
z < -Lz- SQ is the initial radionuclide concentration in the waste field 
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(designated by S elsewhere in this report). The time dependence of this 
distribution is given by the one-dimensional diffusion equation 

as(z,t)/at = o a2s(z,t)/az2 (2-1) 

where D is the diffusion coefficient, which will be different frr different 
radionuclides. The solution for the boundary conditions noted above is 

S(z,t)/SQ = 0.5{E[(L~z)/(4Dt)35] + E[(L+z)/(40t)5gj} (2-2) 

where E(x) is the error function given by E(x) = 2n-1* J^ exp(-r2)dr. 

For times that are short compared to £ characteristic Lime t = L2/4D, 
the rate of decrease of the radionuclide concentration at the surface (i.e., 
z = 0) can be approximated by 

S(0,t)/SQ = 1 - {t/rt.j* exp(-tQ/';) (2-3) 

Nathwani and Phillips (1978) obtained diffusion cotfficients in the range 
5 x lo-11 to 2 x 10-13 cm2/d (1.8 x io-12 to 7.3 x io-ls m'/yr) for radium-
bearing soils from Port Hope, Ontario, Caneia. The characteristic time for 
the mean of this range is t = 5 x i o 1 2 yr. The decrease in radionuclide 
concentrations at the surface of the waste field by leaching is negligible 
within the time spans of interest (0 - 10,000 years) for a characteristic time 
of this magnitude. As noted earlier, the preceding estimate of tQ does not 
take into account the effect of breakup of the soil grains by weathering, 
microbial and chemical action, or other processes that can increase-the surface 
area of the soil grains—and, therefore, the rate of transfer of radionuclides 
from solid to water—nor does it take into account the initial rapid leaching 
from ore-bearing material that has not previously been leached (see Sec-
tion 3.3.1.2). 

Erosion will remove material from the ground surface at a rate of V mm/yr. 
If V £ U, then the time dependence of the cover thickness (for the ion-exchange 
model) will be C(t) = (U - V)t and the thickness (Lz) of the contaminated 
region will not change with time. If V > U, then the contaminated region will 
remain exposed at the ground surface and decrease in thickness according to 
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the formula Lz(t) = l_z(0) - (V - U)t. The source for a specified radionuclide 
will be removed and dispersed by erosion in LZ/(V - U) years. Typical erosion 
rates for natural succession vegetation or pasture and 2% to b% slopes range 
from about 0.01 to 1 mm/yr in eastern areas where most FUSRAP sites are located. 
The models used to obtain erosion rate estimates, and erosion rates for 
different slopes and cover material for several states in which FUSRAP sites 
are located, are presented in a separate report (Knight 1982). 

At most sites, FUSRAP waste is currently at or very near the surface. It 
is assumed, for the purpose of this study, that initially the waste is exposed 
at the surface with no protective cover. This limiting, no-action case is the 
appropriate case for deriving soil concentration limits from dose limits in 
order to set cleanup guidelines and for estimating the maximum individual 
health risics. It also leads to baseline exposure and dose estimates that can 
be used in comparative assessments of the health risks for different alterna-
tives, including those in which protective cover and other engineered barriers 
are used to reduce exposure. 

2.2 SCENARIOS 

2.2.1 Scenario Construction and Selection 

The radionuclide releases and human exposure that determine the D/S 
factors are critically dependent on human use of the site, e.g., for indus-
trial, commercial, residential, or agricultural purposes. The idealized 
patterns of human use that must be specified in order to carry out a pathways 
analysis are called "scenarios". The appropriate scenario for a pathways 
analysis is selected in two steps. The first step is construction of a variety 
of different scenarios that might reasonably be used. The second step is the 
selection from this set of the most appropriate scenario or scenarios on which 
to baso the detailed pathways analysis. 

Scenario construction is based on known patterns of activity. Radically 
new patterns could emerge in the future, but it would be difficult to estab-
lish the credibility of a scenario that was not based on concrete examples, 
and it is reasonable to assume that new patterns probably will not eliminate 
current patterns and probably will not lead to greater exposure. Descendants 
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of the current generation can be expected to have a greater understanding of 
and sensitivity to the effect of the environment on human health, and this 
understanding would likely be a factor in the evolution of patterns that could 
not be inferred from existing patterns. 

The scenarios considered include a number that have been proposed and 
used in recent studies (Murphy and Holter 1980; Lester et al. 1981; Wiley 
1981; U.S. Nucl. Reg. Comm. 1982; Oztunali et al. 1981), together with some 
variants inferred from observation of existing patterns of human activity that 
were more appropriate for urban/industrial settings. 

Two guidelines were adopted for the second step of scenario selection: 
(1) the scenario must correspond to those circumstances that can be expected 
to lead to the largest individual dose; and (2) the scenario must be credible. 
Application of the first guideline led to unambiguous selection of a single 
scenario: the intruder-agri .jlture (IA) scenario. On the basis of the number 
of contributing pathways and the relative releases into each (see Section 2.3), 
it was clear that the maximum individual dose for the IA scenario would be 
greater than for any of the other scenarios examined. Furthermore, since the 
IA scenario involves all of the major pathways, an extension of the analysis 
to other scenarios, if needed, would be straightforward. There is, therefore, 
no need to carry through a detailed generic pathways analysis for any other 
scenario—if the credibility of the IA scenario can be established. 

2.2.2 Scenario Credibi1ity 

The IA scenario is improbable, but not incredible, except for those few 
sites in which the contamination is limited to buildings. For sites currently 
located in rural settings, agricultural use would be likely in the long term 
if institutional controls failed. Such failure cannot credibly be excluded. 
The IA scenario is obviously inappropriate for FUSRAP sites in urban-industrial 
settings in the foreseeable future, but it cannot credibly be excluded in the 
long term because one cannot be assured that, in the distant future but before 
the existing hazards from FUSRAP waste have disappeared, urban areas will not 
revert to agricultural use. Thus, ttv IA scenario is generally consistent 
with the credibility guideline. The credibility of a specific IA scenario . 
depends on the choice of scenario parameters. A brief digression to provide a 
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more precise definition of "credibility" is needed before considering the IA 
scenario in more detail. 

The credibility of a predicted or postulated circumstance is determined 
by the probability that it will occur. It is often impossible to assign a 
numerical value to the probability, especially for circumstances that might 
occur at some distant time in the future. A structuring of the procedures 
that would have to be carried out to determine and assess the probabilities 
is, nevertheless, of use for judging whether a particular circumstance is 
credible in the sense that is appropriate to use it in a risk analysis. 

Two steps are involved in establishing credibility: (1) the determination 
of a probability Pc that defines a "threshold of credibility", and (2) the 
determination of a probability P for the occurrence of the circumstance of 
interest, if P l P the circumstance is considered to be credible; if P < P , c c 
the circumstance is considered to be noncredible. It should be noted that in 
the sense used here, "noncredible" does not mean impossible; rather, it means 
that the probability of occurrence is so low that it is not reasonable to take 
it into consideration in the analysis. For example, an impact by a large 
meteorite (e.g., several kilograms or more) cannot be regarded as impossible., 
but the probability is so low that it is regarded as an noncredible event for 
the purpose of risk analysis. 

The threshold of credibility is related to the level of acceptability of 
the risk involved. The risk R associated with some circumstance can be defined 
to be the product, R = P x s , of the probability P that a circumstance will 
occur and the severity S of the adverse consequences that will follow (Crouch 
and Wilson 1982). If R is the threshold of acceptability for a particular a 
risk, then for a given severity the value of the probability for which the 
risk becomes a matter of concern is P. = R /S. It is reasonable to assume a a 
that the threshold of credibility, P , and the threshold of acceptability, P , C d 
are approximately proportional, so that the threshold of credibility will be 
higher for low-severity consequences than for high-severity consequences. 

Other factors are also involved in establishing a threshold of credibil-
ity. These include public attitudes and perceptions, the voluntary or invol-
untary nature of the actions involved, the benefits that might accrue from 
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accepting the risk, the elapsed time before the circumstance might occur, the 
extent to which the occurrence of the circumstance is subject to human control, 
etc. All of these factors should be considered in assigning a numerical value 
to the threshold of credibility. For the purpose of this study it is suffi-
cient to note that a threshold can, in principle, be defined, and that it will 
depend on the severity of the risk in the manner noted above. 

The probability that the IA scenario will occur at a FUSRAP site can be 
expressed as a product of a number of individual probabilities: P = Pj^ x p ^ 
x p̂ j. x p ^ x p where: PjC is the probability that failure of institu-
tional controls will occur to the point where records are lost and prohibitions 
against risk-incurring uses of the site are lifted; P^y is the probability 
that the land will subsequently be put to agricultural use; Ppp is the proba-
bility that the agricultural use will be for a family farm; F^p is the proba-
bility that the home, farmyard, and family garden will be located within the 
waste field; and Ppp is the probability that the farming and family activity 
pattern will correspond to that defined by the IA scenario parameters specified 
below. All of the probabilities are probabilities per unit time, e.g., annual 
probabilities obtained by averaging over appropriate time spans. The proba-
bility of institutional control failure, Pj^- could approach unity if the time 
span considered were sufficiently long because the changes that would occur 
would likely (but not necessarily) be irreversible. The other probabilities 
can reasonably be assumed to approach limiting values that are less than 
unity. 

It is difficult to assign numerical values to the individual probabilities 
because long-term predictions of land uses, farming practices, living patterns, 
etc. , are too unreliable, but estimates might be based on current land-use 
patterns, farming practices, farm sizes, and living patterns. Correlations 
with current land uses will likely disappear over the long tims spans involved; 
hence, one might estimate the probabilities by assuming that a FUSRAP site 
could be randomly located anywhere in th°< United States. Existing patterns 
could be used to estimate the probabilities from the relative areas of land in 
different use categories, different farming practices, average farm size, etc. 
No attempt is made to obtain numerical values for this stu<!y because a value 
for the threshold of credibility with which the occurrence probability might 
be compared is not available. However, it is assumed that the occurrence 
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probability for the IA scenario, as defined below for a normal family living 
pattern, is close to the threshold 01 credibility. This assumption is used as 
a basis for excluding certain abnormal patterns that would lead to a signifi-
cant decrease in the occurrence probability with only a nominal increase in 
the overall severity of the risk. 

2.2.3 Scenario Timing 

The interval between the time the activities that led to contamination of 
a FUSRAP site ended (referred to as the time of waste emplacement) and the 
time tĥ .t the IA scenario were realized could have a significant effect on the 
magnitude of the dose to the maximally exposed individual. It is assumed that 
the FUSRAP waste is exposed to the ground surface; hence, the maximum dose 
would be incurred if the scenario were realized immediately, before any of the 
radionuclides could decay or be dispersed by leaching or erosion. 

The IA scenario could be realized within a very few years if a site were 
released immediately for unrestricted use, although this is unlikely in view 
of the current awareness of the existence and location of the radioactive 
residues. For the purpose of estimating the dose received by the maximally 
exposed individual, it will be assumed that the IA scenario for the no-action 
case would be realized immediately. This assumption applies only to the case 
of release for unrestricted use, with no remedial action. For all other 
alternatives, including the alternative of institutional controls only (i.e., 
the only action is to restrict the use of the site without removing or stabi-
lizing the waste), the time before the IA scenario might credibly be assumed 
to be realized would be much greater. 

The scope of this study is limited to estimates of the potential dose to 
the maximally exposed individual that might occur within a time period of 
10,000 years. The hazard from the principal radionuclides in most FUSRAP 
waste will not, under most circumstances, be appreciably less at the end of 
this period (see below), but the uncertainties in the predicted values due to 
unforeseeable circumstances and events become so large by this time that 
predictions beyond this time are of little value. 
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The reduction in the hazard within 10,000 years due to dispersal by 
leaching will be negligible for radionuclides belonging to the U-238 decay 
series according to the diffusion model (see Section 3). The ion-exchange 
model leads to the same prediction for Th-230. The rate of leaching for U-238 
and Ra-226 is much higher according to the ion-exchange model, which leads to 
the prediction that there will be a significant reduction in the maximum 
exposure to these radionuclides within a few hundred years and that the expo-
sure will be reduced to insignificant levels after a few millenia. 

The rate of reduction in the dose to the maximally exposed individual due 
to dispersal by erosion will depend strongly on such factors as the slope, 
ground cover, soil properties, rainfall, etc. For the purpose of this study, 
it is assumed that the slope is 5%, the cover is natural succession vegetation, 
the cover is realized before any appreciable erosion has taken place, and the 
other conditions are the geometric mean of typical conditions for FUSRAP sites 
in New York, New Jersey, Ohio, and Missouri. The average rate of sheet and 
rill erosion for these conditions (gully erosion is not considered) is 
0.05 mm/yr (Knight 1982). Under these conditions, the time for a 1.5-m thick 
waste field to be completely removed by erosion would be 30,000 years. 

If a recently reported D0E/EPA/NRC agreement on human intrusion standards 
for high-level waste repositories were implemented and such standards were 
then applied to FUSRAP, the government could be committed to maintain passive 
permanent controls for as long as civilization exists (Anon. 1982). The 
agreement, if adopted as policy and successfully implemented, would impose 
passive institutional controls (land-use records and restrictions) that could 
forever preclude the realization of the IA scenario. However, even if the 
agreement were implemented and extended to FUSRAP waste, there is not suffi-
cient assurance that the controls could or would be maintained to allow the 
pathways analysis for an environmental assessment to be based on such an 
assumption, especially for FUSRAP waste—which is not likely to generate the 
same sustained concern as high-level waste. Hence, if the analysis developed 
herein is applied to alternatives other than the no-action alternative, it is 
not reasonable to assume that passive institutional controls would remain 
effective for more than about 1,000 years. 
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2.2.4 The IA Scenario 

In the IA scenario, a family—unaware of the presence of the waste—makes 
use of the site for a family farm. It is assumed that the house, farmyard, 
family garden, pasturage for livestock used for meat and milk, and a farm pond 
used for livestock water and to raise fish for family consumption are all 
located in the contaminated area. The well used for drinking water is located 
at the edge of the contaminated area in the direction of groundwater flow. 
The scenario also assumes that a small child will ingest soil from the con-
taminated area. 

The parameters that define the IA scenario used for this study are listed 
in Table 2.2 in several different categories. The basis for the choices of 
these parameters may be summarized as follows. 

Activity patterns vary widely. The annual duration for different classes 
of activity used in the analysis correspond approximately to a daily pattern 
of 12 hours indoors (which includes 7 hours sleeping or resting), 7 hours 
outdoors in the farmyard (and farm buildings, for which exposure is assumed to 
be the same as for the farmyard), and the remaining time away from the contam-
inated area. For a two-story house with a basement, it is assumed that the 
time spent indoors is distributed in the proportion 0.1/0.3/0.6 between the 
basement, first floor, and second floor. The annual onsite times have been 
rounded to convenient whole numbers. Allowance is made for increased exposure 
to airborne radionuclides while working downwind in adjacent fields by increas-
ing the time spent outside in contaminated areas from 2500 h/yr to 3500 h/yr 
for airborne exposure estimates. The values are based on the authors' personal 
knowledge and experience of living patterns for rural families. The factors 
are different for different farming patterns, e.g., the time spent offsite is 
greater for field crop farming (the annual time for planting, cultivating, and 
harvesting field crops for a family farm is about 15 h/ha), whereas the time 
spent in the farmyard and farm buildings is greater for dairy farming. Changes 
in the activity parameters affect only the external radiation and inhalation 
pathways. 



Table 2.2. Intruder-Agriculture (IA) Scenario Parameters for the Maximally Exposed Individual 

Parameter Parameter 
Values Parameter 

Parameter 
Values 

Activity Parameters 
Time spent Indoors: 

Resting 
Light activity 
Basement/lst floor/2nd floor 

Time spent outdoors in 
contaminated area: 

Onslte 
Nearslte 

Time spent 1n uncontami-
nated areas 

Food Consumption Parameters 
Fraction of plant diet grown 

In contaminated soil 
Fraction of livestock food 

grown 1n contaminated soil 
Fraction of meat and milk diet 

from livestock fed with con-
taminated feed and water 

Fraction of fish diet from 
contaminated farm pond 

Contaminated soil ingested 
by a child 

Housing Parameters 
House dimensions (Including 

basement) 
Celling height 
Shielding factor for external 

radiation 

2500 h/yr 
2000 h/yr 
0.1/0.3/0.6 

2500 h/yr 
1000 h/yr 

760 h/yr 

f/2t» 

f /2 

f 

f /3 

0.1 kg/yr 

10 in x 10 m x 8 m 
2.5 m 

0.7 

Housing Parameters (cont'd) 
Depth of basement floor 

below grade 
Attenuation factor for radon emanation 

from the ground into house 
Ventilation rate (Ay) 
Pond Parameterst2 

Area 
Average depth 
Msh harvest 
Generic Meteorological Parameters 
Average wind speed (W) 
Generic Waste Field Parameters 
Waste f ie ld dimensions 
In i t ia l thickness of pro-

tective cover 
Erosion Rate (V) 

Boundary leachate velocities (U): 
U-238/Th-230/Ra-226 

Depth of soil mixing (d) 
Radon diffusion constant 
Radium diffusion constant 

1.5 m 

0.3 
0.5 h-1 

0.2 ha 
2.5 m 

25 kg/yr 

4 m/s 

140 m x 140 m x 1.5 m 

0 m 
0.05 m/yr 

1.2/0.001/0.6 mm/yr 
0.2 m 

38 m2/yr (1.2 x io - 6 m/s) 
1 x io-,a m/yr 

t1 The factor f is an erea factor, f = A/2, to be used for FUSRAP sites with a contaminated ground area of less than 2 ha (5 acres), 
where A 1s the contaminated area in hectares. A value of f = 1 should be used if A >2. 

t* A farm pond is assumed only for sites with an area greater than 1 ha. 
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In assigning food consumption parameters, it is assumed that the family 
garden, orchard, and pasture are all located within the contaminated area for 
FUSRAP sites with waste fields of 2 ha or more: for smaller areas, the area-
dependent parameters are reduced proportionately, as indicated in Table 2.2. 
A typical diet of plant foods in the United States consists of 15% potatoes, 
29% other vegetables, 26% fruit, and 30% cereals (Int. Comm. Radiol. Prot. 
1974—Table 121). It is assumed that none of the potatoes, all of the other 
vegetables, half of the fruit, and one-quarter of the cereals (corn) are grown 
in the contaminated area. This amounts \.o half of the family plant diet. It 
is assumed that all of the family meat and milk comes from their own livestock, 
and that half of the livestock food is grown in the contaminated area. All of 
the drinking water and water used to irrigate or water plants in the contami-
nated area is assumed to come from a nearby well. 

If the rainfall, topography, and drainage permit, it is likely that a 
farm pond will be constructed. If the contaminated area is 2 ha or greater, 
it is assumed that the farm pond is within the contaminated area and that the 
concentration of radionuclides in the pond is the same as it would be if the 
entire watershed were contaminated. For smaller sites, the decrease in contami-
nation is assumed to be proportional to the contaminated area. A 0.2-ha pond 
with an average depth of 2.5 m is assumed. An unmanaged stocked pond of this 
size could provide a harvest of about 25 kg of largemouth bass and bluegills 
each year (Lopinot 1972). This would provide the family with about one-third 
of their fish diet (U.S. Nucl. Reg. Comm. 1977b). 

Small children of preschool age normally ingest small amounts of soil 
from placing their soiled hands in their mouths. Observations by Lepow et al. 
(1974) lead one to infer that the intake rate would not exceed about 110 mg/d 
(Healy 1977). Small children, primarily under age 2, often put in their mouth 
and sometimes swallow inedible substances, including soil. It is assumed that 
the total annual ingestion of soil by a child by these means is 100 g/yr. 

The preceding estimate is assumed to correspond to intake by the 
"maximally exposed child" in normal situations. Estimates of the average 
intake by a child will also be needed for this analysis. The estimate of 
100 mg/d is based on the assumption that a child places his hands in his mouth 
and ingests the full quantity of dirt removed by label techniques (11 ag) ten 
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times a day. The average is likely to be considerably less, and not all of the 
grime on a child's hands will be contaminated soil. It is assumed for the 
purpose of this study that thp average is about 25% of the maximum. This 
assumption leads to an estimate that the average intake of contaminated dirt 
by a child is about 10 g/yr. 

Some children are afflicted with a condition known as "pica", which 
consists of a craving for nonfood items such as soil. In severe cases, hand-
ful s of soil may be ingested regularly (Healy 1977). This is, however, an 
abnormal situation. The probability of occurrence of pica leading to ingestion 
rates higher than 100 g/yr is quite low. Moreover, it is not a catastrophic 
event that could lead to drastic consequences; the increment in risk would be 
proportional to the amount ingested. On the basis of the earlier discussion 
of the distinction between credible and noncredible scenarios, the occurrence 
of pica is considered to be too improbable to be assumed in defining a scenario 
for the analysis. 

A two-story farmhouse with a full basement—10 hi x 10 m in area and 8 m 
from basement floor to roof—is assumed, with ceiling heights of 2.5 m for 
each floor. It is assumed that the structure provides a shielding factor of 
0.7 for radiation from sources outside the house (U.S. Nucl. Reg. Comm. 1977b). 
No credit is taken for shielding by internal partitions; an idealized represen-
tation of the house as an 800 m3 volume shielded by the external walls is 
used. It is assumed that concrete is used for the foundation anu basement 
floor. Attenuation factors for radon migration through the concrete can range 
from 0.08 to 0.5 (Healy and Rodgers 1978); a value of 0.3 is used for this 
study for both the basement floor and belowgrade walls (U.S. Nucl. Reg. Comm. 
1980—p. 9-28). 

The generic wind speed is an approximate average for the continental 
United States. The waste field dimensions are typical of those for individual 
FUSRAP sites (Argonne Natl. Lab. 1982). The cover thickness corresponds to 
the no-actieo case (see Section 2.4.3). The distance to the water table has 
been chosen as a representative value from the wide range of values that may 
be expected at different sites. The erosion rate (V) is typical of that 
expected to occur at FUSRAP sites allowed to revert to natural succession 
vegetation (see Section 2.2.3). 
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The boundary leachout velocity (U) is the rate at which the boundary of 
the waste field migrates downward due to leaching by infiltrating water in the 
ion-exchange model; this velocity is different for different radionuclides. 
Estimated generic values are U = 1.2, 0.001, and 0.6 mm/yr for uranium, thorium 
and radium, respectively (see Section 3.3.1.2). If the diffusion model is 
used, the predicted leachout rate is much slower than the erosion rate, so 
that dispersal of all radionuclides would be by erosion. 

The generic erosion and leachout rates are intended only as exemplary 
values; they should be replaced by site-specific values for environmental 
assessments. 

It is assumed that during the period prior to realization of the IA 
scenario, mixing of the soil within 0.2 m of the ground surface could occur, 
either by mechanical (e.g., plowing and tilling) or other means, in which case 
the radionuclide concentrations would remain approximately uniform within this 
layer. A radon diffusion coefficient in the waste of 1.2 x 10-6 m2/s is 
assumed (see Appsndix B). The generic diffusion coefficient for leaching of 
radium from the waste is assumed to be 1 x 10-13 m2/yr (Nathwani and Phillips 
1978). 

2.3 ENVIRONMENTAL PATHW/.YS 

The terrestrial and aquatic pathways form a complex, interconnected 
network through which radiation from the was^e and radionuclides released from 
the waste can reach an individual. A schematic representation of the various 
elements that must be taken into consideration in a complete analysis for the 
entire exposed population is shown in Figure 2.2. Each box and connecting 
line represents a very complex system. Simplifications are necessary to 
reduce the schematic structure to a pathways diagram displaying the major 
pathways that can be used for the analysis. 

The simplification is carried out in two steps. In the first step, the 
transport and dispersion of radionuclides through media in the environment are 
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structured into the general pathway diagram shown in Figure 2.3.* Then the 
general pathway diagram is simplified by taking advantage of the specific 
circumstances that are applicable for the current study: (1) the analysis is 
limited to an estimation of the dose to the maximally exposed individual; 
(2) almost all of the dose to the maximally exposed individual is received 
from onsite activities; and (3) the waste is exposed at the ground surface. 

These circumstances permit elimination of all pathways that involve 
offsite processes and activities. Pathways associated with burrowing animals 
can also be eliminated. Burrowing animals can increase the rate of radio-
nuclide release into the groundwater. This mechanism is not of major impor-
tance when the waste is at the surface and accessible for direct human contact. 
Other possible contributions from burrowing animals, e.g., contributions to 
the food chain or from direct contact (handling the carcass), are expected to 
be small compared to contributions from the remaining major pathways. The 
pathways associated with severe abnormal events (earthquakes, storms, etc.) 
can be eliminated because these lead to offsixe dispersal, which will decrease 
rather than increase the maximum individual exposure. 

The aforementioned simplifications lead to a simplified pathways diagram 
with nine major pathways, which are shown diagramatically in Figure 2.4 and 
listed and summarily described in Table 2.3. 

2.4 CONVERSION FACTORS 

The end result of a full analysis of potential radiological impacts is a 
prediction of health effects (morbidities and mortalities) that are likely to 
occur as a consequence of radionuclides present in FUSRAP waste. This analysis 
may be structured sequentially into three largely independent parts: a source-
to-exposure analysis, an exposure-to-dose analysis, and a dose-to-health-effects 
analysis. 

*Many different pathway diagrams have been proposed and used, depending on 
which environmental features are considered explicitly and which are included 
implicitly in the systems and processes represented summarily by boxes and 
lines. See, for example, Momeni et al. (1979—Figure 7.1); Murphy and Holter 
(1980—Figure 8.4-1); Lester et al. (1981— Figures 3-1 and 3-2); Vaughan et al. 
(1981—Figure 1). 
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Figure 2.3. General Exposure Pathway Diagram for FUSRAP Waste. 
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Table 2.3. Major Pathways to the Maximally Exposed Individual 

Pathway Description 

External Radiation 
Grounu radiation External gamma radiation from radionuclides 

in the undispersed waste 
Air radiation External radiation from the immersion cloud 

of suspended radioactive soil particles 
and radon and its decay products 

internal Radiation 
Inhalation Inhalation of air containing suspended 

radioactive soil particles and radon 
and its decay products 

Ingestion: 
Water Ingestion of drinking water from an onsite 

or nearsite wpII 
Plant Ingestion of plant crops raised onsite 
Meat Ingestion of meat from livestock raised 

onsite 
Milk Ingestion of nnlk produced onsite 
Fish Ingestion of fish from onsite pond 
Soil Ingestion of contaminated soil by a child 

The first part is an analysis of the radiation levels and radionuclide 
concentrations to which an individual could be exposed as a consequence of a 
given source, and leads to estimates of a set of source-to-exposure conversion 
factors, E/S, where E denotes parameters that characterize the amount of 
exposure and S denotes parameters that characterize the magnitude of a given 
source. The second part is an analysis of the radiation dose that an indi-
vidual might incur as a consequence of a given exposure, and provides estimates 
of a set of exposure-to-dose conversion factors, D/E, where D denotes param-
eters used to characterize the dose to various organs or the average dose to 
the whole body. The third part is an analysis of the health effects that 
might result from a given radiation dose and provides estimates of the dose-
to- health- effects conversion factors, H/D, where H is the number of morbidities 
or mortalities. The end result, a set of source-to-health-effects conversion 



2-27 

factors, H/S, may be obtained by multiplying the conversion factors obtained 
from individual parts of the analysis: H/S = (E/S) x (D/E) x (H/D). 

This structuring of the analysis separates those issues and problems that 
are specific to FUSRAP from issues and problems that are common to all situa-
tions involving radiation exposure. Much of the source-to-exposure analysis 
is FUSRAP-specific so that the E/S factors cannot be taken directly from other 
studies. A major part of this study is the identification and/or development 
of methods and models, tailored to FUSRAP, for estimating E/S factors. None 
of the exposure-to-dose analysis is FUSRAP-specific; the D/E factors can, 
therefore, be taken directly from the results of extensive research in radia-
tion biology that has been carried out during the past few decades. The scope 
of this study is limited to radiation dose predictions; hence, the dose-to-
health-effects analysis are not covered. The H/D factors needed to extend the 
results to generic predictions of health effects are available from extensive 
epidemiological studies and are summarized in a separate report (U.S. Dep. 
Energy 1983). 

An advantage of this structuring is that it facilitates revisions to 
accommodate site-specific data, different alternatives (e.g., the effect of 
engineered barriers for controlling migration of radionuclides from the waste), 
and new data or models for individual pathways. The appropriate changes can 
be made in a conversion factor (E/S, D/E, or H/D) for the affected pathway or 
pathways, and revision cf the overall dose or health-effect estimate can 
easily be made by replacing the old factor(s) by the new. 

Another advantage of the structuring is that it expresses the results in 
terms that are nominally independent of the strength of the source terms and 
facilitates use of the results to proceed in either direction: from cause to 
effect or from effect to cause. If the dose for a given source is the quantity 
of interest, the dose-from-source conversion factor D/S may be used to calcu-
late the radiation dose D for a given source term S. If the source that will 
give rise to a given dose is of interest (e.g., soil guidelines that correspond 
to a given dose limit), the source-from-dose conversion factor S/D may be used 
to calculate a source limit from a dose limit. The S/D factor is simply the 
reciprocal of the D/S factor. 
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The E/S factors will be functions of the various parameters that charac-
terize the pathways. This may be indicated symbolically by writing E/S = f(P), 
where P designates the pathway parameters. If the relation between the exposure 
and source parameters is not linear, as may sometimes be the case, then one 
must take this into account and the symbolic relation becomes E/S = f(P,S). 
For most environmental pathways, the relation between the average concentration 
of a radionuclide in the waste and the average dose to the maximally exposed 
individual can be assumed to be approximately linear if the distribution of 
the radionuclide in the waste is approximately homogeneous. (The contribution 
from small regions—referred to as "hot spots"—in which the radionuclide 
concentration can be an order of magnitude or more higher than the average, 
requires special consideration.) Hence, the source parameter S is chosen to 
be the concentration of a radionuclide in the waste. The dose will also 
depend on the areal extent (A = L L ) and the thickness (L ) of the waste x y z 
field, so that a functional relation of the form E/S = f(P,A,Lz) must be 
assumed. For many pathways, the dependence on A and l_z can be neglected 
because the effect of changes in these parameters is small for the range of 
values that are typical of FUSRAP sites. Formulas for estimating the depen-
dence on A and l_z are presented in Section 5.3. 

2.5 NATURAL ANALOGUE METHODS 

A review by Vaugan et al. (1981) gives a clear exposition of the problems 
in estimating exposure or dose from detailed environmental pathway analyses 
and the sources of uncertainty in the results. Errors of underprediction by 
an order of magnitude or overprediction by two orders of magnitude can be 
expected. It is unlikely that, in the near future, developments in detailed 
pathway modeling and new data will reduce the overall uncertainty by a signi-
ficant amount. Methods are needed that circumvent the complex details and 
enable an overall check and means for reducing the uncertainty in the estimates. 
Natural analogue methods based on data for concentrations, intake, and body 
burdens of naturally occurring radionuclides provide such a means. A natural 
analogue approach has been used by Healy (1977) to obtain more realistic plant 
uptake factors and by Cohen and Smith (1982) to estimate upper bounds for 
health effects in large populations from radium and iodlne-129 released from 
high-level-waste repositories. This approach can be used for radionuclides 
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in the waste that also occur naturally, and has been adopted for the current 
analysis in order to supplement and modify estimates from individual pathway 
models and to obtain better estimates of the E/S and D/S conversion factors. 
There are, however, limitations and pitfalls that must be kept in mind when 
using natural analogue methods. 

E/S and D/S conversion factors (and also other factors, such as soil-to-
food transfer coefficients) obtained from data on soil, food, and body concen-
trations of naturally occurring radionuclides are referred to as "natural" or 
"natural analogue" conversion factors. Conversion factors obtained by means 
of detailed analyses of the processes and mechanisms by which radionuclides 
migrate through individual pathways are referred to in this study as "model" 
conversion factors (even when some of the parameters used to obtain them have 
been adjusted by using natural analogue data). In order to make a valid 
comparison between natural and pathway values, it is necessary to introduce 
the concept of a "global" FUSRAP site. 

A global FUSRAP site is a hypothetical site with a waste field of near-
infinite (global) extent, i.e., L = L = L •*• It is distinguished from a x y z 
rodel FUSRAP site only by the size of the waste field; however, unless otherwise 
noted, it will be assumed- that E/S factors for a global site are calculated 
for the average exposed individual rather than for the maximally exposed 
individual. It is necessary, in the discussion that follows, to distinguish 
between model values for a model site, mode] values for a global site, and 
natural values for a global site. 

A model value of a conversion factor for a model site cannot be compared 
directly with a natural analogue value for the soime conversion factor because 
of the following differences: 

1. The model D/S factor is calculated for a waste field of finite 
area and depth; the natural D/S factor is for a "waste field" 
of global extent. 

2. The model D/S factor is calculated for the maximally exposed 
individual; the natural D/S factor applies to the average 
individual. 
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3. The dose used for calculating the model D/S factor for ingested 
and inhaled radionuclides is the annual 50-year dose commitment 
(dose commitment rate); the corresponding dose for the natural 
D/S factor is the annual dose from the accumulation of radio-
nuclides in the body (cumulative dose rate). 

4. The release mechanisms by which radionuclides are transferred 
from solid particles in the soil or waste may not be the same 
for radionuclides in FUSRAP waste as for naturally occurring 
radionuclides in the soil. 

The first difference may be taken into account by calculating a model D/S 
factor for a global FUSRAP site using the same models for the individual 
pathways. It can reasonably be assumed that the relative errors in the models 
and parameters are comparable for a finite and global site; hence, apart from 
the other differences, the ratio of the natural and model D/S factors for a 
global site can be used to correct the model estimates for a model site. 

The difference between the doses for the average and the maximally exposed 
individual for a global FUSRAP site is almost entirely due to differences in 
the assumed dietary intake. A correction for this difference may be introduced 
in a straightforward manner. 

The difference between the dose commitment rate and the cumulative dose 
rate may be described as follows. Let d(t" - t') be the internal dose received 
during a unit time interval at time t" as a consequence of the intake of a 
unit quantity of radionuclides at time t1, and let e(t') be the rate of inges-
tion of radionuclides at time t'. The T-year dose commitment rate at time t 
wi11 be 

(2 -4 ) 



2 - 3 1 

The T-year cumulative dose rate at time t will be 

I e(t')d(t - t')dt 
t-T 

(2-5) 

If the intake rate is constant, e(t) = e, then both dose rate expressions 
reduce to 

Thus, the two methods are equivalent ij[ the ingestion rate remains constant 
and the commitment and accumulation times are equal. It will be assumed, for 
the purposes of comparing model and natural analogue estimates, that these 
conditions are satisfied. This will not in general be the case, but the 
uncertainties introduced by the time dependence of the intake rate and the 
differences in the accumulation and commitment times are probably less than 
other uncertainties in the analysis. 

Differences between the solid •+ water radionuclide transfer rates for 
FUSRAP waste and for naturally occurring radionuclides in the soil present a 
more difficult problem. There is reason to believe that the transfer rates 
for naturally occurring radionuclides in the soil are less than the transfer 
rates for radionuclides in FUSRAP waste. The differences are related to the 
differences in the diffusion rates for radionuclides in ore materials and 
radionuclides in typical soil material, and ar® discussed in Section 3.3.1.2. 
There is, at present, insufficient data or understanding of the detailed 
mechanisms involved in the transfer process to obtain correction factors that 
can be used for comparing model and natural D/S factors. This omission, which 
will have the effect of making otherwise comparable natural D/S factors smaller 
than model D/S factors, must be kept in mind when comparing natural and model 
estimates of D/S factors. 

d(t)dt ( 2 - 6 ) 
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Specific applications of the natural analogue approach, and the manner in 
which the natural analogue estimates are used to modify estimates obtained 
from the model calculations, are discussed in Sections 3 and 5 in connection 
with the detailed models for the various pathways. 
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3. SOURCE-TO-EXPOSURE ANALYSIS 

The source-to-exposure analysis addresses the problem of predicting the 
radiation levels and rates of release and migration of radionuclides from the 
source to a location where human exposure can occur. It leads to estimates of 
the E/S conversion factors for each of the nine major environmental pathways 
defined in Figure 2.4 and Table 2.3. 

These pathways are grouped into three categories: direct external expo-
sure, inhalation, and ingestion. The external exposure pathways are those for 
radiation from radionuclides that do not enter the body. The inhalation and 
ingestion pathways result in internal radiation from radionuclides that enter 
the body. 

3.1 EXTERNAL RADIATION PATHWAYS 

External radiation is primarily from three sources: radionuclides in the 
undispersed waste in the ground, radionuclides that have been deposited on the 
ground following transport through the air, and radionuclides in the air 
either in gaseous or particulate form. External radiation from ground deposits 
of dispersed radionuclides is no different than external radiation from the 
undispersed waste with no protective cover, and the amount of deposited radio-
nuclides is small compared to the amount in the undispersed waste; hence, the 
only external radiation sources that need be considered are the undispersed 
waste in the ground and the radionuclides dispersed in the air. 

FUSRAP waste contains radionuclides that emit alpha and beta particles 
and gamma rays. External radiation exposure is calculated only for gamma rays 
because they provide the only significant contribution to external radiation. 
Alpha and beta particles emitted by radionuclides in FUSRAP residues below the 
ground surface are absorbed in the ground. The range of alpha particles in 
human tissue is only a few micrometers; thus the body is shielded from external 
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alpha emitters by the outer layer of skin (which consists of dead cells that 
are not damaged by radiation). The range of beta particles in tissue is only 
a few millimeters, so that the only significant contribution from external 
beta emitters is to the skin dose. The potential health effects from irradia-
tion of the skin are less than the health effects that might result from 
comparable exposure of more radiation-sensitive organs. Accordingly, the skin 
dose is neglected in this analysis. 

In contrast to alpha and beta particles, gamma radiation can penetrate 
several tens of centimeters in soil and in human tissues and can contribute to 
exposure of all human organs. The analysis of external radiation exposure is, 
therefore, limited to exposure to external gamma radiation. 

3.1.1 External Gamma Radiation from Radionuclides in the Ground 

External radiation exposure from a uniform contaminated layer of material 
of infinite extent and thickness Lz, overlain by a uniform, uncontaminated 
layer of thickness C, both with the same absorption properties for gamma 
radiation, may be approximated by an expression of the form 

E = E q exp(-ofC)[l - exp(-crLz)] (3-1) 

where Eq is the external radiation exposure for an exposed waste field of 
infinite thickness (C = 0, Lz -»• ») and a is an attenuation coefficient. If 
the depth of the uncovered waste is about 0.3 m or greater, the exposure from 
onsite gamma radiation can be estimated by assuming that the ground surface is 
flat and all of the ground below the surface is contaminated.* 

The exposure will not decrease appreciably with decreasing area of the 
waste field until the area is less than about 100 m2: for this area, the 
exposure at a point near the center of the contaminated area is only about 10% 

*This geometry assumes that the exposed person is above the ground surface; 
the exposure would be greater in an excavation. Exposure in excavations is 
not considered because it is assumed that the time spent in an excavation, 
such as a basement, would be relatively small. 
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less than for a waste field of infinite extent. For smaller areas, the exposure 
will be approximately proportional to the area of the waste field. Aside from 
hot spots, which require special treatment beyond the scope of this study, the 
contaminated ground areas at most FUSRAP sites are considerably larger than 
100 m2. 

The exposure parameter (E) used for external radiation from the ground is 
the exposure rate in mi 11iroentgens per year (mR/yr).* Calculations of the 
exposure rate for the limiting case of an exposed waste field of infinite 
extent and depth have been carried out for typical soils, taking into account 
multiple scattering effects as well as attenuation. The exposure rate for 
external gamma radiation at a point 1 m above the ground surface is found to 
be E q = 0.2 (mR/yr)/(pCi/g) for natural uranium, negligible for Th-230, and 
Eq = 16 (mR/yr)/(pCi/g) for Ra-226 and its decay products (Natl. Counc. Radiat. 
Prot. Measure. 1976—Table 2-18). The attenuation constant in soil for gamma 
radiation from naturally occurring radium is or = 11 m-1 (Schiager 1974--Table 2); 
a value of a = 12 m-1 may be inferred from calculations for the contribution 
from all natural sources (Natl. Counc. Radiat. Prot. Measure. 1976—Figure 2-4). 

In the IA scenario, as defined for this study (Table 2.2), an individual 
spends 51% of his/her time indoors where the exposure is reduced by a factor 
of 0.7 from shielding afforded by the house and 29% of his/her time outdoors 
in the contaminated area (Table 2.2); hence, the exposure is only 64% of the 
maximum for continual outdoor exposure. This exposure factor is for a model 
site (L = L = 140 m). The effect of increasing the waste field to infinite x y 
size would be to reduce the time spent outside the contaminated area from 20% 
to 0%. The exposure would be increased from 64% of the maximum possible 
exposure to 85% of the maximum possible exposure (assuming that all of the 
additional exposure is outdoors). The exposure during time spent outdoors 
will decrease proportionately as the contaminated area decreases; below about 
100 m2 the indoor exposure will also decrease proportionately. 

*A roentgen is a measure of the amount of gamma radiation in terms of the 
number of (positive or negative) ions produced in a unit mass of air by 
radiation: 1 R = 1.61 x io15 ions/kg. 
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Generic E/S factors for ground radiation at a model FUSRAP site, calculated 
from the exposure rates and factors described above, are given in Table 3.1. 

The predicted decrease in exposure within a period of 10,000 years will 
be negligible for the diffusion model (see Section 2.1.2). The concentration 
of Ra-226 will be reduced by radioactive decay to 65% of its initial value in 
1,000 years and about 1% of its initial value in 10,000 years if no Th-230 is 
present. However, in ore residues, which are the sour:e of Ra-226 at many 
FUSRAP sites, both Th-230 and Ra-226 are present in approximately equal activ-
ity concentrations; hence, the Ra-226 will be replenished by ingrowth from 
Th-230, and the reduction in concentration over a period of 10,000 years will 
be negligible. 

The ion-exchange model leads to a prediction that there will be a signifi-
cant decrease in exposure over a period cf 10,000 years as a consequence of 
leaching of the radionuclides from the waste field. Leaching of the radio-
nuclides from the waste field according to the ion-exchange model would create 
a layer of thickness C above the contaminated region within which the radio-
nuclide concentrations would be reduced to near-background, or at least much 
lower levels, and which would act as a protective cover. The cover thickness 
would increase at a rate given by C = (U - V)t if the soil were not disturbed, 
where U is the leachout rate and V is the erosion rate (see Section 2.1.2); 
this would result in the exposure decreasing with time by a factor sxp(-pt), 
where p = ot(U - V) (see Equation 3-1). The generic values of 'he time constant 
are p = 0.014/yr for U-238 and p = 0.0066/yr for Ra-226. 

