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EXECUTIVE SUMMARY 

The purpose of the Fernald Dosimetry Reconstruction Project is to estimate radiation 
doses to members of the public who lived near the Feed Materials Production Center (FMPC) 
from radioactive materials released to the environment during the operation of the facility 
(1951 to 1988). The goal of Task 4 of the project is to develop a methodology that can be 
used to the translate release estimates (Tasks 2 and 3) into concentrations of radioactivity 
in the environment where people lived. Radiation dose will be calculated from the estimated 
concentrations as well as information and assumptions about people's day-to-day habits (such 
as time spent outdoors, level of activity, and sources of food). These dose estimates will be 
reported at the conclusion of the project (Task 6). 

The methodology consists of mathematical models that describe the movement ofradionu
clides in the environment around the FMPC. These models use site-specific data whenever 
such data are available. If the study is to have credibility with scientists, government offi
cials, and the public, the modeling methodology must achieve an acceptable balance ofmeeting 
several criteria, which include simplicity, flexibility, physical plausibility, adaptability to un
certainty analysis, acceptance, cost of implementation, and validity. Experience demonstrates 
that no methodology is likely to meet all of these criteria. Generally, it is necessary to seek 
a balance by accepting limitations of some criteria in order to emphasize others that are 
considered more important to the study. 

This study places a premium on validation of the models used in pursuing its goals; a 
price that it pays for this emphasis is a rise in cost and some loss of simplicity. A preliminary 
SOURCE TERM (i.e. , history of release rates) for uranium, which was developed for the years 
1960 through 1962, was applied to the validations discussed in this report. Results of further 
validations will be reported in Task 6. Most validations carried out to date were applied to 
the air transport model; the comparisons involved air concentrations of uranium that were 
measured at the perimeter stations, depositions of particulate uranium that were collected 
on gummed film at various locations, and air concentrations of radon gas that have been 
monitored at numerous stations near the facility from the early 1980s to the present. Similar 
validation exercises were done with water concentrations of uranium downstream in the river 
and in Paddy's Run Creek. The results of the comparisons have generally been quite good 
when allowance is made for the complexity of the phenomena that influence the results. Some 
further refinements may be necessary before final doses are calculated. 

Most routine monitoring data that are available were collected onsite or near the site 
boundary. The study, however, extends its scope to members of the public who lived within 
an eight-kilometer (five-mile) circle around the FMPC production area. This circular region is 
called the ASSESSMENT DOMAIN. It is probable that more than half of the particulate material 
that was released from the FMPC to the atmosphere was deposited within this circle, and 
dilution of the remaining airborne fraction by diffusion would result in concentrations at the 
outer boundary that are a factor of ten lower than those at the site boundary. 

The environmental transport models simulate the movement of released radioactive ma
terials through environmental PATHWAYS into exposure MEDIA where people may be affected. 
Table ES-1 summarizes some of the pathways and media considered in this study. The models 
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Table ES-l. Transport Pathways and Exposure Media 

Pathway Exposure medium or intake mode 

Release to air 

Air-to-ground deposition 

Ground-to-air resuspension 

Runoff and leaching of radionuclides 
from soil to surface water 
and groundwater 

Storage of radioactive material 

Direct inhalation 
Direct exposure to gamma radiation 

Contamination of food crops and animal forage 
Direct exposure to gamma radiation 
Direct ingestion of contaminated soil 

Direct inhalation 
Direct exposure to gamma radiation 

Drinking water of people and animals 
Irrigation of crops 
Consumption of fish 
Direct gamma radiation from exposure 

to contaminated water 

Direct exposure to gamma radiation 

are a critical link between release estimates and doses, because environmental measurements 
alone are rarely sufficient. There usually are note enough measurements to cover the spatial 
region or the time considered by a study, and gaps in records and unknown analytical and 
sampling methods further interfere with efforts to use monitoring data directly. But environ 1 
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mental data are indispensable for setting parameter values and validation of models used in 
the assessment. Considerable thought and effort have been devoted to choosing the models 
and environmental data that are most appropriate to this study of the FMPC site. 

Atmospheric pathways will likely dominate the total dose from FMPC releases. Accord
ingly, we have paid particular attention to these transport processes, including the local me
teorology, dry deposition of particulates as a function of the particle-size distribution, wet 
deposition, plume rise, and the effect that buildings and other structures near the point of 
release have on the dispersion. To quantify these processes, the models require various pa
rameters. We have estimated some of these parameters with site-specific measurements, and 
we have used values from the scientific literature for others. 

The choice of a meteorological data base was of particular concern. Ideally, local data 
(wind speed, wind direction, atmospheric stability) should be available in monthly joint fre
quency tables for each month of the assessment period (1951-1988). At the FMPC, however, a 
recording meteorological tower has been in regular operation only since August 1986. The ab
sence of site-specific meteorological information for earlier years of the facility's operation is a 
serious problem for the assessment. Data from the Cincinnati and Dayton airports (for which 
long-term records are available) were considered as alternatives, but comparisons of predic
tions using these datasets with the corresponding FMPC dataset for the period of its avail
ability indicated an unacceptable degree of bias and scatter. We consider the FMPC dataset 
fundamental to the transport simulations of airborne releases, despite the short record and 
gaps resulting from problems with the instrumentation. The necessary approach is to make 
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In the second part of the validation, we used the model to predict monthly deposition at 
each of the 22 gummed-film locations during the period. For locations at the perimeter of the 
production area, the PIO ratios show general agreement with the measurements to within a 
factor of two to three. As one moves away from the site, the PIO ratios show a downtrend with 
distance, which may be an indication of possible bias in the deposition model. The simulated 
deposition may be less efficient in removing particles from the plume than measurements 
would indicate. It is also possible that the trend could also be influenced by predicted air 
concentrations that decrease too rapidly with distance. The correlations are low in magnitude, 
and about half of them are negative. The scatter indicated by these poor correlations could be 
due to the influence of a variety of variables, such as nonuniform weathering. These questions 
will be analyzed further before final calculations are made. 

Uranium data in soil are less effective in validating air transport models when it is 
necessary to confine the analysis to a relatively brief period (1960-1962). Runoff, leaching, 
and other weathering processes gradually remove the deposited uranium from the soil, and 
any simulation must account for deposition and removal over the entire period of the FMPC's 
operation. Such simulations are not possible until the reconstruction of the source term is 
complete. We have studied soil data with an empirical deposition rate model and from a 
slightly different point of view, namely, that of estimating total deposition of uranium from 
the measurements of uranium in the soil. We obtained total deposition estimates of 2 x 105 

to 9 x 105 kg U. We believe this range is likely to contain the true value of total deposition on 
soil within the assessment domain of uranium released to the air from the FMPC. 

A significant component of the dose from FMPC releases is likely to result from the 
radioactive daughters of radon-222 (radon). The radon is produced by the decay of radium
226, which is a component of waste materials stored in the K-65 silos west of the production 
area. Radon gas and radon daughters have been released to the atmosphere since storage 
of the waste materials began in the 1950s, although starting in 1979 the FMPC has taken 
various actions to reduce the quantities of radon released. 

Estimates of radon releases from the silos were first formulated as a part of the initial 
efforts of Tasks 2 and 3. The estimates have subsequently been refined and have been used, 
together with the same wake-effects air transport model that we are using for particulates, 
to estimate radon concentrations at locations where monitoring data are available. Such 
comparisons indicate a tendency toward underprediction by the model, with most estimates 
falling within a factor of two of the corresponding measured values. 

The K-65 silos also present a potential source of direct gamma radiation exposures to 
people living nearby. We use models for calculating doses from these exposures, because the 
monitoring data are not sufficient for direct estimation of doses to individuals. Comparisons of 
model predictions of exposure with measurements indicate underprediction by about a factor of 
two. Factors contributing to the discrepancy might include inaccuracies in the measurements, 
the model, and parameter values chosen to describe the silos and the materials stored in them. 
The magnitude of the discrepancy is within the acceptable range, and dose estimates can be 
adjusted upward if further study of the measurements indicate the need to do so. 

Episodic releases from the FMPC, which are defined as short-term events that warrant 
special dose assessment procedures, are considered primarily in connection with atmospheric 
transport. The criterion defined in an earlier report is that an episodic event must increase 

Radiological Assessments Corporation 
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the composite uranium release rate by a factor of at least 10 for a period of less than 10 
days. During the 1960-1962 period, there was one such release from the Pilot Plant, in 
November 1960. Details ofthis release are discussed in the present report, and an approach 
to atmospheric transport in the absence of onsite meteorological data is outlined. 

Surface water transport of radionuclides represents an important exposure pathway for 
liquid effluents released from the FMPC. Radioactive materials that are released to surface 
water are dispersed and diluted in the water and transported by the current. Potential routes 
of exposure are ingestion of fish, swimming or boating in the river, and using river water for 
irrigation. 

There are two main points of release of radio nuclides to surface water from the FMPC: 

• The main effluent line to the Great Miami River 

• Runoff and spills that enter Paddy's Run Creek. 

Our method for estimating radionuclide concentrations in surface waters around the FMPC 
was chosen on the basis of simplicity and maximum use of site-specific data. The quantity of 
radioactivity released from the FMPC, based on measured concentrations in effluent water, 
was diluted in the river according to river flow parameters, which the U.S. Geological Survey 
has measured at several stations along the Great Miami River since 1910. 

To supplement dose calculations based on this simple monthly dilution (MD) model, cal
culations were made with the NCRP Screening Model and the GENII model. Based on these 
three approaches, we concluded that the major pathways contributing to radiation dose from 
uranium in the surface water are from drinking water and eating fish. These calculations 
are conservative, because the Great Miami River is not used as a source of public drinking 
water between the FMPC and its confluence with the Ohio River, but some people do fish 
the river. The comparison of our predicted uranium concentrations in the river with actual 
environmental measurements shows good agreement. 

For Paddy's Run Creek, the measured concentrations cover a wide range because of the 
erratic flow in the small stream. But the calculated uranium concentrations based on high 
and low flow rates for the creek encompass the range of measured concentrations. 

Significant uranium contamination in groundwater south of the FMPC site, due to re
leases from the site, was discovered in 1981, and concentrations in this South Plume remain 
elevated. The well-sampling program has shown that only three private wells have been 
contaminated by the uranium, indicating that the number of people who have been affected 
during the period covered by the study is small. The concentrations of uranium in the South 
Plume for periods before 1981 will be based on two data sources. (1) The available measured 
concentrations of uranium in wells will be examined for trends, and (2) the concentrations of 
uranium in waters released to the outfall ditch and to Paddy's Run Creek (the primary source 
of uranium concentration in the South Plume) will also be evaluated and compared with the 
concentrations in the South Plume. 

The agricultural model that will be applied to produce gardens is RAGTIME (RAdionu
elides in AGricultural systems, a TIME dependent model), which will account for the contam
ination of crops by radionuelides deposited from the air or by irrigation with contaminated 
river water. The model considers the terrestrial pathways of the transfer of radioactivity to 
food crops, beef, and milk. The model is supported by data compiled on agricultural produc-
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tion, growing periods, and usual planting and harvest times for garden crops in Butler and 
Hamilton Counties. 

A substantial dosimetric data base has been assembled to support the conversion of con
centrations in various exposure media to dose. Internal dose conversion factors (DCFs) provide 
either an internal dose per unit radioactivity ingested through contaminated food or water or 
the dose due to a unit quantity of radionuclide inhaled with contaminated air. External DCFs 
give dose rate per unit concentration of a radionuclide in air, water, or soil for exposure by 
immersion. in the contaminated air or water or direct exposure to the contaminated soil. Our 
models of dose from radon and radon daughters are based on those of the National Council on 
Radiation Protection and Measurements (NCRP Report No. 78). For all other radionuclides, 
the internal dosimetry for this project is based principally on the methodology of the Inter
national Commission on Radiological Protection (ICRP) as described in ICRP Publication 30. 
Because the ICRP methodology is based on adult models of anatomy and physiology, and be
cause age-dependent factors for uranium and thorium isotopes had not been published by the 
ICRP in time for use in this study, it was necessary to turn to other sources for ratios that 
would convert the dose factors to younger age groups. 

For epidemiological purposes, it will be necessary to combine annual estimates of dose to 
groups with estimates of population dynamics. We developed four demographic models for the 
FMPC assessment domain to obtain estimates oflocation, number, and distribution of age and 
sex of individuals who resided in the domain during the period 1951-1988. Collectively, these 
models furnish estimates of population groups in each of the subdivisions of the assessment 
domain in each year of the period of FMPC operations. 

In summary, models have been developed for use in the Fernald Dosimetry Reconstruction 
Project, which translate released quantities of radionuclides to concentrations in the environ
ment where people lived. Predictions of the models for the 1960-1962 period were compared 
with measured concentrations in air and on gummed film. In general, the overall agreement 
of the models is good, but they vary as to temporal and spatial resolution. Some further 
refinements to the models may be necessary before final doses are calculated. In addition to 
environmental transport models, appropriate dosimetric and demographic models have been 
chosen which permit computation of doses to people based on age, living habits, radionuclides, 
and body organ. These models will provide the basis for incorporating dose estimates into a 
power analysis for an epidemiologic study. 

Radiological Assessments Corporation 
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transport estimates with this dataset and to apply conservative uncertainty distributions, 
based on the relationship between recent and past Cincinnati data, to the predictions. 

