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ABSTRACT 

Methods for assessing public exposure to radiation from normal operations 
at DOE facilities are reviewed in this report. The report includes a discus
sion of environmental doses to be calculated, a review of currently available 
environmental pathway models and a set of recommended models for use when envi
ronmental pathway modeling is necessary. Currently available models reviewed 
include those used by DOE contractors, the Environmental Protection Agency 

(EPA), the Nuclear Regulatory Commission (NRC), and other organizations 
involved in environmental assessments. General modeling areas considered for 
routine releases are atmospheric transport, airborne pathways, waterborne path

ways, direct exposure to penetrating radiation, and internal dosimetry. The 

pathway models discussed in this report are applicable to long-term (annual) 
uniform releases to the environment: they do not apply to acute releases 
resulting from accidents or emergency situations. 
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1.0 INTRODUCTION 

This report is a review of the methods available to the Department of 
Energy (DOE) and its contractors to assess public exposure to radiation from 
normal operations at DOE facilities. Also included is a set of recommended 
models to be used when environmental pathway modeling is required. The criti
cal pathway analysis procedure reported by Corley, et al. (1981) can be used 

to establish the need for pathway analysis at a given site. 

Environmental consequence analyses usually result in estimated doses to 
selected receptors in the vicinity of the release site. Definitions of these 
dose quantities and receptor locations are provided in Section 2. 

The review of models currently used for evaluating the environmental impact 
from chronic releases of radionuclides is given in Section 3. Models reviewed 

include those used by DOE contractors, the Environmental Protection Agency 
(EPA), the Nuclear Regulatory Commission (NRC) and other organizations involved 
in environmental assessments. General modeling areas considered are atmospheric 
transport, airborne pathways, waterborne pathways, direct exposure to penetrat
ing radiation, and dosimetry. 

Models that we recommend be used for pathway analysis are given in 
Section 4. Use of site-specific models is recommended when the models result 
in an improved representation of the real situation over our recommended 
models. The models were selected to meet the following criteria: the models 
must be applicable on a site-specific basis, site-specific parameters must be 
readily available or easily defined, models must be easy to implement on local 
computers or use readily available computer programs, and the models must 
provide a reasonable representation of the physical process modeled. Models 
for airborne transport and pathways, waterborne pathways, penetrating 
radiation exposure, and dosimetry are included. 

The pathway models discussed in this report are applicable to normal 
operations involving long-term (annual) uniform releases to the environment. 
The models are not intended to be applicable to atmospheric releases resulting 
from major abnormal occurrences. However, releases of intermittent nature 
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that occur throughout the year (at 1 to 2 week intervals or more often) may be 
approximated as a continuous release and the recommended models may be used. 
An example of such an operation would be the dissolving of spent fuel at a 
reprocessing plant that releases small quantities of noble gases with each 
batch of fuel processed. For major abnormal occurrences, general practice is 
to use different atmospheric dispersion models, with emphasis on use of 
meteorological conditions existing at the time of the occurrence. 

The term "environmental pathway" is used in this report to represent a 

transport or accumulation process or a sequence of such processes that result 
in uptake of radioactivity by man. Inhalation of airborne material and con
sumption of contaminated milk are examples of environmental pathways. 

The terms "model", "computer program" and "parameter" often cause confu
sion. This report uses the term "model" to represent the mathematical expres
sion or algorithm used to describe the process being simulated. A "computer 
program" is a means of implementing a given model and/or sets of submodels on a 
computer. "Parameters" are a part of the mathematical expression of a model 
and the values adjusted to fit the conditions being simulated. As an example 
consider the overall environmental consequence analysis model for the release 
of radionuclides to a river. A submodel for this pathway estimates water con

centration at some location downstream. Parameters used in this submodel 
include river flow rate and width defined for the location being studied. 
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2.0 ENVIRONMENTAL DOSE QUANTITIES 

This section describes the representative environmental dose quantities 
considered by DOE to provide a reasonable measure of the potential consequences 
resulting from routine operation of DOE facilities (DOE 1981b, Chapter III). 
The dose quantities are defined as a IIfence-post dose rate," a "maximally 
exposed individual dose," and the "population dose." Details of dose calcula
tions for each quantity (location of receptor and philosophy of calculation) 

are provided in the following sections. 

2.1 FENCE-POST DOSE RATE 

The fence-post dose rate is intended to provide a measure of the maximum 
external radiation dose from site sources in any location of uncontrolled pub
lic access. The fence-post dose rate may be determined by measurements made 
at selected locations about the site using environmental dosimeters recording 
dose rate meters or portable instruments. This dose rate represents the dose 
an individual would have received if he were at the given location during the 
entire year of operation. However, it should be emphasized that the fence-post 
dose rate does not represent a dose actually received by any member of the pub
lic. The dose rates determined using environmental dosimeters will necessarily 
include background radiation contributions such as those of cosmic origin, nat

ural radioactive materials in the air and ground, and fallout from nuclear wea
pons testing. Inhalation and ingestion pathway contributions are specifically 
excluded from the fence-post dose rate. 

For sites that have potential for release of radioactive material to sur
face waters, the fence-post dose rate measurement should include locations in 
accessible portions of the surface waters (to simulate exposure during boating 
or swimming) and shoreline (to simulate exposure during shoreline activities). 

The location of the fence-post dose rate calculation is generally near the 
site boundary. However, other locations should be considered based on atmos
pheric dispersion calculations that may predict peak air concentrations at fur
ther downwind distances. 
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2.2 MAXIMALLY EXPOSED INDIVIDUAL DOSE 

The maximally exposed individual dose represents the maximum probable dose 
to any member of the public in an uncontrolled area. It is based on realistic 
estimates of occupancy, living and dietary habits and includes the contribu
tions from all available exposure pathways. This dose is generally calculated 
using environmental models to estimate the contribution from each pathway. 
While each pathway contribution is credible, it is possible that no individual 
will actually receive the entire calculated dose nor does a specific individual 
need to be identified. The dose represents the 50-year commitment from one 
year of plant operation. 

Pathways typically included in the maximally exposed individual dose cal
culation are external exposure from onsite penetrating radiation sources, 
inhalation of and submersion in airborne radioactive effluents, ingestion of 
food crops and animal products contaminated from dry deposition and/or irriga
tion, ingestion of contaminated water, ingestion of contaminated aquatic foods 
and external exposure to contaminated water, sediment and land. Parameter 
values used in the environmental pathway calculations are chosen to maximize 
the dose received by the individual within realistic bounds. However, average 
metabolic parameters are used in the dosimetry calculation for all three dose 
quantities discussed in this section. 

For some radionuc1ides and exposure pathways calculation of doses to 
selected age groups may be warranted. An example of such a calculation is the 
pasture-cow-milk pathway for radioiodine which results in exposure of the 
thyroid gland. This calculation is generally performed using appropriate para
meters for infants or young children. 

2.3 POPULATION DOSE 

The population dose represents the collective dose received by the popula
tion residing within an 80-km radius of the site. The population dose is cal

culated as the sum of the product of the average individual doses and the num
ber of persons potentially exposed. The population dose calculations are dis
cussed in Section 4.0 (Equations 4.0-1 and 4.0-2). All potential pathways are 
included in the calculation as for the maximally exposed individual. Site 
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specific population distribution data, atmospheric dispersion patterns and farm 
product production information are generally used in the population dose esti
mates. Parameter values used in estimating the average individual dose are 
chosen to represent average conditions for the region. This results in a 
realistic estimate of the total population dose. Environmental monitoring 
results may be sufficient for some pathways. As for the maximally exposed 
individual dose, the calculated population dose is the 50-year dose commitment 
resulting from uptake received during one year of plant operation. 
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3.0 REVIEW OF CURRENTLY AVAILABLE MODELS 

A variety of models are required to estimate radiation doses from the rou
tine operation of nuclear facilities. This section reviews models currently 
used for environmental assessments by DOE contractors, the EPA, the NRC and 
other organizations involved in environmental assessments. The purpose of the 
review is to provide a basis for recommendation of models to be used by DOE 
contractors in preparation of their annual reports. 

Environmental assessments of operating nuclear facilities contain esti-
mates of radiation doses to man resulting from: 

• airborne effluents 
• waterborne effluents, and 
• direct exposure from penetrating radiation. 

Airborne and waterborne effluents involve physical transport mechanisms and are 
discussed individually in Sections 3.1 and 3.2, respectively. Exposure pathways 
to man resulting from these effluents are discussed in Section 3.3. Direct expo
sure from penetrating radiation involves direct radiation exposure of members of 
the public who reside near the site boundaries and is discussed in Section 3.3.4. 

The pathway models provide radionuclide concentrations at selected exposure 
and uptake locations by man. Dosimetry models are then used to convert the 
radionuclide uptake to radiation doses. A summary of the models for radiation 

dose calculations is presented in Section 3.4. 

A summary of models recommended for use by DOE contractors is presented in 
Section 4.0. The recommended models represent an acceptable methodology for 
the required analyses. Use of alternate models for specific applications is 
encouraged when a better representation of the phenomena involved is realized, 
e.g., site specific transport models. The need for pathway analysis at a given 
site can be determined using criteria reported by Corley, et al. (1981). 

3.1 ATMOSPHERIC TRANSPORT AND DIFFUSION 

Many models have been developed for estimating atmospheric transport and 

diffusion from point sources of airborne effluents. Several of these models 
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are appropriate for calculation of air concentrations resulting from chronic 
airborne releases at DOE nuclear sites. The complexity of these models varies 
greatly from simple Gaussian dispersion models to models involving detailed 
numerical solutions to the mass continuity equations. A representative sample 
of these models is discussed briefly in the following sections and an indica
tion is given as to their usefulness in performing chronic release atmospheric 

dispersion estimates. More detailed discussions of atmospheric dispersion 
models are provided by Rosen (1977), Turner (1979), Drake and Barrager (1979) 
and Hanna, Briggs and Hosker (1982). The atmospheric dispersion models 
discussed in the following sections are: 

• Gaussian plume 
• Gaussian trajectory 
• finite-difference 
• particle-in-cell. 

3.1.1 Gaussian Plume Model 

The most widely used model for chronic atmospheric release dispersion 
estimates is the Gaussian plume model. In this model the plume is assumed to 
travel in a straight line, at constant wind speed and at a given stability 
until it travels beyond the outer distance radius of interest (usually taken 
as 80 km). These constant conditions are determined by the conditions at the 
time of release. The plume is assumed to spread laterally and uniformly to 
cover a sector in the direction the wind is blowing. Sixteen equal sectors 
(22-1/2 degrees) are usually used. The annual joint frequency of occurrence 
of wind speed, wind direction and atmospheric stability is used to weight the 
calculated air concentration at each receptor location to determine the aver
age annual air concentration at each receptor location. The site-specific 
joint frequency of occurrence values are generally defined for the sixteen 
compass directions, up to seven stability classifications, and several wind 
speed classes (up to 25 mph). The data are based on observations at a single 
station near the release site. Submodels are often applied to the Gaussian 
dispersion model to account for effects of plume rise, building wake and plume 
depletion by dry and wet deposition. The deposition of material from the 
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plume onto the ground is important to the terrestrial food pathways and for 
the external exposure to contaminated ground pathway. A discussion of these 
submodels is given in Section 3.1.5. 

Examples of computer programs that use of the Gaussian plume model include 

XOQDOQ (Sagendorf and Goll 1977), KRONIC (Strenge and Watson 1973), COM (Busse 
and Zimmerman 1973) and AIRDOS-EPA (Moore et ale 1979). 

The advantages of the Gaussian plume model are the simplicity of use and 

the short computational times. The major input data requirement is annual 

averaged joint frequency data for a single station near the site. Simple 
decay schemes are also handled quite easily. The major disadvantage to use of 

the Gaussian plume model is the poor representation of actual dispersion pat

terns beyond a few kilometers. This model is only good for relatively flat 
terrain away from coastlines and large water bodies and it does not address 
changes in plume direction during downwind transport. Periods of calm winds 
are also difficult to handle and are usually distributed into the lower wind
speed categories. 