Construction or agricultural activities cause mixing of the contaminated 
soil material with the cover from which the raoionuclides have been leached. 
If complete mixing occurred to a depth d frow the ground surface at a time t 
from waste emplacement, the concentration of radionuclides in the mixing layer 
would be reduced by a fraction C/d, but there would be no shielding by an 
uncontaminated cover layer. The E/S factors for undisturbed soil and also for 
a mixing layer of H = 0.2 m (corresponding to the mixing that can be expected 
from plowing and tilling) are given in Table 3.1. 
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Table 3.1. Source-to-Exposure (E/S) Conversion Factors 
for Ground Radiation at a Model FUSRAP Site 

E/S. (mR/yr)/(pCi/g) 
Time After Waste 
Emplacement (yr)tl U-238T2 Th-230 

Ra-226 and 
Decay Productst3 

Diffusion ModeIT4 
0-10,000 0.1 A-0 10 

Ion Exchange Model,t4 
Undisturbed Soil 

0 0.1 •v.0 10 
10 0.09 •X.0 9 
100 0.03 •x.0 5 

l.uoO 3 x 10-7 A.0 0.02 
10.00C •V.0 M) 

Ion Exchange Model,t4 
Disturbed Soilt" 

0 0.1 <V,0 10 
10 0.1 •V.0 10 

100 0.05 M) 7 
1,000 3 x 10-7 <\>0 0.02 
10,000 •N.0 -vQ •N.0 

T1 This is the time from waste emplacement to realization of the 
IA scenario; the time dependence may be different after the 
scenario is realized. The decrease with time is almost 
entirely due to leaching of the radionuclides from the waste 
field. 

t2 E is the exposure to gaiMsa radiation from the waste at 1 m 
above the ground surface in mR/yr from decay of U-238 and 
intermediate decay products to Th-230; S is the concentration 
of U-238 in the waste in pCi/g. 

t3 E is the exposure to gamma radiation from the waste at 1 m 
above the ground surface in raR/yr from decay of Ra-226 and 
all of its decay products to stable lead-206 (Pb-206); S is 
the concentration of Ra-226 in the v;aste in pCi/g. 

t4 See Section 2.1.2 for discussion of ion exchange and diffusion 
models. 

tL It is assumed that the disturbance causes continual mixing 
within a layer of soil from the ground surface to a depth of 
0.2 m, so that the radionuclide concentrations will remain 
uniform within this layer. 
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Construction activities would cause mixing to a depth of about 1.5 m, the 
estimated depth of excavation for a basement. The increase in exposure from 
this disturbance for t > 0 is uncertain; it would depend on the area over 
which the excavated material was spread. This uncertainty does not affect the 
estimate for t = 0, :h is the time used for estimating the maximum exposure. 
The U-238 will be ltuched out to a depth of 1.5 m in 1300 years, and the 
Ra-?26 will be leached out to the same depth in 2700 years. If construction 
did not take place until after these times, there would be no increase in 
exposure from constructing the residence. Limited exposure to external radia-
tion could still be incurred from activities such as digging a well, which 
would disturb the soil to greater depths; however, such disturbances would be 
quite local. 

3.1.2 External Radiation from Radionuclides in the Air 

Radionuclides can be present in the air in particles of contaminated soil 
(dust) and as radioactive gases. This distributed source of radiation is 
commonly referred to as an "immersion cloud". The exposure parameter (E) for 
external radiation from airborne sources is the "effective concentration" of 
radionuclides in a uniform, time-independent immersion cloud of infinite 
extent. The "effective concentration" is a concentration such that a person 
who spent all of his/her time in the uniform cloud would receive the same dose 
from external radiation as would be received from exposure to the time- and 
space-dependent concentrations of airborne radionuclides in an actual situation. 

The only gaseous emission of any consequence from FUSRAP waste is Rn-222. 
Tritium (H-3), as tritiated water vapor, and radioactive carbon (C-14), as 
radioactive carbon dioxide, are present at a few sites, but at much lower 
concentrations than radon. Most of the dose from radon in the air is from 
exposure to radiation from radon decay products rather than from radon itself. 

3.1.2.1 Contribution from Airborne Contaminated Dust 

The average concentration of contaminated airborne dust to which a person 
is exposed while engaged in activities in the farm yard or farm buildings is 
estimated to be 200 |jg/m3. The basis for this estimate is presented in 
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Appendix A. The indoor concentration of contaminated airborne dust is assumed 
to be 40% of the outdoor value (Alzona et al. 1979). The radionuclide concen-
tration in the dust is assumed to be the same as the radionuclide concentra-
tion in the waste. 

The equivalent concentrations are obtained by weighting the concentra-
tions by the time spent indoors and outdoors. Outdoor exposure is not limited 
to time spent in the ground-contaminated area because the dust will be carried 
offsite to neighboring areas where some of the farm activities take place; 
hence, the time spent outdoors in contaminated areas has been increased from 
29% to 40% of the total. 

Gamma radiation is only partially shielded by building structures and has 
a very long range in air; hence, most of the indoor exposure is from the 
outdoor dust concentration. For gamma radiation in the range of 0.1 MeV* to 
2 MeV, which is the range for most gamma radiation from the U-238 series 
radionuclides, approximately 3% of the indoor exposure is from the contaminated 
airborne dust in the 800-m3 volume of the house and the remaining 97% is from 
the contaminated airborne dust in the outdoors atmosphere (Eckerman and Young 
1980). Thus, to determine the indoor exposure, a weighting factor of 0.03 is 
applied to the indoor concentration and a weighting factor of 0.97 x 0.7 = 
0.68 is applied to the outdoor concentration, where 0.7 is the shielding from 
the house. When +hese weighting factors and the weighting for the propor-
tionate times spent indoors (0.51) and outdoors in the contaminated air (0.40) 
are applied, equivalent concentrations given by the E/S factors in Table 3.2 
are obtained. 

The concentration of airborne contaminated soil particles will decrease 
with time as the radionuclides are removed from the upper layer of the soil by 
leaching, erosion, and radioactive decay. Predictions based on a diffusion 
model, with parameters based on the work of Nathwani and Phillips (1978), 

*An electron volt (eV) is the amount of energy acquired by a particle of one 
electronic charge accelerated through a potential difference of one volt. 
This is a commonly used unit for expressing the energy of various forms of 
radiation. 1 MeV = one million electron volts. 
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Table 3.2. Source—to-Exposure (E/S) Conversion Factors 
for External Radiation from Airborne Dust 

E/St1, (pCi/m3)/(pCi/g) 
Ra-226 and 

Time After Waste Decay 
Emplacement (yr) U-238t2 Th-230 Products!3 

Diffusion Modelt4 

0-10,000 1.5 x 10-4 1.5 X 10-4 1.5 x 10-4 

Ion-Exchange Modelt4 
0 1.5 x 10-4 1.5 X 10-4 1.5 x 10-4 

10 1.4 x 10-4 1.5 X 10-4 1.5 x 10-4 

100 8 x 10-5 1.5 X 10-4 1.1 x 10-4 

1,000 4 x 10-7 1.5 X 10-4 8 x 10-6 
10,000 1.5 X 10-4 ^0 

t1 The exposure parameter E is the equivalent concentration of a 
radionuclide in a uniform immersion cloud in pCi/m3. The 
source parameter S is the concentration of the radionuclide 
in the waste in pCi/g. It is assumed that U-238, Th-234, 
Pa-234m *nd U-234 are in secular equilibrium in the waste, 
and that Ra-226 is in secular equilibrium with all of its 
decay products. (The reduction in source parameters due 
to radon emanation is neglected.) 

t2 The E/S factors apply separately to U-234, Th-234, Pa-234m, 
and U-234. 

t3 The E/S factors apply separately to each radionuclide in the 
decay series. 

t4 See Section 2.1.2 for a discussion of the ion-cxchange and 
diffusion models. 

result in leach rates that are so low that the loss by leaching in 10,000 years 
is negligible. Erosion rates for natural succession vegetation and a 5% 
slope, assumed for the generic estimates, are also too slow to have an effect 
in 10,000 years. The Ra-226 will be replenished by ingrowth from Th-230; 
hence, the decrease by radioactive decay will also be negligible. Thus, the 
diffusion model and generic erosion rates lead to the prediction that the 
annual exposure to external radiation from airborne dust will not change 
significantly for 10,000 years. 
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The ion-exchange model leads tp a prediction that the loss by leaching 
will be significant over a period of 10,000 years. The decrease with time 
from leaching is given oy a factor exp(-pt), where p is a constant given by 
0 = (U - V)/d, U is the waste field boundary leachout velocity, V is the 
erosion rate, and d is the depth within which the soil will be mixed by tilling 
and plowing.* (See Appendix A for a derivation of the expressions and Table 2.2 
for parameter values.) The generic values of (J are 5.8 x 10-3/yr and 
2.8 x lO-3/yr for uranium and radium, respectively. 

The preceding discussion is applicable only when the waste field boundary 
velocity exceeds the erosion rate (U > V). The boundary velocity for Th-230 
is less than the erosion rate; hence, Th-230 will be removed by erosion (in 
about 30,000 years) before it is removed by leaching. 

The Ra-226 in the surface layer of soil will be replenished by ingrowth 
from Th-230 as it is removed by leaching. The effect of ingrowth and decay of 
Ra-226 will balance within the layer in which the near-stationary layer con-
taminated by Th-230 and the migrating layer contaminated by Ra-226 overlap. 
Ingrowth of Ra-226 from Th-230 in the region above the upper layer of the 
migrating boundary of the contaminated layer of Ra-226 will cause the rate of 
reduction of expcs.!re to airborne Ra-226 to be less than estimated by the 
factor exp(-pt). This correction has not been taken into account. Since 
estimates of the exposure for t > 0 that are based on the ion-exchange model 
are considered to be lower bounds to the actual exposure, this correction 
would only raise the lower bound. 

3.1.2.2 Contribution from Airborne Radon and Radon Decay Products 

Calculation of the exposure from airborne radon and radon decay products 
requires an estimate of: (1) the radon exhalat* n rate from the ground surface; 
(2) the radon concentration in the air that re. ults from this flux; and (3) the 

*The decrease with tinr* will foe exponential only if continual Mixing occurs. 
If mixing does not occ^r until the IA scenario is realized, the decrease 
will be linear and more rapid; hence, the values in Table 3.2 may reasonably 
be regarded as upper bounds. 
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airborne concentration of radon decay products associated with this concentra-
tion. Tne estimates are first made for a global FUSRAP site using both pathway 
calculations and natural analogue c<ta. The extension of these results to a 
model FJSRAP site is then carried out. 

Indoor and Outdoor Airborne Radon Concentrations 
for a Global FUSRAP Site 

The exhalation rate of radon from the ground surface is influenced by the 
soil type, moisture content, temperature, meteorological factors (such as 
atmospheric pressure), and surface cover (such as snow cover outdoors or floor 
and foundation walls indoors). Measured values for radon exhalation from 
naturally occurring Ra-226 in exposed soil range from 6 x 10-3 to 1.4 pCi/m2s, 
with a mean of 0.42 pCi/m2s (Wilkening et al. 1972). The average concentration 
of Ra-226 in the soil usually lies in the range 0.2 to 5 pCi/g, with a median 
value of 0.8 pCi/g (Bowen 1979; Natl. Counc. Radiat. Prot. Measure. 1976). 
From these values, one may infer that an appropriate generic value for the 
ratio of the exhalation rate from exposed soil (J) to the soil concentration 
(S) is J/S =0.5 (pCi/m2s)/(pCi/g). This is in agreement with a value listed 
in a report by the United Nations Scientific Committee on the Effects of 
Atomic Radiation (1977—Table 27), and is in reasonable agreement with estimates 
obtained from a simple approximate formula that may be used for site-specific 
estimates when the properties of the soil are known (see Appendix B). 

The outdoor radon concentration depends on the many meteorological factors 
that control the movement of radon in the atmosphere. The relations are so 
complex that it is very difficult to obtain reliable estimates by means of 
modeling based on the emanation rates. Natural analogue estimates obtained 
from measured values of naturally occurring radon in the atmosphere *nd 
naturally occurring radium in the soil are, therefore, used in preference to 
estimates from model calculations in all cases where the necessary data are 
available. 

Typical ranges of radon concentrations in the atmosphere have been given 
as 40 to 400 pCi/m3 (U.N. Sci. Comm. Effects At. Radiat. 1972—p. 33) and 20 
to 500 pC1/m3 (Natl. Counc. Radiat. Prot. Measure. 1976—Table 2-8). Large 
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variations in the concentrations can occur diurnally and seasonally as well as 
between locations. Average values of 120 pCi/m3 (Natl. Counc. Radiat. Prot. 
Measure. 1976) and 150 pCi/m3 (Natl. Acad. Sci. 1980—Table III-3) represent 
carefully considered estimates. Using the latter, more recent estimate and an 
average concentration of 0.8 pCi/g of Ra-226 in the soil, the resulting 
average value for the ratio of the Rn-222 concentration in outdoor air (CQ) to 
the average concentration of Ra-226 in soil (S) is: 

The indoor concentration ratio may be calculated by a model in which 
radon enters the room through the floor and ventilation inflow with the out-
door air. The radon mixes uniformly with the air in the room and is removed 
by radioactive decay and ventilation outflow. The rate of removal by radio-
active decay, which is small compared to the rate of removal by ventilation, 
can be neglected. The inflow and outflow of air must, on the average, be 
equal. The simple formula 

may be obtained by equating the inflow ?nd outflow, where: C is the indoor 
Rn-222 concentration; k is the effective attenuation of the floor or walls in 
contact with the soil material from which the radon is exhaled; h = V/Â j is 
the ratio of the interior volume of the house (V) to the basement floor and 
wall area in contact with the contaminated soil material (Ab) (for a one-story 
house built on a concrete slab, h is the ceiling height); and Ay is the venti-
lation rate, i.e., the number of air changes in the house per unit time (see 
Section B.4); and J and CQ are as previously defined. It is convenient to 
separate out a "net" indoor radon concentration, C., that is independent of 
the outdoor concentration, CQ, by defining 

CQ/S = 190 (pCi/m3)/(pCi/g) (3-2) 

C/S = (kJ/S)/hXv + CQ/S (3-3) 

C./S = C/S - CQ/S = (kJ/S)/h\, v (3-4) 

Estimates of the net indoor concentration obtained from this simple formula 
using the exhalation rate of J/S = 0.5 (pC1/m2s)/(pC1/£i) and the housing 
parameters in Table 2.2 are C./S = 430 (pC1/ms)/(pC1/g) [C/S - 620 (pCi/m3)/ 
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(pCi/g)] for a one-story house with no basement and C../S = 220 (pCi/m3)/(pCi/g) 
[C/S = 410 (pCi/m3)/(pCi/g)] for a two-story house with a basement (see Sec-
tion B. 3.). 

A more sophisticated model that takes into account the differences between 
the radon concentrations in the basement and the first and second floors leads 
to the results C./S = 320 (pCi/m3)/(pCi/g) [C/S = 510 (pCi/m3)/(pCi/g)] for 
the average of the net (total) indoor radon concentrations for the first and 
second floors of a two-story house with a basement (see Section B.3). (The 
radon concentration in the basement cannot be calculated with the more sophis-
ticated model because it depends on the rate of air exchange between the 
basement and the different floors, which is not known.) 

An independent check on the validity of the preceding pathway estimates 
may be obtained from the data of George and Breslin (198f) for the radon flux 
through the basement floor, the indoor and outdoor radon concentrations and 
working levels, and radium concentrations in the soil for 21 residences in 
New York and New Jersey. A summary of their data in a format suitable for 
direct comparison with the values calculiitad above is given in Table 3.3. In 
making comparisons, it should be noted that the preceding estimates for the 
outdoor radon exhalation rate (J/S = 0.5) and air concentration (CQ/S = 190) 
are natural analogue values obtained from national or global averages; hence, 
the comparison of these quantities with corresponding quantities in the table 
is only a comparison of national average values with regional average values. 

In order to make valid comparisons, the contribution from radon that is 
released from the floor and walls should be estimated and subtracted from the 
contribution from radon that is released in the soil and diffuses through the 
basement floor or walls because the model is intended to include only the 
latter. Emanation rates for concrete in the range of J/S = 0.005 to 0.02 
(pCi/m2s)/ (pCi/g) have been cited (U.N. Sci. Comm. Effects At. Radiat. 1977— 
p. 75). Measurements on Danish concrete in the range of J = 0.01 pCi/m2s have 
been reported, and measurements on Swedish alum-shale concrete with a Ra-226 
content of about 5 pCi/g resulted in values in the range J/S = 0.02 to 0.05 
(pCi/m2s)/(pCi/g) (Jonassen and McLaughlin 1980). The reported values for 
other building materials, such as brick, gypsum, etc., are much lower. 
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Table 3.3. Averaget1 Radon Concentrations and Working Levels 
from Naturally Occurring Ra-226 in Soil for Selected 

Residences in New York and New Jersey 

New 
Jersey 

New 
York Averaget1 

Average Ra-226 concentration 
in soil, <S>, in pCi/g 
Average flux/source ratio for 
radon emanating through 
basement floor, <kJ/S>, in 
(pCi/m2s)/(pCi/g) 
Average air/source concentration 
ratio for radon in air, <C/S> or 
<CQ/S>, in (pCi/m3)/(pCi/g) 

Basement 
First floor 
Second floor 
Outdoors 

Average working-level/source 
ratios, <WL/S>, in WL/(pCi/g) 
Basement 
First floor 
Second floor 
Outdoors 

Average working-level ratiost2 

Basement 
First floor 
Second floor 
Outdoors 

0.93 

0.15 

3070 
1470 
1030 
255 

0.0157 
0.0071 
0.0066 
0.0022 

0.48 
0.61 
0.51 
0.87 

1.02 

0.028 

1000 
500 
520 
135 

0.0047 
0.0027 
0.0029 
0.0011 

0.55 
0.58 
0.79 
0.71 

0.98 

0.053 

1690 
830 
650 
185 

0.0081 
0.0042 
0.0034 
0.0017 

0.52 
0.59 
0.64 
0.78 

t1 Average values are geometric means. 
t2 The working level ratio (WLR) is the ratio of tl.e actual work-

ing levei to the working level that would occur if the air-
borne short-lived decay products were present in secular equi-
librium with Rn-222. 

Source: George and Breslin (1980). 
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Although the largest of the emanation rates frwn concrete are larger than the 
smallest of the basement floor emanation rates reported by George and Breslin, 
the reported emanation rates from concrete are, on the average, smaller than 
the average basement floor emanation rates by a factor of about 5. A reduction 
in the mean of the measured indoor radon levels by a factor of 0.8 could, 
therefore, be reasonably made in order to exclude from the estimates the 
contribution from building materials. This factor is well within the range of 
uncertainty of 0.5 to 2 (defined by the geometric standard deviation*) for 
variations in radon levels in individual homes (George and Breslin 1980— 
Figure 2) and is not, therefore, taken into account. This assumption is 
conservative, i.e., it will lead to estimated E/S factors for FUSRAP waste 
that are slightly higher than if twe contribution from building materials were 
s; jtracted out. 

Radon emanating from water used in the household can sometimes be a 
significant contribution to the indoor radon concentration (Gesell and 
Prichard 1980). The evidence available indicates that it is a significant, 
but not a major, source of indoor radon (George and Breslin 1980—Figure 5); 
hence, it is not taken into account explicitly. 

The model value of kJ/S = 0.15 (pCi/m2s)/(pCi/g), which is based on an 
assumed value of k = 0.3, is in good agreement with the observed average value 
for the New Jersey residences, but is larger than the average value for the 
New York residences by a factor of 5. The geometric standard deviations for 
individual residences are 2.2 for New Jersey residences and 2.5 for New York 
residences; hence, the large difference between the New Jersey and New York 
averages can reasonably be attributed to regional differences. Such differ-
ences might be caused by different soil characteristics (in particular, dif-
ferent soil permeabilities or different emanation rates from soil particles), 
construction materials, basement construction, meteorological conditions, or 
living patterns. There is insufficient data to identify the cause. If, as is 
liKely, the "iifference were due to a difference in the soil permeabilities or 

*If <P> is the geometric mean and g is the geometric standard deviation of 
a parameter P, the most probable range of values' of that parameter is 
<f»>/g < P < g<P>. This range defines the uncertainty in the value of the 
parameter P. 
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soil particle emanation rates, this would be a significant factor to take into 
account in site-specific assessments. 

The average of the outdoor concentration ratio, CQ/S, for New York and 
New Jersey is 185 (pCi/m3)/(pCi/g), which is in good agreement with the 
national average of 190 (pCi/m3)/(pCi/g) obtained earlier (Equation 3-1). 

The average net indoor radon concentration for all residences for which 
the relevant data are available, with the weighting for time spent on different 
floors as given in Table 2.2, is: 

C./S = 620 (pCi/m3)/(pCi/g) [C/S = 810 (pCi/m3)/(pCi/g)] (3-5) 

This natural analogue value is considered to be more reliable than the model 
estimates obtained by using Equation 3-4. Tfie geometric standard deviation 
for individual residences in the sample is 2 (George and Breslin 1980— 
Figure 2); hence, any valu^ for C./S in the range from about 300 to about 
1200 (pCi/m3)/ (pCi/g) may be considered reasonable. 

Most of the dose from radon in the air is from exposure to radiation from 
the short-lived radon decay products rathor than from radon itself. These 
short-lived decay products are polonium-218 (Po-218), lead-214 (Pb-214), 
bismuth-214 (Bi-214), and polonium-214 (Po-214). Pb-214 and Bi-214 are the 
important gamma emitters in this series; Po-218 and Pc-214 are primarily alpha 
emitters. An estimate of the dose contribution from these decay products may 
be obtained by assuming that they remain in the air in secular equilibrium 
with Rn-222. The airborne concentrations of the decay products will, in fact, 
be less than the equilibrium concentrations because th«y are removed jy plate-
out on nearby surfaces or on aerosol particles that are subsequently deposited 
on surfaces. This reduction must be taken Into account for the Inhalation 
pathway; however, it is not appropriate to do s.i for the external gamma radia-
tion pathway because decay products removed in this manner can still contribute 
to the dose from external gamma radiation. Hence, for the purpose of estimat-
ing exposure to external gamma radiation from airborne radon and its decay 
products, it will be assumed that the airborne activity concentrations of the 
short-lived decay products of Rn-222 are the sane as for Rn-222. 
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The next decay product in the series, Pb-210, has a half-life of 21 years 
and will, therefore, be removed and dispersed long before it can build up to 
any significant fraction of the secular equilibrium concentration. The contri-
bution of Pb-210 to the ingestion dose from foliar deposition is taken into 
account in estimates of the exposure for the food pathways. 

The weighting factors for converting from the indoor (C/S = C../S + CQ/S) 
and outdoor (CQ/S) concentration ratios to the E/S factors for gamma radiation 
are obtained in the manner described for airborne dust in Section 3.1.2.1. A 
weighting factor of 0.49 is used for the fraction of time spent outside the 
home in a "contaminated" area surrounding a residence. Some of this vime will 
be spent indoors at offsite locations; this small additional contribution is 
not taken into account. Application of the weighting factors leads to the 
result E/S = 160 (pCi/m3)/(pCi/g). Exposure from the indoor contribution 
constitutes 5% of the total; the remaining 95% is from the outdoor contribu-
tion. 

Indoor and Outdoor Airborne Radon Concentrations 
for a Model FUSRAP Site 

The indoor radon concentration in a residence built on a model FUSRAP 
site will be less than the concentration in the same residence on a global 
FUSRAP site because the reduction in the thickness of the waste field reduces 
the area and depth of contaminated material in contact with the basement walls 
and floor. This reduction in the radon source terms leads to a proportionate 
reduction in the net indoor radon concentration. The r^tio (R) of the radon 
emission in the basement for a model site to the radon omission in the basement 
for a global site is the ratio of the outside area that is in contact with 
contaminated soil material for a house built on a model site to the corres-
ponding area for a global site. This ratio can be calculated from simple 
geometric considerations and formulas for the migration of radon through soil 
from a contaminated layer of finite depth, and may be expressed as a function 
of the depth of the basement floor below grade, the thickness of the waste 
field, the cover thickness, end the diffusion coefficient for radon in the 
soil. 
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The depth of the waste field is tqual to the distance from the ground 
surface to the basement floor for th? generic parameters used fcr this study 
(Table 2.2); hence, the belowgradc* area of the house that is exposed to 
contaminated soil material at a model site will be smaller than the exposed 
belowgrade area for a global site by a factor equal to the ratio of the 
belowgrade basement wall area to the total belowgrade area. This ratio is 
R = 3/8 for the housing parameters given ;n Table 2.2. Using the natural 
analogue estimate for the net indoor radon concentration for a global site 
(Equation 3-5), one obtains: 

C./S = 230 (pCi/m3)/(pCi/g) (3-6) 

for the net indoor radon concentration in a typical house on a model FUSRAP 
site. When the time dependence is estimated using the diffusion model (Sec-
tion 2.1.2), this value does not change significantly within the first 
10,000 years after waste emplacement if, as is assumed, the concentrations of 
Th-230 and Ra-226 are equal. 

% 

If the time change is estimated using the ion-exchange model, the model/ 
global ratio will first increase—as the waste field migrates downward (the 
decrease in the basement wall area exposed to radium-bearing soil is overcompen-
sated by the increase in the thickness of a radium-bearing layer of soil below 
the basement floor)—and then decrease (see Section B.4). The maximum ratio, 
which would occur about 1600 years after waste emplacement, is R = 0.58. This 
would lead to a maximum net indoor radon concentration of C./S = 360 (pCi/m3)/ 
(pCi/g). 

The outdoor concentration of radon in the vicinity of a model FUSRAP site 
is reduced by dilution of the onsite air by offsite air. This dilution may be 
estimated by means of a simple mixing model derived and discussed in Sec-
tion B.5. 

One ma*y infer from tlrs model that dilution by offsite air reduces the 
outdoor radon concentration above a model site to 0.9% of the outdoor radon 
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concentration above a global site (see Section B.5). Using the outdoor radon 
concentration estimated for a global sice (Equation 3-2), one obtains 

CQ/S = 1.} (pCi/m3)/(pCi/Q) (3-7) 

for the effective outdoor concentration in the immersion cloud used to estimate 
exposure to external gamma radiation from airborne radon. The contribution 
from radon emitted by the waste constitutes less than 10% of this value; the 
remainder is from ambient radon emitted by naturally occurring radionuclides 
in the soil* (see Section B.4). 

Equations 3-6 and 3-7 make use of the implicit assumption that the emana-
tion rates of radon from contaminated solid particles in FUSRAP waste are the 
same as the emanation rates of radon from soil particles. Data that enable a 
definitive verification of this assumption are not available. However, the 
fact that the model estimates, which are based primarily on data from studies 
of materials similar to FUSRAP waste (e.g., uranium mill tailings), are con-
sistent with the natural analogue estimates based on the data of George and 
Breslin provide suppor* for this assumption (see Section B.4). 

The airborne concentration of the short-lived decay products of Rn-222 
will be smaller than the airborne activity concentration of Rn-222 (see Sec-
tion B.6); however, for reasons discussed above in connection with estimates 
for a global site, no credit is taken for this reduction. 

E/S Factor fo* External Gamma Radiation from Airborne Radon 

The E/S factor for external gamma radiation from airborne radon and its 
decay products is obtained by weighting the indoor and outdoor C/S ratios in 

'"The ambient contribution to the C/S ratio for a model site is given by o 
C /S = rC /S, where r = S /S is the ratio of the concentration of am og n 
naturally occurring Ra-226 in the soil (Sn = 0.8 pCi/g), to the concentra 
tion of Ra-226 -*n a typical waste field (S 100 pCi/g), and is the og 
C /S ratio for a global site (Equation 3-2). 
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the manner described in Section 3.1.2.1. The predicted values are summ?%*ized 
in Table 3.4. 

The E/S factors predicted using the diffusion model remain approximately 
constant for at laast 10,000 years. The exposure predicted by the ion-
exchange model will change during this period as the layer of soil contam-
inated by Ra-226 is carried downward by infiltrating water. As noted earlier, 
the exposure will first increase because migration of the contaminated layer 
prior to construction of the house will increase the area in the basement that 
is directly exposed to radium-contaminated r>oil. The exposure will then 
decrease as the distance from the ground level to the top of the contaminated 
layer becomes greater than the distance from ground level to the basement 
floor (before the house is constructed) (see Section B.4.) The E/S factors 
for times up to 10,000 years are given in Table 3.4. The contribution of the 
waste to the E/S factor at 10,000 years is negligible; the value in Table 3.4 
for this time is due to the ambient radon concentration from naturally occur-
ring radium in ttv soil. It should be noted, however, that the values for the 
ion-exchange model in Table 3.4 do not take into account ingrowth of Ra-226 
from the layer of Th-230 and are, therefore, less than values that would be 
predicted by a more rigorous calculation. The E/S conversion factor using the 
diffusion model will provide an upper estimate for this pathway. 

3.2 INHALATION PATHWAYS 

Inhalation exposui? will be from the inmersion cloud that also contributes 
to the external radiation exposure. Estimates of the indoor and outdoor dust 
concentrations and of the indoor radon concentration, obtained in Sec-
tion 3.1.2.2 for calculating the exposure to external gamma radiation from 
airborne radionuclides, are directly applicable to the calculation of exposure 
from inhalation. The effective outdoor concentration of radon, the working-
level ratio used to estimate the contribution from radon decay products, and 
the weighting factors for obtaining the E/S factors from the indoor and outdoor 
concentrations are different and must be recalculated. 

The differences are a consequence of the di f ferent ranges of exposure 
from external radiation and inhalation, and the di f ferent weights that Must be 
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Table 3.4. Source-to-Exposure (E/S) Conversion 
Factors for External Gamma Radiation from 
Radon and Radon Decay Products in the 

Air Above a Model FUSRAP Site 

Time After Waste 
Emplacement (yr) 

E/St1 
(pCi/m3)/(pCi/g) 

Diffusion Modelt2 
0-10,000 4.8 

Ion-Exchange Modelt2 
0 
10 
100 

4.8 
4 .8 
5 . 1 
6.5 
6.7 
1.2 

1,000 
1,600 
10,000 

t1 The exposure parameter E is the equivalent 
concentration of Rn-222 in the immersion 
cloud in pCi/m3. The source parameter S 
is the concentration of Ra-226 in the waste 
in pCi/g. It is assumed, for the purpose of 
estimating external gamma radiation exposure 
from airborne radon and its decay products, 
that the airborne concentrations of Po-218, 
Pb-214, Bi-214 and Po-214 are the same as 
the concentration of Rn-222. 

t2 See Section 2.1.2 for a discussion of the 
diffusion and ion-exchange models. 

assigned to the decay product contributions. External radiation exposure is 
from gamma radiation from radionuclides anywhere within a distance of about 
100 m of the point of exposure; inhalation exposure is primarily from alpha 
emission from radionuclides inhaled at the point of exposure. External expo-
sure to alpha particles was neglected as inconsequential because radiation 
damage from alpha particles emitted by radionuclides outside the body is 
limited to cells in the outer epidermal layer of the skin where it does minimal 
harm. The radiation dose froii internal inhalation exposure to alpha particles 
is one of the largest contributions to the total potential dose from FUSRAP 
waste. 
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The radionuclides are distributed internally in sensitive areas of the 
lung, and also (to a lesser extent) in other organs, where cell damage from 
alpha particles can be harmful. Under these conditions, the harm done by a 
given absorbed dose (a measure of the energy from ionizing radiation that is 
absorbed by the cells) is, on the average, greater for alpha particle emission 
than for gamma radiation by a factor called the "quality factor." A quality 
factor of 10 is used in this study. This is the current recommended value in 
the BEIR III report (Natl. Acad. Sci. 1980—p. 51). 

3.2.1 Dust Inhalation 

The dust concentration estimates given in Section 3.1.2.1 are for sus-
pended particles. The concentrations of suspendable particles are larger than 
the concentrations of respirable particles and may, therefore, be used to 
obtain a conservative estimate of the exposure from inhalation of contaminated 
dust (see Section A.2). The exposure parameter (E) used for the E/S factors 
for inhalation of dust contaminated by radionuclides is the annual intake of 
each radionuclide in pCi/yr. The E/S factors may be obtained directly from 
the indoor and outdoor dust concentrations if the inhalation rates are known. 

The amounts of radionuclides inhaled depend on the tidal volume (the 
volume of air inspired or expired during each respiratory cycle) and breathing 
frequency. The values of these parameters are different for different activi-
ties. The International Commission on Radiological Protection (ICRP) has 
published representative average values (Int. Comm. Radiol. Prot. 1974—p. 346). 
For "light activity", which is the appropriate category for most farm chores 
and for indoor activities during waking hours, the average inhalation rate is 
1.2 m3/h. During resting and sleeping, the average inhalation rate is 
0.45 m3/h. Using the activity parameters from Table 2.2, the amount of con-, 
taminated air inhaled is 3500 m3/yr indoors and 4200 m3/yr outdooors in the 
contaminated area of a model FUSRAP site, and 3500 m3/yr indoors and 5100 ma/yr 
outdoors for a global FUSRAP site. Combining these values with the indoor and 
outdoor dust concentrations (Section A.l, Equation A-5), the E/S factors 
listed in the first row in Table 3.5 are obtained. 
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Table 3.5. Source-to-Exposure (E/S) Conversion Factors for Internal 
Radiation from Inhalation of Radioactive Dust from FUSRAP Waste 

E/Sf1, (pCi/yr)/(pCi/g) 

Time After Waste 
Emplacement (yr) 

Model Site Global Site 
U-238t2 Th-230 Ra-226t3 U-238f2 Th-230 Ra-226T3 

Diffusion Modelt4 
0-10,000 1.1 1.1 1.1 1.3 1.3 1.3 

Ion-Exchange Modelt4 
1 1.1 1.1 1.1 1.3 1.3 1.3 
10 1.1 1.1 1.1 1.2 1.3 1.3 
100 0.6 1.1 0.6 0.7 1.3 1.0 

1,000 0.003 1.1 0.06 0.004 1.3 0.07 
10,000 -V.0 1.1 <\.0 1.3 <\>0 

The exposure parameter E is the annual intake of a radionuclide by an 
exposed individual; the source parameter S is the concentration of the 
same radionuclide in the waste. The factors apply, individually, to each 
radionuclide in the U-238 decay series, as indicated. 

t2 

t 3 

t 4 

The factors in this column are applicable to U-238, Th-234, Pa-234m, and 
U-234. 
The factors in this column are applicable to Ra-226 and each of its decay 
products. 
See Section 2.1.2 for description of diffusion and ion-exchange models. 

The decrease in exposure with time—due to reduction in the source 
strength by radioactive decay, erosion, and leaching—is the same as for the 
exposure to external radiation from airborne dust in the immersion cloud, and 
is discussed in Section 3.1.2.1. Estimates for the change in the E/S factors 
with time during the first 10,000 years after waste emplacement for the dif-
fusion and ion-exchange models, which provide bounding values, are also tabu-
lated in Table 3.5. 

3.2.2 Inhalation of Radon and Radon Decay Products 

The direct contribution of radon gas to the inhalation dose is very rmall 
because nearly all the radon that is inhaled is exhaled immediately. The 
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fraction that decays while in the lungs is negligible. The inhalation expo-
sure from airborne radon is almost entirely due to the short-lived decay 
products (Po-218, Pb-214, Bi-214, and Po-214) that remain airborne and are 
inhaled with the radon. 

At the time radon leaves the soil or enters the basement, no decay 
products are present. The time for Rn-222 to reach 90% of secular equilibrium 
with its short-lived decay products after it mixes with the air is 10 min for 
Po-218 and 90 min for Pb-214, Bi-214, and Po-214. The decay products are 
initially formed as ions in the air. The ions may attach themselves to air-
borne dust particles or "plate out" on nearby surfaces. Some of the dust 
particles are also removed by deposition on nearby surfaces. The radon decay 
products removed by plateout or dust deposition are not available for inhala-
tion. The fraction remaining depends on the dust concentration, air motion, 
humidity, ventilation rate, etc., and must be determined by measurement. A 
quantity called the "working level" is used to provide a single overall measure 
of the health hazards from radon decay products that remain airborne. 

The working level is a measure of the alpha particle energy released 
during decay of the short-lived radon decay products in the air. One working 
level (WL) is any combination of the four short-lived Rn-222 dscay products in 
one liter of air that will result in the ultimate release of 1.3 x 10s MeV of 
alpha particle energy. The working level can be measured by passing the air 
through a filter and measuring the amounts of the radon decay products col-
lected on the filter. If the decay products were in secular equilibrium with 
the radon present, then a concentration of 10s pCi/m3 of radon would cor-
respond to 1 WL. The ratio of the measured working level to the working level 
that would occur if the airborne short-lived decay products of Rn-222 were 
present in secular equilibrium (i.e., the ratio of the working level to the 
radon concentration expressed as a multiple of 10s pCi/m3) is called the 
"working level ratio" (WLR). 

Although the working level does not, by itself, determine a unique expo-
sure because it does not include information on the duration of exposure, it 
is used for setting radiation protection standards in places where the duration 
of exposure is likely to follow a consistent pattern, such as in a uranium 
mine or a residence. 
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The indoor working level for a residence constructed on a FUSRAP site is 
a quantity of concern for radiation protection. The working-level to source 
ratio (WL/S) for a residence constructed on a global FUSRAP site immediately 
after waste emplacement can be obtained directly from the residential working 
levels measured by George and Breslin, which are summarized in column 3 of 
Table 3.3, and the occupancy factors given in Table 2.2. The result is WL/S = 
0.0041 WL/(pCi/g). This ratio includes the contribution of Rn-222 and decay 
products from naturally occurring Ra-226 in the soil as well as from Ra-226 in 
the waste. The former contribution is, initially, insignificant because the 
concentration of naturally occurring Ra-226 in the soil is, on the average, 
less than 1% of the concentration of Ra-226 in typical FUSRAP waste. 

WL/S will decrease with time as the Ra-226 is removed by leaching, leaving 
a residual concentration of naturally occurring Ra-226. [WL = WL(t) is the 
working level at time t; S - S(0) is the initial concentration of Ra-226 in 
the waste.] The models and formulas for calculating this time dependence, and 
also the models and formulas for calculating the time-dependent WL/S ratios 
for a model site, are described in Sections 2.1.2, B.2, and B.3. The generic 
WL/S ratine obtained by the methods described therein, using the generic 
parameter values in Table 2.2 and the natural analogue data from Table 3.3, 
are given in the first two columns of Table 3.6. The decrease within the 
first 10,000 years will be negligible according to the diffusion model, whereas 
a reduction by two orders of magnitude in this time is predicted by the ion-
exchange model. 

The dose from radon inhalation is estimated in a different manner than 
the dose from inhalation of radioactive dust. As a consequence, the exposure 
parameters are different. The exposure parameter needed for the radon dose 
estimates is the effective concentration of Rn-222 in the immersion cloud 
weighted by the working-level ratio. This effective concentration is defined 
and calculated in a manner similar to that used to estimate external exposure 
to gamma radiation from airborne radon and radon decay products. However, the 
value of the effective concentration is different because a different spatial 
averaging must be used (inhalation exposure results from radionuclides at the 
point of inhalation only whereas external radiation exposure results from 
radionuclides in an extended region) and the contribution from decay products 
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Table 3.6. Source-to-Working Level (WL/S) and Source-to-Exposure (E/S) 
Conversion Factors for Internal Radiation from Inhalation 

of Radon and Radon Decay Products 

Time After Wastet1 
Emplacement (yr) 

WL/St2 E/St3, (pCi/m3)/(pCi/g) 
Model Site Global Site Model Site Global Site 

Diffusion Modelt4 
0-10,000 0.0016 0.0041 76 322 

Ion-Exchange Modelt4 
0 0.0016 0.0041 76 322 
10 0.0016 0.0041 77 321 
100 0.0017 0.0040 82 310 

1,000 0.0023 0.0035 110 226 
1,600 0.0024 0.0032 114 189 
10,000t5 0.00004 0.00004 0.9 1.5 

t1 

t2 

Time following waste emplacement that the residence is constructed onsite. 
Ratio of the indoor working level to the concentration of Ra-226, in 
pCi/g, in the waste field for a model site. The change in the relative 
contribution from radon decay products that enter by ventilation is not 
taken into account in converting from the working level for a global site 
to the working level for a model site. Ambient contributions are included. 

t3 The exposure parameter (E) is the effective concentration of radon, in 
pCi/m3, in a uniform and constant immersion cloud, obtained by applying 
weighting factors for indoor and outdoor occupancy and for indoor and 
outdoor working level ratios (see Equation 3-8). The source parameter (S) 
is the concentration of Ra-226 in the waste in pCi/g. Ambient contribu-
tions are included. 

t4 See Section 2.1.2 for a description of the diffusion and ion-exchange 
models. 

t5 Exposure at 10,000 years in the ion-exchange model is close to ambient 
levels. At sufficiently large times, all of the exposure will be from 
ambient radon. The WL/S ratios for this limit will be smaller than the 
initial WL/S ratio for a global site by a factor of 0.8/100, where 0.8 
is the average concentration of naturally occurring Ra-226 in the soil 
and 100 is the average concentration of Ra-226 in typical FUSRAP waste, 
both in pCi/g. 
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must be accounted for differently, in large part because the primary contribu-
tion to the inhalation dose is the internal dose from alpha particles whereas 
the primary contribution from the -»xternal radiation dose is the external dose 
from gamma radiation. The working-ievel ratio must be included in the defini-
tion of the effective concentration for radon inhalation in order to take into 
account removal of airborne radon decay products by plateout and deposition of 
radioactive dust. 

The E/S factors for radon inhalation are explicitly given by 

E/S = f ^ C y S + C./S)WLR. + f0(C0/S)WLR0 (3-8) 

where: f- is the indoor occupancy factor (f^ = 0.51 for model or global 
site—from Table 2.2); CQ/S is the outdoor radon concentration (given by Equa-
tion B-20); C^/S is the net indoor radon concentration (given by Equation B-9, 
with L = 1.5 m in Equations B-10 through B~12 for a model site and Lz = ® in 
Equations B-10 through B-12 for a global site); WLRi is the indoor working-
level ratio (WLR. = 0.6, obtained from a weighted average of the indoor values 
in Table 3.3 with the weighting factors in Table 2.2 for both model and global 
sites); f is the outdoor occupancy factor for contaminated areas (f = 0.40 
for a model site, from Table 2.2 and f = 0.49 for a global site); and WLRQ is 
the outdoor working-level ratio (WLRQ = 0.2 for a model site, from Section B.6, 
and WLR Q = 0.8 for a global site, from Table 3.3). The generic E/S factors 
calculated by using Equation 3-8 are tabulated in the last two columns of 
Table 3.6. 

3.3 INGESTION PATHWAYS 

The internal radiation dose from ingested radionuclides is the major dose 
contributor to all organs except the lung. The source-to-exposure analysis 
involves several different pathways that must be considered individually; the 
two major branches are the water and food pathways. The former consists of 
pathways that contribute directly through drinking water or indirectly through 
water used for crops and livestock; the latter consists of pathways that 
contribute through food. The exposure parameters for all of the ingestion 
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pathways are the annual intakes of different radionuclides. At the point of 
ingestion, the ingestion pathways merge into a common exposure-to-dose 
pathway. 

The generic estimates for ingestion are limited to four radionuclides of 
the U-238 decay series: U-238, Th-230, Ra-226, and Pb-210. The intake of 
other radionuclides of the series are not considered explicitly. Most of the 
decay products have much shorter half-lives so that the dose is determined by 
ingrowth after ingestion of the parent rather than by ingestion of the decay 
product. U-234 is the exception in that it has a long half-life, and isotopic 
separation from U-238 can occur along the pathway (see Section 3.3.1.2). 
There are insufficient data to determine the pathway migration rates for U-238 
and U-234 separately; it is therefore assumed that U-238 and U-234 are released 
and migrate at the same rate for all pathways. The exposure parameter for 
U-238 is the annual intake of U-238 alone. 

3.3.1 Water Pathways 

Radionuclides that enter the surface water and/or groundwater can con-
tribute to the individual ingestion dose either in drinking water or in food 
that has absorbed radionuclides from the water. It is assumed that water for 
livestock would come from a pond and water for human consumption would come 
from a well. Migration of radionuclides from the waste through these two 
water supplies constitutes the two water pathways. 

The analysis for both water pathways proceeds in two steps: (1) deter-
mination of the ratio, C/S, of the radionuclide concentration in the water to 
the radionuclide concentration in the waste, and (2) use of ingestion data to 
convert the water concentration (C) to the annual radionuclide intake (E). 

The calculations for water contamination are based on an ion-exchange 
model (see Section 2.1.2). This model gives very conservative (high) estimates 
of the water concentration for radionuclides that are present in the waste as 
ore residues because the ion-exchange model gives very high estimates of the 
rate at which such radionuclides are leached from the waste field. The diffu-
sion model provides more realistic estimates. The ratios of the release rates 
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for the diffusion model to the release rates for the ion-exchange model are 
calculated in Section 3.3.1.2 (see Table 3.9). These ratios can be used to 
obtain an estimate of the reduction in the well-water concentration that would 
be obtained if the analysis were based on the diffusion model rather than on 
the ion-exchange model. 