The atmospheric transport of uranium particles is strongly influenced by the particle 
size distribution because of the dependence of deposition of the particles from the plume on 
particle size. Dose from inhaling the particles depends on the particle size distribution and on 
the chemical form of the uranium. The only measurements of particle size of stack emissions 
made at the FMPC were conducted by Northern Kentucky Environmental Services (NKES) 
during 1985 on stacks equipped with dust collectors. Particle size distributions for the stack 
emissions during the year 1985 are assumed to be the same as for the 1960-1962 period, 
because the plant operations served by the stacks did not change significantly from 1960 to 
1985. The median particle diameters for outlet ducts of the dust collectors are in the range 
5-9 j.Lm. 

Releases of uranium through the scrubbers of Plant 8 and Plant 2/3 present a different 
situation_ Some particles passed through the scrubbers without being washed out of the 
gas stream; most of these particles are estimated to be relatively small - less than 2 j.Lm 

in diameter_ But a substantial fraction of the uranium released to the atmosphere from 
all FMPC processing plants during 1960-1962 - about 49% by our estimate - emerged 
from these scrubbers as large droplets of reentrained scrub liquor, which rapidly dried down 
into large particulate solids, with diameters in the approximate range of 30-150 j.Lm. The 
consequences of this substantial component of large particles for estimates of transport and 
dose are potentially major: 

• 	 The large particles are rapidly deposited from the plume before they have had time to 
travel far downwind. 

• 	 Particles of the size and density of those resulting from the reentrainment are not consid
ered respirable and are believed to have negligible dosimetric consequences for inhalation_ 

• 	 Air-monitoring equipment used during 1960-1962 would have been inefficient in detecting 
the large particles_ We have adjusted for this effect in carrying out model validations that 
involve the air-monitoring data. 

Ifwe had assumed that all released particles were in the smaller range attributed to the dust 
collectors, the effect would have been a higher estimate of inhalation dose to more people and 
an apparant overprediction of monitored air concentrations at the perimeter stations. 

The choice of an air dispersion model for this site required careful consideration of many 
factors. The three main issues were 

• 	 Curved-line vs. straight-line wind trajectories. Models that treat wind flow as curvi
linear are conceptually appealing, but they are expensive to implement and often require 
data of a resolution that is not available_ For relatively small domains, straight-line 

models obtain comparable results at much less cost. 

• 	 Handling of building wake effects. For releases from rooftop stacks that do not extend 
much above the building height, the plume is drawn down near the ground into the 
turbulence of the building's wake, and the subsequent diffusion of the plume is affected. 
Some air transport models attempt to compensate for the resulting displacement and 
distortion of the plume by buildings. 

Radiological Assessments Corporation 
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• 	 Validation of the model against air-monitoring data. Any model chosen for use in 
the study would be required to make predictions of air concentrations at the perimeter 
stations that compared acceptably with the monitoring data for those stations during the 
1960-1962 period. 

We carried out statistical studies of wind trajectories to demonstrate the adequacy of a 
straight-line model for this study. A subsequent comparison of several straight-line models 
identified a new building-wake model as slightly better than the standard Gaussian plume 
model, which does not account for wake effects. We expect to apply the new building-wake 
model to all rooftop releases from production plants and the Gaussian plume model with plume 
rise to two high-temperature sources (the old solid waste incinerator and the oil burner). 

Uncertainties in atmospheric dispersion modeling require particular attention because I 
o / 


r
~ 
of their potential magnitude and the relative importance of the air pathway. We have ana

lyzed the interdependencies among the parameters and processes that influence the transport 
model, and we have developed an approach to quantifying each source of uncertainty in terms 
of a probability distribution. The resulting predictions of air concentrations and dose will have 
corresponding uncertainty distributions that we believe will be conservative (in the sense of 
overestimating the uncertainty). 

The approach taken to validating the air transport calculations has relied primarily on 
two kinds of environmental data: 

• 	 Monthly-averaged uranium air concentrations measured at the four perimeter stations 
at the corners of the production area 

• 	 Monthly-averaged total uranium deposition on sheets of gummed film placed at 22 loca
tions within the assessment domain. 

Model predictions of air concentrations at the four perimeter stations for 1960-1962 are com
pared with measurements in Table ES-2. The results are presented as median predicted
to-observed (P/O) ratios and correlations of predicted and observed concentrations. The PIO 
ratios indicate the general level of bias in the prediction; the value 1.0 corresponds to no bias, 
and values greater than or less than 1.0 indicate over- or underprediction, respectively. The 
value 2.1, for example, indicates predictions that are about two times the corresponding mea
surements, on average. The correlations are an indication of scatter of the monthly PIO ratios 
about their median values, with values much lower than 1.0 indicating considerable scatter. 
The PIO ratios indicate reasonably good average agreement between model predictions and 
measured air concentrations. The low correlations are the result of month-to-month increases 
and decreases in the air-monitoring data that do not match up well with corresponding fluc
tuations in our reconstructed source term. 

\ 
\ ~ 

Table ES-2. Air Transport Model Comparison for FMPC Perimeter Stations 

NE 	 SE SW NW 

Median PIoa ratio 1.72 2.10 1.50 0.70 
Correlation 0.55 0.18 0.34 0.15 

a Predicted to observed. 
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ENVIRONMENTAL PATHWAY ANALYSIS - MODELS AND VALIDATION 


INTRODUCTION 

The Feed Materials Production Center (FMPC) near Fernald, Ohio, was a government
owned, contractor-operated facility that converted uranium ore concentrates and materials 
recycled from other stages of nuclear weapons production to either uranium oxides or ingots 
ofuranium metal. These materials were machined into tubular form for reactor fuel cores and 
target fuel element fabrication. The FMPC operated from 1951 until 1988, when production 
was suspended. Figure 1 shows the location of the FMPC within the Cincinnati metropolitan 
area. 

The Fernald Dose Reconstruction Project is being carried out by Radiological Assess
ments Corporation (RAC) under the auspices of the Centers for Disease Control and Preven
tion (CDC). The purpose of the project is to provide an independent analysis of types and 
amounts of radioactive materials released to the environment from the FMPC and to estab
lish a methodology that will estimate doses to persons living offsite in the vicinity of the 
facility. The methodology, which will apply site-specific parameters to models of environmen
tal transport and dose, can then be used to calculate retrospective estimates of individual and 
collective dose. The CDC will combine the estimates of collective dose over the period of the 
facility's operation (1951-1988) with radiological risk factors in order to estimate numbers of 
potential health effects. With this information, the CDC will be able to judge whether the 
sensitivity of epidemiological statistics, for the size of the exposed population, would likely be 
sufficient to detect an excess above the normal incidence of particular health effects. 

The goal of Task 4 is to develop the methodology for modeling the transport of released 
radionuclides through environmental pathways and estimating the consequent radiation doses 
to exposed individuals and population. The methodology consists of mathematical models that 
describe the movement of radionuclides in the environment around the FMPC. These models 
use site-specific data whenever such data are available. If the study is to have credibility 
with scientists, government officials, and the public, the modeling methodology must achieve 

an acceptable balance of meeting several criteria: 

• 	 Simplicity. The models should not represent unnecessary processes and detail. Rather, 
they should focus on those processes that are directly relevant to the desired predictions 
(in this case, environmental concentrations and dose). And the models and methods 
should be applied in ways that are as easy as possible to follow and interpret. 

• 	 Flexibility. The implementation of a model should be sufficiently flexible to permit 
its application to a variety of situations. For example, in this study, an air transport 
model had to represent many release points and different particle sizes in order to permit 
comparisons of predictions with measurements of air concentrations at the perimeter 

monitoring stations. 

• 	 Physical plausibility. To the extent possible, the models should rely on basic principles 
of the applicable sciences to make their predictions. In contrast, an empirical model is 

Radiological Assessments Corporation 
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the use of an empirical model is necessary, its applicability should be carefully evaluated. 


• 	 Adaptability to uncertainty analysis. The models should lend themselves to the pro- · 
cess of uncertainty analysis. In particular, they should be capable of predicting ranges 
or distributions of results, representing uncertainty about parameters and data on which 
the models operate. 

• 	 Acceptance. It is desirable that the models and methods chosen be well known to 
scientists and accepted as adequate, when they are appropriately applied. 

• 	 Cost of implementation. It must be possible to carry out the necessary conceptual
ization, programming, calculation, and documentation within the financial resources and 
time alloted for the project. 

• 	 Validity. Models chosen for a particular site should be able to predict, with reasonable 
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accuracy, something that has been or can be measured directly. Such comparisons should 
be carried out to the maximum extent possible, with all relevant data, in order to increase 
confidence in predictions that cannot be compared with observations. The systematic 
process of making these comparisons is called VALIDATION of the model. 

Experience demonstrates that no methodology is likely to achieve the highest marks on all of 
the foregoing tests in any given application. Generally, it is necessary to seek a balance by 
accepting limitations of some criteria in order to emphasize others that are considered more 
important to the study. This project is no exception to this rule: we have, of necessity, made 
many choices that affect the balance. 

This study places a premium on model validation, which consists of comparing available 
measurements of the primary pollutants or other tracers in the local environment during the
period of the study with corresponding predictions by the models. The degree of agreement 
or discrepancy of predictions with measurements, in the aggregate, will give a sense of the 
probable accuracy of the models in predicting the closely related quantities that pertain di
rectly to the endpoints of the assessment. For example, internal doses due to inhalation of 
radioactive materials by people residing near the FMPC have never been measured; but air 
concentrations of radionuclides have been monitored at nearby locations, and if the models 
give adequate predictions of the measured air concentrations, our confidence in dose estimates 
calculated from these and other model-predicted air concentrations is increased. 

The purpose of this report is to discuss fully the models that comprise the methodology, 
the anticipated application of the models to dose estimation, the validations that have been 
performed, and other validations that will be performed. 

In the hope of making the report accessible and useful to readers with a variety of interests 
and backgrounds, we are arranging the presentation in a particular way. The main body ofthe 
report emphasizes presentation graphics and less-technical descriptions of pathways, models, 
and validation procedures. This part of the report avoids equations, complex tables, and levels 
of detail that may overburden the general reader. More specialized and detailed discussions, 
equations, tables, and graphs are given in the appendices. Also, the discussion within major 
sections of the main body of the report progresses from general to more specific, from overview 
to detail. Thus, the questions of a general reader may be adequately addressed in the earlier 
subsections of the major sections, or even in the executive summary. 

The appendices, which contain more detail about specific models, data, and aspects of the 
study, are listed here for the reader's convenient reference: 

A. 	 Dosimetric Endpoints of the Study 

B. 	 The Assessment Domain 
C. 	 Radionuclides Released from the FMPC 1951-1988 

D. 	 Particle-Size Distributions for Releases of Uranium and Thorium 
E. 	 Meteorological Data for Modeling the Transport of Airborne Releases 
F. 	 The Straight-Line Gaussian Plume and Related Air Transport Models: Are they Suitable 

for this Study? 
G. 	 Dry Deposition and Plume Depletion 
H. 	 Wet Deposition and Plume Depletion 

I. 	 Plume Rise 
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J. Building Wake Effects 

K Parametric Uncertainty in the Air Transport Calculation 
L. 	 Air Monitoring Data from Stations near the FMPC 
M. 	 Gummed Film Data for Locations near the FMPC 
N. 	 Soil Data for Locations neaI the FMPC 
O. 	 Resuspension of Particulates 
P. 	 Radon, Radon Daughters, and Penetrating Radiation from the Waste-Storage Silos: 

Transport Models and Monitoring Data 
Q. 	 The RAGTIME Agricultural Model 
R. 	 Surface Water Transport 
S. 	 Groundwater Transport 
T. 	 Dose Conversion Factors 
U. 	 Demography of the Assessment Domain 
V. 	 Episodic Events 

PLEASE NOTE. This report does not answer the question "How much dose did residents 

in the region around the FMPC receive from the facility's releases?" That is the goal of 

Task 6. The methodology of estimating exposure and dose is discussed, and examples 

are given. But the actual calculation of doses must wait for the complete estimate 

of releases of radionuclides from the plant during 1951-1988. This will come at the 

completion of Task 2/3. 


ENDPOINTS OF THE STUDY 

First we are going to give some background information that is necessary for under
standing what the results of the study will mean. Then we are going to explain just what 
information the completed study will furnish to the CDC, and how that information will be 
broken dqwn. Finally, we will give some indications as to why the information is sought and 
why it will be organized according to the plan we give. 

Overall Objectives 

The objectives of the Fernald Dose Reconstruction Project are twofold: 

• 	 Development of the SOURCE TERM. This expression is used in this report to mean those 
radionuclides released from the FMPC, broken down according to quantities released, 
environmental medium receiving the release (air, water), time of release, and relevant 

physical and chemical properties. 

• 	 Estimation of DOSE to people residing near the FMPC. Dose is a measure of the energy 
absorbed by an individual's organs and tissues as a result of exposure to ionizing radia
tion. Calculations are designed to permit relating dose to risk of radiation-induced health 
effects, such as some types of cancer. Units of dose used in this report are multiples of 
SIEVERT, abbreviated Sv (81 units), and multiples of REM (conventional units). For further 

details, see Appendix T. 

The source term is the work of Tasks 2 and 3. A preliminary source term has been devel
oped for the years 1960 through 1962 (Voilleque et al. 1991). Construction of this abbreviated 
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source term was carried out as a pilot study, with the purpose of exposing difficulties and 
pitfalls in the much more ambitious undertaking of developing the source term for all years 
of the facility's operation. Results of this pilot-study source term are available and have been 
used for most of the validations reported in this document. 

The Role of the Data from Environmental Monitoring 

One might ask why it is necessary to invest so much effort in the reconstruction of the 
source term if measurements of environmental levels of the radionuclides that concern us are 
available? The answer is, if the measurements were very complete and of high quality, they 
might be used for dose reconstruction in the absence of a source term. But FMPC monitoring 
data do not meet these conditions, for several reasons: 

• Most monitoring was done near the boundary of the FMPC, with the (generally correct) 
assumption that concentrations of released materials would be higher at that distance 
than farther away. Thus doses estimated from exposures to environmental media near 
the boundary would represent "worst cases." 