3.1.2 Gaussian Trajectory models 

Gaussian trajectory models are an extension of the Gaussian plume model 
designed to allow for time variation of meteorological conditions. These 
models predict the path and spread of a continuous release as windspeed, 
direction and atmospheric stability change with time. Data required by 
Gaussian trajectory models consists of hourly sequential observations of wind 
speed, wind direction, and stability from one or more locations in the region 
of the release site. The observation data set defines the wind field in the 
vicinity of the release site. Annual average air concentrations at each loca
tion of interest are determined from a probability distribution of concentra
tions based on trajectory statistics. 

An example of application of a Gaussian trajectory model is the family of 
MESODIF computer programs (Start and Wendel 1974; Powell et ale 1977). 

Advantages to Gaussian trajectory models include consideration of the time 
variability of atmospheric conditions with respect to plume trajectory and a 

better representation of low wind conditions. The effects of wind reversal 
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and multiple passes are represented in the trajectory analysis. Also some 
trajectory models consider time variation of atmospheric stability. 

The main disadvantage is that the Gaussian trajectory models are limited 
to generally flat terrain although use of data from many observation stations 
may implicitly include effects of terrain on wind patterns. The computer time 
required to perform a trajectory analysis in calculating annual average con
centrations is considerably longer than for the simpler Gaussian plume models. 
Also the input data requirements are generally greater for Gaussian trajectory 
models because extensive wind data is needed to give significantly improved 
results over Gaussian plume models. 

3.1.3 Finite Difference Models 

Finite difference (or grid) models involve numerical solution to the 
transport and diffusion equations by finite difference approximations. The 
region to be modeled is divided into a network of constant volume cells. The 
net flux of pollutant across each cell boundary is then calculated considering 
turbulent diffusion, advection, and sources and sinks (such as chemical reac
tions). These models are useful for short-term analysis of reactive pollutants 
over urban and regional areas. The results give concentration at grid points 
over the area of interest. Input to the finite difference models is in the 
form of windfields which must include effects of complex terrains such as 
channeling in valleys and plume impingement on ridges. Some models allow for 
direct input of terrain elevations. 

Examples of computer programs using the finite difference technique are 
LIRAC (MacCraken et al. 1975) and a program developed at Systems Application, 
Inc. (Reynolds et al. 1973). 

While these finite difference computer programs are probably best able to 
account for complex effects of terrain and chemical reactions, they require 
signficant computer time and storage. Extension of the short-term analysis to 
provide annual average concentrations would require prohibitive amounts of 
effort in wind field preparation and computer analysis time. 
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3.1.4 Particle-in-Cell Models 

The particle-in-cell (PIC) models follow the transport of specific pollu
tant particles within a fixed grid system. The concentration at any given time 
is found by counting the particles within each grid cell. Input requirements 
for PIC models includes a definition of the velocity field (including turbu
lence corrections) for the region of interest. Like the finite difference 
models, the PIC models are designed for short-term analysis and use for cal
culating annual average concentrations is difficult. 

An example of a computer program that implements the PIC model is the 
ADPIC computer program (Lange 1973) developed at Lawrence Livermore Laboratory. 

The major difficulty in the use of PIC models is the need to track a large 
number of particles to obtain reasonable accuracy. This results in use of 
large amounts of computer time and storage. The main advantage to PIC models 
is that they reduce the problem of numerical diffusion and simulate advection 
more accurately than do other models. This results in a better representation 
of transport processes for non-reactive pollutants. 

3.1.5 Atmospheric Dispersion Submodels 

The basic atmospheric dispersion calculations are often modified to 

account for small-scale phenomena that may have an effect on downwind radionu
clide concentrations. This section contains reviews of models currently used 
for the following atmospheric dispersion submodels: 

• plume rise 
• building wake 
• terrain variation 
• dry deposition 
• wet deposition 
• mixing depth. 

The plume rise models estimate the added elevation achieved by the plume 
and results in lower air concentrations at near release locations with less of 
an effect at longer distances. The increased dispersion at the source due to 
building wake effects also causes lower air concentrations near the release 

location with little effect at longer distances. The effect of terrain 
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variations on calculated air concentrations can be large and is difficult to 
estimate. The removal of material from the plume due to wet and dry deposi
tion processes can have a significant effect at long distances from the release 
point. The effect of the atmospheric mixing depth is to increase air concen
trations somewhat at long distances. Each of these submodels are discussed in 

detail below. 

Plume Rise - When releases from elevated points (i.e., stacks) contain 
excess heat or are released with significant vertical velocity the resulting 
plume may rise to a level above the actual release point. Plumes with excess 
heat rise due to the added buoyancy of the hot air while plumes with signifi
cant velocity rise due to the momentum of the exiting material. The appropri
ate model to use depends on the characteristics of the effluent plume. Models 
are available for both momentum and buoyancy dominated releases. Routine 
release effluent streams are usually near ambient conditions (little excess 
heat) and may be described by momentum plume rise models. 

The models of Briggs (1969, 1975) are generally used to estimate the 

increment to the effective plume height caused by plume rise (momentum or buoy
ancy dominated). The equations suggested by Briggs consider the effects on 
plume rise of atmospheric stability, windspeed, travel distance, effluent heat 
content and effluent velocity. 

Plume rise models are designed for application to dispersion from tall 
stacks where the effluent is free from wakes of adjacent buildings. Sagendorf 
and Goll (1977) suggest use of a mixed release mode for vent (lower level) 
releases where the release is divided into elevated and ground components. 
This mixed model representation was developed for routine release situations. 

Building Wake Correction - Material released from building vents, short 
stacks or at ground level may be subject to enhanced dispersion due to the 
turbulent wake caused by air flow around the building. Building wake correc
tions are generally considered for ground level releases only. The general 
method for estimating the effect of the building wake is to consider the 
release to be a volume source. The size of this volume source is related 
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to the size of the building. For Gaussian dispersion models, the volume source 
is represented by increasing the numerical values of the plume dispersion coef
ficients. Versions of this method are described by Slade (1968), USNRC (1977) 
and Sagendorf (1974). All of these versions are roughly equivalent. 

Terrain Variation - The ground-level air concentration is dependent on 
the effective height of the plume centerline for most dispersion models. For 
areas where the terrain is essentially flat, the centerline is at a constant 

elevation (after plume rise). Terrain variation models attempt to estimate 
the effect of terrain elevation changes on the effective plume height. Three 
models are presented in Regulatory Guide 1.111 (USNRC 1977b): 

• horizontal plume model 
• terrain conformal model 
• a combination of the above. 

For the horizontal plume model a terrain elevation value is subtracted 
from the effective stack height. The value to subtract is taken as the maxi
mum terrain height between the release point and the exposure point. The ter
rain height for purposes of this correction is the height above the stack base 
and must be greater than or equal to zero. 

In the terrain conformal model it is assumed that the plume follows the 
contour of the terrain and hence the plume centerline is always a constant 
height above the ground. 

As an alternative method, Regulatory Guide 1.111 suggests the use of 
Eganls (1975) method for unstable and neutral conditions and Burtis (1977) 
method for stable conditions. Eganls method assumes an intermediate trajec
tory halfway between the terrain conformal and horizontal plume models. Burtis 
method assumes the plume to be horizontal until the terrain rises to within 
10 meters of the plume centerline. Then the plume is assumed to be terrain 
conformal at a distance of 10 meters above the terrain. 

In recent work performed for the EPA Bass, Strimaitis, and Egan (1981) 

have described a potential flow model to estimate the effects of simple ter
rain features on Gaussian plume dispersion. Their model considers neutral and 
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slightly stable conditions (based on both theoretical and experimental stud
ies). The model could be of use when simple shaped hills are present. How
ever, for typical rough terrain involving multiple irregularly shaped hills 

the model would not apply without further work. 

For sites with complex terrain the enhanced dispersion caused by terrain 
variation can be approximated by shifting the Pasquill-Gifford stability clas

sification one classification towards unstable conditions (Bass, Strimaitis 

and Egan 1981). 

A more significant effect of local terrain variations on dispersions is 

the potential for directional flow variations, i.e., valley conditions or sites 

dominated by drainage winds. Such effects must be analyzed on a site-specific 
basis. Use of complex atmospheric dispersion models may be warranted for such 

cases. 

Dry Deposition - Dry deposition includes removal of particulates and gases 

from plumes by the processes of settling, absorption on plants, and impaction. 
Dry deposition models generally assume that radioiodines and particulates 
behave similarly with no removal of noble gases. 

The removal of a material from the plume by dry deposition processes can 

be described by source depletion models and surface depletion models. Source 

depletion models allow for uniform removal of activity from the cloud at pro
gressive downwind distances. Surface depletion models consider nonuniform 
vertical concentration profiles resulting from activity removal at the air
ground interface. Horst (1979a, 1979b) developed a model for correction of 
the Gaussian plume model for the surface depletion of nonsettling particles. 
This model reduces the source strength in the Gaussian model as a function of 
downwind distance to account for both the loss of airborne material and for 
the change in vertical profiles. Horst's model is actually a hybrid surface 
depletion/source depletion model. 

An example of a source depletion model is given in Regulatory Guide 1.111 

which presents curves defining plume depletion and ground deposition for rou
tine release situations. These curves define correction factors to be applied 
to plume concentrations at ground level to determine the depleted plume 
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concentration. Additional curves are presented to estimate ground deposition. 
All of these functional relationships are presented as a function of release 
height, atmospheric stability, and downwind distance. The figures are based 
on measurements of deposition velocity reported by Pelletier and Zimbrick 

(1970) and on a diffusion model as presented by Markee (1967). 

The general method for estimating the ground concentration is by use of 
an effective deposition velocity. The effective deposition velocity is gener
ally assumed to be constant for a given radionuclide and includes effects of 
settling, diffusion and impaction. 

Wet Deposition - The many physical processes involved in wet deposition 
make this an area difficult to predict and model accurately. Regulatory Guide 
1.111 suggests that wet deposition is not generally of significance for routine 
release situations because of the relatively small time the precipitation is 
likely to occur. If analysis shows that precipitation may be significant for 
a particular site, it is suggested that washout rates and plume concentration 
be calculated according to methods given by Engleman (1968). Engleman suggests 
using an exponential expression for the air concentration during periods of 
precipitation. The IAEA (1980) has suggested a form of the Engleman equation 
to estimate the ground deposition rate. Their expression requires assumptions 

be made on the spatial distribution of rain showers with time. 

Mixing Depth - The vertical expansion of the plume may be limited by the 

mixing depth which is atmospheric stability dependent. Values of the mean 
mixing depth throughout the U.S. are presented by Holzworth (1972). Values 
are given for mornings and afternoons by season and for the annual average. 
Turner (1969) has suggested a scheme to account for effects of the mixing 
height on plume expansion that limits the increase of the Gaussion plume ver
tical standard deviation parameter. When the vertical dispersion parameter is 
very near the mixing depth the plume is assumed to be uniformly distributed in 
the mixing layer. This results in a slight discontinuity at the distance where 
the mixing depth is reached. Another approach (Sagendorf and Goll 1977) is to 
limit the value of the vertical standard deviation of plume concentration 
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parameter to a maximum value. Busse and Zimmerman (1973) have suggested that 
values used for the mixing depth (from Holzworth 1972) be related to 
atmospheric stability. 

3.2 WATERBORNE TRANSPORT 

Release of radionuclides to surface water or ground water may result in 

radiation exposures to individuals and the population near the release site. 
Water transport models are needed to estimate radionuclide concentrations at 
selected locations in the environment. For routine releases the exposure path
way models (see Section 3.3) are based on steady-state concentrations. The 
general method for determining steady-state concentrations is to use dilution 
factors that give the average radionuclide concentration (Ci/m3 or Ci/~) at 
each location of interest normalized to a release of one curie per year. These 
dilution factors may be modified to include effects of radiological decay in 
transit for specific radionuclides. 

The Liquid Pathway Generic Study of the U.S. Nuclear Regulatory Commission 

(USNRC 1978), Regulatory Guide 1.113 (USNRC 1977a) and Strenge et ale (1978) 
provide a review of surface water models available for waterborne dispersion 
under acute and routine release situations for dispersion in rivers, estuaries, 
large lakes and along open coasts. The models discussed range from simplified 
models having analytical solutions to complex models requiring numerical solu
tion. Extensions of these models for continuous releases is suggested through 
the use of convolution integrals. A steady-state model is also presented to 
described transport through a river system with a series of reservoirs with 
effects of sediment layers considered. A recent report of the Commission of 
the European Communities (1979) has suggested a semi-imperical model for river 
transport with effects of sediment transport also considered. Details of 
these models are not discussed here. The selection of a particular model must 

include consideration of the specific conditions under which it will be 
applied. Because the application is so very site specific (except possibly 
for direct release to a large smooth flowing river), the determination of 
waterborne dilution factors must be made on a case-by-case basis using avail
able site specific data. 
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Groundwater transport is particularly difficult to estimate. Exposures 
from the contamination of ground water are best estimated from monitoring data 
giving activity levels at usage locations (i.e., wells used for drinking or 
irrigation). Therefore, groundwater transport models were not considered in 
the present review. 