3.3.1.1 Farm Pond For Livestock Water and Fish 

Farm ponds are normally constructed by impounding watershed runoff by 
means of an earthern dam. The recommended ratio between watershed and pond 
size in Illinois is 4 to 8 ha (10 to 20 acres) of watershed per surface acre 
of water (Lopinot 1972). It is, therefore, reasonable to assume that the 
contaminated area of a FUSRAP site constitutes the watershed for the half-acre 
farm pond (see Table 2.2). Radionuclides can be present in the pond either in 
solution or as suspended solids. It is assumed that the pond is stocked with 
fish, and water for the livestock is drawn off through a pipe so that the 
sediment will not be stirred up by the livestock. 

The processes by which radionuclides are transferred from the waste to 
the water in the farm pond are too complicated to permit reliable modeling. A 
natural analogue approach can be used if one assumes that the mechanisms by 
which naturally occurring radionuclides in watersheds are transferred to 
surface water are the same as the mechanisms for FUSRAP waste. For the FUSRAP 
waste that comes from ore and ore-processing residues, it is likely that the 
mechanisms are similar and that both may be characterized by a diffusion 
model. The diffusion rates for naturally occurring radionuclides may be 
smaller than for FUSRAP waste (because the radionuclides may be present in 
granitic soil grains, which are common in many soils, rather than sedimentary 
aggregates, which are typical of uranium-bearing ores); hence, the transfer 
rate of naturally occurring radionuclides into surface water may be less than 
the transfer rate of radionuclides from FUSRAP waste into a farm pond. However, 
it is reasonable to assume that the transfer rates are comparable within the 
large uncertainties involved in the estimates. The natural analogue values 
will, therefore, be used for calculating the contribution of pond water 
contamination to the ingestion pathways for those radionuclides in FUSRAP 
waste that also occur naturally. 
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Non-natural radionuclides, such as Sr-90 and Cs-137, will occur in the 
soil as adsorbates on the solid surfaces of soil particles or in micropores. 
The transfer mechanisms for these radionuclides, which are present at a few 
FUSRAP sites, are different than those for naturally occurring radionuclides 
and are better described by an ion-exchange model. A separate model estimate 
o* the radionuclide concentration in the farm pond will, therefore, be made 
without making use of natural analogue data. The model estimate involves a 
number of assumptions that are necessarily rather arbitrary (because data on 
which the assumptions could be based are lacking), and is much less reliable 
than the natural estimate for naturally occurring radionuclides; hence it will 
riot be used for estimating the farm pond contamination for these radionuclides. 
However, model estimates may be needed f->r site-specific assessments of sites 
contaminated by non-natural radionuclides. It is, therefore, of interest to 
compare the model estimates with the natural estimates for radionuclides of 
the U-238 decay series. 

The concentration of suspended solids, which consist of soil particles 
picked up by surface runoff or resuspended sediment, can vary over a wide 
range. It depends on the same factors that control surface erosion (see 
Section 2.2.3), and on the size distribution of the particles, which deter-
mines the rate at which the load of suspended solids in the surface runoff 
will settle out after it reaches the pond. It may be noted, for purposes of 
comparison, that the suspended solids in runoff from a beef cattle f'jedlot has 
been estimated to lie in the range of 745 to 17,700 mg/L for a dirt lot in 
Texas (U.S. Environ. Prot. Agency 1976—Table 10-10), and that the maximum 
observed concentration of suspended solids in the Missouri River near 
Fulton, Missouri, is about 3200 mg/L (U.S. Nucl. Reg. Comm. 1982—Table 4.2). 
These values represent extreme cases that can be expected to be well above the 
suspended solid levels in a typical farm pond. The natural background values 
for suspended solids in surface waters in the eastern half of the United 
States lie in the range of 5 to 50 mg/L (U.S. Environ. Prot. Agency 1976--
Figure 12-2). On the basis of the preceding examples, it is assumed that the 
concentration of suspended solids in the farm pond will not exceed 1 g/L. If 
all of the suspended solids came from the exposed waste field, this would 
correspond to a concentration-to-source ratio of C/S = 1 (pCi/L)/(pCi/g) for 
all radionuclides. 
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The natural analogue estimates for the concentrations of dissolved radio-
nuclides in the farm pond are tabulated in Table 3.7. These values are the 
ratios of the average concentrations of dissolved radionuclides in freshwater 
to the average concentrations of the radionuclides in the soil, based on data 
from Bowen (1979). 

Table 3.7. Natural Analogue Estimates of 
Concentrations of Dissolved Radio-

nuclides in a Farm Pondt1 

C/S Ratiot2 
Radionuclide (pCi/L)/(pCi/g) 

U-238 0.2 
Th-230 0.003 
Ra-226 0.5 
Pb-210 0.u9T3 

t1 Estimated from the ratio of average 
concentrations of naturally occurring 
radionuclides in surface water and in 
the soil. The contribution from 
suspended solids is estimated to be 
1 (pCi/L)/(pCi/g) cr less for each 
radionuclide. 

T2 Ratio of the concentration (C) of a 
radionuclide in the farm pond to the 
concentration (S) of the same radio-
nuclide in the FUSRAP waste. 

t3 Estimated by assuming that the C/S 
ratio for Pb-210 is the same as the 
C/S ratio for the stable isotopes of 
lead. 

A model estimate for the concentrations of dissolved radionuclides in the 
farm pond, based on the ion-exchange model, may be inferred from the C/S 
ratios for the groundwater for a global FUSRAP site. The groundwater C/S 
ratios for a global site are estimated in Section 3.3.1.2 using the ion-
exchange model (see subsection on Radionuclide Concentrations in Drinking 
Water: Global Site). These values must be reduced by a factor that represents 
the dilution by surface water. A very approximate estimate of the dilution 
can be obtained by means of the following analysis. 
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Water in the farm pond is from surface runoff and seepage of groundwater 
that percolates through the waste. It is assumed that about 25% of the rain-
fall in the area will be runoff (which would be the major source of water for 
the farm pond), about 65% will be removed by evapotranspiration, and 10% will 
infiltrate into the ground and percolate through the waste down to the water 
table (see Section 3.3.1.2, subsections on The Hydrological Model and Generic 
Hydrological Parameter Values). The water in the surface runoff will be in 
contact with the soil material in the waste field for only a very brief period 
of time. Hence, the contribution of the surface runoff to the concentration of 
dissolved radionuclides in the pond may reasonably be assumed to fce negligible.* 

The radionuclide concentrations in water that is percolating through the 
waste under equilibrium conditions may be estimated from the distribution 
coefficients, which are the ratios of the concentration of a radionuclide in 
the soil to the concentration of the same radionuclide in water percolating 
through the soil. The distribution coefficients used for this study are 
collected from available sources and discussed in Section 3.3.1.2 (see 
Table 3.13). We may infer from these values that the radionuclide concentra-
tions in the water percolating through the waste are C/S = 20, 0.017, 10, and 
10 (pCi/L)/(pCi/g) for uranium, thorium, radium, and lead, respectively. If 
all of the runoff from the waste field (25% of the rainfall) and all of the 
infiltrating water that percolated through the waste (10% of the rainfall) 
were to collect in the pond, then 30% of the pond water would be from the 
contaminated groundwater, so that the concentration in the pond water would be 
30% of the maximum values listed above. This would probably be a large over-
estimate because only a fraction of the contaminated groundwater is likely to 
seep into the farm pond. 

Seepage of contaminated groundwater into the farm pond wi?l occur only 
during periods when the water table near the pond is higher than the pond 

*There will be some contribution from radionuclides leached from suspended 
solid particles picked up by the surface runoff. However, this will be 
small after a few decades because, according to the ion-exchange model on 
which the model estimate is based, the radionuclides will have leached out 
of the top few centimeters of the soil and will not, therefore, contribute 
to the dissolved radionuclides in the surface water. 
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surface. (At other times, the water table will slope downward from the pond 
surface in the vicinity of the pond so that the groundwater flow direction 
will be away from the pond.) The water table height will undergo seasonal 
fluctuations. During most of the year, it is expected that the water table 
will be below the pond surface, so that seepage will be from the pond into the 
groundwater. During periods when the water table is higher than the pond 
surface, some seepage from groundwater into the pond will occur. Groundwater 
seepage into the pond will occur during those periods of the year when the 
flow of surface water is greatest; this will tend to offset the seasonal 
concentration fluctuations. 

% 

It is assumed for purposes of analysis that the water table is high 
enough for seepage into the pond to occur for about six months out of a year, 
and that about a third of the water infiltrating through the waste field 
during this time will end up in the farm pond. These factors suggest that the 
contaminated water that percolates through the waste field constitutes about 
5% of the total water in the farm pond. This assumes that the entire water-
shed of the farm pond is contaminated. If the watershed were larger than the 
contaminated area, the fraction of contaminated water would be reduced by a 
corresponding factor. The C/S ratios for a farm pond, based on the assumption 
that 5% of the water has been contaminated by percolating through the waste 
field, are tabulated in Table 3.8. 

No decrease in the source term for Th-230 in the farm pond will occur 
within times of interest according to the ion-exchange model. The duration of 
exposure to Th-230 from pond users will, therefore, be determined by the 
lifetime of the pond. (This time could be shorter than the various estimated 
source removal times; however, it depends on unpredictable circumstances, such 
as the duration of the IA scenario, and will not be considered <in this analy-
sis.) One may infer from the seepage mechanism that there will be no contami-
nation of the farm pond by U-238 or Ra-226 after the upper waste field boundary 
has migrated downward until it is below the bottom of the farm pond. It is 
assumed that the C/S ratio decreases linearly to zero as the upper waste-field 
boundary migrates, by leaching, from the highest point of the watershed to a 
point that is at the same elevation as the bottom of the farm pond. The depth 
of the farm pond is assumed to be 2.5 m (see Table 2.2). It will be assumed 
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Table 3.8. Concentrations of Dissolved Radionuclides in 
a Farm Pond from Groundwater Seepage, According 

to the Ion-Exchange Modelt1 

Time After Waste C/S Ratiot2, (pCi/L)/(pCi/g) 
Emplacement (yr) U-238 Th-230 Ra-226 Pb-210 

0 1.00 0.0009 0.50 0.50 
10 1.00 0.0009 0.50 0.50 

100 0.48 0.0009 0.49 0.49 
1,000 0.77 0.0009 0.45 0.45 
4,300 0.00 0.0009 0.26 0.26 
9,100 0.00 0.0009 0.00 0.00 

10,000 0.00 0.0009 0.00 0.00 

t1 Estimated from groundwater contamination for a global FUSRAP 
site and the assumption that 3% of the water in the farm pond 
is from seepage of contaminated groundwater. 

t2 Ratio of the concentration (C) of a radionuclide in the farm 
pond to the concentration (S) of the same radionuclide in the 
FUSRAP waste. Two digits are retained only for the purpose 
of comparing entries at different times; the second digit is 
not otherwise significant. The residual contributions from 
naturally occurring radionuclides are not included. 

that the highest point of the watershed is 2.5 m above the surface of the farm 
pond. Hence, the farm pond contamination will drop to zero after the upper 
waste-field boundary has migrated downward a distance of 5 m. 

The migration rate of the waste-field boundaries is U - V according to 
the ion-exchange model (generic values of U and V are given in Table 2.2). The 
time for the upper boundary of the contaminated layer to drop below the bottom 
of the farm pond will be Tg = 5/(U - V) years if U and V are expressed in meters 
per year (m/yr). The time dependence of the concentration ratios, estimated 
in this manner using the ion-exchange model, is also given in Table 3.8. 

In some circumstances, it is convenient to approximate the linear decrea- . > 
in Table 3.8—which are of the form C(t) = C(0)(1 - t/TQ) with TQ = 4300 years 
and 9100 years for U-238 and Ra-226, respectively—by exponentials of the form 
C(t> = C(0) exp (-at), where p = 2/TQ = 0.00047/yr and ,p.00022/yr for U-238 
and Ra-226, respectively. 
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It is of interest to note that the model estimates based on the ion-
exchange model in Table 3.8 are not markedly greater than the natural analogue 
estimates in Table 3.7; in fact, the model estimate for Th-230 is less than 
the natural estimate. The model/natural ratios are B, 0.3, 1, and 5.6 for 
U-238, Th-230, Ra-226, and Pb-210, respectively. Model estimates based on the 
leach rate predicted by a diffusion model using laboratory data for the dif-
fusion coefficient and the assumption that the C/S ratio is proportional to 
the leach rate would lead to predicted C/S ratios that were smaller by four 
orders of magnitude (see Table 3.9). Even if one assumed that the ion-exchange 
estimates were an order of magnitude too low and increased them by a factor of 
10 (which would increase them to 50% of the upper limit, i.e., the C/S ratios 
of water in equilibrium with the waste), model estimates based on the diffusion 
model would be much less than the natural estimates in Table 3.7. Part of 
this discrepancy may be attributed to the difference between diffusion coeffi-
cients obtained from laboratory data and the diffusion coefficients that occur 
under field conditions. The discrepancy provides an example of the diffi-
culties and uncertainties that are encountered in estimating contamination of 
water supplies. The fact that the diffusion model estimates of the concen-
trations of radionuclides in the farm pond are much smaller than the natural 
estimates suggests that the latter provide conservative (high) values for 
estimating the contribution of farm pond contamination to the E/S factors for 
the food pathways. 

3.3.1.2 Drinking Water from a Well 

The source terms for the drinking water pathway are controlling factors 
for exposure from ingestion of contaminated water and also among the least 
well understood and characterized quantities in the analysis. These source 
terms are the rates of release of radionuclides from the waste field. The 
release rates may be defined, for each radionuclide, as the fraction of the 
original inventory of a radionuclide that is leached out of the waste field 
each year by infiltrating water.* 

*Note that this release rate is not the same as the leach rate. The latter 
is defined as the fraction of the current inventory of a radionuclide that 
is removed annually by leaching. A constant release rate leads to a linear 
decrease in the inventory with time; a constant leach rate leads to an 
exponential decrease in the inventory with time. 
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As noted earlier, the sorrce terms used for the water pathway are release 
rates estimated by means of the ion-exchange model, which gives an upper limit 
for tne rates of release of radionuclides from FUSRAP waste and, hence, for 
the concentrations of radionuclides in the well used for drinking water. 
Release rates estimated by means of the diffusion model give lower limits for 
the release rates. The diffusion model is used for estimating the rate of 
removal of radionuclides from the waste field because it gives a more conser-
vative (slower rate of decrease) estimate than the ion-exchange model. The 
ion-exchange model is used for estimates of the well-water contamination 
because it gives the more conservative (higher) estimate for this quantity. 

The basis for the assumption that the ion-exchange and diffusion models 
provide bounding estimates for release rates is examined in the following 
subsection. 

Source-Term Mechanisms for the Drinking Water Pathway 

The processes by which radionuclides are transferred from a solid sub-
strate to water percolating through the substrate involves three different 
mechanisms: diffusion, dissolution, and ion exchange. Diffusion mechanisms 
refer to the mechanisms by which atoms or ions diffuse from the interior to 
the surface of a solid particle without any change in the size or structure of 
the particle. Dissolution mechanisms refer to mechanisms by which the solid 
particles are broken into smaller particles, or fissures or pores are created 
by chemical or physical action, thereby bringing interior regions of a solid 
particle into contact with water. Ion-exchange mechanisms are the mechanisms 
that control the rate at which ions are exchanged between a solid surface and 
water in contact with the surface, thereby determining the subsequent rate of 
transport of the ions by the moving water. These mechanisms are of central 
importance for the pathway analysis because they control the rate of release 
into the plant pathway (which is the source of radionuclides for the meat and 
milk pathways) as well as the rate of release into the water pathway. 

Diffusion rates in homogeneous solids for 1ons the size of uranium, 
thorium, and radium are extremely slow. The time for ai| ion to diffuse from 
the center to the surface of a particle of radius r is t = 1*2/60, where D 1s 
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the diffusion coefficient for the solid bulk material. Diffusion coefficients 
for ions in solids at room temperature are typically 10-22 cm2/s or smaller; 
for large ions—such as radium, thorium and uranium they are lO-30 cm2/s or 
less (Kofstad 1972). The diffusion coefficient for uranium ions in U02 at 
room temperature (inferred by extrapolation from measurements at higher 
temperature) is about 10-36 cm2/s. For D = 10-22 cm2/s, the time to diffuse 
from the center of a l-|jm particle to the surface is 500,000 years; for a 
diffusion rate of 10-3° cm2/s, it would take 5 x 109 years for an ion to 
diffuse from the center of a 0.01-pm particle to the surface. 

Dissolution rates are highly dependent on the soil type (e.g., siliceous, 
argillaceous, or carbonaceous), chemical environment (e.g., pH and E^), and 
physical environment (e.g., freezing and thawing). They can vary from months 
to millions of years. Granitic soil grains below the frost line may remain 
intact for millions of years; carbonaceous grains exposed to weathering in a 
slightly acidic environment may undergo dissolution in a matter of months. 
The breakup of solid particles in typical uranium-bearing ores, which consist 
of sand aggregates cemented together by a uranium-bearing matrix, can be 
expected to occur on an intermediate time scale. The bulk effects of dissolu-
tion on leaching from the cementing matrix can be expected to be similar to 
diffusion from within a solid particle. Hence, one would expecl that if the 
release rate is controlled by dissolution, it can be described by a diffusion 
model. The dissolution-controlled bulk diffusion coefficients would, however, 
be larger than the diffusion-controlled bulk diffusion coefficients. 

Laboratory studies of Nathwani and Phillips (1978) on ore-contaminated 
soils have shown that leaching in this material can be described quantita-
tively by a diffusion model. The diffusion coefficients for the contaminated 
soil material used by Nathwani and Phillips lie in the range of 2 x 10-18 to 
6 x 10-16 cm2/s and are, therefore, larger than the diffusion coefficients of 
lO-30 or less for diffusion in solid grains. The difference between the 
diffusion coefficients for bulk contaminated soil obtained by Nathwani and 
Phillips and diffusion coefficients for solid grains is probably due to the 
fact that ore grains are aggregates with the radium in the sedimentary material 
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that binds together the grains in the aggregates.* The diffusion coefficients 
for this sedimentary material can be expected to be much larger than those for 
the materials used for studies of bulk diffusion in solids. Mechanisms that 
do not occur in bulk solids, such as diffusion through water-filled pores and 
capillaries, can occur in aggregates. These processes have been investigated 
by Nathwani and Phillips (1979b), who concluded that intraparticle diffusion 
is the rate-limiting process. They obtained diffusion coefficients ranging 
from 7 x 10-17 to 6 x 10-16 cm2/s for this mechanism. 

One may reasonably infer from the preceding considerations that the 
diffusion model provides the most realistic description of the leaching of 
radionuclides from FUSRAP waste that consists of soil material contaminated by 
ore and ore-processing residues. However, the diffusion coefficients may be 
quite different from those obtained from experiments in the laboratory. 
Radionuclide release by dissolution depends on biological, chemical, and 
physical processes such as freezing and thawing; microbial and plant root 
effects; *nd the chemical content of infiltrating watei—all processes that 
can break up aggregates and solid particles into smaller particles. The data 
of Nathwani and Phillips are from laboratory experiments in which the afore-
mentioned mechanisms do not occur; hence, their diffusion coefficients 
represent lower bounds for the diffusion coefficients that apply to most 
FUSRAP waste.** 

After the radionuclide ions reach an exposed particle surface, ions go 
into solution at a rate controlled by the ion-exchange mechanisms, and can 
then be transported by the water percolating through the waste. The subsequent 

*Uranium ores are formed by hydrogeological processes over a long period of 
time during which uranium ions are deposited in a matrix that cements 
radionuclide-free grains together into aggregates. The aggregates are 
broken up during milling. 

**The leaching experiments of Nathwani and Phillips (1978) on radium-
contaminated soils extended over a period of about 100 days, and indicated a 
two-stage process characterized by two different diffusion coefficients—one 
extending up to about 10 days and the other to 100 days and probably beyond. 
The possibility that other stages, with different coefficients, may occur on 
a longer time scale (i.e., up to 10,000 years) should be taken into considera-
tion in attempting to use the data from short-term experiments for long-term 
predictions. 
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migration through the waste, soil, or aquifer will be controlled jointly by 
the exchange between ions adsorbed on the surface and ions in solution, and by 
the flow of the percolating water. The ratio of the rates at which radio-
nuclides go from the surface into solution (the "forward" process) and vice 
versa (the "backward" process) determines the equilibrium ratio between the 
concentrations of adsorbed and dissolved ions. This equilibrium ratio is 
specified by the distribution coefficient K^. The rate of approach to equil-
ibrium will depend on the sum of the ion-exchange rates per unit volume of 
water (i.e., the product of the sum of the ion-exchange rates and the surface/ 
volume ratio). If the rate of approach to equilibrium concentration when the 
water is not flowing is rapid compared to the rate at which ions are removed 
by the flow of water, then the rate at which radionuclides are released from 
the waste will be determined by the distribution coefficient and the water 
flow rate. For the low-flow rates and high surface/volume ratios that occur 
in the waste and aquifer, this condition is usually satisfied. Thus, the 
release rate due to ion-exchange mechanisms alone can be determined if the 
distribution coefficient and flow rate of the percolating water are known. 

Since diffusion, dissolution, and ion-exchange mechanisms occur in 
sequence aid because the data and calculations in this study show that ion 
exchange is the more rapid process (see below), we may infer that radionuclide 
release rates calculated for the ion-exchange mechanism provide upper bounds 
to the radionuclide release rates from FUSRAP sites. Release rate estimates 
obtained by means of the ion-exchange diffusion and models (using the diffusion 
coefficients from Nathwani and Phillips) will, therefore, provide upper and 
lower bounds for the leach rates, and can be used to obtain bounding values 
for the rate of dispersal of radionuclides by leaching and for the contamina-
tion of the well-water. 

The release rates predicted by the ion-exchange and diffusion models 
differ by a factor of 104 (see be>ow); hence, the bounds provided by the two 
estimates are very approximate. Site-specific data will be needed to obtain 
more precise estimates within these bounds. 

Field studies of leach rates from ores or from aquifers in ore-bearing 
regions can provide additional insight into the processes involved. The 
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available data are not sufficient to make more precise estimates, but they do 
provide some additional information on the range of values that can occur. * 

Measured values of radionuclide concentrations in well water from some 
aquifers of granitic origin are considerably lower than would be expected on 
the basis of the ion-exchange model from aquifer concentrations and Kd values 
(Lucas 1982). These data may be explained on the basis that radionuclides 
present in aquifers as deposits removable by ion exchange or in solid particles 
with short dissolution times would already have been removed from the aquifer, 
leaving only radionuclides distributed within solid aggregates for which the 
dissolution times are long so that diffusion or siow dissolution constitute 
the controlling release mechanisms. 

Data on radionuclide concentrations in aquifers in sedimentary ore-
bearing areas and in water that, as a consequence of disturbances due to 
mining, can percolate through ore-bearing materials, are also consistent with 
the hypothesis that radionuclide releases within aquifers are controlled by 
slow diffusion or dissolution whereas releases within ore-bearing materials 
are controlled by more rapid diffusion or dissolution. Ra-226 concentrations 
in the groundwater in the vicinity of uranium ore deposits in Wyoming have 
been measured (U.S. Nuclear Reg. Comm. 1977a). The ore deposits are in the 
same geological formation as the aquifer, but below the aquifer. The Ra-226 
concentrations in the test wells in the project area ranged from 0.4 to 
3.3 pCi/L (U.S. Nucl. Reg. Comm. 1977a—Table 2.7 and p. 3-33). These wells 
did not extend into *iie mineralized zone. However, Ra-226 concentrations in 
water extracted from the mineralized zone of several mining areas were reported 
to exceed 100 pCi/L. The average uranium content of the ore was 0.15%, which 
corresponds to an activity concentration of 500 pCi/g. Sufficient data to 
determine an equilibrium water/ore Ra-226 concentration ratio were not provided. 
However, if one assumes that the water flowed through an ore deposit, the 
water/soil concentration ratio would be C/S = 0.2 (pCi/L)/(pCi/g)—i.e., 
100 pCi/L divided by 500 pCi/g. An estimate of the radium concentration in 
groundwater in equilibrium with the ore, based on the generic model value for 
Ra-226, i.e., C/S = 10 (pCi/L)/(pCi/g), would be 5000 pCi/L. This is only an 
upper limit to the concentration that might be expected to occur because the 
fraction of the extracted water that was in contact with the ore is not known. 
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It should be noted, howeve \ that well-water concentrations as high as 
5000 pCi/L have been observed in Finland (U.N. Sci. Comm. Effects At. Radiat. 
1977—Annex B, par. 104). It is believed that these high concentratiSns are 
due to small localized uranium-rich deposits of unknown concentration in the 
aquifer. 

Release Rates for the Ion-Exchange and Diffusion Models 

Ion-Exchange Model. If the ion-exchange model for leaching is used, the 
release rate is F •= U/L , where U is the leachout velocity of the waste field 
boundary and \-z is the thickness of the waste field. This annual fractional 
loss will remain constant for l_z/U years, at which time the entire radionuclide 
inventory will have migrated outside the original boundaries of the waste 
field. The generic values of U and l_z from Table 2.2 lead to release rates of 
F = 8 x 10-4/yr for U-238 and 4 x 10-4/yr for Ra-226. 

Diffusion Model. If the diffusion model is used, the annual fractional 
loss is time-dependent and must be calculated by evaluating the expression 

where S(z,t) is the concentration of the radionuclide in the ground as a 
function of the time (in years) and the distance below the surface, and 
S = S(z,0), 0 S z i -1.5, is the initial concentration of the radionuclide 
within the waste field.* It is assumed that the extent of the waste field is 
large compared to the depth, so that the migration of the waste field may be 
approximated by the migration of a uniform layer of infinite extent. It is 
convenient to rewrite Equation 3-9 as: 

*The coordinate axes for the hydrological calculations are chosen so that z 
is the vertical direction. The plane Z = 0 will either be the ground surface 
(with z < 0 below the surface) or the water table; the choice may be inferred 
from the context. 

(3-9) 

t 
(3-10) 
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where 

f(t) = ̂ JL[S(z,t)/S]dz (3-11) 

Using Equation 2-2, one may readily derive the result 

f(t) = [1 - exp (-4t0/t)]/4(ntt0)% (3-12) 

where t = L2/4D is the characteristic time for diffusion leaching. Using the 
approximation 1 - exp(-4t/tQ) £ 1, which is valid for the time spans of interest,, 
the explicit expression 

F(t) s [(t + I)*5 - t*]/2(nt0)* (3-13) 

is obtained for the fractional release when t « tQ. Using the generic para-
meter values from Table 2.2, the fractional release rates for Ra-226 given in 
Table 3.9 for the first 10,000 years after waste emplacement are obtained. 
The ratio of the diffusion to ion-exchange release rates are tabulated in the 
last column of Table 3.9. It is clear from these numbers that the well-water 
contamination estimates that one would obtain using the diffusion model would 
be negligible compared to those that one would obtain using the ion-exchange 
model. 

The values in Table 3.9 are all for Ra-226, which is the only radionuclide 
for which the diffusion coefficient for leaching was available. However, it 
is expected that the diffusion/ion-exchange ratios of the release rates for 
other radionuclides will be comparable to the ratios for Ra-226. 

The concentration profiles of the radionuclides in the ground will also 
be much different in the ion-exchange and diffusion models. In the ion-
exchange model, the only change in the profile [which is initially defined by 
S(z,0) = S, 0 < z < -Lz; S(z,0) = 0 otherwise] will be a downward displacement 
of the contaminated layer, i.e., S(z,t) = S(z + Ut,0). The radionuclide 
concentration near the ground surface will decrease to a negligible value in a 
very short time. In the diffusion model, the concentration at the surface 
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Table 3.9. Comparison of Ra-226 Release Rates Predicted by 
the Ion-Exchange and Diffusion Models 

Fractional Release of Ra-226 
Inventory from Waste 

Time After Waste Fieldt1 frr-*) 
Emplacement (yr) lor. Exchange Diffusion Ratiof2 

0 4 X 1 0 - 4 1.3 X 10-7 3 X io-4 

10 4 x 10-4 1.9 X 10-« 5 X 10-5 
100 4 x 10-4 6.3 X 10-9 2 X 10-5 

1,000 4 x 10-4 2.0 X 10-9 5 X 10-6 
10,000 et3 6.3 X 10-10 

t1 The fraction of the original inventory of a radionuclide 
that is leached out of the waste field by infiltrating 
water during the time from t to t + 1 years, where t is 
given in column 1. 

t2 Ratio of diffusion release rate to ion-exchange release 
rate. 

t3 The release rate for the ion-exchange model drops to zero 
after 2500 years because the entire inventory of Ra-226 
is leached out of the waste field in this time span. 

will decrease- very slowly and, as time increases, there will be a change from 
a profile in which the concentration is constant for a distance l_z below the 
surface and then drops sharply to zero to a profile in which the concentration 
decreases gradually and smoothly from a maximum at the surface to very small 
values at points below 7 = -L . 

The Hydro!oqical Model 

The geometry and time dependence of the waste field according to the 
ion-exchange model used for the drinking water pathway are shown schematically 
in Figure 3.1. Some of the water from precipitation (and irrigation, if any) 
will infiltrate through the waste and down to the water table. The waste 
field is assumed to be a rectangular region with surface dimensions L , L and x y 
thickness Lz- The infiltrating water will transport radionuclides from the 
waste field down through the unsaturated zone and into the aquifer. The 
thickness of the contaminated layer does not change during migration, and the 
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Figure 3.1. Schematic Diagram of Idealized Model for Estimating 
Concentrations of Radionuclides in Well Water. 

boundaries remain sharply defined in the idealized model used for this study-
The groundwater in the aquifer will then transport the radionuclides to the 
well used for drinking water. The well is placed at the center of the boundary 
of the waste field in the direction of groundwater flow. 

The time dependence of the exposure from the drinking water pathway will 
be markedly different from the other pathways. There will be a time delay 
before any exposure occurs as the radionuclides migrate through the unsaturated 
zone to the water table and through the aquifer to the well. The contamination 
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in the well water wil1 then increase to a maximum and decrease again as the 
radionuclides are removed from tiie source and dispersed and diluted in the 
aquifer. 

The steps and formulas by which the concentrations of radionuclides in 
the well water may be estimated are as follows. The infiltration rate I may 
be estimated from the annual precipitation Pr (including irrigation), the 
runoff coefficient Cr (the fraction of the precipitation that goes into surface 
runoff), and the evapotranspiration rate E^ (the amount of water, measured in 
length per unit time, that is removed from the soil by evaporation or trans-
piration from plants before it reaches the water table). The formula is 

I = (1 - Cr) Pr - Et (3-14) 

In the idealized model used to estimate the rate of radionuclide trans-
port through the unsaturated zone, it is assumed that the waste, soil, and 
other material between the ground surface and the water table form a single 
homogeneous stratum and that the leaching and migration mechanisms are by ion 
exchange between water and absorbing surfaces, and can be characterized by a 
single retardation factor for each radionuclide. Under these conditions, the 
infiltrating water will transport the radionuclides downward through the 
unsaturated zone in a manner that, for each principal radionuclide, can be 
represented by a uniform displacement of the upper and lower boundaries of a 
radionuclide-contaminated layer. This layer will initially coincide with the 
waste field. It is also assumed that the hydraulic conductivity of the region 
in the area below the waste field, from the ground surface to the water table, 
is high enough so that the average flow rate of water through the waste field 
is not limited by the hydraulic conductivity. The displacement rate of the 
boundaries of the contaminated layer (referred to as the "leachout rate") is 
given by 

U = I/neRd (3-15) 

where nQ is the effective porosity of the soil (the volume of water that will 
drain from a given volume of saturated soil, expressed as a fraction of the 
volume of saturated soil) and Rri Is the retardation factor. 
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The retardation factor may be estimated from the relation R. = 1 + p K./n d s a t 
where ps is the average bulk density of the soil <jnd K^ is the distribution 
coefficient (the ratio of the concentration of a radionuclide adsorbed on soil 
particles or in pores of an aquifer [by bulk dry weight of the adsorbate 
material] to the concentration of the percolating water in the saturated soil 
or aquifer [by volume of wat^r alone]). It should be noted that for typical 
parameter values-, the second term in the expression for R^ is much larger than 
the first, so that the relations Rd = PsK</ne U = I/PsKd are 9o o d approxi-
mations, and we may infer th^t the displacement rate U is nearly independent 
of the effective porosity n . The dependence of U on p is merely a matter of 
the manner in which the distribution coefficient is defined; swne authors 
prefer to define the distribution coefficient as the dimensionless quantity 

rati° 'the concentration of a radionuclide in the 
adsorbate by volume (rather than by weight) to the concentration in the water 
by volume (Robertson 1974^. The uncertainty in the value of K^ is greater 
than the differences in the densities of soils that are likely to be encoun-
tered. Thus, the only important hydrological parameters for estimating the 
migration rate of radionuclides through the unsaturated zone (under conditions 
for which Equation 3-15 is applicable) are the inflitration rate I and the 
distribution coefficient 

The model leads to the prediction that there will be no contamination of 
the groundwater for a delay time T^ = D/U, where D is the distance from the 
bottom of the waste field to the water table. Release of radioactivity into 
the groundwater will then occur for a time period Tr = Lz/U, the release time, 
where L is the thickness of the waste field. Taking into account radioactive 
decay during the time a radionuclide is migrating from the waste field to the 
water table, the radioactivity per unit area per unit time released into the 
aquifer directly below the waste field will be 

q = 0 

q = SUi>sexp(-\t) 
q = 0 

(3-16) 

r 

where S is the radioactivity concentration of a radionuclide (per unit mass) 
in the waste field and K = £n(2)/T, is the radioactive decay constant. The 
total release rate is Q = L Lq. y 



2-46 

Following release into the groundwater at the water table, the radio-
nuclides will be transported with the groundwater by unvection (movement with 
the groundwater along a flow line at the retarded velocity) and hydraulic 
dispersion (motion of the radionuclides relative to the convective motion). 
The time and space dependence of the concentrations of radionuclides in the 
groundwater may be calculated for a simple aquifer model by solving the mass 
transport equations (Robertson 1974; Yeh 1981). The aquifer model used is 
that of a stationary, homogeneous, and isotropic aquifer with an infinite 
lateral (y direction) and downward (z direction) extent through which the 
groundwater flows with a uniform velocity (x direction). 

It is assumed that the rate of exchange between radionuclide ions absorbed 
on solid surfaces (particles, pores, etc.) and radionuclide ions in solution 
in the groundwater is rapid enough for the dissolved radionuclides to come 
into equilibrium with radionuclides in the soil. With these simplifications, 
the mass transport equations that govern transport of the radionuclides in the 
groundwater can be written as: 

; | = V-a-VC - V-a C + q'6 - A'C (3-^7) u oi x 

where C(x,y,z,t) is the radionuclide concentration in the groundwater at the 
point x,y,z and time t; u, a, q' and are parameters discussed below; ax is 
a unit vector in the direction of groundwater flow; and 6 is a unit source 
distribution function [6(7.) = 0 if z * 0, J 6(z)dz = A(x,y)—where A(x,y) = 1 
within the waste field boundaries, 0 elsewhere].* 

The first term in Equation 3-17 is the time rate of change of the concen-
tration; the second term is the effect of hydraulic dispersion, which causes a 
radionuclide to migrate in different directions relative to its retarded 
convective movement with the groundwater; the third term is the effect of 

*In discussing the migration of radionuclides through the aquifer, the 
coordinates are chosen so that z = 0 is the water table (with z < 0 below 
the water table) and X is the direction of groundwater flow. Note that 
this convention for the origin of the z-axis is different than that used to 
describe the leaching of radionuclides from the contaminated soil. 
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convective transport by which the radionuclides move along a flow line with 
the groundwater at the retarded velocity; the fourth term is the source term; 
and the fifth term is a sink term, which gives the rate of removal by radio-
active decay. There is also a source term corresponding to the contribution 
from ingrowth of decay products by radioactive decay; this contribution is not 
included in this calculation but is treated separately. 

The parameter u is the retarded velocity of the radionuclides relative to 
the aquifer and appears only as a multiplying factor of the time. If it were 
changed without changing the other three parameters, the only effect would be 
to change the time scale; i.e., the radionuclide concentration at any given 
location in the aquifer would increase and decrease in the same manner and 
have the same maximum value, but the increase would be faster or slower and 
the maximum value would occur at a different time. It is related to the 
standard hydrological parameters by 

u = JKh/neRd (3-18) 

where J is the hydraulic gradient; Kh is the hydraulic conductivity; and ng 

and Rd are as defined earlier. Equation 3-18 may also be written as u -
v/neRd, where v = JKh is the velocity of the groundwater relative to the 
aquifer. 

The dispersivity a is a measure of the dispersive motion relative to the 
trajectory of a radionuclide moving at the retarded velocity u along an average 
flow line of the groundwater. It is actually a fourth rank tensor, but can be 
written as a second-rank tensor with two independent components, a longi-
tudinal component, <*xx - a^, and a transverse component that is equal to the 
vertical component, a ^ = (*zz = â . for an isotropic medium with uniform ground-
water flow in the x-direction (Bear 1972). The transverse component is more 
important than the longitudinal component. When a^ is very small, the radio-
nuclides are transported in a very narrow layer of the aquifer just below the 
water table. As the transverse dispersivity increases, the thickness of this 
layer increases, and, hence, the concentration within the layer decreases. 
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The effective release rate parameter q' is related to the activity 
release rate q defined earlier by 

q1 = q/JKh (3-19) 

One may infer from inspection of Equation 3-19 that the concentrations are 
directly proportional to the effective release rate; hence, in addition i'j a 
low release rate q, it is desirable to have a large groundwater velocity JK^. 
The effective release rate is time-dependent, q' = q'(t), and includes a 
factor that accounts for removal by radioactive decay while the radionuclide 
is migrating from the waste field to the water table (see Equation 3-16). The 
source strength may be expressed in terms of the dimensionless constant 

q{J = q'(Td)/Sps = (U/JKh)exp(~ATd) (3-20) 

which is the ratio of the retarded velocity, U, of the radionuclides migrating 
through the waste field and unsaturated zone during leaching to the velocity, 
v = JK^, of the groundwater through the - ..lifer, reduced by the loss by radio-
active decay during transit from the bottom of the waste field to the water 
table. This quantity is a measure of the concentration of a radionuclide 
released into the groundwater at the point of release. 

The effective decay parameter is given by A.1 = A./u, where A. is the radio-
active decay constant. The quantity 

X^ = jen(2)/\' = uTĵ  (3-21) 

is the distance a radionuclide will move through the aquifer before it decays to 
half the concentration at the starting point. One may infer from Equation 3-21 
that an increase in the groundwater velocity will decrease the effectiveness 
of removal by radioactive decay. This is an important consideration for 
radionuclides with half-lives that are short enough for decay during transit 
from source to well to be an important removal mechanism; it is not an important 
consideration for very long-lived radionuclides such as Th-230 and U-238. 
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The analytical solution of Equation 3-17 is a complex but straightforward 
task. A number of computer programs have been developed for managing the 
mathematical details and providing numerical results. A computer program 
developed at Oak Ridge National Laboratory (Yeh 1981) was used for this study. 

The radionuclide concentration in the groundwater will decrease with 
increasing distance below the water table. It is assumed that the water is 
withdrawn from the bottom of a well, and that water seeping into the well from 
different distances between the water table and the bottom of the well will 
become mixed before the water is withdrawn. It is also assumed, as an 
approximation, that drawdown can be neglected (i.e., the surface of the water 
table remains flat) and that the rate of groundwater flowing into the well is 
independent of the distance below the water table. Under these conditions, 
the radionuclide concentration in the well water will be given by 

0 
C(xw,yw,z,t)dz (3-22) 
D w 

where C(x,y,z,t) is the radionuclide concentration in the groundwater at the 
point x,y,z in the aquifer at time t; (xw,yw) is the location of the well; and 
D is the distance from the water table to the bottom of the well. The radio-w 
nuclide concentration used for calculating the intake of radionuclides from 
drinking water by the maximally exposed individual is CWJ||ax = C (t ), where 
Snax 1 S t h e t i m e f o l l o w i n 9 emplacement of the waste in which the radionuclide 
concentration in the well reaches a maximum. 

The two-dimensional model used for the calculations does not take into 
account dilution of the radionuclides by the infiltrating water in which they 
are dissolved. As a consequence, the calculated concentration, C(x,y,z,t), 
close to a point or area source will exhibit spuriously high values—in excess 
of the concentration in the infiltrating water. This spurious result could be 
eliminated by applying a correction that takes into account dilution by the 

Cw(t) = (1/DW)J 
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infiltrating water.* However, if this correction were applied without taking 
into account the increase in volume of the groundwater (by raising the water 
table by an amount that balances the increase in the water volume from infil-
trating water), the correction would not conserve the total rate at which 
radionuclides enter the groundwater, and a spurious reduction in the calcu-
lated well-water contamination would be obtained. Since it is only the rate 
of inflow of radionuclides into the well that matters, a correction for the 
infiltrating water is needed only if the fraction of the water in the well 
that comes from infiltration through the waste field rather than from the 
flowing groundwater is large (10% or more). This fraction will be large only 
if the hydraulic conductivity is extremely small—too small to provide suffi-
cient flow for a well that could provide the flow needed to supply a household. 
Radionuclide concentrations that are spuriously high (i.e., higher than the 
concentration in the infiltrating water) can occur close to the water table 
for low hydraulic conductivities and dispersivities. These spurious values, 
which are artifacts of the simplifications used to obtain solutions of Equa-
tion 3-17 in analytic form, have a negligible effect on the calculated well-
water concentrations used to predict the maximum E/S factors for the drinking 
water pathway. This matter will be discussed in more detail later. 

As noted earlier, the model does not take into account ingrowth of radio-
nuclides during hydrological transport of the radionuclides from the waste 
field to the well. This contribution is unimportant for Th-230 because the 
U-238 (and U-234) will be dispersed to concentrations that are negligible 

*The correction could be introduced as follows. Consider a small aquifer 
volume containing a volume 6v of water into which a quantity 6q of a radio-
nuclide is released in a time interval that is short compared to the time 
for the flowing groundwater to traverse the volume. The radionuclide concen-
tration in the groundwater resulting from release of the radionuclide alone 
will be C = 6q/6v. If the radionuclide is released in the form of a solution 
of concentration CQ, it will be accompanied by a volume 6v' = 6q/CQ of water. 
The concentration in the aquifer will then be C1 = 6q/(6v + 6v') = 
C0C/(C0 + C) < c 0 . 
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compared to the initial concentration before any appreciable ingrowth of 
Th-230 can occur. It is also unimportant for Ra-226 because the migration 
rate of Th-230 is so slow that the Th-230 will be removed by erosion before it 
reaches the water table. The Ra-226 from ingrowth of Th-230 in the waste 
field prior to dispersal by erosion will continue to contaminate the well 
water after the initial inventory of Ra-226 has been dispersed in the aquifer, 
but the concentration will be less than that from the initial Ra-226 inventory. 
The ingrowth of all Ra-226 decay products is so rapid compared to the transit 
times that it may reasonably be assumed that they remain in secular equili-
brium with Ra-226 and are not, therefore, calculated separately. 

If the surface erosion rate V is less than the leachout rate U, then the 
source term given by Equation 3-16 is applicable. If U < V < (1 + Lz/D)U, 
then only part of the radionuclide inventory in the waste field will be removed 
by erosion before it reaches the groundwater; for this case, the release time 
Tr in Equation 3-16 must be multiplied by the factor [1 - (D/Lz)(V/U - 1)]. 
If V > (1 + LZ/D)U, then the entire inventory of the radionuclide will be 
removed by erosion, and no contamination of the groundwater will occur. For 
the generic erosion and hydrological parameters used for the ion-exchange 
model in this study, all of the Th-230 will be removed from the waste field by 
erosion alone in about 30,000 years, whereas the U-238 and Ra-226 will be 
removed by leaching alone in less than 10,000 years. 