• Routine monitoring methods were not sensitive enough to give accurate measures of low 
levels of radioactive contaminants in the environment. Also, variable background levels 
of some radioactive contaminants make it difficult or impossible to distinguish low levels 
of materials that came from the FMPC from similar material that did not come from the 
FMPC. An example is the difficulty in distinguishing between uranium that was deposited 
on the soil following airborne releases from the FMPC and the uranium that is naturally 
present in the soil. 

• Monitoring was done for purposes other than dose reconstruction, and the monitoring 
programs often did not (or could not) refine the measurements to provide information 
that is now needed. For example, when dose from inhaled radioactive particulates is 
calculated, contemporary methods require that one know (or assume) the distribution of 
particle sizes - or at least, a mean or median of that distribution - as well as other 
physical and chemical properties of the material. These measurements were not made 
during routine monitoring in environmental samples of airborne radio nuclides released 
from the FMPC. Until the 1970s, the methods commonly employed for calculating dose 
to the lungs did not make use of particle size. In analyzing the source term, it is possible 
to get some sense (though far from a perfect characterization) of physical and chemical 
properties of releases that have not (or could not) be measured in the environment. 

• It was not always clear what should be measured and at what resolution. Widespread 
concern for radon-222 as a contaminant with risk implications for the general public 
did not emerge until the late 1970s. In 1980 the FMPC undertook a radon monitoring 
program that became increasingly extensive throughout that decade. The principal source 
of radon from the site is the K-65 silos, in which a slurry of residues containing radium
226 (which produces radon-222) has been stored since the 1950s. Various actions have 
been taken to minimize the escape of the radon gas from these silos, but these actions 
are relatively recent. In addition, there was no monitoring for releases of radon and its 
decay products before 1980 when the release rates from the K-65 silos were higher. Thus, 
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we must "reconstruct" this radon source term in order to estimate exposures of nearby 
residents to radon before monitoring started. 

• Since the early 1950s, the sensitivity and accuracy of radiation detection methods have 
improved, and measurements taken during the 1980s should not be casually compared 
with those from the 1960s. These differences, of course, affect the source term and the 
associated uncertainties as well as data from environmental monitoring, and efforts are 
being made to adjust for them. 

• Even if the monitoring data were much more comprehensive than they are, an examina
tion of the source term would still be needed to help resolve questions raised by variability 
and sampling times. 

Monitoring data from around the FMPC - particularly before the 1980s - are, as a general 
rule, too limited to provide the only basis for historical dose assessment. But in the aggregate, 
they will be useful, together with source term reconstruction and models of environmental 
transport of the released radionuclides, for providing a quantitative estimate of past exposures 
of people living near the FMPC. 

In view of these considerations, we have concluded that a thorough reconstruction and 
analysis of the source term is essential to a historical dose assessment. This conclusion 
does not discount the considerable value of the monitoring data in confirming (or disputing) 
transport model predictions that depend on source term estimates. 

L 
' i 
jl
 

The Assessment Domain 

This study is principally concerned with a circular region of radius 8 km (5 mi) with 
its center near the center of the FMPC production area (840 41' 19" W, 390 17' 57" N). We 
call this circular area the ASSESSMENT DOMAIN (Fig. 2). We estimate that 50% or more of 
the particulate material released to the atmosphere from the FMPC is likely to have been 
deposited within a circle of this size, and that dilution of the remaining airborne fraction 
would result in air concentrations at the 8-km boundary that are less by a factor of ten than 
those at the fenceline of the facility. This region includes the locations of almost all of the 
environmental samples that have been analyzed for possible contamination from the FMPC. 
Outside ofthe 8-km circle, the subject of comparison of model predictions with such sampling 
data becomes moot, and model predictions are difficult to validate. 

The circular assessment domain of Fig. 2 will be subdivided into 16 radial lines and 8 
concentric circles with radii 1 to 8 km (Appendix B, Fig. B-l). We refer to this network 
of lines and circles as a POLAR GRID, and the individual compartments are called CELLS. An 
estimate of dose will eventually be developed for each cell. We assume that most properties 
needed to calculate dose (such as air concentration, deposition of material on the ground, and 
population) are uniform within each cell. 
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3 KM 
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Figure 2. The FMPC site at the center of the circular assessment domain (radius 
8 km). CAUTION: This map is a composite from several sources and gives an approx
imate representation of locations of selected roads and landmarks. It should not be 
used to determine whether or not a given residence, school, or other location lies 
within the assessment domain. 
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Pathways 

The term PATHWAY as used in this report generally refers to the movement of radioactivity 
through the environment, and to the particular mechanisms of transport. An environmental 
or exposure MEDIUM is a reservoir for radioactivity that may affect people. The air may be 
considered an example ofboth terms. Transport by the wind and diffusion through the air con
stitutes a complete pathway, where inhalation of radioactivity is concerned; but atmospheric 
transport is only one part of a pathway when we are considering deposition of airborne ma
terial on food crops that will be eaten by people. And the ambient air is clearly an exposure 
medium for the inhalation of airborne radioactivity, because it is the reservoir that contains 
the radioactivity that is available for inhalation. A body of water, such as a stream or river, 
may also function as both a pathway and an exposure medium. 
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The radionuclide transport pathways and the associated exposure media that are consid
ered are listed in Table 1. These pathways vary considerably in importance. Minor pathways 
are treated with simplifying assumptions or are eliminated from consideration. 

Table 1. Transport Pathways and Exposure Media 

Pathway Exposure medium or intake mode 

Release to air Direct inhalation 
Direct exposure to gamma radiation 

Air-to-ground deposition Contamination of food crops and animal forage 
Direct exposure to gamma radiation 
Direct ingestion of contaminated soil 

Ground-to-air resuspension Direct inhalation 
Direct exposure to gamma radiation 

Runoff and leaching of radionuclides Drinking water of people and animals 
from soil to surface water Irrigation of crops 
and groundwater Consumption of fish 

Direct gamma radiation from exposure 
to contaminated water 

Storage of radioactive material Direct exposure to gamma radiation 

Dosimetric Endpoints of the Study 

Identification of the endpoints of an assessment study is perhaps the most important 
single task. By endpoints we mean what kind of dose quantities will be calculated. For 
this purpose, it is necessary to know how doses will be used for purposes subsequent to the 
immediate study. 

The exact form in which the dose estimates are needed depends upon the design of the 
epidemiologic study being considered to relate the radiation doses and the health effects in 
the population. An important consideration in this process is the determination of exactly 
what doses will be calculated and how uncertainties will be incorporated. The dose that an 
individual may have received from operations at the FMPC depends upon a number of factors 
including the individual's residence location and history within the 8 km assessment domain 
(Appendix B), the time spent within the domain, the fraction of time spent outdoors, dietary 
habits, and age at initial exposure. Table 2 shows the different characteristics for which 
doses are calculated in this study. Appendix A describes a modeling approach to account for 
many of the variables listed in Table 2. There are two points of view that are considered. 
The first is concerned with tracking a particular individual though time and estimating the 
resulting dose. If one year is the increment of time considered, then we would need to know 
the individual's residence location, age for each year, and the other lifestyle attributes (e.g. 
fraction offood raised in a garden vs. commercial products consumed from outside the domain). 
The second point of view considers the entire population over time and analyzes dose in 
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tenns of a probability distribution of dose to a randomly chosen individual. In this case, the 
population from which the random selection would be drawn consists of all individuals who 
lived in the assessment domain at any time during the specified period (1951-1988), whether 
or not these individuals still reside there, and whether or not the individuals are still alive. 

Table 2. Breakdown of Dose Calculation in the FMPC Domain 

Appendix giving 
Characteristic Description more details 

Location 128 cells within B 
an 8-km radius 

Time Monthly or annually 

Age Up to 7 groups ranging T 
from infants to adults 

Organ 13 organs T 

Radionuclide • 3 uranium isotopes C 
• 4 thorium isotopes 
• Radon-222 and daughters 
• Various decay, fission, 

and activation products 

RADIONUCLIDES RELEASED FROM THE FMPC 

l 
[ 

Although uranium was the primary material released to the environment from operations 
at the FMPC, other radionuclides were released in atmospheric or liquid releases as a result 
of processing of thorium and recycled uranium. Uranium and thorium decay to other ra
dionuclides called DAUGHTERS or DECAY PRODUCTS. Most of the uranium ores processed at the 
FMPC had previously been separated chemically from the daughter radionuclides. In some of 
the early processing at the FMPC, however, these daughter radionuclides were present in the 
uranium ores. Wastes from that processing were placed in the K-65 storage silos , and decay 
of radium-226 contained in the wastes has resulted in the release of the gaseous radionuclide, 
radon-222. These releases are considered separately in Appendix P. 

The processing of recycled uranium began in late 1961. Recycled uranium contains other 
radionuclides that originated in nuclear reactors. Fissioning of the uranium atom produces ra
dionuclides, called FISSION PRODUCTS. Absorption of neutrons by uranium and other materials 
present in the reactor produces radioactive ACTIVATION PRODUCTS. Examples of fission prod
ucts include strontium-90, technetium-99, ruthenium-l06 and cesium-137. Some activation 
products are neptunium-237, plutonium-238 and plutonium-239,240. In addition, naturally
occurring radionuclides in uranium ores include promethium-234m, as well as the isotopes 
of uranium, radium and thorium. Appendix C focuses on the relative importance of these 
radionuclides in releases from the FMPC. 

Relatively small quantities of thorium metal and thorium compounds were also produced 
in Plants 2/3, 4, 8, 9, and the Pilot Plant over much of the period of the FMPC operation. 
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It appears that thorium processing was not active during the 1960-1962 period. Most of 
the thorium processing equipment has been removed from the FMPC, and many production 
records were destroyed in the early 1970s. 

Because measurements of radionuclides other than uranium were not made routinely 
every year, it is necessary to develop correlations between the releases of uranium and those of 
the other radionuclides. Ratios of releases were computed for years when measurements were 
made, and these ratios provide a basis for estimating releases of the these other radionuclides 
for years when they were not measured. The variability of the release ratios from year to 
year is considered in deriving the uncertainty associated with the estimated releases of other 
radionuclides. 

A screening methodology developed by the National Council on Radiation Protection and 
Measurements (NCRP 1989) was used to assess the relative importance of the identified 
radionuclides as contributors to potential offsite radiation dose. For atmospheric releases, 
uranium contributes about 75% of the potential dose, followed by three thorium isotopes, 
which contribute about 20% of the potential dose. Each of the other radionuclides contributes 
less than 1% of the potential dose. 

The relative importance of radionuclide releases to surface water depends upon which 
exposure pathways are considered. When drinking water and fish consumption are the only 
pathways considered, radium-228 and radium-226 isotopes contribute over 95% of the poten
tial dose from releases to the river, while uranium contributes about 3% of the dose. When 
all surface water pathways are considered, radium-228 is the most important radionuclide, 
followed in order of importance by technetium-99, radium-226 and the uranium isotopes. 
Technetium-99 was of less importance when the irrigation of crops by river water was not 
considered. Contributions of other nuclides to the total potential dose is much smaller. 

MODELS OF ENVrnONMENTAL TRANSPORT AND DOSIMETRY 

The dose reconstruction will be based on simulations performed with computer programs 
that implement models of transport and dosimetry. The principal programs that will be 
applied to the assessment represent the following pathways: 

• 	 Transport through the atmosphere and deposition on the ground (Appendices E-M) 

• 	 Contamination of agricultural products by deposition, resuspension, and irrigation (the 
RAGTIME model; Appendix Q) 

• 	 Movement of radionuclides into surface water and groundwater (Appendices Rand S). 

Each of these programs incorporates one or more models of transport mechanisms. Most of the 
models are standard and are widely used in similar applications, but their computer imple
mentations vary somewhat. Most of the computer programs used directly in the assessment 
have been specially written for this study. There are two reasons for doing this. First, most 
existing computer programs have been developed to meet specific requirements, and those 
requirements may differ from the ones that apply to this dose reconstruction. For example, 
general-purpose atmospheric transport programs do not explicitly take into account particle 
size distributions, as we are required to do in this study. Hence, any existing air transport 
code would need to be modified. Second, existing assessment programs often have different 
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outputs from those we require. For example, some can represent the result of a release of 
radioactivity at a constant rate for a long time (chronic release) or the result of a release of 
brief duration (acute release) but cannot account for a release that varies month by month 
for nearly 40 years. Also, some existing assessment programs give radiation doses as their 
outputs but do not show the corresponding environmental concentrations that we need for 
validation of the dose estimate. 

Considerable time, effort, and thought have been given to choosing the set of models 
most appropriate to the FMPC site and the available data. We must distinguish between 
input data (that is to say, numbers that the model must have in order to calculate its results) 
and independent data used for comparison with those results, but on which the model does 
not operate directly (validation data). Although validation data are not logically necessary 
for the assessment, they are essential to the credibility of the study. 

Readers who are not familiar with methods of environmental assessment may question
the necessity of applying theoretical models to questions that seem directly related to what 
can be measured. The answer returns to some of the same ground that was covered in the 
previous section in pointing out why a thorough analysis of the source term is called for. 

• 	 Dose to an individual is not measured directly but must be inferred from the measurement 
of other quantities (or simulation of them). For example, one can infer by techniques of 
whole-body counting amounts of certain radionuclides that have been taken into the body; 
but dose (which is the part of the emitted energy that the subject's tissues absorb) must 
be inferred from a model. 