3.3 EXPOSURE PATHWAYS 

The estimation of annual environmental dose from routine radionuclide 
releases must include consideration of all potential pathways by which radio
activity and radiation may reach man. While it is likely that only a few 
pathways will have a significant contribution to dose at a given site, all 
pathways should be considered carefully before any are dismissed as 
unimportant. 

This section reviews the exposure pathways that are described in the 
literature. The discussion considers pathways of four types: 

• exposure to the airborne plume 
• exposure via aquatic foods and activities 
• exposure from terrestrial crops and animal products 
• direct exposure from contained sources 

Each of these exposure types is specifically related to airborne effluents, 
waterborne effluents or direct radiation except for the terrestrial pathway 
which may have contributions from airborne releases (deposited onto farmland) 
and/or waterborne releases (deposited via irrigation). 

3.3.1 Exposure to Airborne Plumes 

Radioactive material released to the atmosphere may cause radiation expo
sure during plume passage. The exposure may be from external radiation as 
individuals are submersed in the plume or from material taken into the body 
via inhalation. Methods for calculation of doses from these pathways generally 
use dose conversion factors to relate annual average air concentrations to 
dose. Examples of such dose conversion factors may be found in Regulatory 
Guide 1.109 (USNRC 1977c) and Hoenes and Soldat (1977). 
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External exposure is usually calculated for the uniform exposure of the 
whole body at a tissue depth of approximately 5 cm. At this depth the 
contribution from beta radiation is not significant except for a few radionu
clides that have a large bremsstrahlung production. The gamma exposure is 
generally calculated for routine releases by the semi-infinite plume model. 
In this model the individual is assumed to be submersed in a plume of uniform 
concentration throughout and bounded by the ground plane. The dose rate is 
then calculated as one-half the radiation energy emission rate per unit volume. 
The semi-infinite model is applicable to large plumes. This condition is met 
for most routine release situations at distances beyond 1 km. The alternative 
method for calculating external penetrating radiation dose is to consider the 
finite size of the plume and integrate the dose contribution over the plume 
volume. This method is known as the finite plume model and is generally used 
for small plumes or elevated plumes near the release point. 

Inhalation doses are calculated from the air concentration at the location 
of interest. The uptake is based on the assumed breathing rate. The uptake 
is then converted to dose using unit uptake dose converstion factors generated 
from internal dosimetry models discussed in a later section. 

3.3.2 Exposure from Aquatic Activities and Foods 

The exposure pathways in this category are directly related to water con
centrations and include ingestion of water and aquatic foods plus external 
exposure from proximity to water (boating and swimming) and contaminated shore
line. Ingestion of farm products contaminated by irrigation water is consid
ered under terrestrial pathways. 

Radionuclide contaminated water may be consumed by persons via municipal 
water supplies, wells, or direct withdrawal from a body of fresh water. In 
general, the dose to a person is dependent on the concentration of the nuclide 
in the water and the quantity of water ingested. For routine releases the 
uptake is calculated from the average water concentration at the point of con
sumption. Water treatment plant purification factors are often applied when 
appropriate. Some data is available on water plant removal factors for a few 
sites (Denham and Soldat 1975; Corey and Boni 1975) and could be extended to 
other sites that use similar water treatment processes. 
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The concentration in aquatic foods is generally calculated assuming the 
aquatic organism of interest to be in equilibrium with the surrounding water 
(Napier et al. 1980; USNRC 1977c). Under equilibrium conditions the organism 
concentration is related to water concentration by a bioaccumulation or con
centration factor. Bioaccumulation factors currently in use by the NRC are 
specified in Regulatory Guide 1.109 and were taken principally from Freke 
(1967) and Thompson et al. (1972). Site specific modifications to these 
bioaccumulation factors may be warranted in special cases (Napier 1981). 

Persons exposed to contaminated waters (usually in recreational pursuits 

such as swimming, boating or skiing) may receive a direct radiation dose from 
contaminated waters. The general method for estimating this radiation dose is 
to assume a constant water concentration and an average usage time (hours per 

year) for each recreational activity. For a given duration of exposure, per
sons swimming (total immersion) receive a higher dose by a factor of 2 than 
those boating or water skiing (partial immersion or surface activities) because 

of the assumed spherical and hemispherical geometry, respectively. 

Radionuclides deposited on the shores of rivers, lakes, or oceans may 
accumulate over a period of time leading to external irradiation of persons 
standing on contaminated surfaces. The amount of the nuclides built up on the 

shorelines depends on the concentration in the water, the depth of deposit, 

and the period of buildup. The dose to persons depends on the time period 

spent on the contaminated surfaces. 

The concentration ;n shoreline sediments is generally estimated from an 
empirical equation derived by Soldat et al. (1974) from measurements on water 
and sediment concentrations on the Columbia River. The calculation uses 
external dose conversion factors for an infinite plane source at a distance of 
one meter. These factors are then modified by a "shore width factor" to 
account for the finite dimensions of most shores. 

3.3.3 Exposure from Terrestrial Crops and Animal Products 

Contamination of lands by either deposition from air or irrigation water 
can result in exposure to man by four routes: 
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1. external exposure to contaminated ground 
2. inhalation of resuspended material 
3. ingestion of contaminated crops 
4. ingestion of contaminated animal products 

Persons in the vicinity of the contaminated ground are subject to radia
tion exposure from gamma radiation. The degree to which the contamination is 
retained on soil with time affects the resulting external exposure. The model 
of Regulatory Guide 1.109 (USNRC 1977c) uses no reduction due to weathering. 
Another factor reducing external dose is the shielding afforded by structures. 
Burson and Profio (1975) have summarized shielding factors for several activi
ties and for various structures. The effective shielding factor for any popu
lation depends on average occupancy times for buildings and activities in the 
vicinity of the contamination. Regulatory Guide 1.109 suggests a structural 
shielding factor of 0.7 for exposure of individuals and 0.5 for exposure of 
populations. A ground roughness factor of 0.5 is also included in the dose 
factors for standing on contaminated ground as given in Table E-6 of Regulatory 
Guide 1.109. 

In calculation of the inhalation dose from resuspension, some fraction of 

the ground contamination is assumed to become airborne and be inhaled by per
sons in the immediate vicinity. An evaluation of plutonium resuspension by 
Anspaugh (1975) has suggested an initial value of 10-4 m-1 for the 

resuspension factor decreasing to a value of 10-9 after 17 years. The 
resuspension factor relates ground concentration to air concentration. This 
model does not consider dependence of resuspension rate on soil roughness or 
vegetative cover. Such factors could have a significant effect on 
resuspension. However, characterization of these factors is not presently at 
a state where model modification is warranted. The dose from this pathway is 
usually small compared to the inhalation dose from the initial plume and is 
generally not considered in environmental dose analyses. 

The airborne release pathway can result in contamination of farm products 

including vegetables, fruit and animal products. Vegetation can be contami
nated by both direct deposition and by root uptake from contaminated soil. 
Animal products including meat and milk (and milk products) are contaminated 
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through animal ingestion of contaminated pasture, grains and hay. All of these 
pathways are considered in the routine release models of Regulatory Guide 1.109 
(USNRC 1977c). 

The potential dose for the crop pathway can be-estimated by considering 
sequentially the factors influencing uptake and transport to man. The impor
tant factors to be considered are: 

• Fraction of initial deposition retained on plants 

• Resuspension onto foliar parts of plants 

• Translocation of direct deposition from surfaces to edible parts of 

plants 

• Removal of initial deposition from vegetation by weathering 

• Plant/soil concentration factor 

• Change in availability from soil to roots with time 

• Delay time between harvest and consumption 

• Consumption by man. 

The radionuclide concentrations in food crops contaminated via irrigation 
depend upon the same list of factors given above plus: 

• Concentration in irrigation water and buildup in soil 
• Fraction of deposition retained on plants 
• Irrigation rate, timing and type (e.g., flooding or sprinkling). 

Concentrations in animal products are dependent on the quantity of animal 
food consumed and the concentrations in the feed crops; the latter are con
trolled by the factors listed above for food crops. Additional factors 
include: 

• Intake by animal of contaminated food (consumption rates) 

• Intake by animal of contaminated water (consumption rates) 

• Transfer of radionuclides to various animal products 

• Delay time between slaughter or collection and consumption (as in 
the case of milk and eggs). 
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Generic values for most of these factors are given in Regulatory Guide 
1.109, which should be used only when site-specific values are unavailable or 

questionable. 

3.3.4 Direct Exposure from Contained Sources 

Facilities with large sources which generate penetrating radiation can 
potentially cause radiation exposure to members of the public if the boundary 
of the restricted access area is sufficiently close. An example of such a 
facility is the gamma forest 137Cs source (now decommissioned) at Brookhaven 
National Laboratory. The exposure from such sources can be estimated by 
extrapolation of dose rate measurements taken outside the facility. In the 
absence of such measurements theoretical formulas for radiation transport can 
be used to estimate exposures. Effects of beam attenuation and energy buildup 

must be accounted for. 

The radiation exposure received in the vicinity of high-energy particle 
accelerators is due mainly to neutrons (Rindi and Thomas 1973). The variation 

of dose as a function of distance can be estimated using the inverse square 
relationship with an attenuation factor of the form exp (-d/~) where d is the 
distance from the target and ~ is the effective attenuation length of high

energy neutrons. A slightly modified form contains the same attenuation term 
but assumes the distance dependence to be inversly proportional to the first 
power of distance (Lindebaum 1961). 

3.4 DOSIMETRY 

Two methods are in general use for estimating radiation dose from envi
ronmental concentrations: 

• comparison with concentration guide values for air or water 
• use of dosimetry models for external and internal exposure 

The first method uses Concentration Guides (CG) currently provided in DOE 
order 5480.1A (DOE 1981a) which were taken from ICRP Publication 2 (ICRP 1959) 

with minor corrections. The second method calculates doses based on metabolic 
models for man to describe deposition and retention in organs of interest. The 
Concentration Guide values were determined using such dosimetric models, there
fore a relationship exists between the two methods. 
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The purpose of the dosimetry calculations is to determine the dose 
received by a given receptor group. This estimate is then compared to 
radiation standards (as described below). Care must be taken to ensure that 
the calculated doses correspond in uptake period and dose commitment period to 
the radiation standards they are to be compared with. The DOE radiation 
standards are intended to represent the 50-year commitment resulting from one 
year of uptake received during the year of operation. The concentration guide 
values are also equivalent to a 50-year commitment from one year of uptake. 

3.4.1 Use of Concentration Guides 

ICRP Publication 2 (1959) presents maximum permissible concentrations 
(MPC) in air and water for many radionucides. The MPC values are based on 
maximum allowable doses to workers for long-term occupational exposure. The 
dose limits are for the dose received during the fiftieth year of a continuous 

uptake resulting from air (inhalation and external) and water (ingestion) 

exposure. This dose value is numerically equivalent to the 50-year dose com
mitment from a one-year exposure. In DOE Order 5480.1A Chapter XI, radiation 

protection standards are defined for individuals in controlled and uncontrol
led areas. The corresponding air and water concentration guides are also pre
sented. For annual environmental reports for the DOE sites, the standards of 

interest are those for uncontrolled areas. These standards are given in 

Table 3.4-1, below (taken from DOE 1981a) and represent the dose received from 
one year of plant operation. While not expressly stated in the standard, the 
dose guides should be assumed to represent the 50-year dose commitment from 
uptake received in the year of plant operation. This is necessary for the 
dose guides to be compatible with the concentration guides. 

The CG values for air and water are based on these dose limits. For a 
given radionuclide the dose to each organ of interest is calculated. By com
parison to the dose limits the critical organ is determined. The CG values 
are then based on exposure to the critical organ. 