The aquifer structure at an actual site will, of course, be much more 
complicated than the simple structure assumed for the generic model described 
above. There will be different hydrological strata with three-dimensional, 
inhomogeneous structures, and there will be dispersion (even within homo-
geneous regions) of the ion-exchange rates, which leads to dispersion of the 
distribution coefficients. Mechanisms other than ion exchange between water 
and adsorbing surfaces may be important for both release and transport of 
radionuclides. The migrating regions of radioactive contamination in the 
unsaturated zone will, therefore, assume various shapes and will not have 
sharp boundaries, and the migration through the aquifer to the well will be 
more complicated than described. A more sophisticated model that took these 
complications into account would require site-specific data on the hydrological 
structure and properties. In the absence of such data, it would not lead to 
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more accurate generic estimates. The simple model described above provides 
generic estimates of the contamination of drinking water that can be expected 
to occur when the ion-exchange model is valid for leaching, and also provides 
insight into the relation between the well-water contamination and the hydro-
logical parameters. 

Analysis of the migration of radionuclides after they reach the water 
table is equally applicable for the ion-exchange or diffusion models of leach-
ing. Different source terms would be needed if the diffusion model were used. 
Reductions in the source terms that would result from using the diffusion 
model rather than the ion-exchange model may be inferred from the ratios in 
Table 3.9. 

Limiting Case of Very Small Hydraulic Conductivity and Dispersivity 

The average radionuclide concentrations in the well water can be calcu-
lated exactly for the simplified model described above in the limiting case 
that K^ -» 0 and a •*• 0. This limiting case leads to the maximum well-water 
contamination. It will not, in fact, occur because a well cannot be used if 
the aquifer conductivity is less than some value for which the rate at which 
water can be pumped from it becomes too low to provide for the water needs for 
a family farm. It is, nevertheless, instructive to consider this limiting 
case because it provides an upper bound for the model predictions of the 
radionuclide concentrations in the well water and also a means for determining 
the conditions under which the approximations introduced in order to obtain an 
analytic solution of Equation 3-17 break down. 

In discussing the limiting case, it is assumed that the release rate 
given by Equation 3-16 remains the sane (i.e., the hydraulic conductivity in 
the unsaturated zone remains finite and large enough to allow an infiltration 
rate of I m/yr, where the generic value I - 0.1 m/yr is used for this study). 
The effect of radioactive decay is not taken into account. 

According to the model used (and the approximation of neglecting the 
volume of the infiltrating water), when Kh = 0 and a = 0, all of the radio-
nuclides in the waste field will be deposited within an infinitely thin layer 
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at the top of the water table directly below the waste field and remain there. 
The area concentration of this contamination will be L Sp . If the hydraulic 
conductivity is very small but not zero, this layer of contamination will 
migrate in the direction of groundwater flow at a velocity u, where u is given 
by Equation 3-18. Thus, the model predicts that a'ter a very short time, the 
average concentration of the radionuclide in the well water will be C _ = wmax 
L z S P S

/ D W 

This predicted limiting value is spurious if C. > C = S/K. because C wmax o d o 
is the maximum concentration of the radionuclide in the infiltrating water, 
and the concentration in the aquifer can never exceed the concentration in the 
infiltrating water. This spurious solution can occur because the model does 
not take into account the volume of infiltrating water that accompanies the 
radionuclides. If this correction were applied, then (ignoring horizontal 
flow for the moment) the source term would be a layer of water extending a 
distance IT = L n R . above the water table. The concentration of the radio-r z e d 
nuclide in this layer would be L Sp /L n R. = S/K.. z rs z e a a 

One may infer, from the preceding discussion, that the error introduced 
by using the rate of release of the radionuclides as the source term without 
taking into account the volume of infiltrating water in which they are dissolved 
will not be a serious error as long as C,, « C . 3 w o 

In the near-limiting case, i.e., K. is very small but not zero, the 
contamination in a well at the boundary of the waste field will rise to a 
maximum in a short time, remain at approximately the same level for t^/u = 
L^gR^/JK^ years, and then drop rapidly. Thus, the concentration plotted as a 
function of time will exhibit an extended plateau rather than a well-defined 
maximum. The duration of the plateau or near-plateau will decrease as the 
conductivity decreases. 

The limiting case also enables one to see rather clearly the dependence 
of the well-water contamination on the hydraulic conductivity of the aquifer. 
In a time fit, the total quantity of radionuclides released into the aquifer 
will be qL L 6t. If the vertical dispersivity is small enough so that the x y 
radionuclides are not dispersed to a depth greater than D at the well location, 
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then this quantity of radionuclides will be dissolved in a volume of flowing 
groundwater equal to JK^LyD^t. The resulting concentration of radionuclides 
in the groundwater will be qLx/JKhDw. It is clear from this expression that 
the concentrations of radionuclides in the water will vary inversely with the 
hydraulic conductivity of the aquifer. It also reveals the dependence on the 
linear extent of the waste field in the direction of groundwater flow and on 
the well depth (for small vertical dispersivities). The simple expression is, 
of course, valid only when qL /JK.D. « C . x h w o 

Generic Hydrological Parameter Values 

Hydrological parameter values at different FUSRAP sites can vary widely; 
some by several orders of magnitude. A thorough and systematic approach to 
the problem of selecting appropriate generic values and assessing the uncer-
tainties associated with use of generic rather than site-specific values would 
require the assignment of an appropriate distribution of values to each hydro-
logical parameter. Calculations of the well-water contamination for a sampling 
of the different parameter-value combinations that might occur would then be 
needed. These calculations would generate a distribution of radionuclide 
concentrations in the well water. The resulting distribution of water-
concentration/waste-concentration (C/S) ratios would provide a basis for 
selecting an appropriate generic value of the C/S ratio to use for calculating 
a generic value of the E/S factor for the water pathway. This systematic 
approach is beyond the scope of the current study. The simpler alternative 
approach of selecting generic values for the individual parameters and calcu-
lating the radionuclide concentrations for this selected set will, therefore, 
be used. The generic parameter values that were used, and the basis for 
selecting them, are discussed below. 

The parameters used for estimating the rate of water infiltration are 
chosen to be representative of values that might occur in the northeastern 
United States, especially in western New York or in New Jersey where a number 
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of FUSRAP sites are located.* The annual precipitation is assumed to be 
Pr = 1.0 m/yr (Geraghty et al. 1973—Plate 2); the average evapotranspiration 
rate is assumed to be Et = 0.65 m/yr (Geraghty et al. 1973—Plate 13); and the 
average runoff coefficient is assumed to be Cr = 0.25 (Chow 1968).** 

The approximate ranges of effective porosity are 0.02 to 0.4 and of bulk 
soil density are 1200 to 2200 kg/m3 (see Tables 3.10 and 3.11). The generic 
values chosen are n =0.1 and p = 1700 kg/m3. For reasons discussed e s 
previously, the well-water contamination is not sensitive to site-specific 
deviations from these values. 

Generic data for the waste field dimensions L , L , and L , and the x y z 
distance 0 to the water table, are based on the values used to define a model 
FUSRAP site (Table 2.2). The hydraulic gradient is chosen to be J = 0.05. 
This is probably a conservative value because FUSRAP sites are mostly industrial 
sites for which the ground slopes are usually small. The choice of J is not 
critical because it occurs only in the product JK^ and the range of values 
considered typical for J (0.01 to 0.10) is much smaller than the range of 
values considered typical for K^ (10-5 to 1 m/h). Any change in the choice of 
J would have a minor effect on the product in comparison to changes in the 
choice of Kh. 

*The average values of C , P and E+ for the northeastern United States are r r I 
used in Equation 3.15 for estimating I. This is a reasonable approximation 
for humid regions; it would give misleading values for arid regions because 
the average evapotranspiration exceeds the average precipitation. For arid 
regions one should use actual daily values of Cr, Pr and E^ to calculate I, 
and then use only the positive daily values of I for calculating the annual 
average. 

**The value Cr = 0.25 corresponds to an average for pasture with heavy soil or 
the upper limit of the range of woodlands or pasture with heavy soil. The 
choice C„ = 0.15 would be more conservative. This would give I = 0.2 m/yr. r s 
Since I occurs as an overall multiplying factor, the E/S factors for the 
water pathway for this choice may be obtained by multiplying the generic 
E/S factors calculated herein by a factor of 2. 



Table 3.10. Some Hydrological Parameters 

Soil 
Type 

Hydraulic 
Conductivity 
Kh (ft/cOt1 

Total 
Porosity 
n (*) 

Effective 
Porosity 
ne (%) 

Average 
Bulk Density 
Ps (gm/cm3)t2 

Groundwater Velocity v (ft/d)tx 

Gradient = 0.05 Gradient = 0.0001 

Clay 1.34 x io-3 55.5 2.8 2.4 X 10-3 4.8 X 10-6 
1.30 x 10-5 53.0 5.0 1.82 1.3 X 10-5 2.6 ,< 10-8 
1.34 x io-6 52.0 11.0 6.1 X 10-7 2.1 X 10-9 

Silt 1.34 x 10° 52.0 11.0 6.1 X 10-1 1.2 X 10-3 
1.30 x 10-2 48.0 15.0 1.73 4.3 X 10-3 8.6 X 10-6 
1.34 x 10-3 46.0 28.0 2.4 X 10-4 4.8 X io-7 

Sand 2000 46.0 28.0 3.6 X 102 7.1 X 10-1 
100 42.0 30.0 1.77 1.7 X 101 3.3 X 10-2 
1 38.0 38.0 1.3 X 10-1 2.6 X 10-6 

Loess 5.<8 x 10-2 45.1 16.7 1 c 1.64 X 10-2 3.28 X 10-5 
4.93 x 10-3 44.2 24.6 1. 0 1.00 X 10-3 2.00 X 10-6 

Till 7.94 x 10-3 52.9 2.2 1 c 1.81 X 10-2 3.61 X 10-s 
7.67 x 10-4 37.2 5.4 1. D 7.10 X 10-4 1.42 X 10-6 

t1 Multiply by 1.27 x io-2 to convert to m/h. 
t 2 Multiply by 1000 to convert to kg/m3. 
Source: Staley et al. (1979). 
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Table 3.11. Typical Values of Effective Porosity, Hydraulic 
Conductivity, Dispersivity, and Bulk Density 

Sand Silt Clay 

Effective porosity, ng 0.1 - 0.3 0.05 - 0.1 0.03 - 0.05 
Hydraulic conductivity, 
Kh (cm/sn1 10-2 - 10 10-4 - 10-3 10-6 - 10-5 

Longitudinal 
dispersivity, axx(m) 10 - 100 1 - 10 0.1 - 1.0 

Transverse 
dispersivity, ayy(m) 1 - 10 0.1 - 1.0 0.01 - 0.1 

Vertical 
dispersivity, o«22(m) 1 - 10 0.1 - 1.0 0.01 - 0.1 

Bulk density, p 
(g/cm3)t2 s 1.18 - 1.58 1.29 - 1.8 1.4 - 2.2 

t1 Multiply by 36 to convert to m/h. 
t2 Multiply by 1000 to convert to kg/m3. 
Source: Yeh (1981). 

The choice of a value for S, the concentration of a radionuclide in the 
waste, is immaterial because all final results are expressed in terms of con-
centration ratics (C/S) or exposure ratios (E/S), and the water pathway pro-
cesses (for the models used) are all linear for the ranges of radionuclide 
concentrations of interest.. For convenience, the value S = 1 pCi/g is used 
wherever S appears in the equations because the concentrations of the radio-
nuclides in the waste are expressed in terms of pCi/g. 

The three critical hydrogeological parameters are the distribution coef-
ficient (Kd), the hydraulic conductivity (K^), and the dispersivity (a). 

A list of distribution coefficients for the radionuclides of interest for 
FUSRAP, compiled from several sources, is given in Table 3.12. The ratios of 
the largest to smallest of the reported values used in compiling Table 3.9, 
for a pH range of 4 to 9, are 2100, 260, 200, and 2200 for uranium, thorium, 
radium, and lead, respectively. The geometric standard deviations are 3.7, 
4.5, and 5.5 for uranium, thorium, and lead, respectively, from the data used 
by Baes and Sharp (1983) and 6.8 for radium. Generic ranges and mean values 
for K., based on these data, are given in Table 3.13. 
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Table 3.12. Groundwater Distribution Coefficients 
for Several Radionuclides' 1̂ 

Element pH Kd i « * / g ) Source 

Uranium 2 
8 

10 
13 

0 
100 
600 

SO 

Rancon (1973) 

2.2 
7.7 

1.3 
23,000 

Gee et i i . (1980) 

4-9 45t2 Baes and Sharp (1983) 

Thorium 2 
5 
7 

13 

500 
3,000 

50,OCA 
50 

Rancon (1973) 

2.2 
7.7 

1.2 
80,000 

Gee et al. (1980) 

4-9 60,000t3 Bat and Sharp (1983) 

Radium 2 
4 
6 
7 

0 
12 
60 

100 

U.S. Nuc). Reg. Comm. 
(1980) 

2.2 
7.7 

13 
2400 

Gee et al. (1980) 

Lead 2.2 
7.7 

1850 
10,000 

Gee et al. (1980) 

4-9 99t4 Baes and Sharp (1983) 

Stronti urn 2 
3 
7 

10 

O.l 
6 
500 
170 

Staley et al. (1979) 

4-9 27ts Baes and Sharp (1983) 

Cesium 3 
5 
8 

10 

45 
150 
950 
650 

Staley et al. (1979) 

4-9 l.lOOt6 Baes and Sharp (1983) 

Plutonium 2 
5 
7 

11 

ISO 
250 

8,500 
1,000 

Staley et al. (1979) 

/ 

4-9 l ,800t7 Baes and Sharp (1983) 

Deuterium al l 0 

t 1 The values listed exemplify the range of values that may occur; 
individual values depend on the aquifer Material as well as the pH. 

t 2 Geometric mean (GM) of values ranging fro* 11 to 4400 with a geo-
metric standard deviation (GSD) of 3.7. 

t 3 GM of values ranging from 2000 to 510,000 with a GSD of 4.5. 
. t 4 GM of values ranging from 4.5 to 7600 with a GSD of 5.5. 

t 6 GM of values ranging from 0.15 to 3300 with a GSD of 7.4. 
t 6 GM of values ranging from 10 to 52,000 with a GSD of 6.7. 
t 7 GM of values ranging from 11 to 300,000 with a GS0 of 10. 
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Table 3.13. Range and Mean of the Distribution 
Coefficients for the Principal Radionuclides 

of the U-238 Decay Seriest1 

Element Kd in m3/kg (range and meant2) 

Urani um 0.01 (0.05) 0.2 
Thorium 10 (60) 300 
Radi um 0.02 (0.1) 0.8 
Lead 0.02 (0.1) 0.5 

txIf <x> = (x^.. .xfi)1^n is the geometric mean of 
a set of measured values that exhibit variations 
due to unknown or uncontrollable random effects, 
the appropriate generic range is defined by 
<x>/r < x < r<x>, where r = exp(o) is the geo-
metric standard deviation, which is defined in 
terms of cf the standard deviation of the 
logarithm of x. 

f2The first and last numbers a»*e range limits; the 
number in parentheses is the ̂ ean. All numbers 
have been rounded to a single significant digit. 

Values of K^ for specific sites will vary depending on the soil proper-
ties, chemical content, and E^ and pH of the water. Also, the relation 
between and Rfl may become nonlinear and dependent on radionuclide concen-
tration and water flow rate if chemical reactions occur between ions and 
adsorbing substrate. The distribution coefficient will increase with 
increasing cation exchange capacity (the number of exchangeable cations that 
can be adsorbed by a unit mass of soil). Reported cation exchange capacities 
vary from 2 to 3.5 milliequivalents/100 grams in sand to 4 to 57.5 milliequiv-
alents/100 grams in clay and clay luam (Brady 1974). Staley ct- al. (1979) 
have suggested, on the basis of laboratory studies relating K^ to particle 
size (Sandia Labs. 1975), that the distribution coefficients for silt, clay, 
loess, and till should be larger than for medium sand by a factor of 10. 
Studies providing empirical relations and data that could be used to take 
other factors affecting the distribution coefficient into account and relate 
the distribution coefficient to soil type are lacking. Therefore, the mean 
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values identified above were used for all soil types. The uncertainty intro-
duced by this simplification must be kept in mind when making u?e of the 
generic estimates. 

It is worth noting that under some conditions, the Kd values can be dif-
ferent for different isotopes of the same element. It has been observed that 
in some aquifers the concentration of U-234 in the groundwater is greater than 
the concentration of U-238 by a factor of about 34 (Lucas 1982). Since all of 
the U-234 comes from decay of U-238, so that the concentration of U-234 cannot 
exceed the concentration of U-238 if the two remain together in secular equilib 
rium, one may infer that the ion-exchange rates for U-238 and U-234 are dif-
ferent. This can be explained by the different ion-exchange processes that 
can occur during the decay of U-238 through Th-234 and Pa-234m to U-234. Dis-
solution of the chemically different species Th-234 or Pa-234m (more likely 
the latter because thorium has a very high Kd value) could occur, followed by 
decay to U-234 in a different oxidation state than the parent U-238, so that 
the concentration of the U-234 in solution could remain higher than the con-
centration of U-238. 

The hydraulic conductivity of typical soil materials can range from about 
10-7 m/h to about 102 m/h (Tables 3.10 and 3.11). The radionuclide concentra-
tion in the well water will increase with decreasing hydraulic conductivity 
because the resulting decrease in groundwater flow will decrease the dilution 
of the radionuclides released into the groundwater. The inequality K^ > I 
must, however, be satisfied; otherwise the groundwater flow rate will be less 
than the infiltration rate, and the aquifer will not have the capacity to 
accept the infiltrating water. The excess water will either become surface 
runoff or, if there were a stratum with higher hydraulic conductivity above 
the aquifer for which K^ > I, the level of the water table will be in the 
stratum of higher conductivity. An infiltration rate of 0.1 m/yr corresponds 
to a limiting hydraulic conductivity of 10-5 m/h. The average groundwater 
flow rate for the unconfined aquifer that receives the infiltrating contami-
nated water will, in general, be considerably higher than the average infil-
tration rate. It may reasonably be assumed that the hydraulic conductivity of 
the aquifer will be at least 10-2 m/h. The basis for this assumption is 
discussed later. 
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The transverse dispersivity can be expected to range from about 10-2 m to 
about 10 m; the longitudinal dispersivity will be about 10 times as large (see 
Table 3.11). The dispersivity will decrease with decreasing hydraulic con-
ductivity, but the relation is not unique because the dispersivity is a func-
tion of other quantities (Bear 1972). Apart fror.i the dependence on these 
other quantities.,, a decrease in hydraulic conductivity by a factor of 10-6 
will, very approximately, be accompanied by a decrease in dispersivity by a 
factor of about 10-3 (Yeh 1981—Table 3.11). 

The radionuclide concentrations in the well water have been calculated 
for a range of hydraulic conductivities varying from 10-5 to 10 m/h and a 
corresponding range of transverse dispersivities ranging from 0.003 to 10 m in 
order to demonstrate the dependence of the well contamination on these para-
meters. The generic values K^ = 0.01 m/h, a^ = 3 m, and oty = 0.3 m were 
chosen for calculating the E/S factors used in the pathways analysis. 

The generic values used for the hydrological parameters are. summarized in 
Table 3.14. 

Radionuclide Concentrations in Drinking Water 

Model Site. The maximum radionuclide concentrations in the well for 
different hydraulic conductivities, ranging from Kh = 1 m/h (sandy soil) to 
10-5 m/h (clay-like soil) are tabulated for U-238 and Ra-226 in Table 3.15. 
Concentrations were calculated for three representative values of the disper-
sivity for each value of the hydraulic conductivity. The other hydrological 
parameters are as given in Table 3.14. The times after waste emplacement at 
which the well-water contamination reaches a maximum are also listed. These 
times include a delay time during which the radionuclides are migrating from 
the bottom of the waste field to the water table. The delay times are Td = 
2500 yr for uranium and T^ = 5000 yr for radium. The delay time for thorium 
would be about 3,000,000 years. This Is much longer than the time, approxi-
mately 30,000 years, during which the migrating thorium would be removed and 
dispersed by erosion; hence, one m^y Infer that Th-230 will never reach the 
water table. Entries for Th-230 have not, therefore, been included Jn 
Table 3.15. 
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Table 3.14. Generic Hydrological Parameters for a 
Model FUSRAP Site 

Parameter Value Source 

Annual precipitation Pr = 1.0 m/yr Geraghty et al . (1973) 

Surface runoff coefficient Cr = 0.25 Chow (1968) 

Evapotranspiration rate Et = 0.65 m/yr Geraghty et al . (1973) 

Effective porosity n = 0.1 e Staley et al. 
Yeh (1981) 

(1979); 

Bulk density of soil ps = 1700 kg/m3 Staley et al. 
Yeh (1981) 

(1979); 

Distribution coefficients K.(U) =0.05 m3/kg 
Kj(Th) = 60 m3/kg 
Kj(Ra) =0.1 m3/kg 

See text 

Radioactive decay constants X(U-238) = 1.54x10-10/yr 
X(Th-230) = 9.00xl0-6/yr 
X(Ra-226) = 4.33xl0-4/yr 

Walker et al. (1977) 

Hydraulic gradient 0 = 0.05 See Table 2.2 

Hydraulic conductivity Kh = 0.01 m/h See text 

Longitudinal dispersivity a^ = 3 m See text 

Transverse dispersivity aT = 0.3 m See text 

Waste field dimensions L = 140 m 
L = 140 m 
L' = 1.5 in 

See Table 2.2 

Distance from lower 
boundary of waste field 
to water table D = 3 m See Table 2.2 

Distance from water table 
to bottom of well D = 10 m w See Table 2.2 
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Table 3.15. Radionuclide Concentrations in a Well Adjacent to a Model 
FUSRAP Site for Different Values of the Hydrological Conductivity 

(K. ) and the Dispersivities (aT and a. )t* 

U-238t® Ra-226t3 

Kh V 2 C w < W / S t max C (t )/S w^ max' ^max 
(m/h) (m) (pCi/L)/(pCi/g) (yr) (pCi/L)/(pCi/g) (yr) 

1 10 0 .9 x 10-2 3020 0.5 x i o - 3 5180 
3 2 .2 x 10-2 2660 1 . 1 x i o - 3 5120 
1 3 .8 x 10-2 2620 2 . 1 x 10-3 5100 

10- 1 3 0.23 3720 0 .8 x lO-2 5680 
1 0 .39 3340 1.5 x lO-2 5640 
0.3 0.56 3000 2 .3 x lO- 2 5600 

10- 2 1 2 .3 4360 3.9 x lO- 2 7050 
0.3 3 .0 4280 5.3 x lO- 2 7200 
0 . 1 3.4 4100 6 . 1 x 10-* 7150 

10- 3 0 .3 3 .9 >10000t4 5.3 x 10-2 7250 
0 . 1 4 .9 8600 7.7 x lO-2 7000 
0.03 7 .2 5400 0.13 6450 

10-4 0 . 1 11 >10000t4 0.16 6150 
0.03 21 >10000t4 0.32 6400 
0 .01 37 8400 0.62 6450 

10- 5 0.03 63 >10000t4 0.85 6250 
0 .01 115 >10000t4 1.6 6300 
0.003 210 >10000t4 3 .2 6400 

t1 Values used for other hydrological parameters are given in Table 3.14. 
t2 The vartical and transverse dispersivities are assumed to be equal: 

a = azz = ctj. The longitudinal dispersivity (a^) is chosen to be 
ten times the transverse dispersivity: <*xx = a^ = lOotj. 

t 3 C (t ) is the concentration of a radionuclide in the well water w max 
(in pCi/L) at the time t „ after emplacement of the waste. Sis the max 
initial concentration of the radionuclide in the waste in pCi/g. 
There will be no well-water contamination from Th-230 because it is 
removed by erosion before it can reach the groundwater, t includes max 
the delay time, T^, for the radionuclides to migrate from the lower 
boundary of the waste field to the water table. The delay times are 
Td = 2500 yr and 5000 yr for U-238 and Ra-226, respectively. 

t4 A time period of 10,000 years was used for this analysis. The maximum con-
centrations in the well water for these conditions occur after 10,000 years. 
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The retarded velocitios of the radionuclides in the aquifer are u = 
6 x 10-4, 5 x 10-7, and 3 x 10-4 m/h for uranium, thorium, and radium, 
respectively, for Kh = 1 m/h and the other hydrological parameters as given in 
Table 3.14. These values decrease proportionately as Kh decreases. The 
effective source strengths defined by Equation 3-20 are = 0.02, 4 x 10-17 
(neglecting erosion), and 0.001 for uranium, thorium, and radium, respectively, 
for K^ = 1. These values are prcnortional to 1/Kh and will, therefore, 
increase by a factor of 10s when K^ is decreased to 10-5 m/h. The half-decay 
distances defined by Equation 3-21 are X^ = 2 x 1010, 30, and 4000 m for 
uranium, thorium, and radium, respectively. These distances will decrease 
proportionately as K^ decreases; for K^ = 10-5 m/h, the corresponding values 
are 2 x 10s, 3 x io-4, and 0.04 m. (The preceding values have all been rounded 
tc a single significant digit.) 

The vertical concentration profile in the aquifer at the well location at 
the time of maximum concentration is given in Table 3.16 for Ra-226 for several 
selected values of the hydraulic conductivity and dispersivity. The profiles 
for U-238 are essentially the same; the differences between U-238 and Ra-226 
are in the times and magnitudes of the maximum concentrations. 

The trends discussed earlier are clear from inspection of the results for 
U-238 in Table 3.15. One trend is the increase in radionuclide concentrations 
with decreasing conductivity. The tabulated values for U-238 are spurious for 
K^ < 10-3 because they exceed the concentration CQ = 20 pCi/L in the infil-
trating water. However, this does not affect the estimates of the E/S factors 
given in this report because these are based on the generic value Kh = 10-2 m/h 
for which C (t ) is well below C . For K. = 10-5 m/h, the concentration w max o h 
predicted by the model is close to the limiting value = L,Sp,/D^ = WlTlaX 2. 5 w 
255 pCi/L for the undiluted source. An approximate dilution correction can be 
obtained by replacing Cw by C0CW/(C0

 + Cw). (The derivation of this result is 
the same as given earlier for making local corrections to the concentration.) 

The duration of the "plateau", which is given by Tp = ^ P ^ t / J ^ when the 
dispersivity is small, varies from about 270 years (Kh = 1 m/h) to 2.7 x 10® yr 
(K^ = J.0-6 m/h) for uranium. The time to reach this plateau increases as the 
conductivity and dispersivity decrease. The time to reach the maximum 



Table 3.16. Radium Concentration Profiles in the Aquifer at the Well Site for Several Values 
of the Hydraulic Conductivity and Dispersivityt1 

(M/h) 
V 2 

c < z ' W / c < ° . W > t 2 

10 

1 10 1.00 1.00 
3 1.00 0.99 
1 1.00 0.99 

10-i 3 1.00 0.99 
1 1.00 0.96 
0.3 1.00 0.92 

10-2 1 1.00 0.92 
0.3 1.00 0.85 
0.1 1.00 0.72 

10-3 0.3 1.00 0.52 
0.1 1.00 0.25 
0.03 1.00 0.02 

10-4 0.1 1.00 1 x 10-® 
0.3 1.00 2 x 10-12 
0.01 1.00 -

10-B 0.03 1.00 -

0.01 1.00 -
0.003 1.00 -

0.99 0.98 0.97 
0.98 0.96 0.93 
0.94 0.69 0.83 

0.95 0.92 0.88 
0.90 0.85 0.79 
0.80 0.69 0.59 

0.83 0.74 0.65 
0.69 0.54 0.41 
0.46 0.27 0.15 

0.21 0.07 0.02 
0.03 0.001 3 * 10-5 
8 x 10-6 5 x 10-11 -

0.96 0.94 0.92 
0.90 0.87 0.83 
0.77 0.71 0.66 

0.85 0.81 0.78 
0.73 0.67 0.62 
0.50 0.42 0.35 

0.57 0.49 0.42 
0.31 0.23 0.16 
008 0.04 0.02 

0.004 0.0005 6 x 10-5 
3 x 10-7 8 x iO-10 

-

0.90 0.88 0.86 
0.80 0.77 0.73 
0.61 0.56 0.51 

0.74 0.71 0.68 
0.57 0.52 0.47 
0.29 0.23 0.19 

0.36 0.31 0.26 
0.11 0.08 0.05 
0.007 0.003 0.001 

6 x 10-6 4 x 10-7 2 x 10-8 

t 1 A blank entry ( - ) in the table indicates a calculated concentration ratio smaller than lO-1 0. 
t 2 Column headings are the distance,| z |, below this water table. 
t 3 The vertical and transverse d1spersiv1t1es are assumed to be equal: a = a = a, . The longitudinal dispersivity (a . ) is 

chosen to be ten tines the transverse dispersivity: a = a, = 10aT. y y 
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decreases with decreasing dispersivity (see Table 3.15). The true maximum for 
U-238 is too ill-defined to calculate; hence, the tabulated values of t_„„ for max 
U-238 have been cho;en to be the times at which the average concentration in 
the well, C^(t), first reaches a value within about 0.01% of the plateau 
maximum (i.e., a constant value to four significant digits). The concen-
tration rises to a significant fraction of the maximum in a much shorter time. 
The times followinq initial release into the water table for the average 
uranium concentration in the well to reach 50% of the maximum value are about 
20, 120, and 660 years for «h = 1, 0.1, and 0.01 m/h, respectively, for the 
intermediate dispersivity values in Table 3.15. For Kh = 10-3, 10-4, and 
10-s, the values stabilize at 800 years. These times do not include the delay 
time Td; in order to obtain the time following waste emplacement for the 
contamination ta reach 50% of the maximum values, one must add T^ = 2500 years 
to the preceding values. 

The dependence of the well-water contamination on aquifer conductivity 
and dispersivity follows the same pattern for Ra-226; however, the concentra-
tions are smaller (and remain well bc'ow the limiting value CQ = 10 pCi/L for 
Ra-226) because the half-life of Ra-226 is short enough to have a significant 
effect. The maxima are more clearly defined. The times to reach 50% of the 
maximum valurs are still a few hundred years or less after the radionuclides 
in the infiltrating water first reach the water table. 

Within the large uncertainties in the estimates, the delay times provide 
the most appropriate measure of the time for the health risks from drinking 
water from a nearsite well to become significant (if the maximum contamination 
is high enough to warrant concern). 

The flow capacity of a well decreases with decreasing conductivity. For 
very small conductivities, the flow capacity would be too low to provide for 
the intended use. It is assumed that a conductivity of K^ = 10-2 m/h is the 
smallest conductivity for which the aquifer bel?</ the waste field would be 
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suitable for a well.* This is the value that has been chosen as the generic 
value for estimating exposure by the water pathway. A generic value ay = 
0.3 m has been chosen for the transverse dispersivity. The radionuclide 
concentrations in the well water that correspond to these generic values are 
C / S =3.0 and 0.053 (pCi/L)/(pCi/g) for U-238 and Ra-226, respectively. If 

I R d X 

a correction for dilution by the infiltrating water is applied to the value 
for U-238, the concentration is reduced from 3.0 (pCi/L)/(pCi/g) to 2.6 (pCi/L)/ 
(pCi/g). The latter value is used for calculating the generic E/S factor. 

Global Site. As discussed earlier, a global site is a hypothetical 
FUSRAP site intended for use in validating the predictions for a model site by 
means of comparisons with natural analogue estimates. It differs from a model 
site only in the size of the waste field. For a global site, the waste field 
will be infinite and co-extensive with the aquifer; hence, in the ion-exchange 
model, there will be an equilibrium distribution between the radionuclides in 
the groundwater and the radionuclides absorbed on solid surfaces within the 
aquifer. This distribution is given by C/S = 1/K^, where K^ is the distribu-
tion coefficient defined earlier. Using the mean distribution coefficients 
from Table 3.13, one may infer that the global C/S ratios for uranium, thorium, 
radium, and lead are 20, 0.017, 10, and 10, respectively, for the ion-exchange 
model. 

These values could be compared with values estimated from measurements of 
naturally occurring radionuclides in well water and the aquifers supplying 
these wells i_f ion exchange were the ccntrolling release mechanism for naturally 
occurring radionuclides. There are, however, reasons for asserting that this 
is unlikely. 

*Estimates of the sustainable flow rates for a family well, assuming a draw-
down of 10 m, suggest that water flow from a well 1n the contaminated uncon-
fined aquifer would not be sufficient to provide for the minimum needs of a 
family of four if the hydraulic conductivity of the aquifer were less than 
about 10-3 m/h. For this conductivity and a hydraulic gradient of J = 0.05, 
the groundwater flow rate would be 0.5 m/yr. It is assumed that a conductivity 
of 10-2 m/h (for which the groundwater flow rate would be 5 a/yr) would be 
needed for a well with adequate capacity for farm use. 
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The C/S ratios given above are based on the ion-exchange model, which is 
valid only if the radionuclides are present as adsorbed layers on solid sur-
faces. Naturally occurring radionuclides will be present mostly as ions 
distributed throughout soil grains. Those that were present as adsorbed 
layers would have been long since removed by leaching. Furthermore, naturally 
occurring radionuclides are often present in granitic grains, which are more 
resistant to dissolution than the aggregate particles in ore materials. 

Source-to-Exposure (E/S) Conversion Factors 

The annual consumption of drinking water is used to convert from the 
radionuclide concentration in the drinking water (C) to the annual intake of 
radionuclides (E). The NRC-recommended values are 370 L/yr for the average 
individual and 730 L/yr for the maximally exposed individual (U.S. Nucl. Reg. 
Comm. 1977b). The latter value, together with the maximum C/S ratios from 
Table 3.12, are used to obtain E/S factors for a model site, which are tabu-
lated in Table 3.17 together with the time after waste emplacement that expo-
sure can first occur (due to the delay time for radionuclides to migrate from 
the waste field to the water table) and the time at which the contamination 
reaches its maximum value. 

The E/S factor for Pb-210 is assumed to be the same as for Ra-226 because 
the Pb-210 will come from ingrowth from Ra-226 and both have approximately the 
same average distribution coefficients (see Table 3.13). 

The C/S ratios for a global site are used only for comparison with natural 
estimates calculated from measured body burdens of naturally occurring radio-
nuclides in order to assess the probable error in the model estimates for the 
sum of the D/S factors for all ingestion pathways (see Sections 2.5 and 5.1). 
An estimate of the radionuclide concentration in the drinking water for the 
average exposed individual is needed for this purpose. The radionuclide 
concentrations corresponding to the average of all drinking water in the 
United States are the appropriate values to use. Most individuals in the 
United States receive their drinking water from municipal water supply 
systems, which are more likely to obtain water from surface sources than from 
wells. The C/S ratios from Table 3.7 will, therefore, be used for the global 
estimates of the C/S ratios. 
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Table 3.17. Source-to-Exposure (E/S) Conversion Factors 
for Radionuclides in Drinking Water 

E/S 
V 1 T T2 

max1 
Radionuclide (pCi/yr)/(pCi/g) (yr) (yr) 

Model Sitet3 
U-238 1800 2500 4200 
Th-230 0 — — 

Ra-226 40 5000 7200 
Pb-210 4C 5000 7200 

Global Site 
U-238 74 0 0 
Th-230 1 0 0 
Ra-226 185 0 0 
Pb-210 33 0 0 

t1 Delay time between waste emplacement and initial radio-
nuclide release into groundwater: E/S = 0 for t < T .. 
Values rounded to two significant digits. 

t2 Time after waste emplacement that E/S is maximum. 
t3 Exposure to the maximally exposed individual from drinking 

water taken from a well adjacent to a model FUSRAP site. 
Exposure is calculated for the time at which the radio-
nuclide concentration reaches a maximum. 

Estimates of the E/S factors for a global site are based on the natural 
analogue concentration ratios for the average of all freshwater sources, which 
are given in Table 3.7, and on an annual drinking water intake of 370 L/yr. 
The resulting E/S factors for a global site are also tabulated in Table 3.17. 
Since the waste field for a global site is of infinite (i.e., global) extent, 
the entire aquifer will be part of the waste field and there will be no delay 
time. 

3.3.2 Food Pathways 

The food pathways form a complex network. Individual pathways are identi-
fied by the kind of food that is ingested, and consist of the following set: 
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the plant pathway (vegetables, fruit, and grain grown onsite); the meat 
pathway (meat from livestock raised onsite and fed from pasturage raised 
onsite and watered from the onsite farm pond); the milk pathway (milk from a 
family cow, also fed and watered from waste-contaminated pssturage and farm 
pond water); and the fish pathway (fish caught from the farm pond). The soil 
pathway, which takes into account internal radiation exposure from radio-
nuclides in soil that is ingested by a child is included with the food path-
ways because the effect is the same as if the radionuclides were ingested with 
food (see Figure 2.4 and Table 2.3). 

The analysis for each food pathway is carried out in two steps: (1) a 
determination of soil-to-food transfer coefficients C/S; and (2) use of dietary 
intake data to convert the C/S coefficients to E/S factors. The exposure 
parameters for each food chain pathway are the annual dietary intakes of the 
radionuclides. The analysis is first carried through using standard models 
developed by the U.S. Nuclear Regulatory Commission (NRC). The E/S factors 
obtained from this analysis are referred to as "model" factors. Estimates of 
E/S factors are also obtained from data for the dietary intake and soil concen-
trations of U-238, Ra-226, and Pb-210; these are referred to as "natural" or 
"natural analogue" factors. A geometric mean of the pathway and natural 
factors is adopted as the most realistic estimate of the E/S factor for each 
food pathway. Natural analogue estmates for Th-230 are obtained by using 
model values for U-238, Th-230, and Ra-226 to interpolate from the natural 
values for U-238 and Ra-226. 

3.3.2.1 Plant Pathway 

Soil-to-Plant Transfer Coefficients: Model Estimates 

Plants can accumulate radionuclides by two means: (1) deposition of 
contaminated dust on foliage and aboveground fruits and vegetables (foliar 
deposition), and (2) uptake through the root system (root uptake). Radio-
nuclides deposited on the foliage can be absorbed into the plant tissue, or 
they can be ingested directly if the vegetable or fruit is eaten without 
removing the outer skin. Weathering and washing will remove some, but not 
all, of the radionuclides on the surface. 
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In most circumstances that can lead to releases of radionuclides into the 
environment (e.g., from nuclear power plants or other industrial operations), 
foliar deposition is the primary accumulation mechanism; the contribution from 
root uptake is small because the primary source is airborne radionuclides and 
only a small fraction of the airborne radionuclides deposited on the soil 
surface reach the plant roots. In the current circumstance in '--'.lch the 
radioactive residues are distributed in the soil and exposed at the ground 
surface, root uptake is more important. Foliar deposition involves a soil-
to-air- to-pl ant mechanism characterized by a foliar deposition uptake factor 
(A.) for each radionuclide of interest. Root uptake involves only a soil-to-
plant mechanism characterized by a root uptake factor (B.) n r each radio-
nuclide. 

The concentration of a given radionuclide that would be inqested with the 
edible portion of a plant may be calculated by the following equation (adapted 
from U.S. Nucl. Reg. Comm. 1980--Equation 8, p. G-26): 

C ./S. = A . + B - (3-23) vr i vi vi v ' 

where* 
Cy. = concentration of ith radionuclide in edible part of vegetation v 

(A/M); 
S. = concentration of ith radionuclide in the soil (A/M); 
Avi- = foliar deposition transfer coefficient for vegetation v and ith 

radionuclide (dimensionless);** and 
By. = root uptake transfer coefficient for vegetation v and ith radio-

nuclide (dimensionless).** 

*Units are designated by A (radioactivity), M (mass), L (length), and T (time). 
**The transfer coefficients Ayi. and By. for different isotopes of the same 
element will be equal; hence, the radionuclide index i need refer only to 
the element: i = U, Th, Ra, or Pb. 
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The foliar deposition transfer coefficients are calculated from the rela-
tion (adapted from U.S. Nucl. Reg. Comm. 1980—Equation 8, p. G-26): 

\ i * (RiVdFrEv/YvXw)[1 ' « P < - V v ) 3 ( 3" 2 4 ) 

where the definitions and generic values of the parameters are as follows: 

R. = air/waste concentration ratio for ith radionuclide (2 x 10-7 kg/m3, 
with the exception that Rpb_2io = 8 x 1 0 - 7 kg/m3 for a global FUSRAP 
site); 

= average particle deposition velocity (0.01 m/s); 
Fr = fraction of total deposition retained on plant surfaces (0.2); 
Ey = fraction of foliar deposition reaching edible part of vegetation v 

(1.0 for aboveground vegetation, 0.1 for belowground vegetables); 
Yy = yield density of plant crop from vegetaton v (2 kg/m2 for all plant 

foods for human consumption, 0.75 kg/m2 for pasture grass); 
\w - decay constant accounting for weathering losses (0.05 d-1); and 
t = duration of exposure prior to harvesting of vegetation v (60 d for 

all plant foods for human consumption, 30 d for pasture grass). 

The manner in which the parameter values were determined is summarized below. 

The air/waste concentration ratio may be expressed as a sum, R. = Ri + R!j, 
of a contribution Ri from suspended particles of contaminated soil and a 
contribution RV from decay products of Rn-222 in the air that become attached 
to suspended dust particles or plate out directly on the foliage. It is 
assumed that the concentrations of radionuclides in the airborne onsite dust 
are the same as the concentrations in the waste; hence, Rt is equal to the 
mass loading of the dust in the outdoor air, which has been estimated to be 
2 x 10-7 kg/m3 for all radionuclides (see Section 3.1.2 and Appendix A, 
Equation A-5). 

The contribution from airborne Rn-222 and its decay products to foliar 
deposition can be accounted for as deposits of Pb-210 on the foliage. The 
amount of airborne Pb-210 present is negligible; however, the short-lived 
decay products of Rn-222 will be deposited and will decay to PL-210 after 
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deposition. The equivalent air/waste concentration ratio of Pb-210 that would 
give the same deposit on the foliage is: 

R"Pb-210 = 2 k = l [fkT%,k/T%,Pb-21o] RRn-222 (3*25) 

when; f^ and T^ ^ are the equilibrium factors and half-lives for the four 
short-lived decay products of Rn-222; and R||n_222 1 S t h e outcloor air/waste 
concentration ratio for Rn-222. The equivalent Pb-210 air/waste ratio for a 
model FUSRAP site at the time of waste emplacement is Rpj,_2l0 = 5 x f̂l/®3-
This value is obtained from the outdoor equilibrium factors from Equation B-20 
and the outdoor air/waste ratio for Rn-222 from Equation B-16. The correspond-
ing ratio for a global FUSRAP site, RjJ|,_2io = 6 x l®-7 k9/">3. is obtained from 
the following data. The outdoor working-level ratio for a global site is 
WLR =0.78 (see Table 3.3). The equilibrium factors for the decay products, 
chosen to reproduce this value (see Equation B-19), are assumed to be fi/fa/ 
f3/f4 = 0.9/0.8/0.7/0.7. The outdoor air/waste ratio for Rn-222 is obtained 
from Equation 3-1. Thus, for a model FUSRAP site, the contribution to foliar 
deposition of Pb-210 from airborne dust is dominant, whereas for a global 
FUSRAP site the contribution from decay of Rn-222 in the air is dominant. 