• 	 In general, one cannot retrospectively measure such quantities as air concentrations 
which are needed to infer intake of radioactivity and then to infer the consequent dose. 
Models are needed to compute these quantities either from a source term or from other 
measured quantities. 

• 	 The monitoring results can seldom cover the spatial extent that one needs to consider. 
At the FMPC, air concentrations of uranium were regularly measured only onsite and at 
the site boundary until the 1980s. To extend these measurements, models are necessary. 
Indeed, at appreciable distances from the source, routine monitoring technology often 
lacks the sensitivity to detect the low levels of the contaminant or to distinguish those 
small concentrations from the natural background or worldwide fallout. 

On the other hand, models must always be used with caution. Wherever possible, their 
results must be compared with real data, and in the absence of data for specific times or 
locations, the modeler must ask whether the results make physical sense and are consistent 
with comparable validated results. Quantitative uncertainty analyses should be carried out 
on the models in the context of the particular study to which they are being applied. In this 
report, we discuss uncertainties and sensitivity of models to input data. In Task 6 we will 
present model-calculated results together with estimates of uncertainty. 
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UNCERTAINTY 

Results of scientific investigations are, by their nature, uncertain, and it is common prac
tice for investigators to provide some estimate of uncertainties that affect their estimates. In 
this study, we emphasize PARi\METRIC UNCERTAINTY, by which we mean uncertainty in num
bers (parameters) on which the models depend. If a parameter's uncertainty can be quantified 
by a probability distribution, then this uncertainty can be propagated through the model to 
the result, which would also take the form of a probability distribution. Various methods exist 
for propagating an uncertainty distribution through the model. Analytic methods are of lim
ited use, because the equations that need to be solved are often mathematically intractable. 
MONTE CARLO methods are of quite general applicability and consist of repeatedly sampling 
the parameter distributions by computer methods with pseudorandom numbers, applying the 
model to each sample, and collecting all of the model results into an empirical distribution 
(e.g., a histogram or frequency chart). Figure 3 illustrates this process. 

Much of the difficulty of parametric uncertainty analysis lies in determining the uncer
tainty distributions for a model's parameters. In the appendices that deal with specific models, 
we discuss uncertainties of !Dodel parameters and data and indicate how these uncertainties 
will likely be quantified for our final calculations. The distributions can be based on original 
site-specific measurements, on scientific literature values for conditions similar to those near 
the FMPC, or in the absence of alternatives, subjective judgment of experts. 

There are many ramifications of the uncertainty analysis, which are brought out in some 
detail in the appendices. Our general approach for a dose reconstruction is to estimate target 
quantities (e.g., dose) as accurately as possible and to include conservatism in the uncertain
ties. This approach is in contrast to modeling practices for radiation protection, in which the 
dose itself is deliberately a C<lnservative overestimate. Also, such exercises are often deter
ministic, which is to say that the quantity to be calculated is represented by a single estimate 
rather than a distribution. 

ATMOSPHERIC TRANSPORT OF RADIONUCLIDES 

Overview 

Atmospheric transport involves the movement or dispersion of radionuclides from the 
release point at the FMPC to deposition on the ground at various locations around the site. 
There are many processes th.at affect atmospheric transport in the Fernald area. Some of 
these processes are better known than others. This Task 4 report covers these processes 
in separate appendices. The processes include the meteorology of the area (Appendix E), 
what model is used to predict how the material is transported downwind (Appendix F), the 
particle size distribution of the released material (Appendix D), the plume rise of the material, 
that is how far the material rises before moving downwind (Appendix I), and the effect that 
buildings and other structures near the point of release have on the dispersion of the material 
(Appendix J). Figure 4 illustrates these processes and effects. 

The models initially provide estimates of air concentration at various distances from the 
site along with uncertainty bounds (Appendix K). With this information, other models can 
predict how the material is deposited on the ground in dry (Appendix G) or wet (Appendix H) 
conditions, and how the material may be resuspended from the ground to air (Appendix 0). 
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Parametric Uncertainty Analysis 
of Mathematical Models 

Deterministic Application 

A I Model I ' y 
(Parameter) (Result) 

Stochastic (Monte Carlo) Application 
Distribution of A Distribution of Y 

Sample randomly from A ... Construct Y 

A1-J Model ' Y1 

A2-J Model 'Y2 

A3-J Model Y3 

A4-J Model 'Y4
Apply the 
model to Assemble 

each the results ... 
random 

value . .. AN-J Model 'YN 

Figure 3. Schematic presentation of Monte Carlo methods for propagating a para
metric uncertainty distribution through a model to its results. In this simplified 
illustration, A is an input parameter to the model, and Y is the result, or output, 
corresponding to A. For each specific input value of A, the model produces a unique 
output Y. Such an application ofthe model is DETERMINISTIC, because A determines 
Y . But A may not be known with certainty. Ifuncertainty about A is represented by a 
probability distribution, such as the triangular one in the figure , repeatedly sampling 
the distribution at random and applying the model to each ofthe sample input values 
AI , A2 , .. . gives a set of outputs Yb Y2 , .. . , which can be arranged into an empirical 
distribution for Y (grouped into class intervals for a histogram, for example). The 
distribution of Y is then our estimate of the uncertainty in Y that is attributable to 
uncertainty in A. This is a STOCHASTIC or Monte Carlo application of the model. 

These processes of deposition affect the radiation doses to humans from atmospheric releases 
of radionuclides because the deposited materials serve as a source of contamination of the 
ground surface and the food-chain (Appendix Q); and this deposition reduces the amount of 
material in the plume that is subsequently transported downwind. 

An important consideration of the atmospheric release is knowing its duration, that is, 

Radiological Assessments Corporation
"Setting the standard in radiation health" DRAFT 



Page 14 The Fernald Dosimetry Reconstruction Project 
Task 4 

Source term for 
airborne release 
indicates quantity 
and type of material 
released from stack 

Wind flow over building 

wake turbulence 

Figure 4. Physical processes associated with atmospheric dispersion. Diffusion dis
perses the plume horizontally and vertically, diluting its concentration as the material 
moves downwind. Highest diffusion rates are associated with unstable air. Wet de
position consists of washout (plume is beneath the raincloud) and rainout (plume 
penetrates the cloud, where the particles provide condensation nuclei for raindrops). 
Dry deposition is complex and consists of several stages. Turbulent eddies bring par
ticles and gas molecules into contact with ground and vegetation surfaces. Near the 
ground, molecular diffusion accelerates deposition of very small particles. Gravita
tional fall dominates deposition for large particles. 

whether the radioactive material was released over a long or short period of time. When 
a relatively large amount of material was released in a short time period, we refer to the 
occurrence as an EPISODIC RELEASE, and the transport modeling approach (Appendix V) is 
different from what is applied to material released over a longer period of time. 

The appendices in this report describe the methods we have used to quanitfy the various 
transport processes. We have estimated some input parameters with site-specific measure
ments made at the FMPC. Estimates of others have depended on reviewing the scientific 
literature for similar processes at other facilities, and on mathematical models developed by 
others for similar processes. An important aspect of these modeling efforts is checking or val
idating them by comparing the model results with environmental measurements that were 
made at the site. 

The historical records from the FMPC have provided a large amount of data that can be 
used to help confirm the results of model predictions. The report examines the air monitoring 
data (Appendix L) and gummed film data (Appendix M) available in the early sixties to com
pare with model predictions using atmospheric source term estimates for that same period. 
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In addition, soil measurement data collected at various times can be used as an approach 
to estimating total deposition from airborne releases for all years of operation (Appendix N). 
Total deposition within the assessment domain is a lower bound for the atmospheric source 

term. 
Although we calculate the doses for radon releases from the K-65 silos separately from 

those for particulate releases, we use the same transport models for radon as we use for 
uranium, including the wake-effects model to account for the disturbance of the airstream by 

the K-65 silos (Appendix P). 
The following subsections briefly discuss the rationale, modeling methods, uncertainty 

analysis, and air transport results we have calculated on the basis of the 1960-1962 source 

term estimates and the environmental monitoring data. 

Meteorology 

The atmospheric dispersion models used to reconstruct ground-level air concentrations at 
particular points in the assessment domain require knowledge of local meteorological data. 
The choice of an air dispersion model should depend, to a great extent, on the meteorological 
data that are available for the location and time that the model is intended to simulate. It 
is always better to use meteorological measurements made at the site or location of concern 
if suitable data are available. The types of data needed include wind speed, wind direction, 
temperature, precipitation, and the STABILITY CLASS, an indication of the turbulence in the 
atmosphere. 

At the FMPC, a recording meteorological tower has been in regular operation only since 
August 1986, and we obtained the hourly data for the period August 1986 through December 
1991. Lightning and instrumentation problems have resulted in numerous gaps of varying 
duration in this record (Appendix E). Many prospective assessments have based air-dispersion 
calculations on frequency tables that represent five years of data, also called a five-year com
posite dataset. For a dose reconstruction (i.e., a retrospective assessment), however, it is 
clearly preferable to use meteorological data for each actual year. The fact that the FMPC 
dataset included only five years of recent data, with gaps, posed a problem for reconstructing 
doses from earlier years of plant operation. 

The options available to us included using the five-year composite of FMPC data for the 
earlier period, with a large degree of uncertainty applied to air concentration estimates, or 
substituting a surrogate historical dataset to use for the calculations (possibly with some bias 
correction or other adjustment). Accordingly, we have examined four sets of meteorological 
data from the Fernald area for their possible applicability to the dose reconstruction project. 
These datasets are summarized in Table 3. The lowest wind speed class (0-2 m S-I) has a 
much higher relative frequency at the FMPC than at the other three sites. The mean wind 
speed at the FMPC site is about half of that for each of the airports. This is important infor
mation, because the downwind air concentrations of radionuclides released from the FMPC 
are inversely proportional to wind speed. That is, doubling the wind speed would cut the air 
concentration in half, if all other factors are the same. If the unadjusted Cincinnati airport 
data were used in place of the Fernald data, the predicted air concentrations would be lower 
by a factor of at least two than if the FMPC meteorological data were used (Appendix E, 
Fig. E-6). 
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Table 3. Meteorological Datasets Examined for Applicability to the 

Fernald Dosimetry Reconstruction Project 


Distance 

Dataset Time period from FMPC Applicability to FMPC 


FMPC tower Aug. 1986 Onsite Site-specific but of short duration with 
present numerous gaps 

Cincinnati Jan. 1948 29 km SSE Continuous record; underprediction of 
Airport present downwind concentrations, partly because 

of mean wind speed differences 

Dayton Jan. 1987 61 km NE Continuous record; underprediction of 
Airport Dec. 19908 downwind concentrations 

Oxford, Ohio, Jan. 1981 30kmN Shorter duration; some differences in wind 
(Miami U.) Dec. 1990 patterns; difficult to determine stabilities 

8 A longer record is available. 
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Though the Cincinnati airport data may be disappointing as a surrogate for the FMPC 
because of bias and scatter, we examined the dataset for internal relationships between recent 
and past years. This was done to determine if the correspondence between the five-year com
posite FMPC dataset and the unknown FMPC meteorology for previous years will resemble 
the same correspondence for Cincinnati airport data. This information would provide infor
mation on historical trends from the longer dataset that could be applied to the limited FMPC 
dataset. The analysis suggested that the recent composite data for the two sites are compa
rable predictors of their respective past concentrations. Appendix E discusses the comparison 
and its possible utility. 

We conclude that the FMPC onsite data are fundamental to meteorology at and about the 
site for the period of interest, despite the short record and gaps resulting from problems with 
instrumentation. Accordingly, the air dispersion predictions for the dose reconstruction study 
will be based on hourly wind and stability data from the FMPC meteorological tower during 
the years 1987 through 1991 (1986 was a partial year), with uncertainties based partly on 
the relationships between recent and past Cincinnati airport data. 

Particle Size 

The atmospheric transport of materials from the FMPC is affected greatly by the size and 
chemical form of the particles of materials (e.g. uranium) released. The chemical form and 
particle size of the material also affects the amount of material inhaled by individuals and 
thus affects the dose. Large particles released to the atmosphere (physical diameter greater 
than about 10 or 20 /-Lm, depending on density) have high gravitational settling velocities 
and deposit on the ground near the point of release. Smaller airborne particles (physical 
diameters up to a few /-Lm) are transported to greater distances and are of greater concern for 
radiation dose, because they are inhaled more deeply into the respiratory passages than large 
particles. Thus the size distribution of airborne particles must be considered (1) for validating 
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the air transport models, (2) for accounting for the distances traveled by released particulates, 
and (3) for estimating dose. We will return to these questions in subsequent sections. The 
following paragraphs summarize our approach to analyzing particle size distributions for 
FMPC airborne releases. 

The only measurements of particle size of stack emissions made at the FMPC were con
ducted by Northern Kentucky Environmental Services (NKES) during 1985 (Reed 1985). The 
NKES study made measurements for both the inlet and outlet ducts of 15 major uranium
emitting stacks equipped with dust collectors. A dust collector is a chamber containing a 
parallel system of bag filters through which the effluent gas is forced. Particle sizes for the 
outlet ducts are representative of emissions from stacks with intact bag filters in the dust col
lectors. On the other hand, the values for the inlet ducts are assumed to represent emissions 
from the same stacks during those periods in which the bag filters failed, allowing unfiltered 
air from the production process to escape to the atmosphere. The filtering by the dust collector 
bags results in a reduction of about 25% in median particle size. Particle size distributions 
for the stack emissions during the year 1985 are applied to earlier periods because the plant 
operations served by the stacks did not change significantly. 