23 



TABLE 3.4-1. Radiation Standards for Uncontrolled Areas Annual 
Dose Equivalent or Dose Commitment, rem 

Type of 
Exposure 

Whole Body, Gonads or Bone Marrow 

Other Organs 

3.4.2 Dosimetry Models 

Individuals at 
Points of Maximum 
Probable Exposure 

0.5 

1.5 

Average Individual 
in a Suitable 

Population Sample 
0.17 

0.5 

Dosimetry models are used to describe the metabolism of inhaled and 

ingested radionuclides in determining the dose delivered to various organs. 
External dosimetry models are used to describe the distribution of energy 
deposition within the body. In order to determine internal dose it is neces
sary for the models to describe deposition, translocation, organ uptake and 
elimination of radioactivity within the body. Dosimetry models are presented 
in several publications of the International Commission on Radiological 
Protection (ICRP 1959; Morrow 1966; ICRP 1972 and ICRP 1979). In ICRP Publi
cation 2 (1959) basic data and models are presented for inhalation and inges
tion of radionuclides. This publication forms the basis of the concentration 
guides for air and water presented in DOE Order 5480.1 Chapter IX (1981a). 

The model presented to describe the dosimetry of the gastrointestinal 
tract considers four distinct compartments: stomach, small intestine, upper 
large intestine and lower large intestine. The ingested material enters 
through the stomach and travels sequentially through each compartment. 
Absorption of material into the blood is only considered to occur in the small 
intestine. 

The model presented in ICRP Publication 2 and used for the dose conver
sion factors found in Regulatory Guide 1.109 assumes that material entering 
the stomach resides there for one hour and then moves in a batch to the small 
intestine. Flow through the small intestine and large intestine is assumed to 
be continuous and linear. The critical tissue in the intestine is considered 
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to be the wall. The dose is therefore calculated as one-half the dose to the 
mass of the contents. For alpha radiation a factor of 0.01 is also applied to 
the effective energy to account for the ineffectiveness of alpha particles in 
reaching the sensitive cells of the stomach and intestine walls. 

A modification to this gastrointestinal tract model is presented in ICRP 
Publication 30 (ICRP 1979) with parameters from ICRP Publication 23 (1975). 
In this model each of the four compartments are characterized by exponential 
emptying in sequence. The average dose to the entire length of the wall of 
each compartment is calculated from the activity using factors of Snyder et al. 
(1974) based on Monte Carlo type calculations. This model is mathematically 
quite different from the model of ICRP Publication 2. The ICRP Publication 2 
model assumes a batch flow through the stomach and linear (plug) flow through 
the remaining three compartments. In addition, the latter model calculates 

the dose only at the entrance to each of the intestine compartments, since 
these are normally the most highly exposed portions of the wall. 

The lung model of ICRP Publication 2 provides a general model for intake 
of radionuclides into the body. The distribution of inhaled particulate mate
rial within the body is described for two classes of compounds: readily solu
ble compounds and insoluble compounds. For both classes of compounds it is 

assumed that 25% of the inhaled material is quickly exhaled, 50% is deposited 
in upper respiratory passages (and subsequently swallowed) and the remaining 
25% is deposited in the lungs. For insoluble compounds half of the amount 

deposited in the lungs is assumed to be swallowed in the first 24 hours and 
half is assumed to remain in the lungs with a 120-day half-life (except for 
plutonium and thorium which have I-year and 4-year half-lives, respectively). 
The total amount of insoluble material swallowed (i.e., that reaches the GI 
tract) is then 62.5%. Material classed as "insoluble" is not absorbed from 
the small intestine and only the GI tract receives a radiation dose. For 
readily soluble compounds 50% reaches the GI tract. The 25% initially 
deposited in the lung is assumed to be taken up immediately into the body (via 

the blood). 
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In 1966 the ICRP Task Group on Lung Dynamics published (Morrow 1966) a 
model for the respiratory system to describe deposition and translocation of 
particulates following inhalation. This model has been revised slightly and 
published in ICRP Publication 19 (ICRP 1972) with application to actinide 

inhalation. 

The mathematical model for calculating the dose to an organ of interest 
via inhalation using the ICRP Task Group Lung Model (TGLM) is considerably more 
complex than that utilized by the lung model initially recommended by the ICRP. 
In the TGLM, the respiratory tract is divided into three regions, the 
nasopharyngeal (NP), the tracheobronchial (TB), and the pulmonary (P). Deposi
tion is assumed to vary with the aerodynamic properties of the aerosol and is 
described by the three parameters 03' D4 and DS. These parameters represent 
the fraction of the inhaled material initially deposited in the NP, TB and P 
regions, respectively. Each of the three regions of deposition are further 
subdivided into two or more subcompartments, each representing the fraction of 
material initially in a compartment that is subject to a certain clearance 
process. Material is cleared from the subcompartments to the blood, lymphatic 
system or GI tract. A portion of the material entering the lymphatic system 
and the GI tract may also reach the blood. Transport of the radionuclides 
from the respiratory tract, lymphatic system, and GI tract to other organs and 

tissues where significant accumulations of the inhaled radionuclide occur, is 
assumed to take place via the blood. This translocation from the respiratory 
tract and lymphatic system to the blood has been d~scribed in considerable 
detail (Morrow 1966). A constant fraction of any "soluble" material clearing 
from the respiratory tract through the GI tract is assumed to be taken 
up by the blood while passing through the small intestine. 

The ingestion and inhalation models describe uptake and translocation of 
material to other organs. Elimination from the organs is described by a single 
exponential expression for each organ in ICRP Publication 2. The organ models 
of ICRP Publication 30 (ICRP 1979) suggests use of multiple exponential reten
tion functions (up to five). In the ICRP Publication 2 organ dosimetry model 

the radionuclide is assumed to be located in the center of a spherical organ 
of proper effective radius. All particle radiations emitted are absorbed 
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within the organ; all photon radiations are partially absorbed depending upon 
the organ radius and photon energy. The potential contribution to organ dose 
from photon radiation originating outside of that organ is ignored. 

The model presented in ICRP Publication 30 includes the contribution to a 
"target" organ from photons originating from atoms of the radionuclide decaying 
in other "source" organs. These contributions had previously been calculated 
by a Monte Carlo method using a mathematical phantom containing more realisti
cally shaped organs (Synder et ale 1974). 

Inhalation and ingestion dose factors are generally of the same order of 
magnitude for the two methodologies. Disagreement is due mainly to the differ
ences in metabolic models used, including organ uptake and retention param
eters. Most other factors affecting internal dose computations are treated 
similarly by the two methodologies. 

Exposure to radiation external to the body is considered for submersion 
in the contaminated plume, from exposure to contaminated ground (or shoreline) 
and from exposure to contaminated water (boating and swimming). Radiations of 
principal concern to these pathways are beta and gamma radiation. Both beta 

and gamma radiation are considered when calculating exposure of the skin. 
However, for whole body dose only gamma radiation and bremmstrahlung are con
sidered because of the relatively short range of beta particles in tissue. 
Skin dose is calculated at a tissue depth of 7 mg/cm2 (0.007 cm) which cor
responds to the depth of the basal layer cells of the epidermus (U.S. Depart
ment of Commerce 1954). The whole body dose is normally calculated for a 
tissue depth of 5 cm. This dose is then assumed to apply to all internal 
organs of the body as suggested by NCRP (1975). Another method for estimating 
internal organ dose from external radiation relies on dose conversion factors 
calculated by Poston and Snyder (1974) for a phantom. These dose conversion 
factors are calculated for each organ of interest as a function of the photon 
energy emitted in the semi-infinite cloud. Dose conversion factors calculated 
by these methods agree quite well. 

The external exposure during boating and swimming is calculated for sub
mersion in an infinite medium (half infinite for boating). Considerations of 
tissue depths are the same as described above for air submersion. 
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4.0 RECOMMENDED MODELS 

The models recommended for analysis of routine releases from DOE sites 

are described in this section. These models have been selected with the fol
lowing criteria in mind. 

• The models should be applicable on a site-specific basis (using 
site-specific parameters). 

• Site-specific parameters for the models should be readily available 

or easily defined. 

• The models should be easy to implement on local computers or use 
readily available computer programs. 

• The models should provide a reasonable representation of the physi

cal process being modeled. 

The models presented in this section are considered to represent the 
minimum effort required to perform a thorough environmental analysis for rou

tine releases. The models presented are not intended to preclude use of other 
models. In fact, some DOE sites have developed special models to describe 
particular local features or conditions. Use of such site-specific models is 

recommended provided the mOdels do result in an improved representation of the 

real situation over the models presented in this section. 

Use of the environmental pathway models presented in this section must be 

coordinated with available environmental monitoring results. Measured radio
nuclide concentrations in air, water or food, and penetrating radiation mea
surements (such as from environmental dosimeters) are the prefered basis for 
estimating dose received by members of the public. Environmental pathway 
models are to be used when measurements are not available for a particular 
pathway or when the concentrations are below the minimum detectable limits. 
The minimum detectable concentration varies considerably among radionuclides. 
Also the amount of each radionuclide in the environment can vary by orders of 

magnitude depending on operations conducted at the site. Therefore the dose 
contribution from a given pathway may be estimated sufficiently from measure

ments for some radionuclides while a pathway analysis will be required for 
others. 

29 



The pathway models are also useful in establishing environmental monitor
ing programs as discussed by Corley, et al. (1981). In doing so, all potential 

exposure routes to the public must be examined. Consideration must be given 
to specific radionuclide behavior in each pathway to ensure that the most use
ful environmental data will be obtained. Examples of such considerations 
include the following: radioiodine and radiostrontium contribute through the 
air-forage-cow-milk pathway; noble gas exposure is primarily from external 
radiation; deposition of noble gases is negligable; game birds or animals con
suming radioactivity onsite may travel offsite where they can be shot by 
sportsmen presenting an ingestion pathway. Other special situations could also 
be mentioned. Models presented in this section can be applied to all of these 
situations to estimate the dose received by the potentially exposed members of 

the public. As mentioned previously, the starting point in the dose calcula
tion depends on the availability of environmental monitoring data for the path
way under consideration. 

Detailed mathematical descriptions of each recommended model and submodel 
are presented below. The models are described in the same order as the model 

Review Sections 3.1 to 3.4. 

Reference ;s made frequently in the following sections to decay correction 
in transit. Detailed equations for radionuclide decay are not provided in this 
report. The reader is referred to standard radiation physics textbooks for a 
mathematical description of radiological decay. 

The estimation of the population dose within 80 km requires a spatial 
definition of several parameters about the site. The models recommended for 
atmospheric pathways are defined for a conventional radial grid system as shown 
in Figure 4.0-1. The annual average air concentration and the population dis
tribution are defined at each spatial interval within this grid. 

The exposure pathway and dosimetry models allow estimation of doses 
received by individuals in the vicinity of the facility under study. The indi

vidual doses are usually calculated for a specific spatial interval (as defined 
in Figure 4.0-1). All individuals within a given spatial interval are assumed 
to receive the same dose for each pathway of significance. The population dose 
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(FACILITY AT CENTER OF GRID) 

FIGURE 4.0-1 Population Dose Grid System Definition 

within the spatial interval is then calculated as the product of the individual 

dose and the population present in the spatial interval. 

where: 

P. = o. p. 
1 1 1 

P .• population dose within spatial interval i, man-rem 
1 

O .• dose to the average individual within spatial interval i, rem 
1 

Pi • population within spatial interval i, persons. 

The total population dose is then calculated as the sum over all spatial 

intervals 

N. 
1 

P = L 
i=l 

P. 
1 
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where P is the total population dose received in the vicinity of the site. 

4.1 ATMOSPHERIC TRANSPORT AND DIFFUSION 

The models recommended for atmospheric dispersion are taken mainly from 

information provided in USNRC (1977b) and IAEA (1980) with minor modifications 

from USNRC (1975). 

The downwind transport of material released to the atmosphere is described 
by a straight-line Gaussian plume model. This model is applicable to sites 
having relatively flat terrain. Sites with marked terrain variation such as 
valleys, sea coasts or mountains may be poorly represented by the 

straight-line Gaussian model presented here. For such sites, use of more 
sophisticated models may be warranted. 