The deposition velocity V^ depends on the particle size. For larger 
particles, the deposition velocity may be assumed to be the same as the set-
tling velocity, i.e., the downward velocity of a particle in calm air. For 
smaller particles the deposition velocity is determined by the motion of the 
air, which will cause the particles to impinge on surfaces with which they 
come into contact. It is commonly assumed (and will be assumed for this 
study) that the deposition velocity is equal to the settling velocity when the 
latter is 0.01 iii/s or greater, and that the deposition velocity is constant 
and equal to 0.01 m/s for smaller particles (Momeni et al. 1979; U.S. Nucl. 
Reg. Comm 1980; Strenge and Bander 1981), A settling velocity of 0.01 m/s 
corresponds to a particle with a diameter of about 15 pm. Most of the dust 
particles are smaller than this (see Section A.2). 

The values for the remaining parameters in Equation 3-24 (Fr, Ey, Yy, A^ 
and ty) are all recommended values for use in radiological assessment calcula-
tions (U.S. Nucl. Reg. Comm. 1977b). 
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The soil-to-plant (root uptake) transfer coefficients Bvl- are taken from 
compilations by the U.S. Nuclear Regulatory Commission (1980) and Ng (1982), 
and are listed in Table 3.18 together with feed-to-beef and feed-to-milk 
transfer coefficients. Values reported in a recent compilation by Rayno 
(1982) were also taken into consideration. The soil-to-plant transfer charac-
teristics vary over a broad range (depending on plant characteristics, soil 
properties, etc.); hence, the uncertainties associated with the generic values 
can be expected to be rather large, probably comparable to those associated 
with the generic values of the distribution coefficient K^. Values of the 
geometric standard deviations on which a more precise statement of the uncer-
tainties could be based are not available. 

Transfer coefficients are needed for two kinds of vegetation: plant 
crops for human consumption and plant crops for livestock food. In calculating 
the transfer coefficients for human consumption, no credit will be given for 
the smaller uptake factors for belowground vegetables. In calculating the 
transfer coefficients for livestock food, it is assumed that the stored feed 
is grown offsite in an uncontaminated area and that pasture grass is the only 
contaminated feed used for the livestock. Using these assumptions and the 
parameter values given above, the transfer coefficients values listed in 
Table 3.19 are obtained. 

Food Intake Estimates 

Annual food intake estimates from several sources are tabulated in 
Table 3.20. All data are for adults except for the NRC values for teens, 
which are included for comparison because some values are greater than for 
adults. Food intakes for infants and children are not shown because they are 
smaller. The food intake values for the average exposed inividual are assumed 
to be the mean values for foods eaten by individuals from a population with 
dietary habits similar to those of the potential exposed population. Both the 
NRC and HASL (U.S. Health and Safety Laboratory) values (U.S. Nucl. Reg. Comm. 
1977b; Horse and Wei ford 1971) are based on data from the U.S. Department of 
Agriculture. The range of estimates may be used as an indicator of the uncer-
tainties in food intake estimates. The HASL values are used for the natural 
estimates because they were used in the studies from which the natural analogue 



Table 3.18. Transfer Coefficients for Food Pathways 

U-238 Th-230 Ra-226 Pb-210 

Soil-to-Plant Coefficients 
Bvi in (pCi/g)/(pCi/g) 
Aboveground vegetables 2.5 X 10-3 4.2 X 10-3 7 X io-3-r1 4.0 X 10-t2 
Potatoes 2.5 X 10-3 4.2 X 1G-3 3.0 X 10-3 4.0 X 10-3 

Other belowground 
10-3 vegetables 2.5 x 10-3 4.2 x ID-3 1.4 X 10-2 4.0 X 10-3 

Pasture grass 2.5 X 10-3 4.2 X 10-3 1.8 X 10-2 2.8 X lO-2 

Stored feed (hay) 2.5 X 10-3 4.2 X 10-3 8.2 X 10-2 3.6 X ID"2 

Feed-to-beef Coefficients 
Fbi in (pCi/kg)/(pCi/d) 3 .4 x io-4 2 .0 x io-4 5.1 x 10-4t3 7.1 x 10-4t3 

Feed-to-milk Coefficients 
Fmi 1n ( P c W ( P " 1 / d ) 3-7 x 10_4t4 5-0 x 10-6 4.0 x 10-4t4 2.6 x 10-4t4 

t1 Geometric mean of the range, 7 x io-5 to 0.75, reported by Ng (1982—Table 10). A value of 
3.1 x 10-4 is attributed to (but not found in) U.S. Nuclear Regulatory Commission (1977b— 
Table E-l) by Ng (1982); the valce 1.4 x io-2 is given in U.S. Nuclear Regulatory Commission 
(1980-Table G-3.2). 

t2 This value, from U.S. Nuclear Regulatory Commission (1980), is consistent with a range 
3 x 10-4 to 7.3 x 10-2 reported by Ng (1982—Table 10). A v-ilue of 3.1 x 10-4 is 
attributed to (but not found in) U.S. Nuclear Regulatory Commission (1977b—Table E-l) by 
Ng (1982). 

t3 The feed-to-beef coefficients for radium and lead reported by Ng (1982—Table 8) are 
5 x 10-4 and 1 x io-3, respectively. 

t4 From Ng (1982—Table 4). 
Source: U.S. Nuclear Regulatory Commission (1980—Table G-3.2) except where noted otherwise. 



2-76 

Table 3.19. Foliar Deposition, Root Uptake, and Total Soil-to-Plant 
Transfer Coefficients from Pathway Calculations-!-1 

U-238 Th-230 Ra-226 Pb-210t2 

Human Plant Foods 
A . VI 3.3 X 10-4 3.3 X 10-4 3.3 X 10-4 3.3 X 10-4 

Bvi 2.5 X 10-3 4.2 X 10-3 7 X 10-3 4.0 X 10-3 

Cvi/Si = A . + B . VI VI 2.8 X 10-3 4.5 X 10-3 7 X 10-3 4.3 X 10-3 

Pasture Grass 
Avi 7.2 X 10-4 7.2 X 10-4 7.2 X 10-4 7.2 X 10-4 

Bvi 2.5 X 10-3 4.2 X 10-3 1.8 X 10-2 2.8 X 10-2 
c . / s . VI 1 = A . + B . VI VI 3.2 X 10-3 4.9 X io-3 1.9 X 10-2 2.9 X 10-2 

Hay 
Avi 7.2 X 10-4 7.2 X 10-4 7.2 X 10-4 2.9 X 10-3 

Bvi 2.5 X 10-3 4.2 X 10-3 8.2 X 10-2 3.6 X 10-2 

Cvi / S i = A . + B . VI VI 3.2 X 10-3 4.9 X 10-3 8.3 X 10-2 3.9 X 10-2 

t1 These transfer coefficients are the dimensionless ratios: 

concentration of ith radionuclide in vegetation (Cyi- in pCi/g) 

concentration of ith radionuclide in the waste (S.. in pCi/g) 

calculated for vegetation for foliar deposition (Av-) and root uptake 
(Byi). Values are applicable to both model and global FUSRAP 
sites, except where noted. 

t2 The tabulated values for Ay. and Cy. apply only to a model FUSRAP site. 
The values for a global FUSRAP site for Pb-210 are Ay = 1.3 x 10-3 and 
Cy/S = 5.3 x io-3 for human food; Ay = 2.9 x 10-3 and Cy/S = 3.1 x 10-2 

for pasture grass; and Ay = 2.9 x 10-3 and Cy/S = 3.9 x 10-2 fo r 



Table 3.20. Annual Food Intake 

Annual per-Person Consumption (kg/yr) 
Maximally Average Exposed 

Exposed Individual Individual (Onsite) 
NRCf1 NRCt2 

Category HASLt3 Teen Adult HASLt4 ICRPt5 Teen Adult 

Fruit 196 148 128 98 67 53 42 
Vegetables 242 362 315 121 111 130 103 
Grain and grain products 190 161 140 95 98ts 58 47 
Meat, poultry, and eggs 288 65t7 not7 114 100 59t7 95t7 
Dairy products 400 400 310 200 189t8 200 110 
Fish 16t9 16 21 8t9 8tio 5.2 6.9 

t1 U.S. Nuclear Regulatory Commission (1977b—Table E-5). Fruit, vegetables, and grain 
have been prorated. 

t2 U.S. Nuclear Regulatory Commission (1977b—Table E-4). Fruit, vegetables, and grain 
have been prorated. 

t® These values are twice the HASL (U.S. Health and Safety Laboratory) food intake 
estimates for an average individual as listed in column 4 (see text). 

t4 As reported in Morse and Wei ford (1971). 
t5 International Commission on Radiological Protection (1974—Table 121). 
t6 Includes 25 kg/yr sugar and preserves. 
t7 Eggs are not specifically included. 
t® Includes 16 kg/yr fats. 
t® Shellfish not included. 
t10 Fish and sea food. 
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data were obtained. The NRC values are used for the model calculations because 
the transfer coefficients in Table 3.19 were obtained using models developed 
under the sponsorship of NRC. 

The NRC values for the food intake of the average exposed individual are 
also used, for consistency, in the model calculations for a global site. A 
corresponding set of food intakes for the maximally exposed individual is 
needed for use with the natural analogue data, for which intake values based 
on HASL data are more appropriate than the values recommended by the NRC. 

The food intake by a population of individuals will be different for 
different individuals and can be represented by a probability distribution 
curve. The intake of the average exposed individual is, in principle, a mean 
value; for the purpose of this study, we may assume that it is, in principle, 
defined as the geometric mean of the probability distribution (i.e., the 
exponential of the arithmetic mean of the logarithm of the intake by members 
of the population). The intake for the maximally exposed individual must be 
determined by convention. The maximum intake of the entire population is not 
known, and is also so improbable that it would not be an appropriate value to 
use in the analysis for reasons discussed in Section 2.2.2. An appropriate 
choice for the intake of the maximally exposed individual would be a value 
obtained by multiplying the intake of the average exposed individual by the 
geometric standard deviation. This value is not known; hence, an alternative 
approach is to use a value obtained by multiplying the intake of the average 
exposed individual by a number that is chosen by convention. This approach is 
adopted herein. A multiplying factor of 2 is used; i.e., the intake of the 
maximally exposed individual is assumed to be twice the intake of the average 
exposed individual (for a given category, i.e., adult, teen, or child). The 
basis for this choice is as follows. 

The maximal/average ratio of the NRC values for the food intake of an 
adult are very close to 3/1 for almost all food categories; the one exception 
is meat and poultry for which the ratio is 1.16/1. The NRC ratio for meat and 
poultry is anomalous and questionable because everyday experience with the 
eating habits of various people would not lead one to expect that the range of 
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intake of meat for different individuals would be significantly different from 
the range of intake for other foods. (It may also be noted that the NRC value 
for meat and poultry intake by the maximally exposed individual is less than 
the HASL value for meat, poultry, and eggs for the average exposed individual.) 
In the simplified procedure adopted for this study, the same ratio is used for 
all food categories. The NRC total food intakes of cn adult are 1024 kg/yr 
for the maximally exposed individual and 403 kg/yr for the average exposed 
individual, corresponding to a maximal/average ratio of 2.5/1. If the HASL 
total food intake for the average exposed individual of 636 kg/g is substituted 
for the NRC value for the average individual, the maximum/average ratio drops 
to 1024/636 = 1.6/1. A value of 2 is considered to be a reasonable generic 
choice for use with the HASL intake values, and will be used for this anal-
ysis. This leads to the food intake values for the maximally exposed indivi-
dual that are tabulated in the first column of Table 3.20. 

Soil-to-Food Transfer Coefficients: Natural Analogue Estimates 

Natural analogue estimates of soil-to-foodstuff transfer coefficients can 
be calculated, without detailed consideration of the processes involved, from 
data on the average concentrations of naturally occurring radionuclides in the 
soil and in foods. The most complete data on the concentrations of the radio-
nuclides of interest in foods are for the New York City area. These food 
concentration data offer the advantage that soil concentration data for Ra-226 
are also available for this area (George and Breslin 1980). The relatively 
few simultaneous measurements of U-238 and Ra-226 contents of soils indicate 
that radioactive equilibrium is roughly attained in many soils, although large 
deviations from equilibrium are also observed due to different geochemical 
properties of radium and uranium compounds (Natl. Counc. Radiat. Prot. Measure. 
1976—p. 37). It is assumed, for the purpose of obtaining C/S ratios from 
data jn radionuclide concentrations in foods, that U-238, Ra-226, and Pb-210 
are in equilibrium in the soil. The average Ra-226 soil concentration in the 
New York/New Jersey metropolitan area, i.e., S = 1 pCi/g, is used (see 
Table 3.3). 
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Table 3.21. Radionuclide Concentrations in Foods in the 
New York City Area 

Food Category 
Consumption-!"1 

(kg/yr) 
Concentration in Food (pCi/kg) 

U-238T2 Ra-226T3 Ra-226T4 Pb-210T4 

Vegetables: 
Fresh 48 0.17 1.0 0.50 1.1 
Canned 22 0.06 0.67 0.65 0.44 
Root 10 0.40 1.3 1.4 0.21 
Potatos 38 0.97 2.3 2.8 1.5 
Dry beans 3 0.50 1.0 1.1 0.76 

Fruit: 
Fresh 59 0.43 0.32 0.43 0.40 
Canned 11 0.13 0.16 0.17 2.0 
Juice 28 0.01 0.66 0.42 0.23 

Grain: 
Bakery products 44 0.50 2.3 2.8 1.8 
Flour 34 0.23 2.1 1.9 1.3 
Whole grain 

products 11 0.48 2.5 2.2 2.2 
Macaroni 3 0.13 1.8 2.1 0.92 
Rice 3 0.64 2.0 0.76 0.88 

Meat: 
Meat 79 0.33 0.02 0.01 0.49 
Poultry 20 0.05 0.44 0.76 0.45 
Eggs 15 0.08 10 6.1 0.26 

Dairy Products: 
Milk 200 0.03 0.25 0.25 0.29 

Fish: 
Fresh fish 8 0.14 0.89 0.67 0.39 
Shellfish 1 3.2 0.85 0.80 3.4 

t1 U.S. Health and Safety Laboratory, as reported by Morse and Wei ford 
(1971). 

t2 Wei ford and Baird (1967). The listed food concentrations are obtained 
from annual radionuclide intake data using the consumption rates listed 
above. 

t3 Fisenne and Keller (1970). 
t4 Morse and Wei ford (1971). 



2-81 

Data for the concentrations of U-238, Ra-226, and Pb-210 in typical foods 
for an average diet are given in Table 3.21. These data are used to calculate 
the average transfer coefficients and annual intake of radionuclides listed in 
Table 3.22. 

Table 3.22. Radionuclide Transfer Coefficients and Dietary Intake 
for the New York City Area 

c./s.t1 
V V (pCi/yr)/(pC1/g)t2 

Food Category U-238 Ra-226t3 Pb-210 U-238 Ra-226t3 Pb-210 

Fruit, vegetables 
and grain 3.7x10-4 1.3xl0-3 l.OxlO-3 116 419 329 

Meat, poultry 
and eggs 2.5x10-4 1.2x10-3 4.6xl0-4 28 134 52 
Dairy products 2.7x10-5 2.5x10-4 2.9xl0-4 6 50 58 
Fisht4 1.4xl0-4 7.8x10-4 3.9xl0-4 1 6 3 

t1 C. is the average concentration in pCi/g of the ith radionuclide in the 
foods; S. is the concentration in pCi/g of the ith radionuclide in the 
soil. The average concentration is the annual radionuclide intake 
divided by the annual consumption for all foods in a given category 
(see Table 3.21). 

t2 E. is the annual intake of the ith radionuclide in pCi/yr, calculated from 
data in the first three columns and Table 3.20. These natural analogue 
values apply only to the average exposed individual for a global site. 

t3 Average of Fisenne and Keller (1970) and Morse and Wei ford (1971) data. 
t4 Shellfish not included. 

The model and natural estimates of the transfer coefficients for the 
plant pathway for the average exposed individual on a global site are compared 
in Table 3.23. The model/natural ratios are given in the last column. The 
deviation of these ratios from unity could be the result of large nonrandoa 
errors in the estimates, different averaging of the many parameters that 
affect the conversion factors (e.g., soils, agricultural practice, plant type, 
etc.), or different mechanisms for the soil-to-plant transfer. 
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Table 3.23. Comparison of Model and Natural Estimates 
of Soil-to-Plant Transfer Coefficients 

C/S. 
Model/Natural 

Ratio Radionuclide Model Estimatet1 Natural Estimatet2 
Model/Natural 

Ratio 

U-238 2.8 x 10-3 3.7 x 10-4 8 
Ra-226 7 x 10-3 1.3 x 10-3 5 
Pb-210t3 5.3 x 10-3 1.0 x 10-3 5 

t1 From Table 3.19. 
t2 From Table 3.22. 
t3 See footnote 2 of Table 3.19. 

The errors (random or nonrandom) are likely to be larger for model esti-
mates than for natural estimates because the former involve a more detailed 
modeling of the transfer process, with more approximations and assumptions. 
The natural estimates are obtained directly from field data in which the many 
parameters on which the conversion factors depend are those for actual situa-
tions that correspond closely to the scenario of interest, whereas the model 
estimates are based on a variety of data for which the correspondence with 
relevant field conditions is difficult to determine. Hence, greater weight 
should be given to the natural estimates insofar as the differences are due to 
errors in the parameter values or errors introduced by approximations and 
over-simplified models. However, there are other considerations that suggest 
that the natural values may underestimate the transfer coefficients that apply 
to FUSRAP waste in some circumstances. 

The soil-to-plant transfer of radionuclides in root uptake can be broken 
down into two processes that occur sequentially: (1) the transfer of radio-
nuclides embedded in or adsorbed on soil particles to the capillary water in 
the soil micropores (soil-to-water transfer); and (2) root uptake of water and 
and dissolved solids from these micropores (water-to-root transfer). The 
experimental data on which the pathway parameters are based have not been 
reviewed in depth; however, it appears likely that they are principally based 
on laboratory and/or field measurements under conditions in which controlled 
amounts of radionuclides were added to the soil. The transfer rates for these 
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conditions are, in general, different than those that would be obtained for 
naturally occurring radionuclides in the soil under natural conditions. 

The greatest difference for a given plant species and soil type is likely 
to occur in the first of the two sequential processes identified above. 
Although water-to-root transfer is influenced by the chemical form of a radio-
nuclide and the presence of other ions, and can be concentration-dependent 
'when active transfer mechanisms are involved (i.e., mechanisms in which the 
ions are "pumped" through the membrane by molecular membrane mechanisms that 
require an expenditure of energy rather than passing through by diffusion or 
mass flow), these variables are easier to control than the variables involved 
in soil-to-water transfer, and, in particular, differences between natural and 
controlled-experiment conditions are not likely to be as large. 

Soil-to-water transfer involves different mechanisms that occur in 
sequence. The two of importance for this study are (1) diffusion and dissolu-
tion mechanisms that bring radionuclides within a solid particle to a surface; 
and (2) ion-exchange mechanisms by which radionuclides absorbed on solid 
surfaces go into solution in water in contact with the surface (see Sec-
tion 3.3.1.2). The diffusion/dissolution mechanisms are the rate-controlling 
mechanisms for naturally occurring radionuclides. In laboratory studies of 
soil-to-plant transfer, the radionuclides are usually added to the soil in 
such a manner that they will be present as adsorbed layers on solid surfaces 
rather than within the solid matrix of a particle; hence, ion-exchange 
mechanisms can be expected to be rate-control ling. Rates controlled by ion 
exchange are generally higher than rates controlled by diffusion and dissolu-
tion; hence, one would expect that E/S factors estimated by models based on 
soil-to-plant transfer coefficients obtained from laboratory data to be larger 
than E/S factors estimated by natural analogue methods if soi1-to-water 
transfer were the major cause of the difference. The results summarized in 
Table 3.23 are consistent with this expectation. 

The diffusion/dissolution mechanisms are expected to be rate-controlling 
for leaching of FUSRAP waste (see Section 3.3.1.2, subheading Source-Term 
Mechanisms for the Drinking Water Pathway). However, the diffusion coeffi-
cients for radionuclides in FUSRAP waste are probably larger than for naturally 
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occurring radionuclides. The reason for this is that naturally occurring 
radionuclides can be present in soils in particles that are very resistant to 
breakup, so that the rate of dissolution can be very slow. Most FUSRAP wastes 
are ore and ore-processing residues. Radionuclides in ore are in the uranium-
bearing matrix that cements sand particles together to form sand aggregates. 
These aggregates can break up much more rapidly than the solid grains, exposing 
the matrix-coated surfaces to leaching action by water; hence, the bulk diffu-
sion coefficient for ore will be larger than for typical soil. (See discussion 
of radionuclide concentrations in water from ore bodies in Section 3.3.1.2). 

These considerations (and the considerations in Section 3.3.1.2 that led 
to the conclusion that the diffusion model and ion-exchange model provide 
bounding estimates of leaching rates for FUSRAP wasue) lead one to infer that 
soil-to-plant transfer rates for naturally occurring radionuclides in most 
soils and soil-to-plant transfer rates from laboratory experiments in which 
the radionuclides are present in the soil as adsorbates are probably bounding 
values for the soil-to-plant transfer coefficients for plants grown in FUSRAP 
waste. This inference leads to the conclusion that the most reliable estimates 
for the transfer coefficients for soils contaminated by ores and ore-processing 
residues are obtained by using the geometric means of the natural and model 
estimates. This averaging is done with the E/S factors rather than with the 
C/S transfer coefficients. 

Source-to-Exposure (E/S) Conversion Factors 

The E/S factors for internal radiation from ingestion of plant foods are 
tabulated in Table 3.24. The model E/S factors are obtained from the transfer 
coefficients in Table 3.19 and the NRC food intakes in Table 3.20. The plant 
food intake for a model site is half the total for vegetables, fruit, and 
grain for the maximally exposed teenage 'individual. The plant food intake for 
a global site is the total for vegetables, fruit, and grain for the average 
exposed adult individual. The transfer coefficients for a model site and a 
global site are the same for U-238, Th-230, and Ra-226; the transfer coeffi-
cient for a model site for Pb-210 is smaller because of the reduction in the 
foliar uptake contribution. The model E/S factors for a model site are larger 
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Table 3.24. Source-to-Exposure (E/S) Conversion Factors for 
Ingestion of Foods Contaminated by Radioactivity 

from a FUSRAP Site 

E/S in (pCi/yr)/(pCi/g)t1 
Model Natural Geometric 

Ingestion Estimatest2 Estimatest3 Mean 
Pathway and Model Global Model Global Model Global 
Radionuclide Site Site Site Site Site Site 

Plant 
U-238t4 940 340 120 120 340 250 
Th-230 1500 860 240 240 600 450 
Ra-226 2400 1300 420 420 1000 740 
Pb-210 1400 1000 270 330 610 570 

Meat 
U-238t4 3.4 5.5 17 28 8 12 
Th-230 4.6 8 ~ — 5 8 
Ra-226 19 84 30 134 24 106 
Pb-210 28 57 26 52 27 54 

Milk 
U-238t4 16 8 12 6 14 7 
Th-230 18 10 — — 18 10 
Ra-226 84 107 39 50 57 73 
Pb-210 108 72 87 58 97 65 

Fish 
U-238t4 3 3 1 1 2 2 
Th-230 0.6 0.6 ~ — 0.6 0.6 
Ra-226 18 18 6 6 10 10 
Pb-210 63 63 3 3 14 14 

Soil 
All 100 10 — — 100 10 

T1 E is the annual ingestion of a radionuclide with food in pCi/yr, and S is 
the concentration of the radionuclide in the waste in pCi/g. 

t2 Model estimates are based on NRC-recommended transfer coefficients 
and dietary intakes. A diet of beef is assumed for the meat pathway. 

t3 Natural estimates for meat are based on average radionuclide concentra-
tions in the soil and measurements of radionuclide concentrations in 
foods available at food markets. A diet of meat, poultry and eggs is 
assumed for the meat pathway. 

t4 It is assumed that U-234 remains in secular equilibrium with U-238; hence, 
the ingestion of uranium, in pCi/yr, is twice the ingestion of U-238. 
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than the model E/S factors for a global site because the reduction (factor of 
0.5} in the fraction of the diet that is contaminated is more than offset by 
the increase (factor of 3.5) from replacing the food intake for the average 
adult by the food intake for the maximally exposed teenage youth. 

The natural E/S factors for a global site for U-238, Ra-226, and Pb-210 
are taken directly from Table 3.20. The natural E/S factor for Th-230 is 
obtained by using the model values for a global site for U-238, Th-230, and 
Ra-226 to interpolate between the natural values for U-238 and Ra-226. It is 
assumed that the natural transfer coefficients for a model site and a global 
site are the same for U-238, Th-230, and Ra-226. Since the fraction of the 
plant food raised onsite is 0.5 and the ratio of the maximum/average dietary 
intake is 2, the natural E/S factors for (J-238, Th-230, and Ra-226 will be the 
same for the model and global sites. l',& reduction in the Pb-210 uptake due 
to reduced foliar deposition for a model site is taken into account by multi-
plying the global-site values by the ratio, 4.3 x 10-3/5.3 x 10-3 = 0.81, of 
the model-site/global-site model values for the Pb-210 soil-to-plant transfer 
coefficient (see Table 3.19, footnote 2). 

If the diffusion model and the generic diffusion coefficients obtained 
from the laboratory data of Nathwani and Phillips (1978) are used to estimate 
the rate of exposure from the plant pathway, one is led to the conclusion that 
the decrease over the time span of interest (10,000 years) will be negligible. 
If the ion-exchange model is used, a prediction that the exposure will be 
negligible by the end of this period is obtained. The rate of decrease in 
exposure from the plant pathway in the ion-exchange model depends on the mean 
depth of the root zone (drz) and the rate (U - V) at which the upper boundary 
of the waste migrates downward relative to the ground surface under the com-
bined influence of leaching (U) and erosion (V) (see Section 2.1.2). 

The root zone is different for different plants; for some (such as beets, 
carrots, lettuce, etc.) it does not extend below about 0.3 m. Fruit trees may 
have roots extending 2 or 3 m below the surface, and tap roots for some crops 

alfalfa) can extend to 5 m. However, most of the feeder roots from 
nutrients are obtained tend to be less than 1 m below the surface. On 
sis of these considerations, it is reasonable to assume that the root 
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uptake would, overall, be reduced by a factor of 1G if th® upper waste field 
boundary migrated to a distance of 2 m below the ground surface. 

Root uptake will decrease most rapidly as the upper waste-field boundary 
initially moves out of the root zone of plants with shallow root systems, and 
will lessen as the boundary moves down through the root zone of plants with 
deeper root systems.* It is reasonable to assume an exponential decrease with 
depth given by the relation exp(-az), where a = £n(10)/drz = 1.2 m-1. The 
time decrease will then be given by a factor exp(-pt), where p = (U - V)a. 
Using the values of U and V from Table 2.2, one obtains p = 1.4 x 10-3 for 
U-238 and p = 6.6 x 10-4 for Ra-226. The leach rate for Th-230 is less than 
the erosion rate. Hence, it will not be removed by leaching; instead, it will 
be removed by erosion—in a time that exceeds 10,000 years for the assumed 
generic parameter values. The radioactive decay time for Pb-210 is short 
compared to the times involved; hence, it will remain in secular equilibrium 
with the Ra-?26 in the waste. The rate of removal for the combined effect of 
leaching and radioactive decay is given by exp[-(A. + p)t], where \ is the 
radioactive decay constant. The decrease in exposure with time due to radio-
active decay and leaching for a model site is given in Table 3.25 for both the 
diffusion and ion-exchange models. 

The plant uptake will depend cn the thickness of the layer of contaminated 
soil. If the layer is exposed at the surface, the uptake will increase linearly 
with thickness for thin layers and then become constant when the thickness 
exceeds the root zone. It is rearonable, and consistent with the dependence 
introduced above for the reduction in intake with increasing thickness of an 
uncontaminated layer, to assume that the dependence on thickness of an exposed 
layer is 1 - exp(-aLz). Combining this with the earlier expression, one may 
infer that the E/S factor for a contamined soil layer that is L meters thick 

*It should be emphasized that a leaching model in which the boundaries of the 
contaminated region remain sharply defined as the radionuclides migrate down-
ward is an idealized model even for situations in which ion exchange is the-
dominant migration mechanism. Dispersion in the Ion-exchange rates will always 
occur, so that the actual upper boundary of the radionuclide-contaminated 
layer will be diffuse, and the decrease in the radionuclide concentration at 
a point in the root zone will be gradual rather than abrupt. 
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Table 3.25. Time Decrease of E/S Factors for Plant Pathway for 
a Model FUSRAP Site Due to Leaching of Radionuclides 

from the Soil and Radioactive Decay 

Time After Waste E/S in (pCi/yr)/pCi/g) 
Emplacement(yr) U-238 Th-230 Ra-226t2 Pb-210t2 

Diffusion Modelt1 
0 340 600 1000 610 

Ion-Exchange Mouel 
ot1 340 600 1000 610 
10 335 600 989 603 
100 296 600 896 547 

1,000 84 600 335 204 
10,000 0.0003 550 0.02 0.01 

t1 From Table 3.24. 
t2 The ingrowth of Ra-226 from Th-230 has been taken into 

account in the diffusion model, but not in the ion-exchange 
model; hence, the latter estimates are lower bounds. 

under a layer of C meters of clean soil will be related to (E/S)q, the factor 
for the generic case (L^ = 1.5 m and C = 0 m), by the equation 

E/S = (E/S)0exp(-aC)[l - exp(-aLz)]/[l - exp(-1.5a)] (3-26) 

with a = 1.2 m-1. 

3.3.2.2 Meat and Milk Pathways 

Ingestion of contaminated pasture grass or contaminated water by livestock 
raised onsite will result in contamination of meat and milk in the family 
diet. Livestock for family use on a farm could include hogs and poultry as 
well as cattle. The pathway calculations are carried through for beef alone. 
It is assumed that all of the milk comes from cows (i.e., goat milk is not 
considered), and that all of the pasture grass consumed by the livestock is 
grown onsite and constitutes half of the total annual cattle feed. Hay and 



3-89 

other dry fodder that make up thv» other half are assumed to come from an 
uncontaminated offsite source. The water for cattle is assumed to come from 
the farm pond. 

The concentrations of radionuclides in meat may be estimated by means of 
the following formula (adapted from Strenge and Bander 1981—Equations 2.3-4 
and 2.3-5). 

Ci/Si = Fi tV f g R gi + fhRhi> + V w R w i l <3"27> 

where* 
C 
S 
F 

concentration of ith radionuclide in beef (C. .) or milk (C .) (A/M); bi mi 
concentration of ith radionuclide in the soil (A/M); 
feed-to-beef (F. .) or feed-to-milk (F .) transfer coefficient for bi mi . 
ith radionuclide (T/M); 

= total feed ingestion rate (M/T); 
f = fraction of total feed from contaminated pasture grass; 
Rg. = Cv./S. = soil-to-grass transfer coefficient for the ith radionuclide; 
fh = fraction of total feed from contaminated hay and other stored feed; 

R.. = C./S. = soil-to-hay transfer for coefficient for the ith radionuclide; hi vi i * 
Q = Total water ingestion rate for beef cattle (QKl.) or milk cows (()_,) w bw raw 

(M/T); 
f = fraction of water that is contaminated; and 
R . = C ./S. = soil-to-water transfer coefficient for ith radionuclide, wi wi 1 

The feed-to-beef and feed-to-milk transfer coefficients are given in 
Table 3.18. The total feed ingestion rate for beef cattle is Q^ = 50 kg/d 
(U.S. Nucl. Reg. Comm. 1977b—Table E-3; see also Great Lakes Basin Comm. 
1975—Table 6-10), and the fraction of feed from contaminated pasture grass is 
assumed to be f = 0.5 (Table 2.2). The soil-to-grass transfer coefficients 
R . are obtained from the livestock fodder coefficients in Table 3.19. None gi 
of the stored feed is contaminated at a representative site (f^ = 0); all of 
it is contaminated at a global site (fh = 0.5). R ^ is also obtained from 

*Units are designated by A (radioactivity), M (mass), L (length), and T (time). 
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Table 3.19. The water ingestion rate for beef cattle is Qbw = 50 kg/d 
(U.S. Nucl. Reg. Comm. 1977b—Table E-3; Great Lakes Basin Comm. 1975— 
Table 6-10). The water ingestion rate for milk cows is 14 gal/d (approxi-
mately 50 kg/d) plus one gallon for each 3 pounds of milk produced (Great 
Lakes Basin Comm. 1975—Table 6-10). Assuming a production rate of 10 gal/d 
of milk, the water ingestion rate would be Q_ = 160 kg/d. All of the water mw 
used for livestock is assumed to be contaminated (f = 1). The soil-to-water 
transfer coefficients R . are obtained from Table 3.7.* The natural analogue wi 
values are used because they are more conservative than the groundwater seepage 
values. (Note that the C/S ratios in Table 3.7 must be multiplied by 10-3 to 
obtain dimensionless transfer coefficients). 

The parameters used in Equation 3-27 for calculating the soil-to-meat 
transfer, in particular the feed-to-beef coefficients F^., are applicable to 
beef cattle (U.S. Nucl. Reg. Comm. 1980). Data for pork (including ham) and 
lamb a~u not available. Lacking such data, it is reasonable to assume that 
the radionuclide concentrations in pork and lamb are comparable to the concen-
trations in beef. Data are available on the relative radionuclide concentra-
tions in meat, poultry, and eggs (see Table 3.21). On the basis of these 
data, one would infer that the Ra-226 intake in a diet of meat, poultry, and 
eggs would be much higher than for beef alone. 

A correction factor to convert from a beef diet to a meat, poultry; and 
egg diet can be obtained from these data if it is assumed that the concentra-
tions in beef are the same as those in "meat" in Table 3.21, and that the 
total consumption of a diet of beef alone would be the same as the total con-
sumption of meat, poultry, and eggs. With these assumptions, the correction 

*Table 3.7 gives only the concentrations of dissolved radionuclides in the 
water in a farm pond; the contributions from radionuclides in the suspended 
solids, estimated to be 1 (pCi/L)/(pCi/g) (see footnote 1 of Table 3.7 and 
accompanying text), are not included. The reason for this is that the 
mechanisms by which dissolved radionuclides in drinking water are absorbed 
by the digestive systems of animals are much faster and more efficient than 
the mechanisms by which radionuclides in solids are absorbed; hence, the 
water-to-meat transfer coefficients for suspended solids will be much smaller 
(by at least a factor of 10). The contribution from suspended solids has, 
therefore, been neglected. 



3-91 

factor to convert from a beef diet to a meat, poultry, and egg diet would be 
the ratio of the annual radionuclide intake from consumption of 79 lb of meat, 
20 lb of poultry, and 15 lb of eggs to the annual radionuclide intake from 
consumption of 114 lb of meat. The resulting correction factors are 0.75, 82, 
and 0.92 for U-238, Ra-226, and Pb-210, respectively. 

The large value for Ra-226 implies a high concentration of Ra-226 in 
poultry and eggs compared to meat. This inference is based on the data of 
Fisenne and Keller (1970) and Morse and Welford (1971). The reason for a high 
concentration of Ra-226 in poultry and eggs as compared to meat is not explain-
able on the basis of information available at the time this study was prepared. 
The radionuclide intake for beef cattle and poultry, raised by modern farming 
methods, should not be significantly different, and there is no reason to 
believe that the mechanisms by which radionuclides are transferred from the 
livestock food to the edible portions of the animal are radically different 
for beef cattle or for poultry. Radium is chemically similar to calcium; 
hence there is reason to expect that it would concentrate preferentially in 
bones and shells. These considerations raise the questions of whether the 
samples that were ashed for radiation measurements in the studies of Fisenne 
and Keller (1970) and Morse and Welford (1971) included chicken bones or egg 
shells, which would be likely to have higher Ra-226 concentrations than the 
edible portions. The apparent inconsistencies raise questions regarding the 
validity of using the data in Table 3.21 to correct the pathway calculations 
for the omission of poultry and egg intake. The pathway estimates are, there-
fore, based on beef intake alone. 

The model soil-to-meat and soil-to-milk transfer coefficients for a model 
FUSRAP site, obtained from Equation 3-27, are tabulated in the first column of 
Table 3.26. Most of the radionuclides in the meat and milk come from radio-
nuclides ingested with the pasture grass. The proportion from ingestion of 
water for U-238/Th-230/Ra-226/Pb-210 is 0.11/0.001/0.05/0.006 for beef and 
0.29/0.004/0.14/0.02 for milk. 

The model soil-to-meat and soil-to-milk transfer coefficients for a 
global site are tabulated in the second column of Table 3.26 for comparison 
with the corresponding natural transfer coefficients in the third column; the 
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Table 3.26. Model and Natural Soil-to-Meat and 
Soil-to-Milk Transfer Coefficients 

W 1 

Model Estimatest2 
Model Global Natural Model/Natural 

Radionuclide Site Site Estimatest3 Ratiot4 

Meat: 
U-238 3.1 x 10-5 5.8 X 10-5 2.5 X 10-4 0.2 
Th-230 4.2 x 10-5 8.3 X 10-5 — 

Ra-226 1.7 x 10-4 8.8 X 10-4 1.2 X 10-3 0.7 
Pb-210 2.5 x 10-4 6.0 X 10-3 4.6 X 10-4 1.3 

Mi 1 k: 
U-238 4.1 x 10-5 7.1 - 10-5 2.7 X 10-5 3 
Th-230 4.6 x 10-5 9.1 X 10-5 — 

Ra-226 2.1 x 10-4 9.7 X 10-4 2.5 X 10~4 4 
Pb-210 2.7 x 10-4 6.5 X 10-4 2.9 X 10-4 2 

t1 C. is the average concentration of the ith radionuclide in meat 
or milk, and S. is the average concentration of the same radio-
nuclide in the soil, both expressed in the same units. 

t2 Model estimates are calculated using Equation 3-26. The meat values 
are for beef alone. 

t3 Natural estimates are obtained from Table 3.22. The meat values are 
for meat, poultry and eggs. 

f4 Ratio of model estimates for global site to natural estimates. 

latter are taken directly from Table 3.22. There is no consistent pattern in 
the relative magnitudes of the model and natural values for meat, such as 
occurred for the plant pathway (see Table 3.23). In particular, there is no 
clear indication that the model values correspond to more efficient transfer 
mechanisms or are more conservative than the natural values. The pattern for 
the milk pathway is similar to the plant pathway, but the model/natural ratios 
are somewhat smaller. Since a sufficient basis for asserting that either the 
model or natural values are more realistic is lacking, a geometric average of 
the model and natural values is used for dose estimates. This averaging is 
done with the E/S factors rather than with the C/S coefficients. 
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The E/S factors obtained for different assumptions and methods of calcula-
tion are listed in Table 3.24. The model E/S factors for a model site are 
calculated using the C/S coefficients from Table 3.26 and the annual food 
intake from the values in Table 3.22 recommended by the NRC for the maximally 
exposed individual. The meat intake for an adult and the milk intake for a 
teenage youth are used. The model E/S factors for a global site are calculated 
using the C/S coefficients from Table 3.26 and the NRC-recommended food intake 
for the average exposed adult from Table 3.20. 

The natural E/S factors for a global site are taken directly from 
Table 3.22. The natural E/S factors for a model site are calculated by multi-
plying the global site estimates by the model-site/global-site ratio. The 
geometric mean of the natural and model estimates are used for obtaining dose 
estimates. 

The reduction in the E/S factors for the meat and milk pathways that 
occur over time as a consequence of leaching is determined by the source decay 
rates for the plant pathway and for the farm pond, which are the input pathways 
to the meat and m>lk pathways. The decrease is primarily determined by the 
rate at which the plant pathway source decays because the predominant input 
contribution is from the plant pathway. 

The bounding predictions are essentially the same as for the plant pathway. 
The lower bound (on the rate of decrease) is based on the diffusion model, 
which leads to the prediction that the reduction in the E/S factor during the 
first 10,000 years after waste emplacement will be negligible. The upper 
bound is provided by the ion-exchange model, which leads to the prediction 
that the exposure will decrease according to an exponential factor exp(-pt) 
where p = (U - V)a; U and V are the leachout and erosion rates; and a is an 
attenuation coefficient that is different for different pathways. The value 
of a for the plant pathway is related to the depth of the root zone, dr2, by 
the equation a = £n(10)/dp2 (see Section 3.3.2.1, subheading Source-to-Exposure 
(E/S) Conversion Factors). The depth of the root zone for an average mix of 
plants used for human consumption was assumed to be 2 m. The roots of some 
plants used for livestock food can go much deeper. The root system of alfalfa, 
which is commonly used for livestock food, can extend to 5 m. It is assumed, 
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for the purpose of this study, that alfalfa is raised onsite for livestock 
food. The attenuation coefficient for the meat and milk pathways is, therefore, 
a = £n(10)/5 = 0.5 m-1. The time constants for the rate of decrease are 
p = 0.0006 and 0.0003 yr-1 for U-238 and Ra-226, respectively. 

3.3.2.3 Fish Pathway 

Radionuclide intake from the family fish diet will come from the fish 
harvested from the farm pond. For a model site, it is assumed that one-third 
of the fish diet for the maximally exposed individual comes from the farm pond 
(see Table 2.2). The consumption of fish by the maximally exposed individual 
is approximately three times the consumption by the average individual (see 
Table 3.20); hence, the annual intake of contaminated fish by the maximally 
exposed individual at a model site and the average exposed individual at a 
global site will both be 7 kg/yr. 

The fish will take up radionuclides from the water by direct absorption 
and through their food. The water-to-fish transfer coefficients for these 
processes are given in Table 3.27. The radionuclide concentrations in the 
water are obtained from Table 3.7. The model E/S factors, tabulated in 
Table 3.24, are the products of the radionuclide concentrations in the farm 
pond, the water-to-fish transfer coefficients, and the annual consumption of 
contaminated fish. The natural E/S factors are taken directly from Table 3.22. 

The particles of suspended solids in the pond will enter the digestive 
system of the fish and also become entrapped in their gills; hence, there will 
be some transfer of radionuclides from suspended solids, which is not included 
in the concentrations listed in Table 3.7. The water-to-fish transfer coeffi-
cients for suspended solids will, however, be much smaller than for dissolved 
solids and have not, therefore, been taken into account. 

The bounding estimates of the time dependence of the E/S factor for the 
fish pathway are calculated in the same manner as for the other food pathways; 
the only difference is in the value of the attenuation coefficient a and the 
time constant p, which are related by p = (U - V)a (see Section 3.3.3.3). The 
attenuation coefficient for.the fish pathway is the same as the attenuation 
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Table 3.27. Water-to-Fish Transfer 
Coefficients 

Fish/Water Concentration 
Element Ratio, (pCi/kg)/(pCi/L) 

Hydrogen 9.0 X 10-1 
Strontium 3.0 X 102 
Lead 1.0 X 102 
Radium 5.0 X 101 
Thorium 3.0 X 101 
Uranium 2.0 
Plutonium 3.5 

Source: Helton and Kaestner (1981--Table 2-1). 

coefficient for the contamination in the farm pond and is given by a = 2/dp, 
where dp is the distance from the highest point of the waste field to the 
bottom of the farm pond, which is assumed to be 5 m (see Section 3.3.1.1). 
The generic values are a = 0.4 m-1 and p = 0.00047 and 0.00022 yr-1 for U-238 
and Ra-226, respectively. 

3.3.2.4 Soil Pathway 

The soil pathway accounts for direct ingestion of soil by a child. The 
transfer coefficient (C/S) is unity and the ingestion rate is assumed to be 
0.1 kg/yr for the maximally exposed individual (Table 2.2) and 0.01 kg/yr for 
the average individual (see Section 2.2.4). The E/S factors are equal to the 
annual ingestion of soil in grams, and are tabulated in Table 3.24. 

The depth from which soil is likely to be picked up and ingested by a 
child is assumed to be the same as the depth of the disturbed surface layer 
that could become a source of airborne contamination; hence, the time depen-
dence predicted by the ion-exchange model is the same as for the dust pathways. 
Using the generic value d = 0.2 m for the depth to which the soil is periodi-
cally disturbed (see Table 2.2), one obtains an attenuation coefficient 
a = 1/d = 5 m-1 and time constants of 5.8 x 10-3/yr and 2.8 x 10-3/yr for 
U-238 and Ra-226, respectively (see Section A.3). 