The predominant chemical species of uranium emitted from each stack was identified 
from FMPC reports and engineering drawings of process equipment. Either U30 S or UF4 

was emitted from all of the stacks of the NKES study, except for one stack, which emitted a 
mixture ofU02 and U03 • 

The air emitted from release points not equipped with dust collectors was cleaned through 
SCRUBBERS. A scrubber removes particles from the exhaust gas by forcing it through a liq
uid mist; most of the particles are scavenged by mist droplets, which, for the most part, 
are collected by mist-eliminating devices and recycled to the liquid reservoir. This liquid is 
usually called the SCRUB LIQUOR (or SCRUBBING LIQUID), and it is changed periodically. The 
uranium-containing droplets accumulate on the mist-eliminators, and some of the liquid is 
agglomerated into larger droplets and escapes back into the exhaust gas stream (REENTRAIN

MENT). The large droplets are vented to the atmosphere with the exhaust gas. Figure 5 
illustrates these processes. In this manner, the scrubbers of Plant 8 and Plant 2/3 emitted 
liquid droplets of reentrained scrub liquor of varying uranium concentration. The uranium 
concentration was proportional to the time elapsed since the last change of scrub liquor, but 
at any given time, the uranium concentration in all droplet sizes was the same. The liquid 
in the reentrained droplets would evaporate in the atmosphere, leaving solid particles, which 
are believed to have been relatively large, with physical diameters in the range 30-150 {Lm . 

A fraction of the particles that entered the scrubbers would penetrate the mist (i.e. , would 
not be scavenged from the air by mist droplets) and would escape to the atmosphere with the 
exhaust gas. The size of these particles was small; most had physical diameters less than 
2{Lm. 

Calculations showed that 70% of the released uranium from the Plant 8 scrubbers escaped 
in reentrained liquid droplets with diameters in the range of 100 to 200 {Lm. The remaining 
30% of the released uranium consisted of relatively small U30 S particles with physical diame
ters in the range of 0-10 {Lm, which penetrated the scrubbers and escaped to the atmosphere. 
The large liquid droplets of reentrained scrub liquor contained uranates, sodium hydroxide, 
and dissolved sodium salts. We estimated the mean diameter of these droplets to be about 
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Figure 5. Scrubber schematic. Exhaust gas entering the scrubber is forced through a liquid 
spray into a Venturi tube. The gas then passes through a separator chamber and into the 
outlet duct. The spray entrains most particles into liquid droplets. Most of the liquid (or 
scrub liquor) is collected in the separator chamber and returns to a reservoir from which it is 
recycled. The scrub liquor of the Plant 2/3 and Plant 8 scrubbers was changed periodically, 
and uranium was recovered from it. To inhibit the escape of the uranium-containing droplets, 
various mist-eliminating systems were employed. The figure indicates a wire mesh mist 
eliminator in the outlet duct, which would trap most droplets. But some of the trapped 
liquid would be reentrained into the gas stream as larger agglomerates and escape to the 
atmosphere, where they would rapidly dry down to relatively large solids. (To keep the figure 
simple, we showed only one mist-eliminator. In practice, some of the FMPC scrubbers appear 
to have employed multiple mist-eliminators. For example, zigzag baffles were sometimes 
deployed in the separator chamber to take out the larger droplets, and wire-mesh systems 
were placed either in the separator chamber or in the outlet duct, as shown, to remove smaller 
droplets that penetrated the baffles.) 

DRAFT 




L 

[ 


r 

r 


"1, 
j 
, 

[ 

Environmental Pathway Analysis -
Models and Validation 

Page 19 

L 

l 


140 /-Lm, and calculations indicated that they would have dried down to solid residue before 
reaching the perimeter of the production area (Table 4). 

We verified the particle size distributions tabulated by Boback et al. (1987) by comparisons 
with information from the original data sheets of NKES (Appendix D). In an earlier report 
(Voilleque et al. 1991), we presented a series of graphs of particle size distributions of the 
uranium species for both the inlet and outlet ducts of each of the 15 sampled dust collectors. 
We carried out this procedure so that we could extend the distributions to particle sizes not 
covered by the measured NKES values. From these distributions, the average particle-size 
distributions for both the inlet ducts and the outlet ducts for stacks emitting U308 and UF4 

were calculated. Appendix D provides details of this procedure. 
For some processes at the FMPC, no particle size data were available from the NKES 

study. In these cases, comparisons with similar operations at other facilities carrying out 
similar processes were used to estimate particle-size distributions. 

Table 4 summarizes the key findings on particle size for stack emissions through dust 
collectors and scrubbers. Although the table lists only the median particle sizes for emissions 
from the various processing plants, distributions of particle sizes along with uncertainty es
timates have been developed for these emissions. Details of these calculations are presented 
in Appendix D. 

As we noted previously, in addition to uranium, relatively small quantities of thorium 
metal and thorium compounds were also produced during much of the FMPC history, although 
apparently not during the 1960-1962 period on which the validations in this report are based. 
There appears to be no particle size information available on the thorium process emissions. 
As a result, considerable uncertainty is introduced into the modeling of airborne thorium 
emissions from FMPC stacks. Because ofsimilarities in the FMPC chemistry and processing of 
thorium and uranium at the FMPC, it is probable that annual uranium doses from inhalation 
will be incremented by an appropriate factor to account for processed thorium for those months 
when thorium processing was active. This factor will be varied with a suitable uncertainty 
commensurate with the absence of specific information. 

Air Dispersion and Deposition Models 

The selection of an appropriate air dispersion model for FMPC releases of uranium, fission 
products associated with recycled materials, and radon is important for the credibility of air 
pathway calculations used in this study. We considered two methods of estimating the move
ment of radioactive materials released from the FMPC. The first method treats each release 
of radioactive materials as a "puff" and follows this incremental release or puff of released 
material along a path that resembles the behavior of the wind recorded at hourly intervals 
at a station in the region at the time. The direction of the puff changes each hour according 
to the recorded wind direction. With this kind of model, however, the path, or TRAJECTORY, 

of the puff would have to be based on hourly data. This first approach requires a complex 
model that requires substantial computation time. It is important to determine whether this 
added complexity and cost would provide more defensible air concentration estimates, given 
the data limitations discussed previously. 

The second approach makes use of air transport models related to the well-known Gaus
sian plume model. Models of this class assume that released materials are moved in a straight 
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Table 4. Particle Sizes and Chemical Forms of Airborne Releases of Uranium 

From the FMPC 


Source of 
emissions Chemical form 

Basis for size 
estimate 

Median particle 
diameter 

(Jim) 

Dust collectors 

Plant 1 
and Plant 213 

Plant 4 

Plant 5 

Plant 6 

Plant 8 

Plant 9 

Pilot Plant 

Scrubbers 

Plant 213 

Plant 8 

Mixture of U3DS' UDa, 
U02 from ore handling 

UF4 (green salt) from 
hydrofluorination 

UaOs from foundry 
operations 

U03 (orange oxide) and 
U02 (brown oxide) a 

UaOs from foundry 
operations 

UF4 (green salt) from 
hydrofluorination 

UaOs from machining 

UaOs from foundry 
operations 

U30 S from machining 

UF4 from 
reduction of UFs b 

U03 (orange oxide); 
penetrating fraction 

U02(N03)2·6H20 
(uranyl nitrate hexa
hydrate); reentrained 
fraction 

U30 S ; penetrating 
fraction 

Sodium uranates in 
suspension in scrub 
liquor; reentrained 
fraction 

Similar operations 
at other facilities 

1985 NKES 
measurements 

1985 NKES 
measurements 

Unverified 1985 NKES 
measurement 

1985 NKES 
measurements 

1985 NKES 
measurements 

Similar operations 
at other facilities 

Inferred from NKES 
measurements 

Similar operations 
at other facilities 

Derived from hydro-
fluorination process 

Onsite data of gulping 
process, and scrubber 
efficiencies 

Uranium concentrations 
in scrub liquor, and 
literature values for 
reentrained mist droplets 

Calculated from particle 
sizes of furnace emissions, 
and scrubber efficiencies 

Concentrations of uranium 
compounds and salts in 
scrub liquor, and literature 
values for reentrained 
mist droplets 

Inlet: 7 ttm 
Outlet: 5.3 ttm 

Inlet: 10 Jim 
Outlet: 7.8 ttm 

Inlet: 8.6 Jim 
Outlet: 6.0 Jim 

Outlet: 8.9 ttm 

Inlet: 8.6 Jim 
Outlet: 6.0 Jim 

Inlet: 10.0 Jim 
Outlet: 7.8 ttm 

Inlet: 6.8 Jim 
Outlet: 5.1 Jim 

Inlet: 8.6 Jim 
Outlet: 6.0 J.l.m 

Inlet: 6.8 Jim 
Outlet: 5.1 J.l.m 

Inlet: 10.0 J.l.m 
Outlet: 7.8 J.l.m 

Most < 2 Jim 

41 J.l.m 

Most < 2 J.l.m 

140 Jim before 
evaporation; 
65 J.l.m after 
evaporation 

[ 

a 	 The median particle size for the outlet ducts of stacks releasing a U03-U02 mixture is based on 
measurements made from only one stack, and the data for this stack do not appear physically 
plausible. Accordingly, the particle sizes for these stacks will be assigned large uncertainties. 

b 	 No particle size information could be found for UF4 emissions from the Pilot Plant. Compos
ite values for the hexafluorination process will be applied to the Pilot Plant emissions, with 
appropriate uncertainties. 
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line from the source, depending upon the wind speed and direction at the time of the release. 
By using statistical compilations of the same hourly meteorological data as the puff model, 
these straight-line models greatly reduce the required computational effort. If material re
leased from the FMPC tends to move in straight lines until it leaves the assessment domain 
at the 8-kIn boundary, a straight-line Gaussian plume model would be an appropriate and 
much simpler substitute for the puff model. 

To test this hypothesis, we used a simulation method that we applied to the hourly wind 
data from the Cincinnati Airport during the years 1960-1962. We applied Monte Carlo sam
pling methods (Fig. 3) to the meteorological frequency tables in order to simulate trajectories 
of released material, and recorded the number of these trajectories that stayed within the wind 
sector in which they originated. This exercise strongly suggests that the straight-line models 
are appropriate for distances at least to the 8-kIn boundary (Appendix F), and therefore we 
base the air transport simulations on models of this type. 

As airborne contaminants in the form of particles and gases are carried downwind, they 
are deposited on surfaces at or near ground-level through a variety of chemical, physical and 
biological processes. As a result of this process of deposition, particles are removed from the 
plume, and we refer to the loss from the plume as PLUME DEPLETION. The rate of deposition 
of radioactive material on the ground is related to the concentration of the material in the air 
by a factor called the DEPOSITION VELOCITY. We are aware of no measurements of deposition 
velocity in the vicinity of the FMPC during the facility's operation. Appendix G describes the 
theoretical and empirical approaches to estimating the deposition velocity, and Appendix H 
addresses wet deposition. The dry deposition velocity is a function of the particle size and 
density of the radioactive material (past a certain minimum point, the larger the particle 
size, the greater the deposition velocity), the nature of the surface (for example, snow-covered, 
lawn, tree-covered), and meteorological variables (for example, the higher the wind speed, the 
higher the deposition velocity). 

Although deposition velocity was not measured directly near the FMPC, we did have 
some measurement data from the FMPC (uranium in air and on gummed film) that we could 
use to estimate deposition velocities. We could then compare these empirical values with our 
calculated deposition velocities based on particle size of radioactive materials released from 
the facility and on FMPC meteorology. 

These comparisons showed that the calculated average deposition velocities (wet plus dry 
~ 0.02 m S-1) were much too small to account for the magnitudes of the measured average 
deposition velocities of 0.08 to 0.16 m S-1. Upon investigation, we deduced that a large 
fraction of the uranium released from the Plant 8 scrubbers and about half of the uranium 
released from the Plant 2/3 scrubbers was likely to be in large particle sizes, which probably 
contributed to high rates of dry deposition (Appendix D). 

For larger particles, an important component of deposition is gravitational settling. This 
component becomes dominant as the physical particle diameter increases above about 10 jlm. 

Because ofthis component, we needed to develop a special theory of deposition for the effluents 

from the Plant 8 and Plant 2/3 scrubbers. 
For the uranium released from Plant 8 scrubbers we calculated a deposition velocity 

for the reentrained droplets of 0.37 m S-1 . As the droplets move downwind, they evaporate 
and leave the uranium salts and other residue as a solid particle . . After evaporation, the 
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deposition velocity is estimated to be 0.28 m S-1. For the 1960-1962 period, we estimated 

that the Plant 8 scrubbers accounted for almost 60% of the uranium released from the FMPC. 
A similar analysis ofPlant 2/3 scrubber releases indicates that as the release moves downwind, 
the dry deposition velocity that is applicable to that component of the release decreases from 
0.37 m S-1 to about 0.18 m s-1. The Plant 2/3 scrubbers released about 14% of the total 

uranium from the FMPC during this time. 

For particles that escapes scavenging by the mist and penetrated the scrubbers, we es
timate average deposition velocities of 3.3 x 10-3 and 2.6 x 10-3 for Plant 8 and Plant 2/3, 

respectively. 

For all releases of uranium from FMPC stacks equipped with dust collectors, we use a dry 
deposition velocity of 0.01 m S-1 (Appendix G). Figure 6 summarizes the calculated deposition 
velocities at the FMPC. 