The annual average air concentration is calculated at each location of 
interest using the crosswind averaged Gaussian disperison model for a 22.5% 
wind sector as represented by the following equation (USNRC 1977b). 

where: 

2.032 fdf;jk [2 2] 
= u. ~ k d exp -he /2~ zxk 

1 zx X 
(4.1-1) 

(X/QI) . ok. annual average normalized air concentration at location x 
X1J 3 

for windspeed i, wind sector j and stability k, sec/m 

u. • midpoint of windspeed class i at a height representative 
1 

of release, m/sec 

fd • fraction of material remaining in the plume after 
depletion in transit to location x, dimensionless 

f·. k • annual average joint frequency of occurrence of windspeed 
lJ 

(i), stability (k) and sector direction (j) for the site, 
dimensionless 

~zxk • crosswind vertical standard deviation of plume 
concentration at distance x and stability class k, m 
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h • effective release height, m e 
d • distance from release point to midpoint of distance x 

interval x, m 

2.032 • (2/n)1/2 16/2n. 

Other terms are as previously defined. The vertical dispersion parameter, 

~ k' includes a volumetric correction for releases within the building wake zx 
cavity when the release point is near ground level. For elevated releases the 
uncorrected dispersion factor a k is used. The building wake correction is zx 
described in Section 4.1.3. Methods for estimation of the plume depletion 

factor, fd' are discussed in Section 4.1.7. 

The joint frequency values (f, 'k) used in Equation 4.1-1 must be expres-
lJ 

sed as a fraction. The ususal representation for joint frequency values is 
percent. If percent values are used, the equation must include a correction 

factor of 0.01. The joint frequency values are generally based on onsite 
meteorological station data collected for a period of at lease one calendar 
year. This data is processed to redistribute unkown (no measurement) and calm 
(no measurable wind speed or direction) observations into the data set. 

The vertical standard deviation of plume concentration parameter, a k' zx 
is evaluated as a function of atmospheric stability and downwind distance. The 
atmospheric stability influences the amount of dispersion during transport. 
Stable atmospheric conditions result in less dispersion and, hence, lower 
values of the dispersion parameters than for unstable conditions. The most 
widely used method for relating atmospheric stability to the vertical disper
sion parameter is that of Pasquill as modified by Gifford (Slade 1968). This 
method defines six atmospheric stability categories labeled from A for most 
unstable to F for most stable. For each stability a curve of a k as a func-zx 
tion of distance is defined (referred to as Pasquill-Gifford curves). The 
Nuclear Regulatory Commission also considers a very stable category, G (USNRC 
1977b). Several equations have been developed for evaluation of a k for zx 
each stability category (Eimulits and Konicek 1972, Turner 1969, Gifford 1976). 
Each of these calculational methods give similar results. However, the formu
las of Eimultis and Konicek (1972) as presented in Sagendorf and Goll (1977) 

are recommended as being applicable to annual average concentration values. 
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These formulas (and all other formulas) for cr k are limited in that they zx 
are based on data taken within a few km of the release point but are routinely 
extrapolated to large distances. 

The effective release height, he' includes corrections for plume rise, 
downwash and terrain variation. The effective release height, h , is cale 
culated as a function of distance, direction, windspeed and stability as: 

where: 

hs • elevation of release point above base elevation, m 

~hs • correction to release height due to plume rise and downwash, m 
ht • effective terrain elevation at the location of interest, m. 

Calculation of plume rise and downwash is described in Section 4.1.2 and ter
rain elevation variation is described in Section 4.1.4. The distance and 

direction dependence of h result from plume rise (distance) and terrain 
e 

variation. The windspeed and stability dependence result from plume rise and 

downwash corrections. 

For sites having significant terrain features (i.e., mountains or val

leys), consideration should be given to use of variable trajectory or other 
models that will account for the specific features of the site. 

4.1.1 Plume Rise 

In determining the effective height of release for use in the atmospheric 
dispersion equation, the plume rise models presented here are used to account 
for momentum. This plume rise model can be used to describe releases from 
stacks when the released gases are at or near ambient conditions. The equa

tions presented below are used to estimate plume rise when the effluent release 
point is greater than two times the height of adjacent solid structures (USNRC 
1~77b). When the release point is lower, no plume rise correction is applied 

and the effective release height is constant at the effluent release height 
(except for possible terrain elevation corrections). 
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Plume rise due to momentum is described below by models recommended by 
Briggs (1969, 1975). A correction for downwash is included, as given by 

Gifford (1972). 

For neutral and unstable conditions, plume rise is calculated by 

o 

where: 

Wo • the stack or vent exit velocity, m/sec 
D • the internal stack diameter, m 

(4.1-3) 

dx • downwind distance from release point to location of interest, m 
u • wind speed at elevation of release, m/sec. 

When the exit velocity W is less than 1.5 times the wind speed u, a o 
correction for stack downwash may be applied. This correction (Gifford 1972) 

is calculated as 

where: 

hd • the value to be substracted from hm 
De • the external stack diameter, m. 

(4.1-4) 

This correction should not be applied to stacks fitted with a disk extending 

outward at lease one stack diameter, De. The result from Equation 4.1-3 
after correction as necessary from downwash is compared with 

(4.1-5) 

and the smaller value of hm is used as the momentum plume rise correction. 
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For stable conditions, the results from Equations 4.1-3 and 4.1-5 are 

compared with values calculated from the following two equations: 

(4.1-6) 

(4.1-7) 

where: 

and: 

F = (W D/2)2 m 0 
(4.1-8) 

S • restoring acceleration per unit vertical displacement for adiabatic 

motion in the atmosphere (sec-2). For Pasquill E stability S is 
8.7 x 10-4 , for Pasquill F stability S is 1.75 x 10-3, and for 

Pasquill G stability S is 2.45 x 10-3. 

The smallest value of h from Equations 4.1-3, 4.1-5, 4.1-6, and 4.1-7 is 
m 

used. 

4.1.2 Building Wake Correction Model 

Material released at ground level or from building vents or short stacks 
may be subject to enhanced dispersion due to the turbulent wake caused by air 
flow around the building. Models are designed to account for building wake 

through a correction factor for the Gaussian dispersion equation. The general 

way to handle building wake is to add a term to the plume size parameters to 

account for enhanced mixing in the wake of the building. 

The method presented here is the U.S. Nuclear Regulatory Commission 

Regulatory Guide 1.111 model (US(~RC 1977b) which was recommended by Sagendorf 

(1974). This model is to be applied to ground level releases only. The ver

tical plume spread term, Ez ' of Equation 4.1-1 is calculated as: 
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( 2 + 0 5 D2 / ) 1/2 
= a zxk • Z n (4.1-9) 

where: 

0zxk. crosswind vertical standard deviation of plume concentration at 

the location x for stability class k, m 

DZ • maximum adjacent building height either up or downwind from the 
release point, m. 

The term 0zxk~represents the maximum allowed dispersion due to 
building wake effects. 

4.1.3 Terrain Elevation 

The effects of terrain elevation variation are considered by defining an 

effective elevation, ht, at the midpoint of each spatial interval. This 
effective elevation is used to determine the effective plume height in Equa-

tion 4.1-2. The recommended method for defining values of ht is the hori
zontal plume model for terrain correction as described in Regulatory Guide 

1.111 (USNRC 1977b). Using this method the value of ht is defined as the 
maximum terrain height between the release point and the exposure point. 

Values supplied for ht should be positive or zero. This method is 

applicable to sites without major elevation variations such as mountains or 

valleys. For such sites the entire dispersion analysis may require more 

sophisticated site specific models than the staright-line Gaussian model. 

4.1.4 Dry Deposition 

The deposition of particulates and some gases is assumed to occur at all 

times during the year. This is the main process by which airborne contamina
tion is transferred to the ground. The method recommended to estimate the 

ground contamination level is by use of effective deposition velocities. The 

deposition velocity relates air concentration to ground concentration by: 

Q' 
n (x/Q') "k X1J 

(4.1-10) 
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where: 

• annual average deposition rate to ground at a distance x in 
sector j for radionuclide n, Ci/m2 sec 

• dry deposition velocity for radionuclide n, m/sec 

• annual average release rate for radionuclide n corrected for 
radiological decay to distance x, Ci/sec 

N 
s 

N u 

• number of stability classes considered, dimensionless 

• number of windspeed classes considered, dimensionless 

(x/Q I ) 0 ok. air concentration defined by Equation 4.1-1. 
X1J 

As material deposits from the plume, the remaining activity in the plume is 
decreased. This decrease is described by use of plume depletion factors dis

cussed in Section 4.1.6. 

4.1.5 Wet Deposition 

For most sites wet deposition is not expected to contribute significantly 
to terrestrial pathways (USNRC 1977c). However, for sites that have a rainy 

season corresponding to the grazing season, there may be a significant contri

bution from the forage-cow-milk pathway. An estimate of wet deposition can be 
made from the Engleman equation (Engleman 1968). 

~ = i exp (-gt) o 

where: 
x • air concentration after wet deposition for a time t 

Xo • initial air concentration 
g • washout coefficient, sec-1 

t • time since start of precipitation, sec. 

(4.1-11) 

The instantaneous rate of deposition may be determined by differentiation of 

the above equation. The rate of accumulation of material on the ground is then 
calculated based on a mass balance over the plume. 
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where: 

wn , 
XJ 

N s 
N 

u 

N 
u 

= f LQ' 
r ' 1 n 1= 

- (OT ) 
(X/Q I) "kOZ "ke -2w 

X1J X1J 

• annual average wet deposition rate at a distance x in 
sector j for radionuclide n, Ci/m2 sec 

• fraction of the time that rain occurs, dimensionless 

(4.1-12) 

• annual average release rate for radionuclide n corrected for 
radioactive decay in transit to location x, Ci/sec 

• number of stability classes, dimensionless 

• number of windspeed groups, dimensionless 

(X/QI) "k. annual average normalized air concentration at distance x in 
X1J 

sector j for windspeed i and stability class k, (Ci/m3) per 
(Ci/sec) 

• annual average washout coefficient, sec-1 

• effective plume thickness at distance x in sector j for 
windspeed i and stability class k, m 

Tw • average duration of a rain shower for the site, sec. 

The deposition rate calculated by this equation represents the rate at the 
midpoint (in time) of a typical rain shower. A more conservative calculation 
(maximum rate) may be made by setting the shower period, Tw' to zero. This 
give~ the rate at the start of a shower. 

The effective plume thickness, Z "k' represents an integral over the 
X1J 

plume in the vertical direction and results from the mass balance approach. 
The following equation may be used to estimate the effective plume thickness 
for the Gaussian plume model (USNRC 1975). 

z = (.!.) 1/2 L: exp [h/ ] 
xijk 2 zxk l 2cr~Xk 

(4.1-13) 
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The exponential expression actually cancels with a similar term in the 
expression for X/QI (Equation 4.1-1). The above model for wet deposition is 
equivalent to that suggested in IAEA (1980) extended to cross-wind averaged 

dispersion. 

Wet deposition will result in additional depletion of the plume. The 

plume depletion model defined in Section 4.1.7 is based on dry deposition. It 
is suggested that the additional depletion be ignored even though this may 

enter a slight conservatism into the calculation. 

The annual average washout coefficient may be estimated from the follow
ing equation. 

(4.1-14) 

where: 

Q1 • washout coefficient for an annual average precipitation rate of 
1 mm/hr, hr/mm sec 

Pr • annual average precipitation rate, mm/hr 

p • exponent to describe washout coefficient rate dependence on 
precipitation rate, dimensionless. 

Slinn (1975) has suggested a linear relationship between the washout coeffi
cient and precipitation rate (p = 1). 

The methods given above for estimating wet deposition are limited by the 
varying scale of shower activity. The precipitation data is collected at one 
site but applied on a regional scale (i.e., 50 mi radius). In using annual 

precipitation data it must be assumed that the observed precipitation rate is 
representative of the entire region. 

4.1.6 Plume Depletion 

Plume depletion due to wet and dry deposition processes results in reduced 
air concentrations at downwind locations. This reduction is partially counter
balanced by resuspension of deposited material. Horst (1979b) has recommended 
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that plume depletion be ignored in calculation of downwind air concentrations 
to account for resuspension processes. The recommendations for the present 
study are as follows: 

• For air exposure pathways (external and inhalation) plume depletion 

should be ignored to account for the resuspension contribution. 