3-96 

REFERENCES 

Alzona, J., B.L. Cohen, H. Rudolph, H.N. Jow, and J.O. Frohliger. 1979. 
Indoor-outdoor relationships for airborne particulate matter of outdoor 
origin. Atmos. Environ. 13:55-60. 

Baes, C.F., and R.D. Sharp. 1983. A proposal for estimation of soil leaching 
and leaching constants for use in assessment models. J. Environ. 
Qual. 12(1):17-28. 

Bear, J. 1972. Dynamics of Fluids in Porous Media. American Elsevier Publish-
ing Co., Inc., New York. 

Bowen, H.J.M. 1979. Environmental Chemistry of the Elements. Academic 
Press, New York. 

Brady. N.C. 1974. The Nature and Properties of Soil. 8th Ed. Macmillan 
Publishing Co., New York. 

Chow, V.T. 1968. Handbook of Applied Hydrology. McGraw-Hill Book Company. 
New York. 

Eckerman, K.F., and M.W. Young. 1980. A Methodology for Calculating Residual 
Radioactivity Levels Following Decommissioning. NUREG-0707. Office of 
Standards Development, U.S. Nuclear Regulatory Commission, Washington, DC. 

Fisenne, I.M., and H.W. Kellev. 1970. Radium-226 in the Diet of Two U.S. Cities. 
HASL-224. U.S. Health and Safety Laboratory, New York, NY. [As cited by 
Healy and Rodgers £ 1 9 7 8 ) . ] 

Gee, G.W., A.C. Campbell, D.R. Sherwood, R.G. Strickert, and S.J. Phillips. 
1980. Prepared by Pacific Northwest Laboratory, Richland, WA, for Office 
of Nuclear Regulatory Research, U.S. Nuclear Regulatory Commission, 
Washington, DC. 



3-97 

George, A.C., and A.J. Breslin. 1980. The distribution of ambient radon and 
radon daughters in residential buildings in the New Jersey-New York area, 
p. 1272. In T.F. Gesell and W.M. Lowder (eds.), Natural Radiation Environ-
ment III. C0NF-780422 (Vol. 2). Proceedings of a symposium held at 
Houston, Texas, April 23-28, 1978. Technical Information Center/U.S. Depart-
ment of Energy. 

Geraghty, J.J., D.W. Miller, F. VanDerLeeden, and F.L. Troise. 1973. Water 
Atlas of the United States. Water Information Center, Port Washington, NY. 

Gesell, T.F., and W.M. Lowder (eds.). 1980. Natural Radiation Environment III. 
C0NF-780422 (Vol. 2). Proceedings of a symposium held at Houston, Texas, 
April 23-28, 1978. Technical Information Center, U.S. Department of 
Energy. 

Gesell, T.F., and H.M. Prichard. 1980. The contribution of radon in tap 
water to indoor radon concentrations, p. 1347. In T.F. Gesell and 
W.M. Lowder (eds.), Natural Radiation Environment III. C0NF-780422 
(Vol. 2). Technical Information Center/U.S. Department of Energy. 
Proceedings of a symposium held at Houston, Texas, April 23-28, 1978. 
Technical Information Center, U.S. Department of Energy. 

Great Lakes Basin Commission. 1975. Great Lakes Basin Commission Framework 
Study. Appendix 6: Water Supply—Municipal, Industrial, and Rural. 
Public Information Office, Ann Arbor, MI. Sponsored by U.S. Environmental 
Protection Agency, Region V. 

Healy, J.W., and J.C. Rodgers. 1978. A Preliminary Study of Radium Contami-
nated Soils. LA-7391-MS, Los Alamos Scientific Laboratory, Los Alamos, NM. 

Helton, J.C., and P.C. Kaestner. 1981. Risk Methodology for Geologic Disposal 
of Radioactive Waste: Model Description and User Manual for Pathways 
Model. NUREG/CR-1636, Vol. 1, SAND 78-1711. AN. Prepared by Sandia 
Laboratories, Albuquerque, NM, for U.S. Nuclear Regulatory Commission, 
Washington, DC. 



3-98 

International Commission on Radiological Protection (ICRP). 1974. Report on 
the Task Group on Reference Man. Report No. 23. Pergamon Press. 

Jonassen, N., and J.P. McLaughlin. 1980. Exhalation of radon-222 from building 
materials and walls, p. 1211. In Natural Radiation Environment III, 
Volume 2. C0NF-780422 (Vol. 2). Proceedings of a symposium held at 
Houston, Texas, April 23-28, 1978. 

Kofstad. P. 1972. Nonstoichiometry, Diffusion, and Electrical Conductivity 
in Binary Metal Oxides. Wiley-Interscience, New York, NY. 

Levinson, A.A. 1974. Introduction to Exploration Geochemistry. Applied 
Publishing Ltd., Wilmette, IL. 

Lopinot, L.C. 1972. Pond Fish and Fishing in Illinois. Fish. Bull. No. 5. 
Division of Fisheries, Illinois Department of Conservation. 

Lucas, H.F. 1982. Radiological and Environmental Research Division, Argonne 
National Laboratory, personal communication, September 15, 1982. 

Mo:neni, M.H., Y.C. Yuan, and A.J. Zielen. 1979. The Uranium Dispersion and 
Dosimetry (UDAD) Code, Version IX, A Comprehensive Computer Program to 
Provide Estimates of Potential Radiation Exposure to Individuals and to 
the General Population in the Vicinity of a Uranium Processing Facility. 
NUREG/CR-0553; ANL/ES-72. Prepared for U.S. Nuclear Regulatory Commission, 
Washington, DC, by the Division of Environmental Impact Studies, Argonne 
National Laboratory, Argonne, IL. 

Morse, R.S., and G.A. Welford. 1971. Dietary intake of 210Pb. Health Physics 
21:53-55. 

Nathwani, J.S., and C.R. Phillips. 1978. Rates of leaching of radium from 
contaminated soils: cm experimental investigation of radium bearing 
soils from Port Hope, Ontario. Water Air Soil Pollut. 9:453-465. 



3-99 

Nathwani, J.S., and C.R. Phillips. 1979a. Rate controlling processes in the 
release of radium-226 from uranium mill tailings. I. Leaching study. 
Water Air Soil Pollut. 11:301-308. 

Nathwani, J.S., and C.R. Phillips. 1979b. Rate controlling processes in the 
release of radium-226 from uranium mill tailings. II. Kinetic study. 
Water Air Soil Pollut. 11:309-317. 

National Academy of Sciences. 1980. The Effects on Populations of Exposure 
to Low Levels of Ionizing Radiation. BEIR III Report. Report of the 
Committee on the Biological Effects of Ionizing Radiations, Washington, DC. 

National Council on Radiation Protection and Measurements. 1976. Environmental 
Radiation Measurements. Report No. 50. Washington, DC. 

Ng, Y.C. 1982. A review of transfer factors for assessing the dose from 
radionuclides in agricultural products. Nucl. Saf. 23(1):57. 

Rancon, D. 1973. The behavior in underground environments of uranium and 
thorium discharge by the nuclear industry, pp. 333-345. In Proceedings, 
Environmental Behavior of Radionuclides Released in the Nuclear Industry, 
International Atomic Energy Agency, Vienna, Austria. 

Rayno, D.R. 1982. Estimated Dose to Man from Uranium Milling via the Terres-
trial Food-Chain Pathway. ANL/ES-125. Division of Environmental Impact 
Studies, Argonne National Laboratory, Argonne, IL. 

Robertson, J.B. 1974. Digital Modeling of Radioactive and Chemical Waste 
Transport in the Snake River Plain Aquifer at the National Reactor Testing 
Station, Idaho. USGS Open-File Report ID0-22C54, TID-4500. U.S. Geologi-
cal Survey in cooperation with the U.S. Atomic Energy Agency. National 
Reactor Testing Station, ID. 

Sandia Laboratories. 1975. Core-Meltdown Experimental Review. SAND 74-0382. 
Albuquerque, NM. 



3-100 

Schiager, K.J. 1974. Analysis of radiation exposures on or near uranium mill 
tailings piles. Rad. Data Rep. 15:411. 

Staley, G.B., G.P. Turi, and D.L. Schreiber. 1979. Radionuclide migration 
from low-level waste: a generic overview, pp. 1041-1072. ^n M.W. Carter 
et al. (eds.), Management of Low-Level Kadioactive Waste. Pergcmon 
Press, New York. 

Strenge, D.C., and T.J. Bander. 1981. MILDOS - A Computer Program for Calcu-
lating Environmental Radiation Doses from Uranium Recovery Operations. 
NUREG/CR-2011, PNL-3767. Prepared by Pacific Northwest Laboratory, 
Richland, WA, for U.S. Nuclear Regulatory Commission, Washington, DC. 

U.S. Department of Energy. 1982. Methods for Assessing Environmental Impacts 
of a FUSRnP Property-Cleanup/InteriV-Storage Remedial Action. ANL/EIS-16. 
Prepared for Formerly Utilized Sites Remedial Action Proyram, U.S. Depart-
ment of Energy, Oak Ridge, TN, by the Division of Environmental Impact 
Studies, Argonne National Laboratory, Argonne, IL. 

U.S. Nuclear Regulatory Commission. 1977a. Final Environmental Statement 
Related to the Rocky Mountain Energy Company's Bear Creek Project (Converse 
County, Wyoming). NUREG-0129. Prepared jointly by the USNRC, U.S. Dept. 
of the Interior (USGS) and U.S. Dept. of Agriculture (Forest Service). 

U.S. Nuclear Regulatory Commission. 1977b. Calculation of Annual Doses to 
Man from Routine Releases of Reactor Effluents for the Purpose of Evalu-
ating Compliance with 10 CFR Part 50, Appendix I. Regulatory Guide 
1.109. Office of Standards Development. 

» 

U.S. Nuclear Rtgulatory Commission. 1980. Final Generic Environmental Impact 
Statement on Uranium Milling. Vol. 1, Summary and Text; Vol. 2, 
Appendices A-F; Vol. 3, Appendices G-V. NUREG-0706. Office of Nuclear 
Material Safety and Safeguards. U.S. Nuclear Regulatory Commission, 
Washington, DC. 



3-101 

United Nations Scientific Committee on the Effects of Atomic Radiation. 1972. 
Ionizing Radiation: Levels and Effects. Volume 1: Levels. 1972 Report 
to the General Assembly, with annexes. United Nations, New York. 

United Nations Scientific Committee on the Effects of Atomic Radiation. 1977. 
Sources and Effects of Ionizing Radiation. Report to the General Assembly, 
with annexes. United Nations, New York. 

Walker, F.W., G.J. Kirouac, and F.M. Rourke. 1<:77. Nuclides and Isotopes. 
12th ed. Accompanying the Chart of the Nuclides, Revised 1977. General 
Electric Company. 

Welford, G.A., and R. Baird. 1967. Uranium levels in human diet and biological 
materials. Health Physics 13:1321-1324. 

Wilkening, M.H., W.E. Clements, and D. Stanley. 1972. Radon-222 Flux Measure-
ments in Widely Separated Regions, pp. 717-730. In J.A.S. Adams, W.M. Lowder, 
and T.F. Gesell, (eds.), C0NF-720805-P2. The Natural Radiation Environ-
ment II. U.S. Energy Research and Development Administration. 

Yeh, G.T. 1981. AT123D: Analytical Transient One-, Two-, and Three-Dimensional 
Simulation of Waste Transport in an Aquifer System. 0RNL-5602. Oak 
Ridge National Laboratory, Oak Ridge TN. 88 pp. 



4. EXPOSURE-TO-DOSE ANALYSIS 

The exposure-to-dose analysis relates the exposure from external radiation 
and inhaled or ingested radionuclides (exposure parameters) to the radiation 
doses received by the whole body or specific organs of the body (dose para-
meters). The analysis leads to a set of exposure-to-dose conversion factors 
that are ratios of the dose and exposure parameters, referred to as D/E factors. 
The product of an E/S factor and a D/E factor is a source-to-dose (D/S) con-
version factor. 

The dose parameters are the dose-equivalent rates for the whole body or 
an organ. The dose equivalent is a measure of the damage to body tissue that 
can be caused by ionizing radiation (the absorbed dose) multiplied by a "quality 
factor" that is a measure of the relative amounts of biological damage that 
can be caused by the same absorbed dose by different kinds of radiation at 
different energies. It is expressed in units of "r<?ms", where 1 rem cor-
responds to the biological damage done by absorption of 100 ergs/g rf energy 
from 250 kV X-rays. The quality factors used in this study are QF = 1 for 
beta particles and gamma radiation and QF = 10 for alpha particles. 

There is an important difference between exposure to external radiation 
and exposure to radiation from internally deposited radionuclides. When an 
external source (radiation field) is removed, the external exposure stops and, 
hence, no more dose is accumulated. For internally deposited radioactivity, 
when the source of radioactivity is removed (i.e., inhalation or ingestion of 
radionuclides ceases), the irradiation of tissue continues until the radio-
nuclides decay to nonradioactive end-products or are eliminated from the body. 
The calculation of radiation dose from internally deposited radionuclides 
must, therefore, take into account the cumulative dose that is received over a 
period of time after ingestion or inhalation. There are various conventional 
ways for doing this. A common practice, which has been adopted for this 
study, is to calculate the "50-year dose commitment". This quantity is the 
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total integrated dose that would be received over a 50-year period following 
the intake of a radionuclide. Thus, the internal dose rate is expressed as 
the 50-year dose commitment from radioactivity taken in during one year, in 
millirems per year (mrem/yr). The external dose rate is the dose actually 
received from external radiation sources during one year, also expressed in 
mrem/yr. Dose effects from internal and external radiation, within the range 
of dose rates that can occur for FUSRAP residues, are assumed to be additive 
and cumulative; hence, the internal and external dose rates are added and 
discussed together as equivalent contributions to the total dose that 
determines the potential health effects. It is recognized that this is a 
simplistic approach that is best justified by its conservatism. 

Natural analogue dose estimates are based on measurements of the body 
burden of radionuclides, i.e., the accumulation of radionuclides in the body 
or organs of the body, from prior inhalation or ingestion. Annual doses 
estimated from these data for a person n years of age correspond to the annual 
n-year cumulative dose, i.e., the internal radiation dose received during a 
single year from all radionuclides that were absorbed or ingested since birth 
(commonly referred to as the "body burden"). If the rates of ingestion and 
inhalation remained constant, the annual 50-year dose commitment and the 
annual 50-year cumulative dose would be equal (see Section 2.5). The prior 
periods and rates of ingestion and inhalation are not generally available; 
hence, natural estimates of annual dose equivalents from the body burden (the 
annual n-year cumulative doses where n is usually unknown) and mode1 estimates 
of annual 50-year dose commitments are not, in general, comparable. For 
example, for Pu-239 the calculated annual 70-year cumulative dose can differ 
from the calculated annual 50-year dose commitment by a factor ranging from 
0.25 (for bone) to 2.6 (for lung) (U.S. Dep. Energy 1983~Appendix C). A 
comparison of natural analogue dose estimates with model estimates of the 
annual 50-year dose commitment is, nevertheless, informative for providing a 
rough check of the validity of the model estimates. 

The annual dose and the annual dose commitment are the same for external 
radiation; hence, the external dose rate and internal dose commitment rate can 
be added and compared for assessing health effects. 
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4.1 EXTERNAL RADIATION DOSE 

4.1.1 Radionuclides in the Ground 

The conversion fai.i,or from external gamma radiation exposure [expressed 
in units of mi 11iroentgenj (mR)] to the absorbed dose in air [expressed in 
units of millirads (mrad)] is 0.87 mrad/mR. The conversion factor for the 
absorbed dose in muscle, which is about 10% hi^' t-r than for air for gamma 
radiation from U-238 decay series radionuclides, is used for the whole body. 
The quality factor for gamira radiation is unity; hence, the exposure-to-dose 
conversion factor for external gamma radiation for the whole body is D/E = 
0.96 (mrem/yr)/(mR/yr) (U.S. Food Drug Admin. 1970.) 

The D/E factors for different organs will differ from those for the whole 
body due to shielding of the organs by other parts of the body and different 
absorption of the radiation. The relative values of the D/E factors for 
different organs and radionuclides obtained by taking these effects into 
account are summarized in Table 4.1. 

Table 4.1. Exposure-to-Dose (D/E) Conversion Factors for 
External Radiation from Radionuclides in the Ground 

D/E in (mrem/yrV(mR/yr)t1 

Organ U-238t2 Ra-226t3 

Whole body 0.96 0.96 
Bone 1.11 1.11 
Li vert4 0.63 0.95 
Kidneyt4 0.63 0.95 
Lung 0.75 0.89 

t1 Whole-body conversion factors are for muscle (U.S. Food 
Drug Admin. 1970--pp. 23, 140); factors for other organs 
relative to the whole body are from Momeni et al. (1979— 
Table 6.2). 

t2 Based on average for U-238, Th-234, Pa-234m, and U-234, 
assumed to be in secular equilibrium. 

t3 Based on average for Ra-226 and all of its decay products. 
t4 It is assumed that the conversion factors are the same for 

the liver, kidney, and spleen. 
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4.1.2 Radionuclides in the Air 

The D/E factors for radionuclides of the U-238 decay series in airborne 
dust are tabulated in Table 4.2. These are for use with the E/S factors for 
airborne dust and for radon and radon decay products in the immersion cloud. 
The D/E factor for Ra-226 is used with the E/S factor for Rn-222. The D/E 
factor for Ra-226 includes the contributions from Ra-226 and all of its decay 
products down to, but not including, Pb-210; hence, it includes all of the 
short-lived decay products of Rn-222, with the implicit assumption that they 
are in secular equilibrium The small contribution Trom Ra-226 that is 
included in the D/E factor is insignificant. 

Table 4.2. Exposure-to-Dose (D/E) Conversion Factors for External 
Radiation from Radionuclides in the Atmosphere 

D/E in (mrem/yr)/(pCi/m3)t1 
Organ U-238 Th-230 Ra-226 Pb-210 

Whole body 1.8 X 10-4 3.6 X 10-6 1.3 X 10 - 2 1.4 X 10-5 
Bone 2.1 X 10-4 5.3 X 10-6 1.5 X lO-2 2.5 X 10-5 

Li vert2 1.2 X 10-4 1.7 X 10-6 1.3 X 10-2 7.3 X 10-6 

Kidneyt2 1.2 X 10-4 1.7 X 10-6 1.3 X 10 - 2 7.3 X 10-6 
Lung 1.3 X 10-4 2.1 X 10-6 1.3 X 10-2 9.0 X 10-6 

t1 External radiation dose in mrem/yr for continuous exposure to a radio-
nuclide concentration of 1 pCi/m3 in the immersion cloud. The radiation 
dose for U-238 includes contributions from U-238, Th-234, Pa-234m, and 
U-234; the radiation dose for Th-230 is for Th-230 alone; the radiation 
dose for Ra-226 includes contributions from Ra-226, Rn-222, Po-213, 
Pb-214, and Po-214; and the radiation dose for Pb-210 includes contribu-
tions from Pb-210, Bi-210, and Po-210. All radionuclides are assumed to 
be in secular equilibrium with the first radionuclide of the subseries. 
The D/E conversion factors are defined relative to the concentrations of 
U-238, Th-2 j, Ra-226, and Pb-210, respectively. 

t2 The D/E fa<.tor is assumed to be the same for the liver, kidney, and 
spleen. 

Source: Momeni et al. (1979—Table G.l). 
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4.2 INTERNAL RADIATION DOSE FROM INHALATION 

4.2.1 Dust 

The radiation dose from inhalation of dust particles depends on the 
particle size distribution. It is assumed, on the basis of considerations 
discussed in Section A.2, that the average particle size is 5 pm. The D/E 
conversion factors for converting from the annual intake in pCi/yr (Table 3.5) 
to the dose to the whole body and various organs in mrem/yr are presented in 
Table 4.3. 

With the exception of the lung dose conversion factors, the D/E factors 
were computed using the Argonne National Laboratory UDAD Computer Code (Komeni 
et al. 1979) in accordance with the Task Group Lung Model (TGLM) of the Inter-
national Commission on Radiological Protection (1966). The D/E factors for 
the lung are for the mass average lung dose, obtained by mass-averaging the 
UDAD-calculated dose conversion factors for the four regions of the TGLM: 
nasopharyngeal, tracheobronchial, pulmonary, and lymph. The "mass average 
lung" and "whole lung" are, herein, assumed to be synonymous. Ordinarily, the 
dose computed specifically for the pulmonary region is reported or presented 
as the "lung" dose. The doses computed for the mass average lung for U-238 
and Th-230 a:'e slightly higher than those calculated for the pulmonary region. 
The net overall effect, considering all isotopes, is thus a slight increase in 
the reported lung dose (U.S. Nucl. Reg. Comm.—Appendix G-5). 

The numerical values in Table 4.3 were obtained from conversion factors 
given by the U.S. Nuclear Regulatory Commission (1980—Table G-5.1),-which are 
expressed in terms of the concentrations in the immersion cloud in (mrem/yr)/ 
(pCi/m3). These factors were divided by the annual inhalation rate of 
7300 m3/yr (the inhalation rate assumed in the UDAD code) in order to obtain 
conversion factors for an exposure parameter E expressed in terms of the 
annual intake of radionuclides. 

The exposure parameters (E) used in Table 4.3 are the annual inhalation, 
in pCi/yr, of U-238, Th-230, Ra-226, or Pb-210. It is assumed that U-238 is 
always accompanied by an equal amount (i.e., quantity of activity) of U-234, 
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Table 4.3. Exposure-to-Dose (D/E) Conversion Factors for 
Inhalation of Radioactive Dust Particlest1 

D/E in (mrem/yr)/(pCi/yr)t2 

Organ U-238 Th-230 Ra-226 Pb-210 

Whole body 
Bone 
Liver 
Ki dney 
Lungt3 

3.4 x 10-4 
5.6 x 10-3 

0 . 0 
1.3 x 10-3 
3.6 x 10-i 

1.4 x 10-2 5.5 x 10-3 7 . 6 x 10-4 
4.9 x 10-1 5.5 x 10-2 2.1 x 10-2 
2.8 x 10-2 6.8 x 10-6 6.1 x 10-3 
1.4 x 10-1 1 . 9 x io-4 2.0 x 10-2 
1.9 x 10-1 3.9 x 10-1 7.1 x 10-2 

T1 From U.S. Nuclear Regulatory Commission (1980—Table G-5.1), for uranium 
dust ore (particle density 2.4 g/cm3) with a particle size of 5 pm. The 
tabulation (which was calculated using the UDAD computer program of Momeni 
et al. [1979]) has been converted from (mrem/yr)/(pCi/m3) to (mrem/yr)/ 
(pCi/yr) using the inhalation rate of 20 m3/d which is coded into the 
UDAD program. 

t2 Internal radiation dose in mrem/yr from inhalation of 1 pCi/yr of 5-pm 
dust particles. The exposure (E) is the annual inhalation, in pCi/yr, 
of U-238, Th-230, Ra-226, or Pb-210. It is assumed that U-238 is 
accompanied by an equal amount of U-234 and that Pb-210 is accompanied 
by an equal amount of Po-210. The dose (D) is the annual 50-year dose 
commitment, in mrem/yr, and includes the dose from the inhaled radio-
nuclides as identified in the column headings together with the dose 
from subsequent ingrowth of all decay products of the inhaled 
radionuclides. 

t3 Mass average lung. 

and that Pb-210 is always accompanied by an equal amount of Po-210. The dose 
parameters (D) are the annual 50-year dose commitments, and include the con-
tributions from ingrowth of all decay products of the ingested radionuclides. 
The radionuclides in the soil particles will be in approximate secular equi-
librium with their short-lived decay products (apart from loss of Rn-222 by 
emanation); these decay products will also be inhaled. The intake of these 
products need not be taken into account because their contribution to the dose 
will be small compared to the contributions of the same radionuclides from 
ingrowth following inhalation. 



3-7 

4.2.2 Radon and Radon Decay Products 

The conversion from the absorbed dose to the dose equivalent makes 
implicit use of human health effects that result from a given a'lsor̂ ed dose 
because health effects constitute the appropriate measure of b i o l o y d a m a g e . 
(The absorbed dose is defined in terms of quantities that can, ir principle, 
be measured directly, i.e., the amount of energy absorbed from ionizing radia-
tioi in a unit mass of an organ or the body; the dose equivalent is defined in 
terms of the biological damage caused by the absorbed radiation; health effects 
are defined as morbidities--e.g., lung cancer—and mortalities.) The standards 
for occupational exposure to radon in uranium mines, which are expressed in 
terms of the working level (WL), are also based on the health effects (see 
Section 3.2.2 for a discussion of the concept of working level). The working 
""evel c?.n be related to the radon concentration and also to the health effects; 
hence, it can be used to derive a relation between E—the exposure to radon 
expressed in terms of the equivalent concentration in the immersion cloud, and 
0—the annual dose equivalent resulting from this exposure. This approach has 
been used for estimating the D/E conversion factor for radon exposure from 
uranium milling operations (U.S. Nucl. Reg. Comm. 1980—Appendix G-5). It 
will be adapted for this study, using updated parameter values. 

When originally proposed, 1 WL was considered to be an acceptable maximum 
concentration for miners working a normal 40-hour week (170 hours per month). 
This led to an occupational exposure unit of "working-level mont'-»" (WLM) 
which, for standardized conditions (breathing rate, atmospheric conditions, 
etc.), should be proportional to the lung dose measured in rem. The current 
recommended value for this ratio is 6 rem/WLM,* which is based on a variety of 
data related to the cancer risks from exposure of the bronchial epithelium to 
relation (Natl. Acad. Sci. 1980—Appendix A, pp. 372-391). 

In order to convert from a D/E factor expressed in rem/WLM to a D/E 
factor expressed as a ratio of the annual dose equivalent to the equivalent 

*Dose-to-exposure quotients varying from 0.2 rad/WLM to 2.7 rad/WLM (correspond-
ding to a range of 2 rem/WLM to 27 rem/WLM for a quality factor of 10 rem/rad) 
have been proposed (U.N. Sci. Comm. Effects At. Radiat. 1977—p. 17, Table 26). 
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effective concentration of rao^n in the immersion cloud, two additional con-
version f&ctors are needed. One is the conversion from the average radon 
concentration in the immersion cloud (in pCi/m3) to the working level. This 
conversion factor is 10-5 WL/(pCi/m3) for a working-level ratio (WLR] of 1 
(see Section 3.2.2). (The effect of removal nf radon decay products prior to 
inhalation, which decreases the WLR to a vai-'e less than unity, is taken into 
account in the E/S factor.) The other is a conversion from the amount of air 
that a mir.tr would inhale during a normal working month of 170 hours tr the 
amount that would be inhaled by an average individual exposed continuously to 
th.2 immersion cloud. (The relative times spent in contaminated and uncon-
t'minated areas have been taken into account in defining the equivalent concen-
tration in the immersion cloud; hence, in converting from exposure to dose, it 
must be assumed that an individual spends 8760 h/yr in the immersion cloud.) 
It is assumed that the average rate of inhalation by a miner while working is 
approximately twice the rate of inhalation by an individual engaged in normal 
activities when averaged over both sleeping and waking hours. The amount 
inh'led by an individual in one year will, therefore, be 8760/(2 x 170) = 
26 WLM's. The D/E factor for converting from equivalent effective radon 
concentration in the immersion cloud to the annual dose equivalent in mrem/yr 
is, tnerefore: 

D/E = [6 x 103 (mrem/WLM)] [10-5 (WL/(pCi/m3))] [26 (WLM/yr)/WL] (4-1) 
=1.6 (mrem/yr)/(pCi/m3). 

Equation 4-1 gives the D/E factor for the lung dose to the bronchial 
epithelium. The D/E factors for the whole lung and other organs may be 
obtained from published estimates of the relative doses to different organs of 
the body for radon inhalation. The D/E factors for the whole lung and bone 
doses relative to the dose to the bronchial epithelium are obtained from data 
in a report of the United Nations Scientific Committee on the Effects of 
Atomic Radiation (1977—Tabie 79); the liver and kidney doses relative to the 
bone dose (taken as the average of the bone and bone marrow doses) are obtained 
from an earlier report of the same committee (U.N. Sci. Comm. Effects At. 
Radiat. 1972--Table 16). The resulting D/E factors are given in Table 4.4. 
Data from which the whole-body dose from radon inhalation can be obtained are 
lacki ng. 
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Table 4.4. Exposure-to-Dose (D/E) Conversion 
Factors for Inhalation of Radon-222 

and Its Decay Products 

Organ 

Bone 
Liver 
Kidney 
Whole lung 
Bronchial epithelium 

D/E in (mrem/yr)/(pCi/m3)tl 

0.003 
0.004 
0.02 
0.3 
1.6 

t1 Internal radiation dose in mrem/yr for continu-
ous exposure to an effective radon concentra-
tion of 1 pCi/m3 in an immersion cloud with a 
WLR of unity. The measured WLR is taken into 
account in the E/S factor by defining the 
effective radon concentration to be the con-
centration of a uniform, time-independent cloud 
with WLR = 1 that gives the same exposure as 
the actual cloud. 

4.3 INTERNAL RADIATION DOSE FROM INGESTION 

Some of the ingested radionuclides pass through the gastrointestinal 
system and are excreted in a day or so; others are absorbed into the blood 
stream and deposited in various organs of the body where they may reside for 
many years before excretion. A discussion of the complex processes by which 
the radionuclides are distributed to, stored in, and excreted from different 
organs, and the mechanisms by which damage occurs—all of which enter into the 
analysis for estimating the D/E ^actors for ingestion—may be found in the 
latest (1980) report by the National Academy of Sciences, Committee on Bio-
logical Effects of Ionizing Radiation (commonly referred to as the BEIR III 
report). 

The D/E factors for ingestion used in this study were obtained from those 
in current use for estimating radiation doses from uranium milling operations 
(Momeni et al. 1979; U.S. Nucl. Reg. Comm. 1980—Table G-5.5; Strenye and 
Bander 1981—Table 3.3-4). These factors, which are tabulated in 1^ble 4.5, 
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are applicable to all ingested material: water, food, and soil. D/E factors 
for an adult are used for all ingested substances except soil; the D/E factors 
for a child are used for soil because this dose is important only for a small 
child. 

Table 4.5. Exposure-to-Dose (D/E) Conversion Factors for 
Ingestion of Radionuclides 

D/E in (mrem/yr)/(pCi/yr)t1 
Organ U-238 Th-230 Ra-226 Pb-210 

Adult: 
Whole body 9.7 X 10-5 5.7 X 10-5 4.6 X 10-3 5.4 X 10-" 
Bone 1.6 X 10-3 2.1 X 10-3 4.6 X 10-2 1.5 X 10-2 
Liver 0. 0 1.2 X 10-4 5.7 X 10-6 4.4 X 10-3 
Kidney 3.7 X 10-4 5.7 X 10-4 1.6 X 10-4 1.2 X 10-2 

li Id: 
Whole body 4.2 X 10-4 9.9 X 10-5 9.9 X 10-3 2.1 X 10-3 
Bone 6.8 X 10-3 3.6 X 10-3 8.8 X 10-2 4.8 X 10-2 
Liver 0. 0 1.8 X io-4 1.8 X 10-5 1.2 X 10-2 
Kidney 1.1 X 10-3 8.7 X 10-4 4.9 X 10-4 3.7 X 10-2 

t1 The exposure (E) is the annual ingestion, in pCi/yr, of U-238, Th-230, 
Ra-226, or Pb-210. It is assumed that U-238 is accompanied by an equal 
amount of U-234 and that Pb-210 is accompanied by an equal amount of 
Po-210. The dose (D) is the annual 50-year dose commitment, in mrem/yr, 
and includes the dose from the inhaled radionuclides as identified in 
the column headings together with the dose from subsequent ingrowth of 
all decay products of the ingested radionuclides. 

Source: Adapted from U.S. Nuclear Regulatory Commission (1980—Table G-5.5). 
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5. SOURCE-TO-DOSE CONVERSION FACTORS 

The source-to-dose (D/S) conversion factors are obtained by multiplying 
the E/S factors derived in Section 3 for each pathway by the D/E f?;tors 
derived in Section 4 for the whole body and specific organs of the body. The 
D/S factors obtained in this manner are referred to as "model" D/S factors.* 
An independent set of D/S factors for different organs that are sums of D/S 
factors for all internal radiation pathways can be calculated from natura1 
analogue data for the average quantities of naturally occurring radionuclides 
in bone, tissues, and organs of the body (the "body burden"). These are 
referred to as "natural" D/S factors. 

Natural and model D/S factors for a global site should be approximately 
equal if the global parameters are chosen appropriately (see Section 2.5). 
The geometric mean of the model and natural estimates is considered to be the 
most realistic estinate of a D/S factor for a global site that car be obtained 
from current data and current understanding of the processes involved in the 
release and migration of radionuclides from source to dose. The difference 
between the model and natural estimates is a useful indicator of the probable 
uncertainty. 

*It should be noted that the model D/S factors are not pure "model" estimates 
in that natural analogue data has already been incorporated into the E/S fac-
tors used to calculate the model D/S factors. These data are, however, i"rtde-
pendent from the natural analogue data used to estimate natural D/S factoYs. 
The E/S factors for the ingestion pathways are the geometric means of mod'el 
and natur.il E/S factors. The data used for these natural E/S factors are the 
concentrations of naturally occurring radionuclides in foods. The E/S factors 
for radon inhalation are obtained from concentrations of radon and radon decay 
products in the atmosphere from natural sources. Data for the average concen-
trations of naturally occurring radionuclides in soil are used for both the 
natural E/S factors and the natural D/S factors. 

5-1 
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The natural estimates of the D/S factors for a global site can be used to 
obtain more realistic estimates of t.̂ a D/S factors for a model site.* One may 
reasonably assume that errors in the model estimates for the D/S factors are 
at least partially cancelled in the ratios of r.he model estimates for a global 
site to the corresponding model estimates for a modp'! site. These ratios may 
be used to define "natural" D/S factors for a model site. The geometric mean 
of a natural and model D/S factor for a model site is considered to be a more 
realistic estimate of the source-to-dose conversion than a D/S factor based on 
the model estimate alone. 

The model and natural D/S factors for a global site are tabulated and 
compared in Section 5.1; these factors are used to obtain D/S factors for a 
model site in Section 5.2. 

The generic E/S factors were calculated in Section 3 for a model FUSRAP 
site in which the waste field (i.e., the layer of soil material contaminated 
with radionuclides, mostly ore and ore-processing residues) is 1.5-m thick and 
exposed at the ground surface. Formulas that could be used to calculate E/S 
factors for the more general case of a waste field of arbitrary thickness (Lr) tm 
covered with a layer of clean soil also of arbitrary thickness (C)—assumed to 
have the same hydrological and physical properties as the material in the 
waste field—v/ere derived during the course of the analysis. These formulas 
can be used to obtain correction factors that can be applied to the generic 
D/S factors in order to obtain D/S factors that apply to a waste field of 
arbitrary thickness under a cover layer of arbitrary thickness. These correc-
tion factors are presented in Section 5.3. 

5.1 MODEL AND NATURAL ESTIMATES OF D/S FACTORS FOR INTERNAL 
RADIATION PATHWAYS AT A GLOBAL SITE 

The model D/S factors for internal radiation pathways at a global site 
are summarized in Tables 5.1 through 5.3. 

*Care must be taken to differentiate between two uses of the word "model11: 
(1) to distinguish between model and natural estimates of E/S or D/S factors 
and (2) to distinguish between model and global sites. The two uses are 
independent: one may caiculata model or natural conversion factors for 
either model or global sites. 
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Table 5.1. UraniuiTi-238 Source-to-Dose (D/S) Conversion 
Factors for Internal Radiation Pathways at 
a Global FUSRAP Site: Model Estimates 

Internal 
Radiation 
Pathway 

D/S in (mrem/yr)/(pCi/q)T1 Internal 
Radiation 
Pathway 

Whole 
Body Bone Liver Kidney 

Whole 
Lung 

Inhalation: 
Dust 0.0004 0.007 0.0 0.002 0.47 

Ingestion: 
Water 
Plant 
Meat 
Milk 
Fish 
Soil 

0.007 
0.024 
0.001 
0.0007 
0.0002 
0.004 

0.12 
0.40 
0.019 
0.011 
0.003 
0.07 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

0.03 
0.093 
0.004 
0.0026 
0.0007 
0.01 

— 

ToL?l 0.037 0.63 0.0 0.14 0.47 

D/S is the annual 50-year dose commitment from intake of 
U-238 and U-234 in mrem/yr per pCi/g of U-238 in the waste 
for the average exposed individual at a global FUSRAP site. 

Table 5.2. Thorium-230 Source-to-Dose (D/S) Conversion 
Factors for Internal Radiation Pathways at 
a Global FUSRAP Site: Model Estimates 

Internal 
Radiation 
Pathway 

D/S in (mrem/yr)/(pCi/g)t1 
Internal 
Radiation 
Pathway 

Whole 
Body Bone Liver Kidney 

Whole 
Lung 

Inhalation: 
Dust 0.018 0.64 0.036 0.18 0.25 

Ingestion: 
Water 
Plant 
Meat 
Milk 
Fish 
Soil 

6 x lo-5 
0.026 
0.0005 
0.0006 
3 x 10-5 
0.001 

0.002 
0.95 
0.017 
0.021 
0.001 
0.04 

0.0001 
0.054 
0.001 
0.001 
7 x 10-5 
0.002 

0.0006 
0.26 
0.005 
0.006 
0.0003 
0.009 

— 

Total 0.046 1.7 0.09 0.46 0.25 

D/S is the annual 50-year dose commitment from intake of 
Th-230 in mrem/yr per pCi/g of Th-230 in the waste for the 
average exposed individual at a global FUSRAP site. 
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Table 5.3. Radium-226 Source-to-Dose (D/S) Conversion Factors for Internal 
Radiation Pathways at a Global FUSRAP Site: Model Estimates 

T nt Dv̂ na 1 D/S in (mrem/yr)/(pCi/g)t1 X 11 Lc I 1 ICl 1 
Radiation Whole Whole Bronchial 
Pathway Body Bone Liver Kidney Lung Epithelium 

Inhalation: 
Dust 0.008 0. 10 0.008 0.03 0.6 — 

Radon 1. 0 1.2 6.4 96.6 515 
Ingestion: 
Water 0.9 9. 0 0.2 0.4 — — 

Plant 3.7 42. 6 2.5 6.9 — — 

Meat 0.52 5. 7 0.2 0.7 — — 

Milk 0.38 4. 4 0.3 0.8 — — 

Fish 0.05 0. 7 0.06 0.2 — — 

Soil 0.01 1. 4 0.1 0.4 — — 

Total 5.7 65 4.6 16 97 515 

D/S is the annual 50-year dose commitment from intake of Ra-226 and all 
of its decay products per pCi/g of Ra-226 in the waste for the average 
exposed individual at a global FUSRAP site. 

The doses to various organs from naturally occurring radionuclides in the 
U-238 decay series, obtained from standard references (Natl. Counc. Radiat. 
Prot. Measure. 1975; U.N. Sci. Comm. Effects At. Radiat. 1977) are given in 
Table 5.4. These are calculated values, but they are based on experimental 
measurements of radionuclide concentrat.ons in the body. The pstimates for 
the mass average bone and the mass average lung are based on an assumed 
standard body mass of 70 kg, skeletal mass of 10 kg, and lung mass of 1 kg 
(Int. Comm. Radiol. Prot. 1974). The average soil concentrations Sy_238 = 
0.67 pCi/g and SR a_2 2 6 = 0.80 pCi/g (Bowen 1979—Chapter 13; Natl. Counc. 
Radiat. Prot. Measure. 1976--Table 2.7) were used in deriving D/S factors from 
the dose rates (D) in Table 5.4. Values for Sjh_23Q are not available; it is 
assumed that SJ h_2 3 Q = S ^ g . 

The natural and model estimates of the D/S factors for a global site are 
compared in Table 5.5. The ratios of the natural estimates to the model 
estimates are indicators of the probable uncertainty in the estimates. (The 
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Table 5.4. Dose Rates for U-238 Decay Series Radionuclides 
Calculated from the Concentrations of Naturally 

Occurring Radionuclides in the Body 

D (mrem/yr)f' 
Ra-226 and Decay Productsf2 

Organ 
u-; u-; 238 234tz Th-230 Ra-•226 Rn-•222 

Po-218 
Po-214 

Pb-210 
Po-210 Total 

Whole Bodyt3 l .9 1.3 1. 8 0. 3 1.3T" 8.4 12 

Bone: 
Bone marrow 0 0 .9 . 5ts 0.5T6 

1. 2 0. 4 _ 4.8 
7.2T7 

6.4 
8. It8 

Trabecular bone surfaces 4 .8 - 6. 6 0. 4 - 24 31 
Bone 1ining eel 1st9 7 

3 
.7 
,0ts 8t6 

10. 2 0. 2 
-

36 
30t7 

46 
37t10 

Cortical osteocytes 12 .4 - 16. 4 0. 2 - 60 77 
Mass average bonet11 8 .6 6.5 11. .4 0. .2 - 41 53 

Lung: 
Segmental bronchioles - 450T12 - 450 
Bronchial surfaces - 2 - - 2 
Mass average lung 1 

0 
.Ot13 

. 4t5 0.4t6 
0. . 4t14 0. . 4+1 5 90t12 14t16 

3t17 
105 

Gastrointestinal Tract 0 .8 - 0. ,2 0. .4 - 3 4 

Quality factors of 10 for alpha particles and 1 for beta particles and gamma rays are 
used to convert from rads to rems. Double entries for the same organ and radionuclide 
are independent estimates from different references. 

t2 Natl. Counc. Radiat. Prot. Measure. (1975—Tables 29, 43, and 45), except where otherwise 
noted. 

t3 Estimated from the formula D . = 0.14 D . + 0.86 P . where D . i s the mass average wb tnab mab 3 

bont dose and D is the averag dose to nonskeletal port''on1; of the body. D is ns J ns 
estimated by taking the average o, the ingestion component of the mass average lung dose 
and the dose to the gastrointestinal tract (except for Th-230 where the mass average 
lung dose alone is used). 

t4 1.4% of dose to mass average lung. 
ts U.N. Sci. Comm. Effects At. Radiat. (1977—Annex A, Table 15). 
t6 U.N. Sci. Comm. Effects At. Radiat. (1977—Annex A, Table 16). 
t7 U.N. Sci. Comm. Effects At. Radiat. (1977—Annex A, Table 23). 
t8 Includes 0.9 mrem/yr from Ra-226 through Po-214 (U.N. Sci. Comm. Effects At. Radiat. 

1977—Annex A, Table 18). 
t 9 Cells lining the Haversian canals (Natl. Count. Radiat. Prot. Measure. 1975—Table 43). 
t 1 0 Includes 7 mrem/yr from Ra-226 through Po-214 (U.N. Sci. Comm. Effects Al. Rsdiat. 