Averaged over all production sources (weighted with each source's uranium release dur
ing 1960-1962), the dry deposition velocity range is 0.18 m S- 1 (droplets at maximum size) to 
0.13 m S- 1 (liquid evaporated) (Appendix G, Table G-7). These calculated values are compa
rable to the measured (empirical) deposition velocities (0.16 to 0.08 m S- 1) based on the air 
monitoring (Appendix L) and gummed film data (Appendix M). 
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Figure 6. Dry deposition velocities (m S-1), calculated for FMPC releases of uranium. 
High rates of deposition are believed to be associated with uranium in large liquid 
droplets that escape from the Plant 2/3 and Plant 8 scrubbers and quickly dry down 
to large-particle residues. The percentages indicate the fractions of uranium released 
to the atmosphere during 1960-1962 that were associated with each source. 
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The atmospheric plume moving from the FMPC is affected by the process of wet deposi
tion, in which precipitation (rain, snow, sleet) removes, or washes out, radioactive material 
from the air. This ratio of concentrations of the material in precipitation and air is called 
the WASHOUT RATIO. From this ratio and the precipitation rate, a wet deposition velocity can 
be calculated for the area of interest (Appendix H). Field measurements of washout ratios 
range from 300,000 to one million with a median value of approximately 600,000. This ratio 
means that the concentration of radioactive materials in rain or precipitation is 600,000 times 
greater than its concentration in the same volume of air. 

We were able to calculate a site-specific washout ratio for uranium at the FMPC based 
upon monthly measurements of uranium in air and precipitation for January 1961 to Decem
ber 1967 (Appendix H, Table H-l). Our site-specific median washout ratio value was 290,000. 
A distribution for uncertainty analysis that was derived from the data is used in our model 
of wet deposition.

Building Wake Effects and Plume Rise 

When the points of release extend only a few meters above the roof of the building as 
they do at the Fernald production facilities, disturbed airflow associated with the BUILDING

WAKE can affect the air dispersion. Part or all of the plume is drawn down into the turbulent 
region near the ground in the building's wake and diffused horizontally and vertically by the 
turbulence. Calculations in Appendix I indicated that releases from all roof-top stacks at the 
FMPC would be affected by wake effects of the buildings. An entrained plume is modeled as 
if it came from a crosswind area source (such as the leeward face of the building), in contrast 
to an elevated release that originates from a point source and is not distorted by entrainment. 
Plume rise is not considered a factor for the entrained releases from stacks and roof vents. 

Appendix J describes a comparison of several wake effects models and the Gaussian 
plume, which, in its usual form, does not consider wake effects. The comparison tested the 
models, using the uranium source term developed earlier (Voilleque et al. 1991) and the air
sampling data from the four perimeter stations of the production area for the period 1960 
through 1962 (Appendix L). Of the models tested that could be applied to this study, a new 
model of Ramsdell (1990) gave the best overall results in these tests, and this model has been 
adopted for use with releases from roof-top stacks at the FMPC (Appendix J). The Gaussian 
plume ran a close second in the comparison. Called the TIME-DEPENDENT model because of its 
derivation, Ramsdell's model can be regarded as a variation of the Gaussian plume. 

Comparison of model predictions with measurements indicates that both models - time
dependent and Gaussian plume - overestimate the data to some degree. At least part of 
the overprediction of concentrations is likely due to underestimation of the removal of large 
particles from the plume by dry deposition (Appendix G). Agreement between measured and 
calculated values, however, is good, and results lie generally within a factor of two. Some ofthe 
potential sources oferror are the meteorological data (Appendix E), the source term, and errors 
associated with air sampling and the handling and analysis of the samples (Appendix L). 
Overall, these results must be considered a reasonable validation of the model. 

To consider uncertainty in modeling the building wake effects, we calculated a range of 
air concentrations assuming, at one extreme, that the wake for each building behaved as if 
the building were isolated, and treating the complex of buildings as a single large building, 
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at the other. Calculations with these two extremes gives a range, generally within a factor of 
±50%, that serves as a component of uncertainty associated with building wake effects. 

For release sources that are not dominated by wake effects, a parameter in the plume 
model is the effective height of the plume centerline. This height is the sum of the physical 
height of the stack or roof vent from which the materials were released and the additional 
height that the radioactive material moves vertically due to the buoyancy and momentum of 
the effluents through the stacks and vents. This additional vertical height is called the PLUME 

RISE. 

At the FMPC, we have applied plume rise calculations only to emissions from the old solid 
waste incinerator, the only elevated source that is isolated from the production complex, and 
to those from the oil burner. Uncertainties associated with the plume rise from these facilities 
center on the high temperatures generated by combustion. The combined airborne releases 
of uranium from both facilities was a small fraction of the total, however, and relatively large 
ranges of uncertainty can be assigned to the parameters affecting plume rise without having 
a large effect on the overall uncertainty (Appendices I and K). 

Resuspension of Particulates 

Airborne releases of uranium from the FMPC are eventually deposited on the ground 
surface through gravitational settling and wet and dry deposition processes. A subsequent 
transport process for this deposited material is RESUSPENSION, which refers to the reentry of 
previously deposited particles into the air, where they are available for inhalation. For the 
FMPC Dose Reconstruction Project, we chose an approach called MASS LOADING for evaluating 
resuspension of deposited material released from the FMPC. The mass loading approach uses 
two main parameters to provide an estimate of the concentration of the contaminant in air. 
These parameters are the mass loading (concentration) of dust in the air near the ground, 
and the concentration of the contaminant in the surface layer of soil. 

To determine the first parameter, we used weekly measurements of the total suspended 
particulates in air at 14 air monitoring locations surrounding the FMPC for 1989 through 
1991 to characterize the variations in mass loading around the FMPC. The monthly time 
scale was chosen to be consistent with that being used for the source term reconstruction. 
These data can be used to reconstruct the probable seasonal variation in dust loading. The 
analysis indicated that the months May through September are relatively dustier than the 
annual average but are still within 30% of the annual average. The annual averages are 
quite consistent, and the three year-average of 34 p,g m-3 is in good agreement with the 1966 
National Air Surveillance Network average for nonurban locations of 38 p,g m- 3 (Healy 1980). 

Several modifying factors to the basic mass loading model were considered and discussed 
in Appendix O. These factors include the distribution of the contaminant among different size 
soil particles, the fraction of airborne dust that comes from the contaminated areas, and the 
respirable fraction of the resuspended dust. 

DRAFT 




r 

r 

f' 


! 

(

., 

.. .... 

[ 


\ 

Environmental Pathway Analysis - Page 25 
Models and Validation 

Uncertainties in the Air Transport Model 

Appendix K describes the approaches we have developed for analyzing the uncertainties 
associated with meteorological joint frequency tables, wet and dry deposition, distributions 
of particle size, plume rise, and building wake effects. Figure 4 illustrates air transport of 
released material and some of the basic processes to which the uncertainty analysis is applied. 
We have also examined the uncertainty associated with year-to-year variability of the meteo
rological joint frequency tables by studying the relationship of predicted concentrations made 
with recent Cincinnati data (1987-1991) with estimates of past concentrations also based on 
Cincinnati data for particular years during 1951-1988. In addition, we have examined cor
relations among predictions at different receptor points in the region, but this picture is far 
from clear. We take a simple approach and assume that air concentrations at receptor points 
within the same sector are positively correlated, but that air concentrations are not correlated 
across sectors. 

Since the dry deposition of large particles (Appendix G) dominates the deposition ve
locities, uncertainty in the wet deposition velocity will not contribute much to the overall 
uncertainty in air concentrations. The distribution of uncertainties for the dry deposition 
velocity will most likely cover a factor of 10 with 90% probability. For larger particles, gravi
tational settling is the dominant component in accounting for dry deposition, and it appears 
that there will be less uncertainty associated with this velocity than with deposition velocities 
of smaller particles. 

Uncertainties associated with particle size distributions originate from the 1985 study of 
particle diameters of FMPC dust collector releases conducted by Northern Kentucky Environ
mental Services (NKES). Particles in these releases were in the respirable range (aerodynamic 
diameter < 20 11m) and consequently are the most important from the point of view ofinhala
tion dosimetry. A continuous distribution was fitted to each empirical (measured) distribution 
for U30 S and UF4• The exact shapes, central measures, and quantiles of these distributions 
are the main sources of uncertainty for these small particles. Particles that penetrate the 
scrubbers represent about 24% of the uranium in the airborne releases from the FMPC dur
ing 1960-1962 (Fig. 5). 

Reentrainment of uranium entering the scrubbers of Plant 2/3 and Plant 8 in the scrub 
liquor and the escape of droplets to the atmosphere has resulted in the distributions of large 
particles (physical diameters greater than about 30 11m). About 49% of the uranium released 
from the FMPC facilities to the atmosphere during 1960-1962 is believed to have been in 
large particles represented by these distributions. The parameters of the particle-size distri 
butions and the fractional allocation of released uranium to each distribution will be treated 
as uncertain quantities. 

It is possible that some observations of air concentration will be outside of the range 
of uncertainty estimates even after the parametric variations described in Appendix K have 
been incorporated into the Monte Carlo analysis. If this occurs to a significant extent, similar 
comparisons to those depicted in Figs. J-1 through J-4 in Appendix J will be used as a basis 
for adding an uncertainty factor to encompass the observed deviations of the model predictions 
from the measured values. 
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VALIDATION EXERCISES 

A critical element in applications of models to environmental transport processes is the 
comparison of the computer estimates with site-specific environmental measurement data, if 
such data are available. This VALIDATION process emphasizes the importance of the historical 
records and original documentation from the site and stresses the value of using these histor
ical data to assess the extent to which the models are able to predict what was observed. The 
exercise often uncovers problems with models and assumptions, and satisfactory comparisons 
of predicted and observed values build confidence in the assessment methods used in the dose 
reconstruction. At the FMPC, we have compiled several datasets from the historical records 
that can be used for model validation. 

The surface water measurements of uranium concentration in the Great Miami River 
and in the Paddy's Run Creek are presented and discussed in Appendix R. For atmospheric 
transport the air monitoring data (Appendices J and L), gummed-film data (Appendix M), and 
soil uranium concentration measurements (Appendix N) can be used to validate our model 
calculations. 

Air Monitoring Data 

Historical air monitoring data from the FMPC are used in the dose reconstruction pro
cess to provide measurements to compare with environmental transport model predictions, to 
assist in choosing an appropriate building wake effects model (Appendix J), and to derive a 
site-specific value for the washout ratio (Appendix H). 

Ambient environmental air was sampled and analyzed for uranium from the earliest 
years of operation. In the 1960-1962 period, samples of air were obtained weekly from four 
monitoring stations located at the four corners of the production area perimeter. Offsite and 
onsite air monitoring data for other years will be presented in the Task 5 report. It appears 
that the typical air sampler used during this time was a Staplex high-volume air sampler 
inside a louvered weather shelter. Although samples were taken about once a week, the air 
was not continuously sampled. A typical sampling time was 3360 minutes (56 hours), or 33% of 
the week. Table ~1 in Appendix L presents the individual weekly measurements of uranium 
in air for this time, which were transcribed directly from the original analytical data sheets. 
The sources of uncertainty that we considered are the determination of sample volume, the 
collection efficiency of filter media, isokinetic sampling and particle size considerations, flow 
rate fluctuation due to line voltage, loss of particulate material from the filter during collection 
or processing, and inadequate contamination control during collection, handling and analysis. 

The collection efficiency of air samplers declines with increasing particle size. It is our 
judgment that the historical air monitoring data from the production area perimeter un
derestimate the total uranium concentrations in air primarily because of the low collection 
efficiency for large particles. We evaluated the collection efficiency of the high volume air 
samplers for the particle sizes present at the location of the samplers. Our analysis made 
use of information from the scientific literature on sampling effectiveness as a function of 
particle size and sampler orientation, combined with uranium particle size distributions at 
the locations of the perimeter air samplers. This calculation accounted for the source term 
particle size characteristics as well as the differential deposition of particles of different sizes 
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between the release points and the samplers. The uranium particle size distributions at the 
four stations were similar and bimodal with about 30% of the airborne uranium less than 
5 I-lm (aerodynamic diameter), and 38% over 50 I-lm. This bimodal distribution occurs because 
scrubber effluents contribute to the largest size fractions and the dust collectors contribute 
to the relatively small size fractions (Appendix D). We performed an uncertainty analysis of 
sampler collection efficiency and tabulated the resulting distributions for each month of 1960 
through 1962. 

Deposition Measurements Using Gummed Film 

At the FMPC, measurements of deposition of particles at locations within the plant bound
aries and at offsite locations were performed using gummed film from 1952 until 1965. The 
gummed film used at the FMPC was similar to that used to measure fallout deposition at loca
tions throughout the United States during the 1950s and 1960s. Film (exposed area of about 
one square foot or 0.093 m2) was generally changed monthly, and was analyzed for uranium, 
gross beta, and gross alpha. The measurements of uranium deposition are of greatest interest 
for this project to compare with estimates of uranium deposition from model simulations of 
air transport. 

We obtained the original analytical data sheets for gummed films from approximately 30 
locations within and around the FMPC production area. Table M-2 in Appendix M lists the 
original monitoring results. These values have been adjusted for the GUMMED-FILM COLLEC

TION EFFICIENCY. This efficiency is the ratio of the fallout activity collected by the gummed 
film to the total amount deposited on a comparable ground surface. It can be affected by 
precipitation, blowoff by wind, and resuspension of material from the ground surface. In a 
recent study, comparisons of gummed-film data against integrated deposition results from 
soil samples yielded an estimated efficiency of 20% for daily measurements under dry condi
tions (Beck et a1. 1990). The collection efficiency decreased as the daily precipitation increased. 
Since some gummed-film samples at the FMPC were exchanged biweekly and others monthly, 
it seemed inappropriate to use the collection efficiencies for one-day sampling periods for the 
FMPC samples. 