• For ground pathways (external and crop ingestion) the plume should 

be depleted to account for dry deposition. 

Two methods are recommended for estimating plume depletion due to dry 
deposition: the surface depletion model of Horst (1979a) and the source 

depletion model presented in Regulatory Guide 1.111 (USNRC 1977b) 

Regulatory Guide 1.111 considers plume depletion by using plume depletion 

correction factors (USNRC 1977b). These correction factors are based on dry 
deposition only because wet deposition is not usually significant for long term 

average concentrations. The factors (fd in Equation 4.1-1) are based on mea
surements of deposition velocity as a function of windspeed (Markee 1967) and 

on a diffusion-deposition model presented by Pelletier and Zimbrick (1970). 
The calculated air concentration is multiplied by these correction factors to 
obtain the air concentration remaining after depletion. The correction factors 

are presented in the form of curves for each Pasquill-Gifford stability cate
gory as a function of downwind distance for several effluent release heights. 

The Horst source depletion model (Horst 1979a) uses a correction function, 
P(x,z), to account for the change in the vertical concentration distribution 
due to deposition. This correction is applied in the basic expression for the 
depletion factor (Slade 1968) as follows: 

where: 

fd • fraction of material remaining airborne at downwind dis
tance X, dimensionless 
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v~ • effective deposition velocity for radionuclide n 
defined at reference height z*, m/sec 

D(xl,z*,h ) • cross-wind integrated air concentration at downwind e 
location Xl for plume elevation h and reference e 
height z*, sec/m2 (defined below) 

P(x,z) • plume concentration correction function at downwind 
location x and elevation z, dimensionless (defined below) 

Xl • variable of integration, downwind distance, m 

z* • reference height for definition of the deposition 
velocity, m 

h • effect height of the plume centerline, m e 

The crosswind integrated air concentration for unit source strength is 

defined as follows (Horst 1979a). 

4.1-16 

where all terms are as previously defined. Note that z is normally set to zero 
when exposures at ground level are desired. The evaluation of P(xl,z*) is 
as follows: 

4.1-17 

where: 

Xl • 
the distance at which a zxk =$z*, m 

x2 • the distance at which a zxk =$z, m 

H • an effective mlxlng depth calculated x 
as H =W2o k x zx 
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and other terms are as previously defined. The disadvantage to using the 
equations of Horst is that numerical solutions are required. 

4.1.7 Mixing Depth 

The recommended method to account for effects of the mixing layer depth 

is to limit the maximum value of the vertical dispersion parameter, r k to zx 
80% of the average annual mixing layer depth, L. 

L k < 0.8L zx -

where: 

L • average annual mixing layer depth for the site, m. 

(4.1-18) 

The value of 80% is based on the concentration under uniform distribution 
of material in the mixing layer. To determine the uniform mixing concentration 

the denominator of Equation 4.1-1 is modified by setting 

Lzxk = 0.8L (4.1-19) 

and the exponential term is set to 1.0. This method for limiting the vertical 

expansion of the plume is similar to that of Turner (1969). 

The data presented by Holzworth (1972) can be used to estimate the mixing 

layer depth. Values from Holzworth for morning and afternoon mixing layer are 
used as follows: 

where: 

( 1+ 1_\ 
LAM LpM ) 

LAM • mean annual morning mixing depth, m 
LpM • mean annual afternoon mixing depth, m. 

An alternate method is to define values of mixing depth for each 

Pasquill-Gifford stability class (Busse and Zimmerman 1973) as follows: 
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Pasquill-Gifford 
Stability Class 

4.2 WATERBORNE TRANSPORT 

A 

B, C 

o (day) 
o (night) 
E, F, G 

Mixing Depth 

1.5 x LPm 

LpM 
LpM 
(LPm + LAM )/2 

LAM 

Radionuclides released to surface waters and groundwater may result in 
exposures via several pathways. To estimate the exposure, it is necessary to 
know the water contamination level at usage locations. Actual environmental 
monitoring data may be the best method for determining water contamination 
levels, provided information on specific radionuclides is included. In the 
absence of adequate monitoring data an estimate of waterborne transport and 
dilution between the release point and each usage location must be made. 

As mentioned in Section 3.2, the modeling of waterborne transport is very 
site specific and should be done on a case-by-case basis. Recommendation of 
specific models is not practical except for dilution in a large smooth flowing 
river. Release to a large river will result in a uniform water concentration 
at downstream distances of several times the river width. Under these condi
tions the water dilution factor can be estimated by 

where: 

1 
DQ, = f 

r 

DQ, • water dilution factor at location Q" sec/m3 

Fr. river flow rate, m3/sec. 

{4.2-1} 

The dilution factor may be multiplied by the annual average release rate in Cil 
sec to give the annual average water concentration: 
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n Cn = QI 0 )(, wn Q, 
(4.2-2) 

where: 

C~ - annual average water concentration at usage location Q, for 
radionuclide n, Ci/m3 

1 

Q - annual average release rate to the river for radionuclide n, wn 
Ci/sec. 

4.3 EXPOSURE PATHWAYS 

Exposure pathway models relating environmental contamination levels to 

human consumption are described in this section. The discussion of recommended 
models follow the same classifications as used in the model review section 
(Section 3.0): 

• exp~sure to airborne plumes 

• aquatic pathways 
• terrestrial pathways 
• direct exposure from contained sources. 

The term IIdosell is used in this report to mean IIdose equivalent. 1I 

4.3.1 Exposure to Airborne Plumes 

Pathways of interest in this category are: 

• external radiation from airborne material 
• uptake from inhalation of plume. 

The exposure received from these pathways is dependent on the air concentra
tion at the location of interest. The air concentration for these pathways is 
calculated as the undepleted air concentration for Equation 4.1-1 with the 
depletion factor, Fd, set to unity. Plume depletion is ignored to compen
sate for the contribution from resuspension. 

The external plume exposure pathway is generally not important because 

the dose received from inhalation outweighs the external radiation dose. An 
exception is exposure to noble gases which are not retained significantly in 
the lungs. Another situation where external exposure may be signficant is for 

gamma emitting radionuclides released from elevated sources. When the plume 
is high above the ground, the ground-level concentration may be very small but 
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the gamma radiation will still irradiate persons at ground level. These limi
tations have been considered in selecting the models recommended for the 
external exposure pathway. 

A summary of the methods recommended for calculation of external dose is 
provided by the following general statements. 

• For ground-level releases, external exposure to the plume may be 
ignored for radionuclides other than noble gases. 

• For elevated releases (i.e., from stacks at 80 meters or higher), 
external exposure should be included for all radionuclides using a 
finite plume correction. 

• A semi-infinite plume calculation may be used for noble gas release 
below 50 meters. 

When the semi-infinite plume model is used to calculate external dose, 
the plume is assumed to be of uniform concentration equal to the groundlevel 
annual average air concentration. The external dose to an individual at a 
downwind distance x in sector j is given by 

De. = 0.25 
XJ 

where: 

-).lId 
e £ (4.3-1) 

De .• external dose to an individual at downwind distance x in 
XJ 

sector j, remJyr 

QI • annual average release rate for radionuclide n corrected for n 
decay in transit to location x, Ci/year 

E • total gamma energy emitted by radionuclide n in energy group 
ynR-

£, Mev/dis 

).Ii • linear total attenuation coefficient for tissue for photons 
-1 in energy group R-, cm 

d • depth in tissue of exposure point, cm (set to 5 cm for total 
body dose) 
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(x/Q 1 ) "k. annual average normalized air concentration at downwind 
X1J 

distance x in sector j for windspeed i and stability k, 

sec/m3 

N • number of radionuclides n 

N • number of photon energy groups p 
N s • number of stabilities 

N • number of windspeed groups u 
0.25 • unit conversion constant (Slade 1968, p. 339) 

(~) per (M~V ~i) 
year m dlS 

When the finite plume model is to be used, the dose equation must include the 

volume integral of dose for each windspeed, stability and photon energy. The 

evaluation must be made at each location of interest using the effective 

release height at that location. The calculational effort can be reduced by 

use of precalculated dose rate conversion factors that replace the product 

0.25 (X/QI)xijk in the above equation. The dose rate factor can be repre
sented as 

x2 z2 

DRF "k 
ll/2 [16fijk] J f exp [(Z-h:)2/2~~k] = ('If) 4 u. x X1J 'If 1 1 zl 

zxk 

Y2 B(\.\r) exp (-~£ r) K 

J £dxdydz 
4 2 (4.3-2) 

Yl r 'If 

where: 

DRF£, 'k • external dose rate factor for photon group £ at downwind 
X1J 

distance x in sector j for windspeed class i and stability k 

f, 'k • annual average joi nt frequency of occurance of wi ndspeed i, 
lJ 

stability k and sector direction j for the site, dimensionless 

47 



cr k. vertical crosswind averaged standard deviation of plume zx 
concentration at distance x for stability k, m 

he • effective plume centerline height at downwind distance x in 
sector j, m 

B(~tr) • photon dose buildup factor for air, dimensionless 

~t • total linear attenuation coefficient in air for photons in 
-1 energy group ~, m 

r • distance from integration volume element dxdydz to the exposure 

point, m 

K~ • dose conversion factor for photons in energy group ~, (rad m2) 
/(Ci sec) per MeV/disintegration 

The constant K~ is: 

2 
3.70 x 1010 Cdl,iS 1.60x10-6 ~ 10-4 ~ (~a) 

sec MeV cm2 p £. 
K~ = ---------------.;:....;.;...----'- = O. 592 (~ ap) n 

100 ergs Iv 

grad 
(4.3-3) 

where: 
2 • mass absorption coefficient, em /g in tissue for average gamma 

energy of energy group t. 

Evaluation of the dose rate factor requires a computer. Several computer 
programs have been written to evaluate the dose rate factors in the above form 
~r slightly modified forms (Strenge and Watson 1973; Cooper 1972; USNRC 1977c). 
The most easy of these to apply is the subroutine presented in Regulatory Guide 
1.109 (USNRC 1977c). This subroutine allows evaluation of the dose rate factor 
integral It'k related to the dose rate factor of Equation 4.3-2 by: 

Xl 

DRF Q, , 'k 
X1J 

~Q, 
a 

= 0.29-
UiXM 

(4.3-4) 
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where: 

11 . k • dose rate integral for energy group 1 at a distance x at wind 
Xl 

speed i and stability k, dimensionless 

• energy absorption coefficient for air for energy group 1, m -1 

• sector width in radians, 2~/16 

0.29 
1 (dis) -6(erg ) 

3.7x10 0 Ci-sec 1.6x10 grad = 1.11 ~~~------~--------~---
1293 ~3 100 ( erg ) 

m g-rad 

where: 

1.11 • average ratio of tissue to air energy absorption coefficients 
1293 • air density, g/m3 

and other terms are as previously defined. 

The limits of integration in the crosswind direction are the sector 

boundaries. The sector-averaged Gaussian plume model is intended to account 

for averaging effects of plume meander within the sector over extended times. 

The process of averaging the plume activity over the sector width is only 

appropriate when the sector width is considerably larger than the y-ray mean 

free path length and the horizontal dispersion parameter, y (Lahti et al. 
y 

1981). This condition is met at large distances. However, at near distance 

«2 km) the sector-averaged model can result in an overestimate of the finite 

plume dose rate factor. The over estimate is not considered to be serious 
because of a compensating underestimate. Over an extended period of time the 

wind will blow in most directions for a significant time. The contribution to 
external exposure in a given sector from material in an adjacent sector is not 
considered in the dose rate integrals. The neglected contributions are 

approximately compensated for by the over estimate in the cross wind averaging 
process. 

The inhalation exposure pathway is significant for all radionuclides 

except noble gases. The inhalation dose is calculated from the undepleted 

ground level air concentration by the following equation 
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where: 

i 
o . = XJ 

N N N 
n s u 
L >. >. Q~ (x/Q'}xijk 
n=l W 1:1 

Oi .• inhalation dose to an individual at downwind distance x in 
XJ 

sector j, rem/year 

(4.3-5) 

OF~ • inhalation dose commitment factor for radionuclide n and organ 0, 
10 

rem/year per Ci/m3 

and other terms are as previously defined. The inhalation dose commitment 
factors represent the dose received over a defined time period (i.e., 50 years) 
resulting from inhalation at a constant rate for one year. Dose commitment 
factors for chronic inhalation have been calculated by Hoenes and Soldat 
(1977). Calculation of dose commitment factors is discussed in Section 4.4.2. 