1977—Annex A, Table 18). 
t 1 1 The formula D .. = 0.1 D.._ + 0.1 + 0.4 D. . + 0.4 D „ is used to obtain the mass mab bin tbs blc co 

average bone dose from doses for the bone marrow (bm), trabecular bone surface (tbs), 
bone lining cells (blc) , and cortical osteocytes (co). 

t l z From inhalation. 
t 1 3 0.8 mrem/yr from ingestion, 0.2 mrem/yr from inhalation. 
t 1 4 0.2 mrem/yr from ingestion, 0.2 mrem/yr from inhalation. 
t , s From ingestion. 
t 1 6 3 mrt/ii/yr from ingestion, 11 mrem/yr from inhalation, 
t " U.N. Sci. Comm. Effects At. Radiat. (1977—Annex A, Table 23). 
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Table 5 5. Comparison of Model and Natural Estimates of the D/S Factors 
for Internal Radiation Doses at a Global Site 

D/S in (mrem/yr)/(pCi/g) 
Radionuclide 
and Organ 

Natural 
Estimatet1 

Model 
Estimatet2 

Natural/Model 
Estimate Ratio 

U-238 + U-234: 
Whole body 
Bone 
Whole lung 

Th-230: 
Whole body 
Bone 

Ra-226 and Decay Products: 
Whole body 
Bone 
Whole lung 
Bronchial epithelium 

2 . 8 

12.8 
1.5 

1.9 
9.7 

15 
66 
130 
560 

0.037 
0.63 
0.47 

0.046 
1.7 

5.7 
65 
97 
515 

77 
20 

3.1 

41 
5.7 

2 . 6 
1.0 
1.3 
1.1 

8.7 
4.5 
1 . 8 

6.4 
2.4 

1.6 
1.0 
1.2 
1.0 

t1 Calculated from data in Table 5.4 using S ^ g ^ = S-rh-230 = 0-67 pCi/g 
and SR a_ 2 2 6 = 0.80 pCi/g (Bowen 1979). 

t2 From Tables 5.1 through 5.3. 

ratios cannot be considered to be measures because there are many possible 
sources of error; hence, it would be necessary to obtain more than two inde-
pp^dant estimates in order to define an appropriate "measure" of the uncer-
tainty.*) One may infer from the ratios listed in Table 5.5 that the uncer-
tainty is least for the estimates for Ra-226 and greatest for the estimates 
for U-238. It is of interest to note that the natural D/S factors are larger 
than the model D/S factors. This suggests chat the source of the discrepancy 
between the model and natural D/S factors is different than the source of the 

*If one were to use the geometric standard deviation as a measure of the 
uncertainty, then for two independent estimates the measure of the uncer 
tainty would be R0'7, where R is the ratio of the two estimates. 
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discrepancy between the model and natural E/S factors (see Section 3.3.2.1). 
The cause of the discrepancy is not known, but some of the possibilities may 
be identified on the basis of the following considerations. 

One may divide the exposure-to-dose analysis into two steps: (1) a 
determination of the amounts and distribution of radionuclides retained in the 
body following inhalation or ingestion (the "body burden"), and (2) a deter-
mination of the annual dose that occurs as a result of the body burden. These 
sttps are referred to as the exposure-to-burden and burden-to-dose steps, 
respectively. (This breakdown applies specifically to a calculation of the 
cumulative dose; a corresponding breakdown can also be used for the dose 
-ommitment, although the detailed analysis is different.) I f the comparison 
of model and natural estimates were for body burdens alone, i t would be 
reasonable to assign greater weight to the natural estimates because they are 
based more directly on experimental data. 

I t is judged unlikely that model estimates of the body burden and natural 
analogue data for the body burden would exhibit the very large differences 
found in Table 5.5. The mock! estimates would be based on intakes obtained 
from the E/S factors calculated in Section 3. These have already been adjusted 
by using natural analogue data for radionuclide concentrations in food. I t 
should also be noted that the natural estimates for food intake were smaller 
than the model estimates and that, for the dominant plant pathway, the natural/ 
model ratios are 0.35, 0.28, and 0.33 for U-238, Th-230, and Ra-226 plus 
Pb-210, respectively, for a global site (see Table 3.25). ( I t should also be 
noted that the corresponding natural/model ratios for a model site are 0.13, 
0.16, and 0.18, respectively, which indicates that the assumption noted above 
concerning equality of relative errors may be of limited validity.) Because 
the E/S factors in Table 3.25 have already been based on natural analogue data 
(and have been revised upward from the natural estimates) and because i t is 
judged unlikely that the models used in calculating the D/E factors in Section 4 
would introduce errors of more than a factor of 10 in the body burden, i t is 
considered likely that the natural/model differences exhibited in Table 5.5 
are due to differences in the burden-to-dose step of the exposure-to-dose 
analysis. 
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The burden-to-dose step involves a calculation for both the model and 
natural estimates. The calculations and estimates would be different due to 
use of the cumulative dose for the natural estimate and the dose commitment 
for the model estimate, but it is considered unlikely that the error introduced 
by this difference would be as large as a factor of 10. It is not known which 
estimate, natural or model, introduces the greater error in the burden-to-dose 
step. The natural estimates may be less reliable because of the simplified 
procedures used to obtain whole-body doses from organ doses in Table 5.4. 
These whole-body doses are used to obtain the natural D/S factors for the 
whole body, which are the D/S factors that exhibit the largest discrepancies. 

A detailed study and recalculation of burden-to-dose conversion factors 
is needed to resolve the question of the appropriate weight to assign to the 
model and natural estimates. This is beyond the scope of the current study. 
Under these circumstances, a basis for assigning different weights is lacking, 
and the most reasonable procedure is to assign equal weight to the model and 
natural estimates and to use the geometric mean. This mean is considered to 
be more reliable than either the model or natural estimates alone. 

The geometric mean of the natural and model D/S factors may be calculated 
by multiplying the model estimates of the D/S factors by R3*, where R is the 
natural/model ratio. If it is assumed that the relative error is the same for 
the global and model sites--i.e., that the ratio of a D/S factor for a global 
site to the corresponding D/S factor for a model site is insensitive to the 
errors in either factor—then a corresponding geometric mean for a model site 

h may be obtained by multiplying the model D/S factors for a model site by R 
h 

for the appropriate pathway. The values of R needed for this purpose are 
tabulated in the last column of Table 5.5. 

5.2 D/S FACTORS FOR A MODEL FUSRAP SITE 

The model D/S factors for a model FUSRAP site, calculated from the E/S 
factors derived in Section 3 and the D/E factors derived in Section 4, are 
tabulated in Tables 5.6 through 5.8. These data indicate that the dominant 
contribution is from the plant pathway for all organs except the lung. The 
radon inhalation pathway is the dominant pathway for the dose to the whole 
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Table 5.6. Model Estimates of the Uranium-238 Source-to-Dose rD/S) 
Conversion Factors for All Major Pathways at 

a Model FUSRAP Site 

D/S in (mrem/yr)/(pCi/q)t1 
Whole Whole 

Pathway Body Bone Liver Ki dney Lung 
External Radiation 
Ground 0.1 0.1 0.06 0.06 0.08 
Air: 

Dust 3 x 10-8 3 x 10-8 2 x 10-8 2 x 10-8 2 x 10-8 

Internal Radiation 
Inhalation: 
Dust 0.0003 0.006 0.0 0.001 0.4 

Ingestion: 
Water 0.2 3 0.0 0.7 — 

Plant 0.03 0.5 0.0 0.1 - -

Meat 0.0008 0.01 0.0 0.003 — 

Milk 0.001 0.02 0.0 0.005 — 

Fish 0.0002 0.003 0.0 0.0007 - -

Soil 0.04 0.7 0.0 0.1 - -

Total 0.4 4 0.06 1.0 0.5 

t1 0/S is the annual dose (external dose or 50-year dose commitment) 
from U-238 and U-234 in mrem/yr per pCi/g of U-238 in the waste for 
the maximally exposed individual at a model FUSRAP site. 
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Table 5.7. Model Estimates of the Thorium-230 Source-to-Dose (D/S) 
Conversion Factors for All Major Pathways at 

a Model FUSRAP Site 

D/S in (mrem/yr)/(pCi/q)t1 

Pathway 
Whole 
Body Bone Liver Kidney 

Whole 
Lung 

External Radiation 
Ground <\-0 <\-0 
Air: 
Dust 5 x 10-io 8 x 10-io 3 x lO-io 3 x 10-1° 3 x 10-i° 

Internal Radiation 
Inhalation: 
Dust 0.02 0.5 0.03 0.2 0.2 

Ingestion: 
Water 0.0 0.0 0.0 0.0 — 

Plant 0.03 1.3 0.07 0.3 — 

Meat 0.0003 0.008 0.0006 0.003 — 

Milk 0.001 0.04 0.002 0.01 — 

Fish 0.00003 0.001 C.00007 0.0003 — 

Soil 0.01 0.4 0.02 0.09 - -

Total 0.06 2 0.1 0.6 0.2 

t1 D/S is the annual dose (external 
from Th-230 in mrem/yr per pCi/g 
the maximally exposed individual 

dose or 50-year dose commitment) 
of Th-230 in the waste for 
at a model FUSRAP site. 



4-11 

Table 5.8. r-lodel Estimates of the Radium-226 Source-to-Dose (D/S) 
Conversion Factors for All Major Pathways at 

a Model FUSRAP Site 

D/S in (mrem/yr)/(pCi/g)t i 
Whole Whole Bronchial 

Pathway Body Bone Liver Ki dney Lung Epithelium 

External Radiation 
Ground 10 11 10 10 9 — 

Air: 
Dust 2 x 10-6 2 x 10-6 2 x 10-6 2 x 10-6 2 x 10-6 — 

Radon 0.06 0.07 0.06 0.06 0.06 — 

Internal Radiation 
Inhalation: 
Dust 0.007 0.08 0.007 0.02 0.5 — 

Radon - - 0.2 0.3 2 23 120 

Ingestion: 
Water 0.2 2 0.2 0.5 - - — 

Plant 4.9 55 2.7 7.5 — - -

Meat 0.1 1.5 0.1 0.3 — - -

Milk 0.3 4.1 0.4 1.2 — — 

Fish 0.05 0.7 0.06 0.2 — — 

Soil 1.2 14 1.2 3.7 — — 

Total 17 89 15 25 33 120 

t1 D/S is the annual dose (external dose or 50-year dose commitment) from 
Ra-226 and all of its decay products in mrem/yr per pCi/g of Ra-226 in 
the waste for the maximally exposed individual at a model FUSRAP site. 
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lung and the bronchial epithelium. The external ground radiation and soil 
pathways are next in importance. The contributions from the meat, milk, fish, 
and water pathways are minor, and the contribution from the dust pathway is 
insignificant. 

The mean D/S factors for a model site are tabulated in Table 5.9; these 
factors were obtained by using a scaling rule to define natural D/S factors 
for a model site (see introduction to Section 5 and Section 5.1) and then 
calculating the geometric mean of the natural and model D/S factors for the 
model site. The mean values are calculated directly, without calculating the 
natural values, by multiplying the model D/S factors for a model site by the 

h 
appropriate value of R from Table 5.5. Since this factor applies only to the 
sum of all interna! radiation pathways, the contributions from the individual 
internal radiation pathways have been combined into a single value. The mean 
D/S factors in Table 5.9 are considered to be the most realistic estimates 
available at the present time, and are used for assessing health effects and 
setting soil guidelines. The model D/S factors in Tables 5.6 through 5.8 may 
be used to estimate the relative contributions from different pathways. 

5.3 D/S FACTORS FOR DIFFERENT WASTE-FIELD PARAMETERS 

For all pathways except radon inhalation and drinking water, the functional 
dependence of the exposure on the thickness of the waste field (Lz) and on the 
thickness of a cover of clean soil placed over the waste field (C)—assuming 
that the physical properties of the cover material are the same as the soil 
material in the waste field—can be approximated by the function exp(-aC) 
[1 - exp(-aLz)], where a is a coefficient that is a characteristic of the 
material and of the pathway mechanisms by which exposure occurs (see Equa-
tion 3-1, Equation 3-26, Section A.4, and Section B.2). The D/S factors for a 
cover and waste-field thickness different from th- generic case (Lz = 1.5 m, 
C = 0) may be calculated by means of the expression: 

D/S = {(D/S)G/[1 - exp(-1.5a)]}exp(-aC)[l - exp(-aLz)] (5-1) 

where (D/S)q is the generic D/S factor. The values of the attenuation 
coefficient a are a = 12 m-1 for the ground radiation pathway (Section 3.1.1), 
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Table 5.9. Mean Estimates of the Source-to-Dose (D/S) 
Conversion Factors for the Maximally Exposed 
Individual at a Model Site for the Principal 

Radionuclides in the U-238 Decay Series 

D/S in (mrem/yr)/(pCi/g) 
Radionuclide 
and Organ 

External 
Radiation 

Internal 
Radiation Total 

U-2381"1: 
Whole body 
Bone 
Whole lung 

Th-230t2: 
Whole body 
Bone 

Ra-226t3: 
Whole body 
Bone 
Whole lung 
Bronchial epitheliumt4 

0.1 
0.1 
0.^8 

<\-0 

10 
11 
9 

2.4 
20 
0.7 

0.3 
R 

11 
76 
28 
120 

2.5 
20 

0 . 8 

0.3 
5 

21 
87 
37 
120 

T1 

ta 

The total D/S factor for U-238 is the annual external dose from 
U-238, Th-234, Pa-234m, and U-234 plus the annual 50-year dose 
commitment from inhalation and ingestion of U-238 and U-234 per 
pCi/g of U-238 in the waste for the maximally exposed individ-
ual at a model FUSRAP site. 
The total D/S factor for Th-230 is the annual 50-year dose 
commitment from inhalation and ingestion of Th-230 per pCi/g 
of Th-230 in the waste for the maximally exposed individual at 
a model FUSRAP site. 
The total D/S factor for Ra-226 is the annual external dose 
plus the 50-year dose commitment from inhalation and ingestion 
of Ra-226 and all of its radioactive decay products (Rn-222, 
Po-212, Pb-214, Bi-214, Po-214, Pb-210, Bi~210, and Po-210) 
per pCi/g of Ra-226 in the waste for the maximally exposed 
individual at a model FUSRAP site. 
The dos-2 to the bronchial epithelium is primarily from inhala-
tion of airborne decay products of Rn-222. The ratio of the 
exposure, expressed as the radon working level (WL), to the 
concentration of Ra-226 in the waste is estimated to be 
WL/S = 0.0016 WL/(pCi/g) indoors. 
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a = 5 m-1 for the airborne dust radiation pathway (Section A.4), a = 0.6 m-1 

(sand) or a = 1.6 m-1 (loam) for external radiation from radon in the atmo-
sphere (Section B.2), a = 1.2 m-1 for the plant pathway (Section 3.3 .2 .1) , 
a = 0.5 m-1 for the meat and milk pathways (Section 3.3 .2 .2) , a = 0.4 m-1 for 
the fish pathway (Section 3.2.3.3) , and a = 5 m-1 for the soil pathway (Sec-
tion 3.3.3.4). 

I f the farmhouse in the IA scenario had no basement, then Equation 5-1 
would also be applicable for the radon inhalation pathway. The attenuation 
coefficients are the same as for the airborne radon contribution to external 
radiation. The expression becomes more complicated for a house with a basement 
because the radon exhalation through the belowgrade basement wall and through 
the basement floor have different functional dependences on the parameters C 
and L2. These dependencies may be taken into account as follows. 

Let Â  be the belowgrade area of the basement wolls; le t Â  be the area 
of the basement flour; and let Â  = Aw + Af be the total belowgrade area, 
which is also the area through which radon exhaled from the ground can diffuse 
directly into the house; and l._t Hz be the distance from the ground surface to 
the basement floor. Define f = A ,/A. and f , = A-/AK to be the fractions of 

W W b f T D 

the total area for the wall and floor, resectively. For simplicity, let us 
assume that the units have been chosen so that D/S = 1 is the D/S factor for a 
global site, i . e . , a waste f ie ld of inf ini te thickness with no cover. 

Using simple geometric arguments and Equation 5-1, one may infer the 
following relations (see Figure 5.1). I f the bottom of the waste f ie ld does 
not extend below the basement floor, then the D/S factor wi l l be given by 
f L /H . (For the generic case, for which L = H = 1.5 m, this expression 

W Z Z Z £ 

reduces to f . ) I f the top of the waste f ield is above the basement floor and 
the bottorc of the waste f ie ld i<; below the basement f loor, then the D/S factor 
wi l l be given by fw(H - C)/Hz + f f {1 - exp[-cr(C + Lz - Hz) ] } . (Note that i f 
C = 0 and Lz -> this expression reduces to fw + f^ = 1). I f the top of the 
waste f ield is below the basement floor, then the D/S factor wi l l be given by 
ffexp[-a(C - H z ) ] [ l - exp(-aLz)]. (This expression reduces to f f i f C = h'z 

and L -> ) 
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C + L z < H z 
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C > H z 

Figure 5.1. Geometry of Basement and Waste Field for a Waste Field of 
Arbitrary Thickness with a Finite Cover of Uncontaminated 
Soil Material. 
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The expressions given above may be used to infer general relations between 
the D/S factors for waste fields of different thickness with different amounts 
of cover. In the particular case where the thickness of the model waste field 
and the distance from the basement floor to the ground surface for the model 
house are the same (l_z = Hz), then the D/S factor for arbitrary values of C 
and Lz is- related to (D/S)^, the generic D/S factor, by: 

D/S = (D/S)q x 

The values for the coefficient or will-be as noted previously. 

If the physical properties of the cover material (in particular, the 
hydraulic conductivity) are the same as the physical properties of the soil 
material in the waste field, a condition that has been assumed in deriving 
Equations 5-1 and 5-2, then the maximum D/S factor for the w^ter pathway will 
be unaffected by the presence of cover. If the ion-exchange model is valid 
and the condition 

Kh > ULx/JLz (5-3) 

is satisfied—where U is the downward velocity of the migrating waste field 
boundary, L is the dimensions of the waste field in the direction of ground-
water flow, and J is the hydraulic gradient—then the D/S factor for the water 
pathway will be nearly independent of the thickness of the waste field. (When 
Equation 5-3 is satisfied, radionuclides that first enter the water table at 
the most distant point from the well will reach the well before the last of 
the radionuclides adjacent to the well in the waste field enter t^ water 
table.) When Equation 5-3 is satisfied, increasing Lz will increase the 
period of time during which the radionuclide concentration in the well water 
remains near its maximum value (apart from the reduction due to radioactive 
deca>). However, the maximum value of the radionuclide concentration and, 

Lz/Hz C + Lz = Hz 
(Hz - C)/Hz + (Af/Aw){l - exp[-a(C + l_z - Hz)]} (5-2) 

C + Lz > Hz, C < Hz 

(Af/Aw)exp[-c*(C - Hz)][l - exp(-c*Lz)] 

C ^ H. 
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hence, the D/S factor will not change by any significant amount. I f the 
hydraulic conductivity is sufficiently small, then the D/S factor for the 
water pathway will be directly proportional to the thickness of the waste 
field. The thickness dependence of the D/S factor for intermediate values of 
the hydraulic conductivity cannot be expressed in a simple form and must be 
calculated numerically. 

I f a cover material with a hydraulic conductivity that is lower than the 
hydraulic conductivity of the waste f ield material is used, then the inf i l t ra-
tion rate I must be recalculated for that cover material. I f I < Iq , where 
Iq = 0.1 m/yr is the generic inf i l trat ion rate, then the D/S factor for the 
water pathway will be reduced by a factor I / Iq- I t should be noted, however, 
that the recalculated inf i l t rat ion rate must be valid for the time span of 
concern. I t has been assumed, for the purpose of this study, that this time 
span is 10,000 years. 

The D/S factor for the water pathway has been calculated on the assump-
tion that the bottom of the waste f ield is in i t ia l ly 3 m above the water 
table. Furthermore, a very simple homogeneous hydrological structure and an 
aquifer of infinite extent have been assumed. (This latter assumption is 
limiting only i f the actual depth or width of the aquifer is less than the 
vertical or lateral extent of the contaminated region in the aquifer at the 
edge of the waste f ield where the well is located—see Table 3.16.) When 
these assumptions are not valid, as will usually be the case (simple hydro-
logical structures are a rare occurrence), then a site-specific analysis will 
be needed in order to determine the D/S factor for the water pathway. 

The D/S factors for the various pathways also depend on the area of the 
waste f ie ld but are less sensitive to this parameter. Increasing the area 
wil l have very l i t t l e effect on most pathways. Most of the difference between 
the D/S factors for a global site, which represents the limit of infinite 
area, and for a model site are due to changes in the fraction of the diet that 
is contaminated (which wil l not change significantly within the range of the 
areas of FUSRAP sites that have been identified). The decrease in the D/S 
factors as the area decreases may be described in a semiquantitative manner as 
fol1ows. 
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The D/S factor for the plant, meat, milk, and fish pathways will decrease 
in an approximately linear manner with area for areas less than 2 ha. (It is 
assumed, in defining the scenario, that the fish pond would not be considered 
for areas less than 1 ha because the waste-field area would then be too small 
to include the house, farmyard, garden, and fish pond. However, a fish pond 
could still be located away from the waste field and would then receive some 
contamination, which would be roughly proportional to the area of the waste 
field if the waste field were part of the watershed.) The D/S factor for the 
soil pathway would remain constant until the area were small enough to include 
only part of the play area of a child, and would then decrease linearly with 
the area. 

The external radiation exposure at a given location remains constant 
until the radius of the contaminated area surrounding an individual reaches a 
value that is a small multiple (about 3) of the height of the exposed individual; 
for smaller areas, it will be approximate proportional to the contaminated 
area. The size of area at which the decrease begins will be somewhat larger 
when the exposure is averaged over different locations where an individual is 
likely to be during the course of daily activities. If a person remained at 
the center of a contaminated area, the exposure would be approximately constant 
for contaminated areas larger than *bout 100 m2, and then decrease proportion-
ately for smaller areas. 

The area dependence of the D/S factor for radon inhalation can be, very 
approximately and conservatively, estimated by the formula: 

D/S = (D/S)G{1 - exp[-0.5a(A - Af)Sj]} (5-4) 

where A is the area of the waste field and A^ is the floor area of the house. 
This formula is based on the assumptions that the contaminated area is compact, 
the house is at the center of the contaminated area, and the diffusion of 
radon occurs only in a horizontal direction. These assumptions represent 
rather severe restrictions and approximations and lead to the prediction that 
there will be no dose when A £ A^ because all of the waste field will be 
removed from the ground and dispersed during construction of the house. Since 
this is an unrealistic prediction (and would necessitate a separate analysis 



4-19 

of the impacts from the contaminated material dispersed during construction, 
which would create a new waste field probably of lesser depth and greater 
area), a more reasonable prescription for taking into account the area depen-
dence of the radon exposure is to assume that the decrease in exposure is 
insignificant for waste-field areas greater than about A = 2Af (for which 
Equation 5-4 predicts a 5% decrease when the generic parameters and attenua-
tion coefficient for sandy soil are used), and that the D/S factor decreases 
in an approximately linear manner with area for smaller wac»,e-field areas. 
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6. CONCLUSIONS 

The objectives of this study were to develop methods of analysis for 
estimating the maximum individual dose that might result from the radioactive 
waste at FUSRAP sites and to obtain generic estimates of the potential dcse at 
a representative (model) FUSRAP site. The conclusions pertaining to these 
objectives are summarized below. 

6.1 METHODOLOGY 

The methods of analysis developed for this study are generally applicable, 
without modification, to any waste that contains naturally occurring radio-
nuclides. The analysis makes use of two independent methods for calculating 
source-to-dose (D/S) conversion factors for estimating the dose to the maximally 
exposed individual (D) from the concentration of a radionuclide in the waste 
(S). One method, which can be used either for naturally occurring or man-made 
radionuclides, uses models that provide quantitative or semiquantitative 
characterizations of the processes by which radionuclides migrate through the 
pathways. This method leads to "model" estimates of the conversion factors. 
The other method, which can be used only for naturally occurring radionuclides, 
makes use of natural analogue data, i.e., data on the concentrations of natu-
rally occurring radionuclides in the soil, food, and human tissue and bone. 
This method leads to "natural" estimates of the conversion factors. It has 
been found that use of the two methods enables one to assess the validity of 
the model estimates and to obtain more realistic estimates of the conversion 
factors than would be possible using model estimates alone. 

The analysis is carried out by structuring the calculations into source-to-
exposure and exposure-to-dose components. This structuring, which is carried 
out in a more systematic and comprehensive manner than in previous pathways 
analyses, has been found to facilitate a critical examination of the relative 
importance of different pathways, the effect of changes in parameters, and 
likely sources of error. 

5-1 
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The analysis shows that the concentrations of radionuclides in the waste 
are more important than the depth 01 area of the contaminated region for 
assessing the potential dose to the maximally exposed individual. 

The natural analogue approach can be used only for radionuclides in 
FUSRAP waste that also occur naturally, i.e., radionuclides in the U-2̂ 'o and 
Th-232 decay series. The model estimates can be obtained without recourse to 
natural analogue data; hence, the analysis can also be used to calculate D/S 
factors for other radionuclides. The uncertainty \n such estimates will be 
higher because there are no means for obtaining independent estimates that can 
be used to check the estimates based on detailed analyses of the pathway 
processes. However, by using the same models for naturally occurring radio-
nuclides (which can be checked by natural analogue methods) and n.an-made 
radionuclides, one can gain soir~ indirect validation of the estimates for the 
0/S factors for man-made radionuclides. 

6.2 GENERIC ESTIMATES OF D/S FACTORS 

Specific conclusions that may be derived from the study are based on 
estimates for a model FUSkAP site. In summarizing these conclusions, it 
should be emphasized strongly that they apply only to the model site. Site-
specific studies to obtain pathway parameters applicable to individual sites 
will be needed in order to obtain results on which conclusions for specific 
sites can be basod. The generic results serve only to indicate which pathway 
contributions are likely to be most important and the approximate maximum 
individual exposure and dose that are likely to occur at sites for which 
conditions are similar to those assumed for the model site. The assumed 
conditions for the model site are given in Section 2 (Table 2.2) and Section 3 
(Table 3.14). Among the most important conditions associated with this 
analysis are: (1) the radioactive waste is exposed at the ground surface, and 
(2) the waste is uniformly distributed over an area of 2 ha (140 m x 140 m) in 
a layer that extends 1.5 m below the ground surface. This contaminated region 
is referred to as the "waste field". 

Under the aforementioned conditions, the following conclusions may be 
inferred from the results presented in Section 5. 
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1. If the concentrations (in pCi/g) of U-238, Th-230, and Ra-226 
are approximately the same, the dominant hazard is from Ra-226 
and its decay products. 

2. The dominant contributions to health risks are from radon 
inhalation and ingestion of plant foods grown onsite. The 
former is the dominant contribution to the lung and bronchial 
epithelium doses; the latter is the dominant contribution to 
the bone dose. 

3. The next most important contributions (for Ra-226 and decay 
products) are from external radiation—which is the largest 
contribution to the whole-body, live-, and kidney doses—and 
from ingestion of soil. 

4. The contribution from the water pathway is small and can 
reasonably be neglected in comparison to the uncertainties in 
estimates for the dominant pathways. Although the water pathway 
contribution to the whole-body dose for U-238 is half the total 
(Table 5.6), it should be noted that this estimate is based on 
the ion-exchange model, which overestimates the water pathway 
contribution by a factor of at least 10 and probably more, and 
that the uncertainty in the D/S factor for U-238 is high; 
hence, the conclusion holds fnr U-238 as well as for Ra-226 and 
Th-230. However, it should be emphasized again that this 
conclusion applies only to the model site. The situation can 
be quite different at an actual site because the variations 
that can occur in hydrological parameters and conditions are 
large. 

5. The external radiation contribution from airborne dust is 
negligible. It is so small that one may safely infer that it 
need not be considered in site-specific assessments of the 
potential dose to the maximally exposed individual. 
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One may also infer, from Table 5.5, that tht> uncertainties in the estimates 
are least for Ra-226 and its decay products and greatest for U-238. Although 
it is very risky to assign numerical errors to the error bounds on the basis 
of the very limited data available, it is r.ot unreasonable to inter that the 
error in the generic estimates for the dose from Ra-226 and its decay products 
is probably less than a factor of 2 and that the error in the generic estimates 
for the dose from U-238 could be as high as a factor of 10 or more. 

The radionuclides in most FUSRAP waste have very long half-lives. If 
dispersal is not allowed, most of the waste will remain hazardous for an 
extremely long time (billions of years if U-238 or Th-232 are the principal 
contaminants), well beyond the time for which meaningful predictions regarding 
the condition or use of the sites and the radiological impacts can be made. 

If measures to prevent erosion or provide for controlled dispersal are 
not implemented, uranium ore and ore-processing residues at FUSRAP sites--
which constitute the major part of FUSRAP waste—will remain hazardous until 
they are dispersed by erosion. The time for complete dispersal by erosion to 
occur would be about 30,000 years for a site with a 5% slope and climax growth. 
This would decrease to about 4,000 years if the ground cover were permanent 
pasture and could be as short as about 500 years if the land were used for 
row-crop agriculture. The above ranges are based on sheet or rill erosion; 
the times could be much shorter if gully erosion occurred. These conclusions 
apply to U-238 decay series radionuclides for which the diffusion model is the 
most realistic description of the leaching process. For man-made radionuclides 
that are present at a few sites and for which the ion-exchange model is more 
realistic, some will be eliminated by radioactive decay in a few hundred years 
(e.g., H-3, Sr-SO, and Cs-137); others may be removed by leaching. 

A systematic re-examination of the burden-to-dose calculations for boch 
the natural analogue and model estimates, and a statistical analysis of the 
sensitivity of the dose estimates to errors in the pathway parameters (and 
estimates of the ranges of these parameters), would be a useful extension of 
the current study in order to provide a firmer basis for placing error bounds 
on the estimates. 
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6.3 SOIL GUIDELINES 

One of the purposes for undertaking this study was to derive remedial 
action guidelines for the limiting concentrations of radionuclides in soil. 
These concentrations, referred to as "soil guide'ines", are defined in such a 
manner that if the soil guideline is not exceeded, a specified dose li.nit 
should not be exceeded. Soil guidelines will depend on the characteristics of 
a site. Soil guidelines for a model FUSRAP site are referred to as "generic" 
soil guidelines. 

6.3.1 Generic Soil Guidelines 

Generic soil guidelines are presented in Table 6.1. These guidelines 
were derived, using the D/S factors in Tabls 5.9, from (1) radiation protection 
standards established by the U.S. Department of Energy, and (2) U.S. Environ-
mental Protection Agency standards for radon exposure. 

Table 6.1. Generic Soil Guidelines for Three Radiation 
Protection Standardst1 

Radiation 
Protection Standard Radionuclide 

Corresponding Generic 
Soil Guidelines (pCi/g) 

0.03 WL radon exposure?2 Ra-226 19 

1500 mrem/yr bone doset3 U-238 75 
Th-230 300 
Ra-226 17 

500 mrem/yr whole-body doset3 U-238 200 
Th-230 1700 
Ra-226 24 

f1 Calculated using the D/S factors from Tabl« 5.9, except for radon 
exposure in which the WL/S ratio from Table 3.6 is used. 

t2 U.S. Environmental Protection Agency standard: 40 CFR 192, Health and 
Environmental Standards for Inactive Uranium Hill Tailings (includes 
background). 

t3 U.S. Department of Energy standard: Requirements for Radiation 
Protection, DOE Order 5480.1A, Chapter XI, August 1981 (above back-
ground). 
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6.3.2 Dependence on Cover Thickness and Waste-Field Dimensions 

As noted earlier, the soil guidelines in Table 6.1 apply only to a model 
site with a waste field that is 1.5-m thick and exposed at the ground surface 
(L = 1.5 m, C=0). There are likely to be situations in which the waste 
field lies beneath a waste-free soil cover and the thickness of the waste 
field is different from the assumed 1.5 m. The soil guidelines for these 
situations may be obtained as follows. 

Let D q be a dose limit specified by a radiation protection standard, and 
let SQ be the soil guideline derived from this limit. The two quantities are 
related by: 

where S/D is the inverse of the total D/S factor. The total D/S factor is the 
sum of the D/S factors for the individual pathways: 

where p is a label that identifies a specific pathway; Dp/S is the D/S factor 
for the pth pathway; and N is the number of pathways taken into consideration. 
The generic D/S factors for individual pathways are given in Tables 5.6 through 
5.8. If the conditions at a specific site are different than those assumed 
for the model site used for the generic analysis, then the pathway D/S factors 
must be recalculated. The D/S factors for the internal radiation pathways 
must be multiplied by the appropriate correction factor R from Table 5.5. 
The site-specific D/S factor may be written in the form: 

S G = ( S / D ) D ( 0 (6-1) 

(6-2) 

(6-3) 



4-7 

where (Dp/S)G are the generic D/S factors and Fp = (Dp/S)G/(Dp/S) are correc-
tion factors equal to the ratios of generic-pathway D/S factors to actual-
pathway D/S factors. For a site in which the difference is limited to a 
different waste-field thickness (l_z ̂  1.5 m) and the presence of clean cover 
material of finite thickness (C ̂  0) with the same physical properties as the 
waste material, the correction factors for different cover and waste field 
thicknesses can be calculated using the expressions given in Section 5.3. For 
all pathways except the radon inhalation and drinking water pathways, the 
correction factors are 

Fp = exp(crpC){[l - exp(-l.5ap)]/[l - exp(-apLz)]} (6-4) 

The expression for the radon inhalation pathway (p = RI) is: 

FRI = 

1.5/Lz C + Lz £ 1.5 

[i - C/1.5 * (5/3){1 - exp[-crp(C + L2 - 1.5)]}J-1 (6-5) 

C + l_2 > 1.5, C < 1.5 

(3/5)exp[ap(C - 1 5)]/[l - exp(-apLz)] 

C £ 1.5 

The correction factor for the drinking water pathway cannot readily be reduced 
to a simple expression; it must, therefore, be calculated on a site-specific 
basis if there is reason to believe that the contribution is not negligible. 
If a particular pathway included in the generic analysis will not have a 
significant contribution (e.g., if the terrain at a particular site were 
obviously unsuitable for a farm pond, so that the fish pathway could be 
eliminated), then this may be taken into account by setting Fp = » for that 
pathway. The values of the pathway attenuation coefficients ap for use in 
Equations 6-4 and 6-5 are given in Table 6.2. 

The preceding formulas are also applicable, mutatis mutandis, when the 
radiation protection standard is an exposure limit (e.g., the working level or 
concentration of a radionuclide in drinking water). 
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Table 6.2. Pathway Attenuation Coefficients 
for Calculating the Effect of Changes in 

Waste-Field Cover and Thicknesst1 

Attenuation 
Coefficient, a 

Pathway On-1) 

External Radiation 
Ground 12 
Air: 
Dust 5 
Radon 
Sand 0.6 
Loam 1.6 

Internal Radiation 
Inhalation: 
Dust 5 
Radon 
Sand 0.6 
Loam 1.6 

Ingestion: 
NAT2 Water NAT2 

Plant 1.2 
Meat 0.5 
Milk 0.5 
Fish 0.4 
Soil 5 

t1 For use in Equations 6-4 and 6-5. These coef-
ficients apply to the formula for estimating 
the effect of placing a cover of uncontami-
nated material over the waste only when the 
physical properties of the cover material are 
the same as the physical properties of the 
waste material. 

t2 MA = not applicable. 
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Correction factors for waste-field areas that differ from the area assumed 
for the generic case (2 ha) can also be calculated. The methods for obtaining 
approximate area corrections are given in Section 5.3. 

In circumstances where the dose contribution for a single pathway is 
dominant, the soil guideline correponding to the radiation protection standard 
for that dose may be written as: 

s0 = fpsOG <6-fi> 

where Sqq is the generic soil guideline and p is the dominant pathway. 

One may infer from the preceding formulas that the soil guidelines are 
relatively nsensitive to changes in waste-field dimensions, but exhibit a 
marked dependence on thickness of cover material. If 1.5 m of cover is present, 
the contribution from the plant pathway—which is the dominant pathway for the 
bone dose—will decrease by a factor of 1/6. It should be noted, however, 
that allowing an increase in a soil guideline because of the presence of cover 
material implies that the cover material will regain in place for the time 
period of concern. r-ne cannot reasonably assume that thi? will be the case. 
If a site is released for unrestricted use, there are no means for ensuring 
that the cover will be protected against erosion or against removal during 
construction or other human activities. 



APPENDIX A. CONCENTRATIONS OF CONTAMINATED DUST IN THE ATMOSPHERE 

A. 1 AIRBORNE CONCENTRATIONS 

Three different methods for estimating the concentration of dust in a-r 
from soil are commonly used, based on estimates of (1) the resuspension factor, 
(2) the resuspension rate, or (3) the mass loading. These methods have been 
reviewed and discussed by Healy and Rodgers (1979--Appendix E) and Oztunali 
et al. (1981—Appendix A), and are summarized below. 

The resuspension factor is the ratio (in m-1) of the concentration in the 
air at a reference height (usually one meter) to the contamination per unit 
area in a surface layer of ground. The concentration of dust in the air 
(Cd(jst) is related to the resuspension factor (R^) by 

Cdust = Rf ?sdr 

where is the density of the soil and dr is the "effective depth" of the 
layer from which resuspension occurs, i.e., the thickness of the layer that is 
exposed to possible resuspension by mechanical disturbance or other means 
multiplied by the fraction of the layer that consists of soil particles of 
resuspendable size (Healy 1977—p. 52). 

The resuspension rate is the fraction of the resuspendable contamination 
that becomes airborne per unit time, usually expressed in units of s-1. The 
deposition rate from the air is the product of the deposition velocity and the 
concentration in air and, on the average, must be in equilibrium with the 
resuspension rate. Thus, the dust concentration is given by 

Cdust = RrCTs/vd ( A"2) 

where Rr is the resuspension rate; og = Pgdr is the surface concentration of 
dust; and vd is the average deposition velocity. The relation Rr = vdRf 

A-1 
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between the resuspension rate and resuspension factor may be obtained by 
comparing Equations A-l and A-2; therefore, methods for calculating the resus-
pension factor and resuspension rate are not independent. Both require data 
on the surface-dependent mechanisms by which resuspension occurs that are 
generally unavailable or poorly known. 

The mass loading is the concentration of soil particles in the air, and 
is obtained directly from empirical data for locations and conditions similar 
to those applicable for the scenario used. Considerations involving details 
of the resuspension mechanisms, in particular the effective depth of the 
disturbed layer, can be bypassed. Dust concentration estimates for this study 
are based primarily on mass loading data. 

Average ambient concentrations of transportable particles range from 33 
to 254 pg/m3 in urban locations and from 9 to 79 pg/m3 in nonurban locations. 
A value of 100 pg/m3 has been used for predictive purposes and found to give 
reasonable results (Anspaugh et al. 1974, 1975; Healy and Rodgers 1979— 
Appendix E). The same value has been used in calculations of a screening 
level by the U.S. Environmental Protection Agency (1977). 

Human activities tha+ generate large amounts of dust, such as plowing and 
cultivating dry soil or driving on an unpaved road, can produce large local 
fluctuations above ambient concentrations. Estimates of transportable mass 
loadings for variousfldust-generating activities are approximately 600 pg/m3 
for construction activities, 400 pg/m3 for exposure to construction traffic on 
unpaved roads, and 300 pg/m3 for agriculture-generated dust (Oztunali et al. 
1981—Sections A.1.2 and A.1.3). These are scenario averages. The agricultural 
scenario is based on three soil tillings of a 40-ha (100-acre) site in a 
season. If a contaminated area of 4 ha (10 acres) (twice the area of a model 
FUSRAP site) were in a tilled field, then the increase in the annual average 
mass loading from field activities would be about 10% of the agricultural 
value given above, or 30 pg/m3. This increase, needed to account for work in 
the field, may also be estimated from experimental determinations for compar-
able construction activities. The maximum respirable dust loading inside the 
cab of heavy construction equipment during surface coal mining operations was 
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found to be 1800 ^g/m3 (Oztunali et al. 1981--p. A-8). Using the estimate of 
15 h/ha (6 h/acre) for the time required each year for all work in planting, 
cultivating, and harvesting a field crop, '̂ he average outdoor mass loading for 
a 4-ha contaminated area and 2500 h spent outdoors would be increased by about 
40 pg/m3 to take this contribution into account. 

Estimates of mass loadings as high as 1.3 g/m3 have been made for instan-
taneous mass loadings during tilling, using very conservative assumptions. 
However, 1.3 g/m3 is considered to be unnecessarily conservative and incon-
sistent with experimental values with which it should be comparable (0.57 mg/m3 
for a bulldozer and 6.7 mg/m3 for a front-end loader; Oztunali et al. 1981— 
p. A-13) and, therefore, has not been used. 

In order to take into account short periods of high mass loading and 
sustained periods of normal farmyard activities for which the dust level may 
be somewhat higher than ambient, a mass loading value of 200 pg/m3 for trans-
portable particles at an onsite location is used for this study. 

The contaminated dust that is raised by onsite activities will be diluted 
by mixing with uncontaminated dust from offsite. The amount of dilution will 
depend on the rate of resuspension of the onsite dust, the depth of the layer 
from which onsite dust is generated, the wind velocity and concentration of 
dust in the air blown in from offsite, and the onsite mixing height, i.e., the 
height to which the onsite dust will rise and become mixed with the offsite 
dust before it is blown offsite. (This onsite mixing height will be much 
smaller than the mixing height that might be measured a large distance downwind 
f^om the site.) The dilution ratio of offsite (uncontaminated) to onsite 
(contaminated) dust will be the ratio of the rate at which dust is blown in 
below the onsite mixing height to the rate at which dust is resuspended, and 
is given by 

frf = hmW Pa/LRdr PS
 (A"3> 

where hm is the onsite mixing height; W is the average wind speed; p is the ID 9 
mass loading of dust in the incoming air; L is the length of the contaminated 
area in the direction of the wind; R is the resuspension rate; is the 
thickness of the layer of soil that can resuspend; and p is the soil density. 
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The linear dimensions of the contaminated areas at most FUSRAP sites are 
less than 200 m. For an average wind speed of 4 m/s, it is unlikely that 
appreciable onsite mixing will occur to a height of more than 10 m. Resuspen-
sion rates for farmyard activities are expected to be about 10-8 s-1 (Healy 
and Rodgers 1979). The average thickness of the resuspendable layer in a 
farmyard is at least 0.001 m, and the offsite ambient dust concentration is 
unlikely to exceed 10-4 g/m3. Using these values, the value f^ = 1 is obtained, 
i.e., the airborne contaminated dust generated onsite is diluted by an equal 
amount of airborne uncontaminated dust from offsite. The preceding estimate 
of the dilution ratio f^ is considered to be an upper bound. An approximate 
lower bound may be obtained by using a mixing layer height of hm = 3 m (Oztunali 
et al. 1981—p. A-8), an average nonurban mass loading of p = 38 pg/m3 (Healy O 
and Rodgers 1979—p. E-26), a resuspendable soil layer depth of dr = 0.01 m, 
and a resuspension rate of R = 10-6 s-1 based on the measured resuspension 
rates of 9 x io-7 s-1 to 9 x io-6 s-1 for walking on dusty asphalt (Sehmel 
1972; Healy and Rodgers 1979~p. E-23). These values give a dilution ratio of 
fd = 10-4, i.e., the dilution from mixing with dust blown in from offsite is 
negligible. 

The preceding bounding estimates indicate that it would be inappropriate 
to take credit for dilution of the contaminated dust by uncontaminated dust; 
hence, the mass loading of transportable particles of contaminated soil is 
assumed to be 200 pg/m3. 

Indoor dust concentrations tend to be lower than outdoor concentrations 
and contain a larger portion of organic material from sources other than the 
soil, such as clothes and household furnishings (Benson et al. 1977). The 
indoor concentration of soil particles is assumed to be 40% of the outdoor 
concentration (Alzona et al. 1979). 

The preceding analysis leads to the following values for the air/waste 
ratio of the concentration of a radionuclide in the air in suspended soil par-
ticles to the concentration of the same radionuclide in the undispersed waste: 

cdUSt/s _ 2 x 10_4 (pCi/m3)/(pCi/g) 

Cdust/S _ 8 x 10_5 (pCi/m3)/(pCi/q) 
(outdoors) 

(indoors) 
(A-5) 
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These concentration ratios apply to all radionuclides in the waste. Decay 
products from radon in the air, which also become attached to the soil particles, 
are not included (except for the very small fraction of radon that emanates 
from the suspended dust particles rather than from the ground). Decay products 
are accounted for separately in the calculation of the radon concentration in 
the air. Since the suspended particles come from the soil, the relative 
concentrations of members of a decay series are assumed to be the same in the 
contaminated dust es in the soil. 