Fortunately, daily, weekly, biweekly, and monthly gummed-film measurements ofuranium 
deposition were made from March 1960 to March 1962. These data were analyzed to determine 
the gummed-film collection efficiencies for exposure periods longer than one day. To do this, 
we used daily precipitation measurements from a downtown Cincinnati location that were 
representative of the FMPC. These daily precipitation measurements were used to estimate 
daily collection efficiencies based on the results of Beck et al. (1990). These daily efficiencies 
were used to estimate the true daily deposition at the FMPC. Those estimates were then 
summed for weekly, biweekly and monthly periods for comparison with the total depositions 
measured for these time periods. Based on this procedure, the apparent mean collection 
efficiencies for the weekly, biweekly and monthly exposure periods are comparable. The mean 
collection efficiency for an exposure duration of one month is 14% with a standard deviation 
of 3%. 

Table M-5 in Appendix M shows the revised estimates ofuranium deposition on gummed
film that were derived from the reported collection efficiencies. Uncertainties of the revised 
estimates of uranium deposition range from 20% to 30%. These measured uranium deposition 
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values were then compared with air transport model predictions which had been adjusted to 
show the effect of loss of uranium from the plume by deposition. The time-dependent model 
(Appendix J) was applied to all releases from rooftop stacks, and the Gaussian plume (Ap
pendix F) was used to predict transport from the old solid waste incinerator and the oil 
burner. These comparisons, shown graphically in Appendix M, indicate a tendency for the 
models to underpredict the gummed film estimates by about a factor of two overall. This 
pattern of underprediction, coupled with the factor-of-two overpredictions by the models of air 
concentration at the NE perimeter station (Appendix J), suggests that the deposition model 
is under-efficient in its prediction of the removal of the larger particles from the plume. The 
overall result, however, is a positive validation of the modeling approach, and the underpre
diction of deposition fits logically with the overprediction of air concentration. It is important 
to realize that the general factor-of-two accuracy is particularly good for the application of 
relatively simple models to atmospheric phenomena. 

Soil Data for Locations Near the FMPC 

Soil sampling data can be used as a measure of cumulative deposition of uranium over 
time in the area covered by the sampling and can possibly be used as a lower bound on the 
total release of uranium to the atmosphere. We investigated this approach in Appendix N, 
using soil sampling data gathered around the FMPC since the 1950s to estimate the total 
cumulative deposition over the domain up to 1988. We used six sets of soil uranium data 
(data bases) to obtain the information for this study. The general characteristics of each data 
base are outlined in Table N-1 of Appendix N. Soil samples were taken at various locations 
and depths, at different times from 1959 through 1991, and by several organizations, including 
IT Corporation, National Lead Company of Ohio, Westinghouse Materials Company, the Ohio 
Department of Health, EG&G, and the University of Cincinnati. Except for recent studies, 
the soil samples were analyzed only for total uranium. The data were identified by sector, 
distance from the center of the site, the year collected, the resultant value, number of samples 
represented by the value, and the depth of the soil layer that was sampled. 

Our initial approach to estimating total uranium deposition in soils included showing the 
geographic distribution of uranium in the soil out to 10 km from the center of the facility 
(Figure N-2 in Appendix N). This figure shows evidence of uranium deposition in surface 
soil out to 6-7 km in the NNE and NE directions, directions toward which the prevailing 
winds blow. Closer to the plant itself is evidence of high uranium concentrations from 1,000 
to 10,000 pCi g-l in the 0-1 km sectors ofE, ESE, SSE, and NNW. The average concentration 
of uranium in soil samples taken beyond 8 km is approximately 1 pCi g- l . It is important to 
understand what has caused these areas of high contamination near the plant. If they are 
due to spills, they need to be excluded from our analysis of total soil inventory that resulted 
from deposition from airborne releases. 

We found that the areas ofhighest contamination were associated with specific structures 
or storage areas. For example, the area immediately to the east of the production area is the 
site of the old solid waste incinerator (OSWI) and received localized deposition of uranium 
from that source (Fig. 7). The ground contamination measured in the NE direction supports 
this assumption. Other areas of high contamination close to the production area are most 
likely due to contamination from spills near the on site storage area of Plant 1, the metal 

r 


r 


L 

i .r [ 

I 


DRAFT 




r 

r 


{ 

C 


',..C


l. 


Environmental Pathway Analysis - Page 29 
Models and Validation 

scrap area, or the tank farm. Consequently, except for the incinerator area, we attributed 
levels of uranium in soil above about 100 pCi g-l to spills rather than airborne deposition. 
However, the effect of various cutoff levels (from 20 to 1,000 pCi g-l) on the estimated total 
cumulative deposition is negligible. 

Once the levels of uranium present in the soil at specific times are characterized by 
measurement, a model must be developed to describe the deposition of uranium on the soil 
and its removal over time by leaching and runoff. The model depends upon a parameter 
called the SOIL-WATER PARTITION COEFFICIENT Kd (mL g-l). This parameter describes the 
concentration ratio, at equilibrium, of uranium bound to soil and uranium in solution. With 
the rate of water infiltration and other soil parameters, Kd can be used to derive a rate 
coefficient of removal of uranium from the soil by water, or the degree to which dissolved 
uranium becomes bound to the soil. We estimated Kd by two methods. The first made use 
of observed inventories of uranium in the surface layer of the soil that had been taken at 
particular locations over a period of many years (time series) to estimate the rate of removal 
of uranium from the soil. The time-series data consisted of soil uranium concentrations from 
the early 1970s through 1988 that were available at the seven FMPC boundary stations. A 
nonlinear regression procedure was used to calculate a removal rate coefficient of deposited 
uranium from the surface soil compartment, based on the uranium measurements in soil over 
time. This analysis resulted in an average Kd value of 18 mL g- l for 4 of the 7 boundary 
stations. Data were questionable at two of the remaining three, while the third is near the 
OSWI. 

The second method focused on a search of the literature for values of Kd for uranium 
in soils similar to those near the FMPC. One set of data, the Multimedia Environmental 
Pollutant Assessment System (MEPAS), provided Kd values for uranium in soils of different 
pH and composition. We concluded that approximately 50 mL g- l is an appropriate estimate 
of an effective uranium Kd for the soil types around the Fernald area, based on the MEPAS 
data. 

With Kd estimates and the uranium soil data, it is possible to develop a general approach 
to estimating total deposition of airborne uranium throughout the region surrounding the 
FMPC. We describe this approach in Appendix N. The resulting estimates of total deposition 
of airborne uranium, adjusted for levels of non-airborne contamination associated with the 
OSWI, range from 1.7 x 105 kg assuming a Kd value of 50 mL g- l, to 9.0 X 105 kg assuming a 
Kd value of 15 mL g-l. The higher estimate corresponds to a value of Kd that is approximately 
equal to the one derived from the regression estimates (18 mL g-l), which implicitly account 
for local conditions and weathering. We suggest that this higher estimate, even with its 
attendant uncertainties, carries greater weight than the lower estimate, which corresponds 
to values of Kd given in the literature for soils of the same type (Strenge and Peterson 1989). 
It is interesting to note that the lower estimate is about equal to the total release estimate 
for airborne uranium given in the Addendum to FMPC-2082 (Clark et al. 1989), which our 
current source term information indicates may too low. We believe the range 1.7 x 105 to 
9.0 X 105 kg is likely to contain the true total deposition in the assessment domain of uranium 
released to the air from the FMPC during 1951-1988. 
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RADON AND RADON DAUGHTERS AND GAMMA RADIATION 
FROM THE K-65 SILOS 

The K-65 Silos, in the waste storage area west of the production area, have been used 
to store K-65 materials since the early 1950s. The K-65 material was a waste product of the 
processing of uranium ores at both the FMPC and the Mallinckrodt Chemical Works in St. 
Louis. This material contains large quantities of radium-226, which decays to form radon
222, which in turn decays to form other radionuclides, called RADON DAUGHTERS. Radon gas 
and radon daughters have been released to the atmosphere since storage of the K-65 material 
began. Starting in 1979, the FMPC has taken various actions to reduce the quantities of radon 
released. More information about estimated releases of radon can be found in the reports for 
Tasks 2 and 3 of this project (Voilleque et al. 1991). There is also a potential for exposure to 
gamma radiation from the radium-226 decay products in the silos. To absorb gamma rays, 
earthen berms were constructed around the silos in 1964 and were extended in 1983. Figure 7 
shows the location ofthe K-65 silos on a map ofthe FMPC site. Figure 8 summarizes exposure 
by inhalation to radon and radon daughters escaping from the silos and exposure to direct 
gamma radiation from concentrations of the two radon daughters lead-214 and bismuth-214 
in the silos. 

Transport and Dosimetry for Radon and Radon Daughters. 

Although we calculate the environmental transport and dosimetry for radon releases 
separately from the particulate releases, we use the same transport models for radon as 
we use for uranium, including the model to account for the effects of building wakes. The 
radon source term includes two release components: a continuous release component, and 
a component that is estimated to be released only during daylight hours. The important 
difference for the daytime releases is the meteorology that would affect the transport of the 
radon. Generally, wind speeds are higher during the day than at night, and dispersion of the 
plume is greater. Separate meteorological data sets were developed for daylight-only releases. 
Appendix P can be consulted for additional information. 

Several sources of environmental monitoring data for radon-222 in air have been located; 
however, they are relatively recent. Environmental radon monitoring around the Fernald 
facility was initiated in 1978 by the FMPC. We have obtained results of this preliminary 
radon sampling. A routine radon monitoring program was then established by the FMPC in 
July 1980 at locations on the site boundary. The routine monitoring program was expanded to 
additional locations throughout the 1980s. Summaries of the routine monitoring are provided 
in the annual environmental reports of the site, and we have also obtained more detailed 
information for some years. 

Radon monitoring was also performed by Mound Laboratory (Hagee et al. 1985) and 
by the Ohio Department of Health (ODH) (Steva 1988). The Mound monitoring program 
included 17 onsite locations from September 1984 through early October 1986. The ODH 
monitoring occurred at 12 locations on the FMPC boundary and four control locations from 
June 1985 to November 1987. The Mound monitoring data were chosen for comparisons to 
model predictions in our study, because the locations are a greater variety of distances from 
the Silos. These data are evaluated in Appendix P, while the other data sets will be examined 
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Figure 7. Layout of the FMPC site, showing the location of the K-65 silos west of 
the production area. Two metal-oxide storage tanks are just north of the K-65 silos. 
Also shown is the old solid waste incinerator (OSWI) on the east boundary. 

further in the Task 5 report for this Project. 
We used our transport model and estimates of radon releases to predict concentrations of 

radon in air at the locations ofthe Mound monitoring. From this comparison of predicted con
centrations to the measured concentrations, it appears that our predicted concentrations are 
low by about a factor of two. This discrepancy could be due to inaccuracies in the atmospheric 
dispersion model and the associated input parameters, meteorology data, or estimated release 
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Figure 8. Potential exposure to radon-222, radon daughters, and gamma radiation from the 
K-65 Silos. For radon-222 and daughters that escape from the silos to the atmosphere, the 
principal exposure for members of the public is inhalation of the airborne material. Principal 
sources of direct gamma radiation from wastes in the silos are two radon-222 daughters 
lead-214 and bismuth-214 - that become concentrated in the waste and the air space inside 
the silos. To provide shielding against the gamma rays from the silos, earthen berms were 
first built in 1964 and extended in 1983. 

quantities. All of these possibilities will be investigated further before the final calculations 
are made, but the level of agreement is in the acceptable range. 

Direct Exposures from Gamma Radiation Emitted from Storage Silos. 

It has been recognized that the K-65 Silos (Silos 1 and 2) also present a potential source 
of direct radiation exposures to people living nearby. The large quantities of radium-226 in 
the silos decay to produce large quantities of radon and radon daughters in the K-65 material 
and in the silo head spaces. Two radon daughters in particular, lead-214 and bismuth-214, 
along with other radionuclides present, emit gamma radiations that are the source of potential 
exposures. The concentrations of radioactivity in Silo 3, which contains metal oxides and is 
just north of the K-65 Silos, are high enough that this silo may also be a significant source of 

direct radiation exposures. 
For calculating doses to people from direct exposures from materials in the storage silos, 

we use models, because the monitoring data that exist are not comprehensive enough to 
estimate doses to individuals directly. In particular, no offsite monitoring of penetrating 
radiation was performed before the construction of earthen berms around the K-65 Silos in 
1964. These berms provide significant shielding for gamma radiations emitted from the K-65 
material, and the exposure rates to people would have changed significantly when the berms 

were added. 
The exposure rate from gamma radiation from the storage silos decreases rapidly with 

increasing distance from the silos. Because of this rapid decrease, a very small number of 
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people, located close to the silos, would have received significant direct exposures from them. 
We have chosen to use a readily available computer software package, MicroShield 4, to 
calculate exposure rates for this pathway. Another simple model is then used to calculate 
doses from exposure rates. This model accounts for the fraction of time spent in the radiation 
field and for shielding provided by a home. The MicroShield software and the dosimetry 
model are discussed in detail in Appendix P. The final report of Tasks 2 and 3 will present 
characteristics of the K-65 and metal-oxide materials that are needed to use the models. 

Only a few sources of environmental monitoring of penetrating radiation (primarily gam
ma radiation) have been located. Data from a survey along Paddy's Run Road were chosen for 
comparisons to model predictions, because the locations are at a greater variety of distances 
from the silos and are close enough that exposure rates were expected to be elevated above 
background. These data are discussed in more detail in Appendix P. The other data sets will 
be examined further in the report of Task 5 of this project. 