4.3.2 Aquatic Pathways 

Pathways of interest related to aquatic contamination include: 

• external exposure pathways (swimming, boating and shoreline 
activities) 

• ingestion of drinking water 

• ingestion of aquatic foods 

In addition to these pathways the use of contaminated water to irrigate food 

crops may result in ingestion of contaminated crops. > This pathway is consid
ered in the next section (Terrestrial Pathways). 

The external exposure pathway for contaminated shoreline is dependent on 

the buildup of radionuclides in shoreline sediments. Modeling sediment load, 
transport and radionuclide buildup is a complex problem. For the present 

application, a simplified model of Soldat et al. (1974) is recommended. The 
model assumes a constant water concentration for the duration of release (1 

year for this study). The deposition rate to shoreline sediments is assumed 
to be proportional to water concentration and removal from the sediments is 
only by radioactive decay. This is described by: 
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where: 

d C ns : 
d 

K en - C An 
~ ns 

C • concentration of radionuclide n in sediments, Ci/m 2 ns 

(4.3-6) 

C~ • concentration of radionuclide n in water at location £, Ci/£ 

K • proportionality constant for transfer from water to sediment 
-2 -1 

~·m yr 

An • radiological decay constant for radionuclide n, yr-1. 

The value of the parameter K is reported by Napier et al. (1980) to be 
-2 -1 25,300 ~m y This value was derived from the original value of Soldat 

(1974) of 100 for an expression using the radiological half-life in units of 

days. Three significant figures are retained in the value 25,300 to be com

patible with the original value of 100 even though the number is only an order 

of magnitude estimate. The orginal value of K was derived from measured water 

and sediment concentrations collected over a ~eriod of years in the Columbia 

River between Richland, Washington and the river mouth in Tillamock Bay, 

Oregon. Equation 4.3-6 can be solved for C as a function of time. The ns 
resulting function for C can be solved for a one year period to give the ns 
following expression for dose rate due to shoreline exposure at one year. 

where: 

N 
n 

KWU 2: 
s n:l 

-AnT l-e (4.3-7) 

D~s • dose received during the year from exposure to contaminated shore

line sediment at location 1, rem/year 

W • shoreline width factor to account for the finite width of the shore 
relative to an infinite plane source, dimensionless 

Us • usage parameter giving the hours per year of exposure to shoreline 

activities, hours/year 
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on external dose rate conversion factor for radionuclide nand for p • 
per Ci/m2 exposure to an infinite plane source, rem/hour 

T1 • duration of exposure equal to one year, yr 

and other terms are as previously defined. This expression is suggested by 

Napier et al. (1980) and USNRC (1977c) for calculation of the shoreline sedi
ment dose. This expression in effect uses the concentration at the end of the 
year to determine the dose during the entire year. The resulting dose is thus 
maximized. A more correct method would be to integrate the dose rate Equa
tion (4.3-7) over a one-year period. However, the value of parameters in the 

equation are only accurate to an order of magnitude so that the given expres

sion is quite adequate. 

The shore width factor W accounts for the actual geometry of a river bank 

or other beach with respect 
rate conversion factor, Dp' 
are presented in Table 4.3-1 

to the infinite plane geometry used for the dose 

Values suggested for the shore width factors 
as recommended by Napier et al. (1980). 

TABLE 4.3-1. Shore Width Factors 

EXEosure Situation Shore Width Factor (W~ 

Discharge Canal Bank 0.1 
River Shoreline 0.2 
Lake Shore 0.3 
Nominal Ocean Site 0.5 

Tidal Basin 1.0 

External exposures from boating and swimming are represented by partial 

or complete submersion in the contaminated water. The dose to individuals 
swimming can be calculated by assumming the water to be an infinite medium with 

respect to the range of the emitted radiations. The dose to people boating is 
assumed to be half that to the swimmers. The following equations are recom

mended for estimating the annual dose from swimming and boating activities. 
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(4.3-8) 

and 

(4.3-8) 

where: 

D • annual external dose from swimming in contaminated water at 
~sw 

location t, rem/year 

Dtb • annual external dose from boating on contaminated water at location 
t, rem/year 

U • usage factor for swimming activities, hours/year sw 
Ub • usage factor for boating activities, hours/year 

Dn • dose rate conversion factor for submersion in an infinite water w 
medium for radionuclide n, rem/hour per Ci/t 

n CQ • annual average water concentration for radionuclide n at 
1 oc at i on t, C i / Q • 

The factor of 0.5 in the boating dose equation accounts for the fact that the 
individuals are exposed to a half-infinite source. The usage parameters U sw 
and Ub may also be dependent on location {t) even though this dependence is 

not indicated in the above equations. 

Use of contaminated water as a source of drinking water will result in 
exposure via ingestion. The actual uptake of radionuclides by humans is sub
ject to purification treatment and consumption rates. The ingestion dose from 
this pathway can be estimated from the following expression. 

(4.3-10) 
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where: 

Dldo • ingestion dose commitment to an organ 0 from the orinking 
water pathway at location l, rem/year 

Ud • drinking water usage parameter, l/year 

pn • water treatment plant purification factor for location land 

radionuclide n, dimensionless 

DF~ • ingestion dose commitment factor for organ 0 and 
radionuclide n, rem/year per Ci ingested. 

Values used for the water treatment plant purification factors depend on the 
type of treatment (if any) used. Napier et al. (1980) have reported values 
for use with the alum-floc process based on data collected at Richland and 

Pasco, Washington on the Columbia River. 

Ingestion of aquatic foods harvested from contaminated water will result 

in human exposure. The activity of radionuclides in aquatic foods is generally 
assumed to be proportional to the water concentration. The proportionality 
constant is basea on the equillibrium concentration ratio and referred to as a 
bioaccumulation factor. The dose from ingestion of an aquatic food is cal

culated as: 

where: 

N 
n 

L: 
n=l 

(4.3-11) 

D • ingestion dose commitment to an organ 0 from the aquatic food lao 
pathway at location l, rem/year per Ci ingested 

U • aquatic food usage parameter, Kg/year 
a 

R • fraction of activity of radionuclide n retained in edible a 
portions of aquatic food during harvest and preparation for 

consumption, dimensionless 
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B • bioaccumulation factor for radionuclide n for aquatic food a 
C ilk g per C i I ~ 

and other terms are as previously aefined. The above equation must be evalu

ated for each aquatic food type of interest, i.e., fish, clams, crabs, etc. 
Bioaccumulation factors have been tabulated by NRC (1~77c) and Napier et al. 

(1980). 

4.3.3 Terrestrial Pathways 

Contamination reaching the terrestrial environment can result in human 
exposure through the following pathways: 

• external exposure to contaminated ground 

• ingestion of contaminated crops 

• ingestion of contaminated animal products 
The contamination of ingestion pathways may result from either airborne 

depositions onto farmland or waterborne deposition via irrigation or use of 
contaminated animal drinking water. The inhalation pathway from resuspension 

of grouno contamination was disucssed in Section 4.3.1 and is not included 

here. The terrestrial pathways will be discussed in the order listed above. 

All of the terrestrial pathways are dependent on the contamination level. 

The concentration of radionuclides on the ground is defined in units of activ

ity per area (Ci/m2). For deposition from airborne plumes the ground depo
sition rate is calculated as: 

where: 

d~ • annual average deposition rate from air for 
radionuclide n, Ci/m2 per year 

(4.3-12) 

QI • annual average release rate for radionuclide n, Ci/sec 
n 
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(i/Q') 0 ok • annual average normalized air concentration at distance 
X1J 

x in sector j for windspeed i and stability class k, 

Ci/m3 per Ci/sec 

v~ • dry deposition velocity for radionuclide n, m/sec 

wno. annual average wet deposition rate at a distance x 
XJ 2 

in sector j for radionuclide n, Ci/m sec. 

For irrigation deposition the deposition rate to farmland is calculated as: 

(4.3-13) 

where: 

dn • annual average deposition rate from irrigation water, Ci/m2 per year w 

C~ • annual average water concentration at location £ for radionuclide n, 

Ci/£ 

I • annual average irrigation rate, £/m2 per year. 

The total deposition rate is the sum of the air deposition rate and the irri

gation deposition rate. For a given location (distance x and sector k) a 
corresponding irrigation water usage location £ must be defined. An alterna
tive approach (Napier et al. 1980) is to use site average values for air and 
water concentrations. Then the deposition rate represents a site average and 
is applied to all locations and terrestrial pathways. The resulting doses are 
appropriate for estimating average exposures of the population. In a similar 
manner a "maximally exposed individual" dose can be estimated by usirig maximum 

values for air and water concentrations. In the equations to follow the expo
sure location will sometimes be omitted from the expressions (as for dn and 
dwabove). The equations are defined to give dose to an individual (as for 

the airborne plume and aquatic pathway equations). 
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The ground concentration during the year is given by: 

where: 

[
-A- t] en = (d n + dn) 1-e n 

s w a A-
n 

en • ground concentration for radionuclide n, ei/m2 
s 

A- • radiological decay constant for radionuclide n, yr 
n 

t • time since start of deposition, year 

(4.3-14) 

-1 

and other terms are as defined above. This equation is applicable during the 

period of deposition (year of release). Times beyond the first year are not 

of interest for the present study because the exposure of interest is that 
received during the first year. 

The external exposure from contaminatea ground is generally based on tne 

ground concentration at the end of the first year. Using this maximum ground 
concentration gives good results for short-lived radionucliaes «100 aays) and 

overestimates the external oose by no more than a factor of two for long-lived 

radionuclioes. The external dose is given by the following equation: 

where: 

on en 
p s (4.2-1!:» 

D~ • external dose from ground contamination received auring the 
year of release, rem/year 

Ug • usage parameter for ground exposure, hours per year 

on • external dose rate conversion factor for radionuclide n for an p 
infinite plane source, remlhr per Ci/m2 

N • number of radionuclides. 
n 
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As mentioned above there is no location index on the external dose symbol D 
g 

as this parameter may be calculated for either a site average or for a par-
ticular location. For farmlands the ground concentration may have contribu

tions from both air and water deposition. For non-farm lands only air 

deposition shoula be considered. 

The dose received from ingestion of contaminated crops depends on rddio
nuclide deposition rates, plant uptake and other parameters related to con

sumption. Above ground food crops may be contaminated by direct deposition 
and root uptake. Root crops are only contaminated by root uptake. The con

centration reaching the edible portions of the plant via root uptake is given 

by the following equation: 

where: 

Cn B s nv 
p (4.2-16) 

Cn • concentration of radionuclide n in plants from root uptake, 
r 

Ci/kg 

en • ground concentration of raaionuclide n as given by 
s 2 

Equation 4.3-14 evaluated at the end of the year, Ci/m 

Bnv • the concentration ratio for plant uptake of radionuclide n 

for plant type v, Ci/kg (wet weight) per Ci/kg (ary soil) 

P • the soil "surface density", kg (dry sOil)/m2. 

A value of 224 kg/m2 for P has been suggested by Napier et ale (1980). Above 

ground crops are subject to direct deposition as determined by the following 

equation. 

_An T 
E e l-e 
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where: 

e~ _ plant concentration at the time of harvest, ei/kg 

r _ the fraction of direct deposition retainea on plant tailage, 

dimensionless 

T _ a factor to describe translocation of contamination to 
v 

edible parts of the plant, dimensionless 

A~ _ the effective environmental removal constant for plants, 
-1 years . AE = An + AEw: where AEw is the weathering constant, 
-1 years 

T _ time of crop exposure above ground during one growing 
e 

season, yr 

Y • the plant yield, kg (wet weight)/m2. v 

The retention fraction, r, may be assumed to be equal for air and irrigation 

deposition. A value of 0.25 has been suggested for r by Napier et ale (1980). 
Suggested values for the translocation factor, T , are 1.0 for leafy vegetables v 
and fresh forage, and 0.1 for all other produce incluaing grain. The effective 

environmental removal constant is generally calculatea for a weathering half 
time of 14 days. 

The total concentration of a radionuclide n in a plant type v is repre
sented as en. The total is calculated as the sum of the concentrations 

v 
from root uptake, e~ and direct deposition, C~. 