A.2 PARTICLE-SIZE DISTRIBUTION 

The particle-size distribution is an important pathway parameter for 
exposure from inhalation of radioactive dust particles. Data on particle-size 
distributions are rarely available; hence, analyses are commonly based on 
general size classes of particles. Class sizes that have been used include: 
respirable particles (particles with a mean aerodynamic diameter [MAD] less 
than 10 pm); transportable particles (particles with a MAD less than 30 pm); 
and suspendable particles (particles in a diameter range from 10 to 80 pm with 
a mean diameter of 35 pm, which are also transportable but for shorter distances) 
(Oztunali et al. 1981--Section A.1.1; U.S. Nucl. Reg. Comm. 1980—Table G-3.1). 
The mass fraction of suspendable particles with diameters less than 60 pm that 
are transportable (i.e., which remain suspended long enough to be transported 
a significant distance) is about 80% (Oztunali et al. 1981—p. A-13). 

All suspended particles in the immersion cloud contribute to exposure by 
external radiation; only the respirable fraction of particles smaller than 
about 10 pm will be deposited in the lung. Respirable particles larger than 
about 5 pm are entrapped in the upper part of the respiratory tract (the 
nasopharyngeal region). Smaller particles are deposited in the trachea and 
bronchial tubes (the tracheobronchial region), and the smallest particles 
reach the alveoli at the ends of the bronchial tubes (the pulmonary region). 
Some of the inhaled particles are exhaled rather than deposited or entrapped. 
Damage from radiation from the deposited radionuclides is most likely to occur 
to the cells lining the bronchial tubes (the bronchial epithelium). Some of 
the radionuclides deposited in the respiratory system enter the blood stream 
and are transported to other parts of the body. The relative contributions to 
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the dose from these various processes will depend on the particle-size 
distribution. 

Because the only information available is an estimate of the mass loading 
(the mass of all suspended particles per unit volume of air), the conservative 
assumption that all suspended dust particles are respirable is made for this 
study. It is also assumed that the average MAD of the dust particles in the 
immersion cloud is 5 pm. These conservative assumptions lead to an overestimate 
of exposure from dust inhalation that could be as large as an order of magnitude 
or more. The relative contribution from dust inhalation is small enough so 
that a more realistic calculation would not alter conclusions regarding the 
importance of the inhalation pathway relative to other pathways. 

A. 3 TIME DEPENDENCE 

The airborne concentration of radionuclides will change with time as the 
ground surface concentration changes due to erosion, leaching, or radioactive 
decay. Within the time spans of concern, radioactive decay can be a significant 
factor only for Ra-226. Leaching will be the primary mechanism affecting the 
surface concentration of R?.-226 and U-238 in circumstances for which the 
ion-exchange model is valid. The leachout rate for Th-230 is so slow that 
erosion is the controlling removal mechanism. The generic estimate for the 
time for Th-230 to be removed by erosion is about 30,000 years (see Sec-
tion 2.2.3). Erosion will be the primary removal machanism for all radio-
nuclides when the diffusion model applies. (See Sections 2.1.2 and 3.3.1 for 
discussions of the ion-exchange and diffusion models.) 

The airborne concentration of radionuclides in soil particles and, 
hence, the exposure to airborne radioactive particles, both from external 
radiation from the immersion cloud or from inhalation, will be directly propor-
tional to the concentration of radionuclides in the resuspendable layer at the 
ground surface. In the idealized ion-exchange model of leaching used for this 
study, leaching and erosion cause the boundary defining the top of the con-
taminated region to move downward at a rate of U - V mm/yr, where U is the 
leachout rate and V is the erosion rate (see Sections 2.1.2 and 3.3.1.2). If 
the ground remained undisturbed and if redeposition and mixing within the 
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resuspendable layer were neglected, the average radionuclide concentration in 
the resuspendable layer would decrease to zero in an approximately linear 
manner over a period of dr/(U - V) years (where d is the thickness of the 
resuspendable layer). This time dependence is based on the assumption that 
the upper boundary of the waste field remains sharply defined as the radio-
nuclides are leached out by an ion-exchange mechanism and the boundary migrates 
downward. Since dispersion in the ion-exchange rates in soil material will 
broaden the boundary even when the ion-exchange model is applicable, one may 
reasonably use an exponential function of the form exp(-pt), where p = 
(U - V)/dr, rather than a linear function to represent the time dependence. 

The preceding estimate is based on the assumption that the ground surface 
remains undisturbed. Jt does not apply when the soil is disturbed because 
this can lead to mixing of the soil material below the upper waste-field 
boundary with soil material between this boundary and the ground surface. 
Under these conditions, the soil material between the ground surface and upper 
boundary will not remain radionuclide-free, and the rate of decrease of expo-
sure will be less than predicted by the coefficient p = (U - V)/dr- The rate 
of decrease under such conditions may be estimated as follows. 

Let d be the depth of the layer at the ground surface that undergoes 
continual mixing by mechanical disturbance (e.g., plowing or tilling) or by 
other processes. (The depth of this disturbed layer will, in general, be an 
order of magnitude or more greater than the thickness of the resuspendable 
layer.) Let T = d/(U - V) be the time for all of the radionuclides to be 
removed from the soil to a depth d if there were no mixing. If this time is 
divided into N intervals, a fraction 1/N of a radionuclide would be removed 
from the layer in each time interval T/N. Continual mixing within the layer 
of thickness d will decrease the amount removed during e«.ch time interval. 
The fraction removed in the first time interval is 1/N, tixe fraction removed 
in the second interval is (1/N)(1 - 1/N), the fraction removed in the third 
interval is (1/N) (1 - 1/N)2, etc. Summing the amounts removed during N time 
intervals, one finds that a fraction 1 - (1 - 1/N) is removed; hence, the 
quantity of radionuclides within the disturbed layer would be reduced to a 
fraction (1 - 1/N)N = 1/e of the original amount rather than to 0. This 
reduction occurs in a time T = d/(U - V); hence, the coefficient for the time 
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rate of decrease is 0 = (U - V)/d; i.e., the characteristic length is d, the 
depth to which the soil is disturbed, rather than dr, the thickness of the 
resuspendable layer. 

A.4 DEPENDENCE OF EXPOSURE ON COVER AND WASTE-FIELD THICKNESS 

If a cover of material with reduced or negligible radionuclide content 
over the waste field were generated by an ion-exchange leaching process, then 
the relation C = (U - V)t between the cover thickness (C) and the leachout (U) 
and erosion (V) rates, and the factor exp(-pt) for the time dependence of 
exposure and expressions for p derived in Section A.3, could be used to obtain 
a simple exponential expression for the reduction in exposure as a function of 
cover thickness. This expression is exp(-aC), where the attenuation coefficient 
is given by a = 1/d for undisturbed soil and a = 1/d for soil that is con-
tinually disturbed to a depth d. 

The derivation of the preceding results does not apply to a situation 
where clean cover is not a consequence of ion-exchange leaching but, instead, 
is placed over the waste field at a given time in order to reduce exposure. 
If one assumes that mixing of cover material and/or underlying soil material 
occurs to a depth d after the cover is placed, then the reduction in concen-
tration of radionuclides in the airborne dust will be by a factor 1 - C/d if 
C < d. The airborne concentration will be reduced to 0 if " > d. 

Actual mixing zones are not likely to be as sharply defined as the preced-
ing linear relations between caver and exposure reduction imply; hence, it is 
reasonable to expect that the reduction can be represented by a simple exponen-
tial form. (An exponential form is also easier to use in comparing the effect 
of covc-* on the exposure from different pathways.) The simplest prescription 
for translating a cover dependence of the form 1 - C/d into a cover dependence 
of the form exp(-aC) is to equate the two expressions for aC « 1. This prescrip-
tion gives a = 1/d, which is the same exponential dependence that one would 
infer from the time dependence of the exposure for ion-exchange leaching. A 
more realistic prescription is obtainec by equating the average for all different 
cover thicknesses, i.e., by using the equality f ^ (1 - C/d)dC = exp(-aC)dC, 
which gives a = 2/d. The former expression, which leads to a more conservative 
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estimate of the effectiveness of the cover material in reducing exposure, is 
used for the dust pathway. Thus, for the airborne dust pathway, a = l/dr if 
the ground is not disturbed and a = 1/d if the ground is continually disturbed 
to a depth d. If a value d^ = 0.01 m is assumed, the cover attenuation coef-
ficient for the dust pathway is a = 100 m-1. If the soil is continually 
disturbed to a depth of d = 0.2 m (see Table 2.2), then the cover attenuation 
coefficient for the dust pathway is a = 5 m-1. 

The dependence of the exposure on the waste-field thickness may be deduced 
from the following argument, which is quite general and applicable to any 
pathway for which the reduction in exposure depends exponentially on the cover 
thickness. Consider a waste field of infinite thickness, and let E = 1 be the 
value of the exposure parameter for this waste field in appropriately chosen 
units. If a cover of thickness C is placed over this waste field, the exposure 
is reduced to E = exp(-aC). Hence, if all of the radionuclides below a depth C 
from the ground surface were removed, leaving a waste field of thickness C 
exposed at the ground surface, the exposure would be E = 1 - exp(-orC). One 
may, therefore, infer that the exposure from a waste field of thickness l_z 
with a cover of thickness C is proportional to exp(-aC)[l - exp(-crL )]. The 
expressions calculated for external ground radiation from a finite layer under 
cover (Section 3.1.1) and also for radon exhalation (Section B.2) are special 
cases of this relation. The exposure (E) from a waste field of thickness L 
under a cover of thickness C relative to the exposure (Eq) for a generic waste 
field (L = 1.5 m and C = 0) is, therefore, given by: 

E = {Eq/[1 - exp(-1.5a)]} exp(-«C)[l - exp(-aLz)] (A-6) 
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APPENDIX B. MODEL ESTIMATES OF RADON EXHALATION FROM THE GROUND 
AND RADON CONCENTRATIONS IN THE ATMOSPHERE 

B.l SURFACE EXHALATION FROM AN UNCOVERED SOURCE OF INFINITE DEPTH 

The ratio, J/S, of the radon flux (J) exhaled from ground contaminated 
with Ra-226 to the concentration (S) of Ra-226 in the ground may be estimated 
by means of the following equation derived from diffusion theory (U.S. Nucl. 
Reg. Comm. 1980--p. G-12): 

J/S = psE(XpnD)Ji (B-l) 

where pg is the bulk density of the soil (typically about 1.7 g/cm3); E is the 
emanating power (the fraction of radon that escapes from a particle; typically 
about 0.2 for uranium mill tailings); is the radon decay constant (2.10 x 
10-6 s-1 for Rn-222); and D is the diffusion coefficient for radon in the soil 
(the bulk diffusion coefficient divided by the void fraction). Typical values 
of D for different soils are given in Table B.l. If the values noted above 
for p , E, and A, and the value D = 8 x io-3 cm2/s for loam from Table B.l, 
are used in Equation B-l, the value J/S = 0.4 (pCi/m2s)/(pCi/g) is obtained. 
A diffusion constant D = 1.2 x io-2 cm2/s gives J/S =0.5 (pCi/m2s)/(pCi/g). 

It should be emphasized that the model on which Equation B-l is based is 
highly simplified, so that the results are only approximate; the uncertainty 
in the estimate of J/S is likely to be at least as large as a factor of 2, and 
could be considerably larger (a factor of 10 or more) in some situations. The 
model is, however, useful for obtaining preliminary estimates. More reliable 
values would require field measurements at the individual sites. Such measure-
ments are highly variable, and great care must be exercised to obtain reliable 
approximate averages from them. 

B-l 
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Table B.l. Diffusion Coefficients for Radon in Soilt1 

Dt2 

Medium (cm2/s) 

Building sand, 1.4C g/cm3, 39% porosity, 4% moisture 5. 4 X 10-2 
Fine sandt3: 
No moisture 6. 8 X 10-2 
8.1% moisture 5 X 10-2 
15.2 % moisture 1 X 10-2 
17% moisture 5 X 10-3 

Eluvial-detrital deposits of granodiorite 4. 5 X 10-2 
Diluvium of metamorphic rocks 1. 8 X 10-2 
Loams 8 X 10-3 
Varved clays 7 X 10-3 
Mud, 1.57 g/cm3 - 37% moisture 5. 7 X 10-6 
Mud, 1.02 g/cm3 - 86% moisture 2. 2 X 10-6 

t1 From Tanner (1964—Table 1), as cited by Healy and Rodgers 
(1978—Table IX), with minor modifications. 

t2 This quantity is sometimes designated by k = D/P, where D 
is the effective bulk diffusion coefficient and P is the void 
fraction or porosity (U.S. Nucl. Reg. Comm. 1980—p. G-12). 

t3 Mostly quartz. The fine-sand measurements were for Rn-220 
(T, = 55 s) rather than for Rn-222. 

Recent experimental results indicate that the following empirical relation 
may be used to estimate the dependence of D on soil moisture: 

D = 0.106 exp(-0.261 M) (B-2) 

where D is in cm2/s and M denotes the moisture content of the soil in percent 
by weight (Rogers et al. 1980). This expression is not exact and does not 
account for the effect of other relevant parameters over their full range of 
variability, however, it serves to illustrate the functional dependence of the 
diffusion coefficient on soil moisture. 
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B.2 SURFACE EXHALATION FROM A COVERED SOURCE OF FINITE DEPTH 

Equation B-1 applies to a model in which all of the ground is contaminated 
with Ra-226. If the contamination is limited to a layer of thickness Lz that 
1'9S below an uncontaminated layer of thickness C in an otherwise homogeneous 
i.emi-infinite layer of soil with a diffusion coefficient D, then the ratio of 
the exhalation rate of Rn-222 from the ground surface (J) to the concentration 
of Ra-226 in the ground (S) is given by 

J/S = PgEU^D^expC-aCHl - exp(-orLz)] (B~3) 

where a = (^rj/D) is the transmission constant. Equation B-3 is obtained by 
solving the differential equation that desc/ibes radon diffusion through the 
soil with boundary conditions corresponding to three soil layers: (1) a 
source-free layer of thickness C and one exposed surface, (2) a layer of 
thickness Lz with a uniform source, and (3) a source-free layer of infinite 
thickness below the source layer. Typical values of the transmission constant 
are a = 0.6/m for s*nd (D = 0.05 cm2/s) and a = 1.6/m for loam (D = 0.008 cm2/s). 
The value a = 1.3/m, corresponding approximately to D = 0.012 cm2/s, is used 
for the generic estimates in this study. This choice reproduces the natural 
analogue value of J/S = 0.5 (pCi/m2s)/(pCi/g) for radon emission from the soil 
(see Sections 3.1.2.2 and B.l). 

B.3 NET INDOOR RADON CONCENTRATION R)R A HOUSE ON A GLOBAL SITE 

Radon can enter a house by exhalation from the ground through the basement 
floor and belowgrade walls, by exhalation from building materials, and with 
the external air brought in by ventilation. Exhalation from building materials 
is neglected (see Section 3.1.2.2), and it is assumed that the exhalation rate 
from the ground through the floor or belowgrade walls is uniform, i.e., inde-
pendent of the location. The radon in the house will be removed by radio-
active decay and by ventilation. The radon gain from exhalation and ventilation 
inflow will equal the radon loss by decay and ventilation outflow. Equating 
the gain and loss gives an expression that relates the indoor concentration of 
radon with the exhalation rate. 
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This assumption of uniform exhalation is a severe approximation for radon 
that enters through the basement walls. In using the same value of J/S for 
the basement floor and the basement wall, one is, in effect, assuming that 
radon in a layer of contaminated ground in contact with the basement wall will 
diffuse only in a horizontal direction. In fact, much of the radon will 
diffuse upward and be exhaled from the outside ground surface. Thus, the 
contribution to the indoor radon concentration from radon that enters through 
the basement walls will be overestimated. The estimate for the indoor radon 
concentration in a house with a basement built on a model site, therefore, 
will be conservative. The estimate for a global site will not be affected 
because it is based directly on the measurements of George and Breslin (1980). 

The rate at which radon enters the house by direct exhalation from the 
ground is kJA^, where k is the radon attenuation coefficient for the basement 
floor and walls (assumed to be the same), J is the exhalation rate from the 
ground, and A^ is the total belowgrade area of the house that is in contact 
with the ground. The rate at which radon enters the house with the inflow of 
air from the outside is C VA , where C is the outdoor concentration of radon o v o 
in the air, V is the interior volume of the entire house (including the base-
ment), and \y is the ventilation rate—i.e., the number of complete changes of 
air within the volume V per unit time. The rate at which radon is removed 
from the house by ventlation is CV\y, where C is the average indoor concentra-
tion of radon in the air. The radon will also be removed by radioactive decay 
at a rate given by CVA, where K = £n(2)/T^ is the radioactive decay constant 
for Rn-222. Equating the inflow and outflow, one obtains kJAt + CoVAy = 
CV(Ay + A.), which may be rewritten as 

where h = V/A. is the ratio of the interior volume of the house to the area in b 
contact with the ground. For a single-story house, it will be equal to the 
ceiling height. Defining C. = C - CQ, the "net" indoor radon concentration, 
and noting that K « \y (A. = 7.6 x l0-3/h and A.y ~ 1/h), we obtain 

C/S = (kJ/S)/[h(A. + Ay)] + (CQ/S)/(1 + \/\y) (B-4) 

C . /S - kJ/Sh\t V 
(B-5) 
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Using the exhalation rate estimated in Section 3.1.2.2 (J/S =0.5 (pCi/m2s)/ 
(pCi/g) and the attenuation coefficient from Table 2.2 (k = 0.3), the estimated 
net indoor radon concentration is Ĉ ./S = 430 (pCi/m3)/(pCi/g) for a single-
story house built on a concrete slab with no basement, a ceiling height of 
2.5 m, and a ventilation rate of = 0.5/h. For a two-story house with a 
basement, assuming a volume of 800 m3 and a belowgrade exposed surface of 
160 m2 (see Table 2.2) (which gives h = 5 m), the estimated net indoor radon 
concentration is C^/S = 220 (pCi/m3)/(pCi/g). These estimates will be referred 
to as "model" estimates i.i the following discussion. 

If the interior air circulation were rapid compared to the exchange of 
indoor and outdoor air, then the preceding values should be comparable to 
values observed by George and Breslin (1980). Averaging the basement and 
first and oecond floors (assumed to have equal volumes), one obtains C../S = 
1600, 540, and 870 (pCi/m3)/(pCi/g) for New Jersey, New York, and the geometric 
mean, respectively (see Table 3.3). For an occupancy-weighted mean, using the 
basement/first-floor/second-floor occupancy factors of 0.1/0.3/0,6 (Table 2.2), 
the weighted net indoor concentrations are 1100, 430, and 620 for New Jersey, 
New York, and the geometric mean, respectively. These estimates will be 
referred to as the "natural" estimates. 

The net indoor concentration is quite sensitive to circulation patterns. 
It is, therefore, of interest to examine the discrepancy between the model and 
natural estimates by using a more sophisticated model that takes into account 
the effect of the circulation rate of the air between the basement and different 
floors. The model on which Equation B-5 is based is a two-compartment model 
that uses only two concentrations—the average (total) indoor concentration C 
and the outdoor concentration C — a n d a single air-exchange rate (It is 
convenient to define an air-exchange coefficient t = VAv when generalizing the 
model.) A four-compartment model that introduces independent radon concen-
trations for the basement (CQ), first floor (C^), second floor (Cg), and 
outdoors (C^) may be used for a more detailed comparison with the study of 
George and Breslin, which includes measurements of all four of these concen-
trations. (It is convenient to use the notation Cq for the basement concen-
tration and C^ for the outdoor concentration in the four-compartnent model. 
Care should be taken to distinguish CQ from CQ [= Cj], which is used for the 
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kJA 

Figure B.l. Schematic Diagram of Air Interchanges Between Compartments 
for a Four-Compartment Model Consisting of a Basement (i = 0), 
First floor (i = 1), Second floor (i = 2), and Outdoors 
(i = 3). The air exchange coefficient t. . is the flow rate of 
air from compartment i to compartment j. ^The small arrows 
in the basement represent exhalation of radon from the ground 
into the basement. 

outdoor air concentration eisewhere in the discussion.) A general treatment 
for a four-compartment model would require 12 air-exchange coefficients, t.j, 
i * j = 0,1,2,3 as shown schematically in Figure B.l. There are not sufficient 
data to determine all of these coefficients; hence, simplifying assumptions 
must be introduced. 

The following assumptions are made to analyze the radon concentrations 
using this four-compartment model. The first is the assumption of detailed 
balance, i.e., t.j = t^., where t^j is the rate of flow of air from compart-
ment i into compartment j. The second is the assumption that the rate of air 
exchange between the first floor and outdoors is the same as the air exchange 
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rate between the second floor and outdoors: t ^ = t23 H With these 
assumptions, balancing the radon inflow and outflow for the basement, first 
floor, and second floor leads to the following equations: 

^ l ^ O " Cl> + W S " C2> + - C3> = k J A 

" C0 ) + ' C2} + V S . " C3) = 0 ( B" 6 ) 

^ 2 ^ 2 " C0> + t12(C2 ~ Cl} + t3(C2 " C3> = 0 

The third assumption is that the rate of exchange of air between the basement 
and the outdoors is small compared to the other exchange rate*,, so that we may 
set tgg = 0. Adding the three equations, defining an air ?xchange rate by 
setting t3 = AyV/3 (where it has been assumed that the volumes of the basement 
and first and second floors are the same and, therefore, equal to V/3), Equa-
tion B-6 may be simplified to 

(C^S + C2/S)/2 - CQ/S = kJ/S(2V/3Ab)Xv (B-7) 

The model data give a value kJ/S(2V/3Ab)Av = 324 (pCi/m3)/(pCi/g) for the 
right-hand side. Using the data from Table 3.3, the values (Cj/S + Cg/S)/2 -
CQ/S = 955, 375, and 555 (pCi/m3)/(pCi/g) for New Jersey, New York, and the 
geometric mean, respectively, are obtained. Because of the uncertainties 
associated with the wide range cf radon diffusion coefficients, attenuation 
coefficients, and ventilation rates that can occur, the agreement between the 
model values for a four-compartment model and the natural values is considered 
reasonable. 

The preceding model estimates for the relation between the indoor-outdoor 
air exchange rate and the rate of exhalation of radon into the basement do not 
depend on the exchange rates within the house (i.e., t ^ , tQ 2 and t12). These 
rates will depend on the type of house, the heating system (e.g., forced air 
or hot water), etc., and cannot be estimated from the data available. One 
would need to introduce additional assumptions, based on a knowledge of the 
design of the house, and determine the internal exchange coefficients Indi-
vidually for each house. (It should be noted, in this respect, that the 
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averages for the different floors in Table 3.3 include some houses with no 
basements and some one-story houses.) 

It is assumed, for the purpose of making generic estimates, that the most 
realistic estimate for the net indoor radon concentration at a global site 
(Cig) is the occupancy-weighted average of the radon concentration for the 
goometric mean of values in New Jersey and New York. This C/S ratio (see 
Equation 3-5) is: 

C.g/S = 620 (pCi/m3)/(pCi/g) (B-8) 

The generic working level (WL) is obtained from the data in Table 3.3 using 
the same averaging. 

The net indoor concentration given by Equation B-8 applys to a waste 
field that extends to a depth of several meters below the basement floor. The 
depth of the waste field for a typical FUSRAP site is approximately the same 
as the distance from the ground surface to the basement floor. A correction 
to take this into account is needed. This correction is discussed in the 
following section. 

B.4 NET INDOOR RADON CONCENTRATION FOR A HOUSE ON A MODEL SITE 

The net indoor radon concentration in a house is proportional to the flux 
of radon through the floors and walls of the basement (plus a small contribu-
tion from building materials and water). If the distribution of Ra-226 in the 
outside soil is uniform, then—assuming that the composition and thickness of 
concrete in the floors and walls are approximately the same and the number and 
sizes of cracks and holes are distributed proportionately—the relative contri-
butions may be reasonably assumed to be proportional to the area of the house 
that is in contact with contaminated ground (see Section B.3). For a house 
constructed on a global site, this area will be the total belowgrade area 
Ab « Aw + Af, where Af = HxHy is the area of the basement floor; and Aw = 
2(H + H )H is the belowgrade area of the basement walls. H and H are the x y z x y 
interior dimensions of the basement and Hz is the distance from the ground 
surface to the basement floor. For a house constructed on a model site, the 
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area will be reduced by a factor R. This factor is a function of the dimensions 
of the waste field and basement and the properties of the soil. 

Let Z be the thickness of a cover layer of uncontaminated soil placed 
over the waste field and let Lz be the thickness of the waste field. (The 
symbol C is used elsewhere in this report for the cover thickness; the 
symbol Z is used in this appendix to avoid confusion with the-symbol for the 
indoor radon concentration.) It is assumed that the residence is constructed 
well within the boundaries of the waste field, so that the radon exhalation 
into the basement does not depend on the horizontal dimensions of the waste 
field. The reduction factor R is given by the following expression, which may 
be derived from geometric considerations and Equation B-3 (see Figure 5.1): 

R = + ' f V ^ w + V (B-9) 

where r^ and r^ are the wall and floor reduction factors, respectively, and 
may be calculated by the formulas: 

rw = 

Lz/Hz if Hz > Lz + Z 

(Hz - Z)/Hz if Lz + Z > Hz > Z 

0 if Z > H_ 

(B-10) 

and 

rf = 1 - exp[-o(Lz + Z - Hz)] 

exp[-a(Z - Hz)] [1 - exp(-ctLz)] 

if Hz > L + Z 

if Lz + Z > Hz > Z 

if Z > H_ 

(B-ll) 

Additional factors could be introduced to take into account the different 
transmission characteristics of the basement floor and walls when these were 
known. The net indoor radon concentration, which is proportional to the total 
exhalation rate into the basement, will also be proportional to R; hence, the 
net indoor radon concentration for a house constructed on a model site (C. ) lm 
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will be related to the net indoor concentration for a house constructed on a 
global site (C.g) by C.m = RC..g, and we may write 

Cim/S = RCig/S (B-12) 

where C.g/S is given by Equation B-8. 

When the ion-exchange model is applicable, leaching of the waste will 
cause the cover thickness to increase with time according to the relation 
Z = (U - V)t, where U is the leachout rate and is the erosion rate (see 
Section 2.1.2 and Table 2.2). The waste-field thickness, Lz, will remain 
constant. The time dependence of the net indoo^ concentration at a model site 
for conditions under which the ion-exchange model are applicable may be 
obtained by replacing Z by (U - V)t in Equations B-9 through B-ll. 

The maximum radon concentration will occur during the time that the 
inequality l_2 + Z > Hz > Z is satisfied. One may readily determine, from 
Equations B-9 through B-12, that the value of Z for which C^/S is maximum is 

Zmax = «-l j e n{«(VVH
zexp[-(Hz " Lz>]} (B-13) 

and, hence, according to the ion-exchange model, that the maximum exposure 
will occur when the residence is constructed at a time 

Sn = ~ V ) ( B - 1 4 ) 

after waste emplacement. 

B.5 RADON CONCENTRATION IN THE OUTDOOR AIR ABOVE A MODEL FUSRAP SITE 

The radon concentration in the outdoor air above a model FU*v<AP site will 
be less than the outdoor concentration above a global site due to dilution by 
offsite air, and will vary with the distance from the ground. The reduction 
and distance dependence may be estimated in the manner described as follows. 
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Let C = C (0) be the concentration of Rn-222 in the outdoor air above og og 
a global site at time 0, and let S be the concentration of Ra-226 in FUSRAP 
waste. The ratio C /S may be calculated from the equality C /S = C /S . og ^ og a n 
where C is the ambient concentration of Rn-222 in the outdoor air and S^ is a n 
the concentration of naturally occurring Ra-226 in the soil (see Sec-
tion 3.1.2.2). The radon concentration above a global site is assumed to be 
independent of the distance from the ground (apart from the decrease by radio-
active decay as the radon diffuses upward*). 

Let CQm = H-1 J q H cm(z)dz be the average concentration in the outdoor air 
above a model site within a distance H from the ground surface, where cm(z) is 
the radon concentration at a distance z from the ground, averaged over the 
waste field. The waste field is assumed to be square with sides of length L. 
The ratio C0m/C0g may be estimated by using very simple models and geometric 
considerations as follows.** 

The inflow of radon into the averaging volume (L2H) is JL2 + WC LH, where ol 
J is the rate of exhalation of radon from the FUSRAP waste and W is the average 
wind speed. The first term is the flux of radon from the ground; the second 
term is the flux of radon from ambient air blown in from offsite. The outflow 
of radon from the same volume is vC _L2 + WC LH, where v is the average om om 
vertical diffusion velocity for radon (i.e., the average upward velocity of a 
radon atom as it diffuses through the air, which is assumed to be independent 
of the distance above the ground). The first term is the flux of radon from 
the top surface of the volume; the second is the flux from the side, (*n 
idealized model in which the vertical flux is independent of the wind speed is 
assumed.) 

*The rate of decrease of radon concentration with distance (z) from the 
ground surface due to radioactive dec^y is exp(-Xz/v), where v is the 
vertical diffusion velocity of Rn-222 and X is the radioactive decay 
constant for Rn-222. The vertical diffusion velocity is estimated to be 
v = 0.0026 m/s (see below), which gives X/v = 8 * 10-4/m. 

**The models used for estimating mixing are highly simplified and take into 
account complicated turbulent mixing processes by means of ad hoc mixing 
distances. A more sophisticated treatment, which is not warranted in view 
of the small contribution from outdoor radon, could be obtained by using 
empirical data and formulas for atmospheric dispersion (e.g., see Eimutis 
and Konicek 1972, Hosker 1974, Gifford 1976). 
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The equality between the radon/radium concentrations for ambient conditions 
and a global FUSRAP site can be rewritten as C = rC , where r = S /S is the 3 a og' n 
ratio of the concentration of naturally occurring Ra-226 in the soil to the 
concentration of Ra-226 in FUSRAP waste. The flux of radon exhaled from the 
ground surface is qJ, where q = 1 for a global site and q = 1 - exp(-aLz) for 
a model site with a waste field of thickness Lz- The average flux of radon 
through a surface at a distance H above the ground is vcg(H), where cg(z) is 
the concentration of radon in the atmosphere at a distance z above the ground 
above a global site. It will be assumed that the radon concentration above a 
global site is approximately constant so that the average flux through the 
upper boundary can be written as vCQg- By mass conservation, the two fluxes 
must be equal, Jq = vC . Hence, J = vC /q, and the inflow of air into the y 9 
averaging volume may be written as vCQgL2/q + rVICogLH. Equating the inflow 
and outflow and rearranging terms, one obtains 

Com/Cog = q-Kl + qrkH)/(l + kH) (B-15) 

where k = W/vL. The value of r = 0.008 may be inferred from the average 
concentration of Ra-226 in the soil (Sn = 0.8 pCi/g—Bowen 1979) and the 
concentration of Ra-226 at a typical FUSRAP site (S = 100 pCi/g—Argonne Natl. 
Lab. 1982). The value v = 0.0026 m/s may be inferred from the relation 
J/S = v(CQg/S) using the values J/S =0.5 (pCi/m2s)/(pCi/g) and CQg/S = 
190 (pCi/m3)/(pCi/g) derived in Section 3.1.2.2. Using the generic values 
a = 1.3/m and L = 1.5 m results in q = 0.86. Using the generic waste-field 
parameters from Table 2.2, the generic value k = 11/m is obtained. 

The radon concentration c (z) at a distance z above the ground surface m 
may be obtained from Equation B-10 by replacing CQm by the equality 
C = H-1 f " c (z)dz and differentiating. The result is om »u m 

c (z)/C„ = q-Kl + 2qrkz + qrk2z2)/(l + kz)2 (B-16) m og 

Using the generic parameter values noted above, Equations B-15 and B-16 
may be rewritten (for distances measured in meters) as: 

C (H)/C = 1.17 (1 + 0.075H)/(1 + 11H) on eg (B-17) 



B - 1 3 

and 

cm(z)/Cog = 1.17 (1 + 0.15z + 0.83z2)/(l + llz)2 (B-18) 

Equation B-18 leads to the prediction that the radon concentration above 
a model site decreases very rapidly with the distance aboveground, i.e., the 
radon concentrations at ground surface and at a distance of 1 m above ground 
surface are c (0) = C and c (1) = 0.016 C respectively. This rapid m og m og 
decrease is, in part, a consequence of the implicit cssumpcion that radon at a 
given height above the waste field is diluted only by Ifce offsite air that 
enters the space above the waste field at distances below thiv height—i.e., 
turbulent mixing is only on a microscale, and there are no eddies that cause 
offsite air coming in at a given distance above the ground to dilute the 
onsite air below this height. An ad hoc correction for large-scale mixing may 
be obtained by introducing a mixing distance d and averaging the concentration 
c(z) over an interval from zx = z - d to z2 = z + d. The averaged radon 
concentration is 

cm(z)/Cog = q_1[l + qrk(zx + z2) + qrk2zaz2]/(l + kZl)(l + kz2) (B-19) 

The mixing distance will depend on the wind velocity, terrain, and meteorol-
ogical conditions. For a mixing distance of d = 0.5 m, the average radon 
concentration at 1 m increases to c (1) = 0.018 C For a mixing distance of m og 
d = 1 m, it increases to c (1) = 0.059 C . mv og 

The radon concentration at a height of 1 m is used in this study for 
estimating the outdoor contribution for radon inhalation. This value is 
chosen to correspond approximately to the distance from the ground at which 
air would be inhaled by a child while walking. Additional data are needed in 
order to determine an appropriate value for the mixing distance. A choice of 
d = 1 m is considered appropriate because it gives the largest value for cR(z) 
for an inhalation height of 1 m. For smaller values of d, cm(z) decreases 

ID — 

toward the limiting value c (z). For larger values, the value of c (z) will _ m _ m 
also decrease because c (z) = c (d> for z £ d. 
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A value for d may be deduced from an alternative estimate of the radon 
concentration above a model site that is based on cumulative experience from a 
variety of unpublished calculations and measurements related to the study of 
radon emanation from mill tailings. These studies indicate that, for a soil 
concentration of 500 pCi/g of Ra-226, the Rn-222 concentration in the air near 
the ground 1 m) above the contaminated area is about 5000 pCi/m3 for a 2-ha 
contaminated area and 20,000 pCi/m3 for an 80-ha contaminated area (Momeni 
1983). These data give an air/waste concentration ratio of CQ/S = 10 (pCi/m3)/ 
(pCi/g) for a 2-ha area when the concentration of Ra-226 in the waste is large 
compared to the concentration of naturally occurring Ra-226 in the soil of 
neighboring areas. This result corresponds to a radon concentration above a 
model site of c (1) = 0.05 C and is consistent with the simple model m og 
dejcribed previously for the choice z = 1 m and d = 1 m.* An increase in the 
area of the model site by a factor of 40 (from 2 ha to 80 ha) would decrease 
the value of k (for q = 1) from 11.0 to 1.74, which would, in turn, increase 
the calculated ratio cmd)/C0g by a factor of 4.5, in reasonable agreement 
with the factor of 4 for the studies quoted above. 

The equivalent uniform outdoor radon concentration in the immersion cloud 
used for estimating exposure to external gamma radiation from radon in the air 
may be obtained from the average mJ'q" exp(-pz)cm(z)dz, where p is the attenua-
tion constant for gamma radiation in air. This integral, which does not 
rec'uce to a simple closed expression, may be approximated by the simpler 
expression M ^ 1 ^ cffl(z)dx = com(l/p)- The error introduced by this approxima-
tion is much less than the uncertainties from the data and simplifications 
used in constructing the model. A value of p = 0.0069/m, based on the distance 
in air (100 m) over which the exposure to 1 MeV gamma rays is reduced by a 
factor of 2, is used for this study. The averaging must, therefore, be done 
to a height of 1/0.0069 = 140 m. Using Equation B-17, the equivalent concen-
tration is found to be C (140) = 0.0087 C , which is very close to the om og 
ambient concentration, C = 0.008 C . 

The studies were based on mill tailings, which extend to a greater depth than 
FUSRAP waste; hence, the comparison is based on a value of k calculated for 
q = 1. Using Equation 8-19, this leads to the calculated result c = 0.051 
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The outdoor concentration for radon inhalation at a model site is based 
on the concentration averaged over a distance from Z - d = l - 1 = 0 t'j 
Z + d = l + l = 2 m above the ground surface. The averaging must be done to a 
height o f H = Z + d = 2 m ; hence, using Equation B-17, one obtains Com(2) = 
0.059 C . This concentration is also used for the cont-iL tion to the indoor og 
radon concentration from outdoor air brought into thp *juse by ventilation. 

Within the time period of concern (10,000 years), the predicted decrease 
in the outdoor radon concentration is negligible according to the diffusion 
model for leaching of Ra-226 by water. This prediction is considered to be 
the most realistic. However, it is of interest to examine the rate of decrease 
predicted by the ion-exchange model, which provides an upper bound to the rate 
of decrease the might occur. Thfc decrease with time according to the ion-
exchange model is due to leaching of the Ra-226 from the ground. If ingrowth 
from Th-230, which leaches at a much slower rate, iz neglected, then the time 
dependence may be characterized by the formula 

CQ(t) = rCog + (CQ(0) - rCog)ex?(-0t) (B-20) 

where rCQg is the limiting background concentration from naturally occurring 
%adium in the soil and 0 = a(U - v), where a is tht soil transmission coefficient 
(see Section B.2) and U and V are the leaching and erosion rates (see Table 2.2). 
Equation B-20 is valid for either a global site (C = C ) or a model site o og 
(CQ = C ). When generic parameter values are inserted in Equation B-20, the 
result for a model site is 

C (t)/S = 1 . 5 + 9 . 1 exp(-0.00072t) • (B-21) on 

Equation B-20 is also used to calculate the time dependence of the radon 
concentration above a global site, CQg(t), that occurs as a consequence of 
leaching of Ra-226 from the waste. It is assumed that the Ra-226 is removed 
from the waste by the infiltrating water by an ion-exchange mechanism, leaving 
behind the naturally occurring Ra-226 (which constitutes a fraction r of the 
total). The residual Ra-226 is removed by a much slower dissolution mechanism 
(see Section 3.3.1). 
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B.6 WORKING-LEVEL RATIOS FOR RADON DECAY PRODUCTS 
IN THE OUTDOOR AIR ABOVE A MODEL FUSRAP SITE 

The outdoor working-level ratio (WLR) for the short-lived decay products 
of the ambient radon in several residential 3-eas in New Jersey and New York 
ranges from about 0.7 to 0.9 (George and Breslin 1980). The outdoor WLR above 
a model FUSRAP site will be the very close to the ambient level at distances 
more than a few meters above the ground. Movement of the outdoor air over a 
model FUSRAP site can reduce the WLR close to the ground to lower values. A 
very approximate estimate of this reduction can be obtained as follows. 

Consider a volume of air extending to a height H above the waste field. 
It is assumed that the only significant inflow of air into this volume is 
horizontal (through a vertical surface), and that the concentrations of ambient 
decay products of radon from the inflowing air are small compared to the 
concentrations of radon decay products from the waste. Let C^ be the concen-
tration of the kth decay product of radon in this volume: 
correspond to Rn-222/Po-218/ Pb-214/Bi-214/Po-214, respectively. The rate at 
which the kth decay product is generated in the volume is where 
A.̂  = £n(2)/Tjs k is the radioactive decay constant of the kth decay product. 
The rate at which the kth decay product is removed from the volume is 
(A.k + ">)Ck, where w = W/L + v/H. Ths term A^C^ is the rate of removal by 
radioactive decay; the term (W/L)C^ is the rate of removal by wind through a 
vertical surface at the end of the volume; and the term (v/H)Ck is the rate of 
removal through the upper horizontal surface by upward diffusion. wh-Jch is 
assumed to be at the same rate as the upward diffusion of radon (v = 0.0026 m/s 
for a mcdel site—see Section B.5). In steady state, the rates of generation 
and removal are equal; hence C^/C^^ = ]/(*(< + "O-

Let C° be the concentrations under conditions of secular equilibrium that 
would occur if u> = 0, and let = C^/C^ be the "equilibrium factors" for the 
individual decay products. The preceeding equalities lead to the relation 

V f k - 1 = V < x k + »>• 

The generic value of W/L for a model site is 2.9 * lO-2/s. The value of 
v/H will depend on the choice of H; it will be very large when H is very 
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small. This leads to very small equilibrium factors, a reflection of the fact 
that the concentrations of the decay products will be very low close to the 
ground because there has not been time for ingrowth from the radon emitted 
from the ground surface. It will become negligible as H becomes very large. 
When H = 2 m, the value chosen for estimating the outdoor radon concentration 
for the inhalation pathway, the value v/H - 1.3 x 10-3/s is obtained, which 
gives u/ = 3.0 x l0-2/s. Using the half-lives and parameter values from Fig-
ure 2.1 and Table 2.2, the equilibrium factors are found to be 

fo/fi^/fV** = 1.0/0.11/0.0016/0.00003/0.00003 (B-22) 

The model used to obtain the values in Equation B-22 is valid only if the 
contribution to the decay products in the volume L2H from ambient decay products 
blown in from offsite is small compared to the contribution from decay products 
generated by the FUSRAP waste. Thi ratio of the ambient to waste-generated 
radon is HWr/L*'. Using the generic parameter values from Section B.5, one may 
infer that for H = 2 m, 15% of the Rn-222 is ambient and 85% is waste-generated. 
The ambient concentration for the decay products is much higher; hence, a 
correction for the ambient contribution is needed. This correction may be 
estimated as follows. 

If a volume Vx of air for which the equilibrium factors are "F* is mixed 
with a volume V2 of air for which the equilibrium factors are then the 
equilibrium factors for the mixture will be = + Vafjp/CV! + V2). 
Hence, the equilibrium factors corrected for the ambient contributions are: 

fk = V k + \,fk <B"23 ) 

where ra is the fraction of ambient radon blown in from offsite, f® are the 
equilibrium factors for the decay products in the ambient air, r is the 

w 
fraction of radon that is waste-generated, and f^ are the equilibrium factors 
for radon decay products in the volume L2H that would be realized if there 
were no ambient contribution, i.e., the equilibrium factors estimated by the 
simple model described above. 
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The equilibrium factors for ambient air are not known, but the range of 
values may be estimated from measured values of the working-level ratio. The 
working-level ratio is the ratio of the energy that would be released by alpha 
emissions from all short-lived decay products of Rn-222 that are actually 
present in the air to the alpha emission energy that would occur if the decay 
products were present in secular equilibrium with Rn-222. It is related to 
the equilibrium factors, which are the ratios of the actual to equilibrium 
airborne activity concentrations for each decay product, by 

WLR = O.lOSfi + 0.516f2 + 0.379fa + 6 x 10-*f4 (B-24) 

The sum of the coefficients is 1; hence, the equilibrium factors are, on the 
average, equal to WLR. Since f^ < fi must be larger than WLR. 

The working-level ratio for ambient outdoor air, WLR^a\ is typically 
between 0.5 and 1. The geometric mean of the values measured by George and 
Breslin is WLR = 0.8 (see Table 3.3). It is therefore a reasonable, and 
slightly conservative, approximation to assume that WLR^a^ = 1, which implies 
that f^ = 1 for all k for ambient offsite outdoor air. Under these conditions, 
the equilibrium factors for outdoor air above the waste field, averaged over a 
distance of 2 m from the ground, are: 

fo/fi/fa/fV^ = 1.0/0.24/0.15/0.15/0.15 (B-25) 

Using Equation B-24, the corresponding working-level ratio is found to be 
WLR = 0.16. (The working-level ratio corresponding to the equilibrium factors 
given by Equation B-20 is WLR = 0.012.) If WLR(a) < 1 is used, the working-
level ratio for inhalation may reasonably be estimated to be 0. 16 WLR(a) for a 
model site with H = 2. 
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