Radioactive decay between the time of harvest and consumption is estimated 
for simply decaying radionuclides by the following equation. 

t 
en (consumption) = en (harvest) e-An h v v (4.3-18) 

where th is the holdup time between harvest and consumption and other terms 

are as previously defined. 
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Contamination of animal products can result from animal intake of con

taminated drinking water or feed. The concentration in animal products is 

calculated using transfer coefficients as indicated in the following equation. 

where: 

(4.3-1~) 

cn • concentration of radionuclide n in animal product, Ci/kg 
a 

sn • the transfer coefficient of radionuclide n from daily intake of a 
animal to edible portion of animal product, Ci/£ (milk) per 

Ci/day or Cilkg (animal product) per Ci/day 

C~ • the concentration of radionuclide n in plant type F used for 

forage or stored feed (C~), Ci/kg 

n C1 • average annual water concentrations of radionuclioe n at 

location 1 (animal usage location), Ci/£ 

QF • the consumption rate of contaminated feed or forage by animal, 

kglday 

Qaw • the consumption rate of contaminated water by animal, l/day. 

When stored feed is considered the concentrations should be corrected for decay 

between harvest and consumption by the animal. The decay correction can be 
made using Equation 4.3-18 applied to CF with the holdup time representing 

the storage tirne. 

The total dose received from terrestrial ingestion pathways is the sum of 

the dose received from food crops and animal products as follows. 

N 

o ~ OF n (u Cn pn + to = L.. 0 a a a n=1 
(4.3-20) 
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where: 

Dto • ingestion dose from terrestrial pathways tor organ 0, rem/year 

DF n • ingestion dose commitment factor for radionuclide nand 
o 

organ 0, rem/year per Ci ingested 

U • annual consumption rate of animal product, kg/year 
a 

P~ • fraction of radionuclide n remaining in animal product after 
harvest ana preparation for consumption, dimensionless 

U • annual consumption rate of food crop, kg/year v 

pn • fraction of radionuclide n remaining in food after harvest and v 
preparation for consumption, dimensionless. 

When there are more than one animal products or food crops grown at a site 
(which is usually the case) then the terms of Equation 4.3-20 must be summea 
over all animal products or food crops. The removal fraction, p~, for 
animal product preparation is usually set to unity representing no removal. 

4.3.4 Direct Exposure from Contained Sources 

The direct exposure pathway represents the penetrating radiation dose 

received trom sources contained onsite. Examples of such sources include par
ticle accelerator facilities and gamma irradiation facilities. The principal 
considerations in estimating offsite exposures from such sources are 

• establishing the dose rate at a given location 

• extrapolating the dose rate to offsite locations based on radiation 
transport models 

DOE contractors provide monitoring at site boundaries where the potential 
exists for offiste penetrating radiation exposure. These measurements can form 

the basis for estimating the dose rates at distances beyond the site boundary. 
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The principal penetrating radiations of concern are photons and neutrons. 

Relatively simple formulas may be used to estimate the decrease in dose rate 

as a function of distance for these radiations. The photon distance relation

ship can be expressed as 

where: 

B(d,E) -~ d e y o (a) = Do ----,..--'-
4 Tf d2 

D(d) • dose rate at a distance d from the source, rem/hr 

D • dose rate at the source, rem/hr o 
B(d,Ey) • photon energy buildup factor for photons of energy E 

traveling through a distance d of air, dimensionless 

d • distance from source, m 

(4.3-1) 

~y • total energy attenuation coefficient for photons of energy E in 

air, m-1 

when the dose rate at a given distance (d1) is known the dose rate at other 

distances can be estimated using the above expression modified as follows. 

(4.3-2 ) 

where: 

D(d2 ) • dose rate at desired distance d2 ' rem/hr 

o (d1 ) • measure aose rate at distance d1 ' rem/hr 

and other terms are as previously defined. 

The value for the photon energy exposure buildup factor can be estimated 

by several empirical formulas or tabulated values (Chiton 1968). Emperical 

formulas recommended for estimating the buildup factor include the following: 
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• Berger's formula 

• Capo's formula 

3 . 
B ( d ,Ey ) = ?: 11 i (lly d ) , 

1=0 

11· = t C,. J. (E1y~ 
1 j=O ) 

wh~re a,b and, C .. are emperical constants dependent on photon energy. 
'J 

Values for these constants are defined in the review by Chilton (1968). 

(4.3-3) 

(4.3-4 ) 

(4.3-5) 

Numerical values of the buildup factor as a function of mean-tree-path length 

and photon energy are also given by Chilton. The tabulated values, the Berger 

formula or the Capo formula should be used for the distances considered in 

offsite exposures. 

A methou to estimate the distance dependence of neutron dose rate has been 

described by Thomas (1976) based on earlier reports of Rindi and Thomas (1973; 

1975). The neutron aose rate is assumed to vary with distance according to 

the following equation 

H(d) 

where: 

-d/A a e 
(4.3-6) 

H(d) • neutron dose rate at a distance d from the source (or accelerator 

target), rem/hr 

d • distance from the source to the exposure location, m 

a • proportionality constant, rem m2/hr 

A • effective neutron attenuation length, m. 
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Values for the neutron attenuation length vary from~250 m (for accelera

tors limited to neutrons below about 50 MeV) to ~850 m (for neutrons in the 
range of ~100 MeV) (Thomas 1976). When the dose rate is known at a given dis
tance d1 the dose rate can be estimated at other distances by the following 

equation. 

where: 

H(d2) • neutron dose rate at the distance of interest d2, rem/hr 
H(d1) • meausred neutron dose rate at a distance d1, rem/hr 

and other terms are as previously defined. 

4.4 DOSIMETRY 

(4.3-7) 

The purpose in performing an environmental consequence analysis is to 

determine whether or not the routine release of radioactivity and penetrating 

radiation is within acceptable limits. The criteria for determining accept

ability involve two parallel methods of analysis. The first method compares 
calculated or measured activity levels in air or water to appropriate Concen
tration Guides as defined in DOE Order 5480.1 Chapter XI (1981a). 

Comparison of calculated dose commitments to dose standards is the second 
method recommended for determining acceptability of annual releases. This 
method requires a complete exposure pathway analysis to determining the 50-year 
dose commitment from releases occurring during the year of interest. The cal
culated doses are compared to the dose standards defined in DOE Order 5480.1 
Chapter XI (1981a). While the dose guides are not well defined in the DOE 
order, they should be assumed to represent the 50-year dose commitment from 

uptake received in the year of plant operation. This method requires 

dosimetry models to determine the dose conversion factors as defined in 
Sections 4.1, 4.2 and 4.3. 
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The following Sections discuss these two methods for determining accept
ability of annual releases. 

4.4.1 Use of CG Values 

The Concentration Guides (CG) are based on radiation standards defined by 
DOE (1981a). Continuous exposure to the stated CG values will result in an 
annual dose commitment to an individual approximately equal to the radiation 

standard. The radiation standards are shown in Table 3.4-1. 

Concentration Guide values are defined for each radionuclide for air and 
water for controlled and uncontrolled areas. The values for uncontrolled areas 
are applicable to routine releases from DOE contractor facilities. CG values 

are also presented for mixtures of radionuclides. Use of Concentration Guides 
to determine acceptability of release is appropriate for airborne and water

borne releases when contributions from farm products or aquatic foods are not 

likely to pose a significant exposure pathway. When any of these ingestion 
pathways are significant it is recommended that an exposure pathway analysis 
be performed. Results of the exposure pathway analysis can be used to deter
mine acceptability of releases by comparison with annual dose standards. 

4.4.2 Dosimetry Models 

When a complete environmental exposure pathway analysis is performed it 

is necessary to convert radionuclide exposure and uptakes to radiation dose. 
This requires dose commitment conversion factors as indicated for each pathway 

in Sections 4.1, 4.2 and 4.3. Models for calculating these dose conversion 
factors are described in this section. 

The recommended models were selected to be compatible with the models 
originally used to determine the relationship between radiation standards and 
Concentration Guide values defined by DOE (1981a). These models are based on 
the methodology originally developed and recommended by the International Com
mission on Radiological Protection in 1959 (ICRP 1959). The ICRP has recently 
recommended a new method to estimate the radiation dose due to uptake of 

radionuclides (ICRP 1977; ICRP 1979). While the new method uses more recent 
data and is more complex, the originally recommended method should provide a 

reasonable estimate of the radiation dose received by individuals. Until the 
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radiation standards and Concentration Guides have been re-evaluateo to reflect 
the newer method there is no real advantage in changing the procedures cur
rently used to determine acceptability of annual releases from DOE contractor 

facilities. 

Implementation of the exposure pathway models requires four types of dose 

conversion factors: 

0: . external exposure for submersion in water for radionuclide n, 
rem/hr per Ci/~ 

D~ • external exposure from standing on an infinite plane source of 
of radionuclide n, rem/hr per Ci/m2 

DFn. ingestion dose commitment factor for organ 0 and radionuclide o 
n, rem/year per Ci ingested 

DF~ • inhalation dose commitment factor for organ 0 and radionuclide 
10 

n, rem/yr per Ci/m3 

In addition to these factors, the external exposure pathway to airborne 

plumes requires dose conversion factors depending on the type of model being 
used (i.e., semi-infinite or finite). These factors have been described in 
Section 4.3.1. 

Dose rate conversion factors for external exposure have been calculated 
and reported in the literature (Kocher 1979; Napier et al. 1980; and USNRC 
1977c). Equations used to estimate external dose conversion factors were pre
sented by Kocher (1979) for immersion in contaminated air (semi-infinite plume) 
and water and for exposure to contaminated ground. The reader is refered to 
the report by Kocher for details of the calculations. 

The models for implementation of the original ICRP internal dosimetry 
methodology (ICRP 1959) were discussed in Section 3.4.2. These models can be 

used to estimate inhalation and ingestion dose conversion factors required to 

convert radionuclide intake to organ dose commitments. Details of these models 
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will not be discussed here; the reader is refered to the referenced reports. 
Values of dose commitment conversion factors have been calculated and are 
reported in the literature (USNRC 1977c; Hoenes and Soldat 1977). 

4.5 SUMMARY OF RECOMMENDATIONS 

The following is a summary of recommended models and methods. Compliance 

with acceptable release criteria (DOE 1981a) can be shown either by comparison 
of measured concentrations with concentration guide values or by comparison of 
calculated doses with dose limits. The dose calculations involve a complete 

pathway analysis covering a broad range of modeling areas. Models recommended 

for these areas are as follows: 

• External exposure to penetrating radiation from particle accelerators 

can be estimated from measured exposure rates with extrapolation to 
longer distances using the model reported by Thomas (1976). 

• Dispersion of airborne materials can be estimated using the cross
wind averaged Gaussian plume model with submodels to account for 
special effects as follows: 

- Plume rise--momentum model of (Briggs 1975) 

- Downwash--Gifford model (1972) 

~ Building wake correction--USNRC (1977b) 

- Terrain Elevation--USNRC (1977b) 

-Dry deposition--effective deposition velocity (USNRC 1977b) 

Wet deposition--Engleman (1968) 

- Plume depletion--source depletion model of USNRC (1977b) or sur
face/source hybrid model of Horst (1979a, 1979b) 

- Mixing depth--uniform mixing model of Turner (1969) 

• Waterborne transport should be estimated using site specific models 

or results of site studies. 

• Calculation of external exposure to an airborne plume is recommended 
as follows. 1. For ground-level releases, exposure to the plume may 
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be ignored for radionuclides other than noble gases. 2. For ele

vated releases (i.e., from stacks at 80 m or higher), external expo
sure should be included for all radionuclides using a finite plume 
correction. 3. A semi-infinite plume calculation may be used for 

noble gas releases below 50 meters. 

• External exposure to contaminated ground can be estimated using the 

infinite plane model. 

• External exposure to contaminated shoreline can be estimated using 
the sediment concentration model of Soldat et ale (1974) and the 
inifinite plane model with a shore width correction. 

• Ingestion exposure can be estimated using the terrestrial and aquatic 
food pathway models defined in Regulatory Guide 1.109 (USNRC 1977c) 

and Napier et ale (1980). 

• Internal dosimetry can be described using the methods defined by the 
International Commission on Radiological Protection (ICRP 1959). 
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