The comparison of predicted and measured exposure rates indicates that our predicted 
values may be biased low. In general, the predicted excess exposure rates (relative to the 
location with the lowest exposure rate) were roughly one half the measured excess exposure 
rates. Factors contributing to the difference in measured and predicted exposure rates might 
include inaccuracies in the measurements, in the MicroShield model, or in parameter values 
chosen to describe the silos and the materials stored in the silos. The concurrence of this 
underprediction with that of radon concentrations near the silos also suggests the possibility 
that the quantity of radium-226 may have been underestimated as the waste was character
ized. The level of agreement is acceptable, but the question will be examined further before 
final calculations are made. 

EPISODIC RELEASES 

The duration of a release of radioactivity is important in determining its air transport, 
deposition, and dosimetry. EPISODIC EVENTS are defined as short-term events that result in 
releases which warrant special dose assessment procedures. We developed the criteria and 
rationale for an episodic release in an earlier report (Voilleque et al. 1991): an episodic release 
must increase the composite uranium release rate by a factor of at least 10 for a period of 
less than 10 days. Episodic releases cannot be defined until the baseline source term for 
each year of the FMPC operations is defined. During the 1960-1962 period, there was one 
episodic release from the Pilot Plant, in November 1960. Appendix V describes the chronology 
of the accident and the methodology for treating this episodic release. Our estimate of the 
amount of uranium released (2,400 kg) is based upon the effluent measurements reported at 
the time, along with sampling bias calculations. Historical measurements of uranium in the 
surrounding ambient air and deposited onto gummed film were used to verify that an episodic 
release did occur (Appendix V). 

Evaluating the airborne dispersion of the episodic releases is difficult because of the ab
sence oflocal meteorological data for specific periods in the past (Appendix E). We will develop 
a procedure based on examining hourly weather sequences (wind speed, wind direction, stabil
ity) from the 1986--1991 Cincinnati dataset and correlating each sequence with simultaneous 
sequences from the Fernald dataset. The derived relationship will be assumed to hold during 
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the time of the accident and will be used to infer distributions of dose at verious locations in 
the vicinity. These distributions, which give a sense of the uncertainty in such predictions, 
are preferable to point estimates, which imply more certainty than is warranted. 

SURFACE WATER AND GROUNDWATER TRANSPORT 

Surface Water Overview 

Surface water transport of radio nuclides represents an important environmental exposure 
pathway for the dispersion of liquid effluents from the FMPC. Appendix R describes these 
exposure pathways and the methods that are used to determine radiation doses to individuals 
in the vicinity of the FMPC from these pathways. Radioactive materials that are released 
to surface water, such as uranium, are dispersed and diluted in the water and transported 
by the current. They may be deposited onto sediments on the bottom of the river, where 
they can enter aquatic food chains, or they may be taken up directly from the water by fish 
and humans. Exposure pathways are potential routes through which people may be exposed 
to radionuclides or radiation. For surface water transport, potential routes of exposure are 
ingestion of fish from the river, swimming or boating activities, and using river water for 
irrigation of crops or gardens near the river. The pathways are defined according to the ways 
that people could be exposed at certain times. Figure 9 diagrams the pathways and potential 
exposures. 

In order to calculate radiation doses to individuals using water from the river, two primary 
parameters must be known. First, the source term, i.e., the quantity of material released from 
the site to the river, must be known. The source term can be estimated for any period oftime, 
such as annually, monthly, or daily. Second, we must know the dilution of the material in the 
receiving body of water. 

For the water pathways, there are two main points of release of radionuclides to surface 
water from the FMPC, and both are considered: 

• 	 The main effluent line to the Great Miami River 

• 	 Runoff and spills that enter Paddy's Run Creek. 

The major water flow near the FMPC is the Great Miami River which enters the Ohio 
River approximately 18 miles (29 km) downstream from Cincinnati (Fig. 1). The river, located 
about a half mile east and south of the FMPC, flows in a generally southerly direction. Paddy's 
Run Creek is a small intermittent stream to the west of the FMPC that receives runoff 
from the west portion of the site during heavy rainfall (Fig. 2). The U.S. Geological Survey 
has measured river flow parameters, such as discharge rates and drainage areas, at several 
stations along the river on a daily basis since 1910, and all records are available for this 
project (USGS 1991). Appendix R provides flow rate data for the river, while our Task 2 and 
3 report gives the data on effluent flow to the river from the site for 1960 to 1962 (Voilleque 
et al. 1991). The river flow rate follows a seasonal pattern with higher rates during the first 
half of the year and lower rates during the fall months when there is less rainfall. As the 
flow rate decreases, the dilution of the radioactive material decreases, and consequently, for 
a fixed release rate, the concentration of the radionuclides increases. 

Both the source term and the flow characteristics of the river are subject to uncertainties. 
Some of the uncertainty is due to random variations in sampling and measurement techniques, 
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Aquatic Pathways for Liquid Releases of Radioactive Materials from the FMPC 
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Figure 9. Aquatic pathways for liquid releases of radio nuclides from the FMPC. The drinking 
water pathway, indicated as a dashed arrow from the Great Miami River, is hypothetical, 
because there has been no known use of water taken from the Great Miami River between 
the FMPC and the Ohio River for public drinking water. This stretch of the river is considered 
too turbulent for swimming, but fishing does occur there. Members of the public have reported 
that fish caught from the river are sometimes used for garden fertilizer. 

while other types of uncertainty occur because not all processes are known exactly. In our 
Task 2 and 3 source term report, we emphasized the importance of estimating the uncertainty 
of our source term estimates. Likewise, it is important to estimate uncertainty associated with 
our estimates of radio nuclide concentrations in the river, as well as our final radiation dose 
estimates. 
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Modeling Approach to Surface Water Transport 

For this study we have evaluated the radionuclide concentrations in surface water, and 
ultimately the determination of radiation doses from the water pathways, in three ways. We 
have used two models - the NCRP Screening Model (NCRP 1989) and the GENII Model 
(Napier et al. 1988) - and a simplified Monthly Dilution (MD) model that we developed that 

combines our monthly source term estimates with uncertainty analysis. Table 5 summarizes 
these three methods for assessing surface water pathways. The NCRP and GENII models 

allowed us to do initial screening of surface water exposure pathways on annual source term 
estimates; however, these two models did not include uncertainty analysis (a subsequent 

version of GENII has incorporated this capability). The MD model is an improvement over 
the others because it makes use of our monthly source term estimates, relying on a statistical 
uncertainty analysis computer program (CrystalBall™, Decisioneering, Inc., 1727 Conestoga 
Street, Boulder, CO 80301) to provide bounds around our central estimates, and it provides 
best estimates of concentration and ultimately radiation doses. 

Table 5

Assessment 	

Source term resolution 

. Methods for Assessing 

NCRP Screening 

Annual 

Surface Water Pathways 

GENII 

Annual 

MD Model 

Monthly 

Exposure pathways • 	External: boating, NCRP pathways • 	Drinking river 
swimming, ground, plus inadvertent water 
and shore. ingestion of soil • 	Consumption of 

• 	 Internal: drinking 
water, eating fish, 

fish 

irrigated garden, 
milk, and meat 

Type of dose estimate Hypothetical person Hypothetical person Best estimate 
with maximum with average or 
exposure maximum exposure 

Uncertainty analysis No No Yes 

From releases of radionuclides in liquid effluent, two modes of radiation exposure can 
occur: external and internal. External exposure can occur from ground contamination, shore
line activities or swimming. Internal exposures can occur when the radionuclides are ingested 
into the body, either directly in water, or indirectly through ingestion of contaminated food
stuffs or inadvertent ingestion of contaminated soil. Food crops and animal products such as 
milk or eggs that people ultimately consume may become contaminated with radionuclides if 
river or creek water used for irrigation or for watering animals. The Great Miami River is not 
a source of public drinking water between the FMPC and its confluence with the Ohio River. 
It is considered unsafe for swimming because of turbulence, but some people do fish the river. 

On the basis of the information obtained from the NCRP Screening Model and the GENII 
code, we concluded that the major pathways contributing to radiation dose from uranium 
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in the surface water are from the consumption of drinking water, fish, and local garden 
produce. The importance of the consumption of garden produce depends greatly on the extent 
of irrigation with river water. Irrigation information from Butler and Hamilton Counties 
showed that the actual quantity of water used for irrigation is extremely small in comparison 
to the model assumptions. 

Sediment sampling data collected since 1974 indicated that uranium has not accumulated 
in the sediments in the river where settling might be expected to occur. Consequently, the 
GENII model calculations showed that contributions from ground irradiation from shoreline 
deposits are not a significant contributor to radiation dose. For our MD model, we have 
considered the ingestion of drinking water and fish from the river as key exposure pathways 
from materials released from the FMPC to surface water. 

Our initial approach to surface water dosimetry involved utilizing the NCRP and GENII 
models to provide conservative estimates of uranium concentration based on annual source 
term estimates for 1960-1962. Subsequently, with our MD model, using simple spreadsheet 
calculations, we incorporated monthly source term estimates and site-specific river flow data 
to provide best estimates of uranium concentration in the surface waters with uncertainty 
estimates. We will use our MD model to calculate radionuclide concentrations in the river 
and Paddy's Run Creek for all years. 

Appendix R also describes the comparison of our predicted uranium concentrations with 
actual environmental measurements that were from the Great Miami River and Paddy's Run 
Creek. As discussed previously, this comparison process is called validation, and it provides 
a measure of proof that our models for calculating environmental concentrations, and ulti 
mately radiation doses, are reasonable. It should be emphasized that the actual environmental 
measurements were not used in our model development. The sources of information for the 
sampling measurements are the original analytical data sheets from the Analytical Depart
ment of National Lead Company of Ohio (NLCO 1960-1962). This comparison shows good 
agreement between measured uranium concentrations in the river and those calculated with 
our MD model. For Paddy's Run Creek, the measured concentrations cover a wide range, 
most likely due to the erratic water flow in the small stream. However, the calculated ura
nium concentration based on high and low flow rates for the creek do encompass the range of 
concentrations measured in the creek. This agreement suggests that the methods we have de
veloped to determine environmental concentrations of uranium and other radionuclides based 
on our monthly source term data are reasonable. 

Groundwater Transport 

Significant uranium contamination in groundwater south of the FMPC site, due to re
leases from the site, was discovered in late 1981, and concentrations in this South Plume 
remain elevated. Our earlier work on Tasks 2 and 3 of this Project indicated that the ura
nium contamination had not migrated outside the FMPC boundary by 1962. For an as yet 
undetermined length of time, uranium from the South Plume was a source of potential radi
ation exposures to nearby residents. 

Since the discovery of the uranium contamination in the South Plume, existing private 
wells and additional wells have been sampled by the FMPC and others. This sampling has 
shown that only three of the private wells have been impacted by uranium contamination. 
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Thus only a small number of pEople could have received radiation doses from contaminated 
groundwater. Accordingly, we believe that detailed assessments of radionuclide transport 
through groundwater and resultant doses to people are not warranted. Instead, simple meth
ods will be used to estimate likely concentrations of uranium in wells in the South Plume 
for times between the mid-sixt:ies and late eighties. Additional information is provided in 
Appendix S. 

The available measured concentrations of uranium in wells will be examined to determine 
if significant trends exist. Recent studies of the groundwater around the FMPC site have in
dicated that the primary source of the uranium contamination in the South Plume is uranium 
in waters released from the FMFC to Paddy's Run Creek and to the storm sewer outfall ditch 
(which flows into Paddy's Run Creek). The concentrations of uranium in waters released to 
the outfall ditch and to Paddy's Run Creek will also be evaluated, and compared with the 
concentrations seen in the South Plume. From these two data sources (concentrations in the 
South Plume since 1981 and concentrations in site releases for most years of operation), the 
concentrations in the South Plume for earlier time periods (prior to 1981) will be estimated. 
These estimated concentrations will be provided in the final report of Tasks 2 and 3 of this 
Project. 

EXPOSURE PATHWAYS AND DOSE CALCULATIONS 

To reach the endpoint of the Fernald Dosimetry Reconstruction Project, which is the 
calculation of radiation doses from releases of radionuclides to air and water, we analyze 
how the material reaches peoplE and is taken into the human body. The potential internal 
exposure pathways from release s to air include inhalation, ingestion of agricultural products 
grown in contaminated soil, and inadvertent ingestion of radionuclides in soil. Appendix Q 
describes the RAGTIME model, which is used to determine how much radioactive material 
is ingested. To calculate doses to people of different ages, we use breathing rates specific to 
age and different levels of physical activity. We also derive age-specific consumption rates for 
various types of food. 

Internal dose conversion factors (DCFs), which are also age-specific, are used to relate 
the amount of radionuclide taken into the body to a radiation dose. Similarly, external DCFs 
relate exposure to radionuclides on ground surfaces and in surrounding air to dose received by 
people. Finally, we need to understand how the population size and make-up, or demographics, 
have changed between 1950 and 1988 when the plant stopped processing (Appendix U). 

Agricultural Parameters 

We use a model, called RAGTIME (Radionuclides in AGricultural systems, a TIME de
pendent model), to quantify the transport of radionuclides through the food chain following 
the release of the material to the atmosphere. In the context of the FMPC assessment do
main, we consider radionuclide contamination of food crops and animal forage by deposition 
of airborne material, and irrigation with water from contaminated sources. Through these 
mechanisms, radioactivity can be taken up through the plant roots from the soil or attached 
to plant surfaces. The radioactivity may reach people who eat the vegetables, or the products 
of animals that have consumed the contaminated forage or water. 
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The RAGTIME model was developed at Oak Ridge National Laboratory in the late 1970s 
(Pleasant et al. 1980). The model was later revised and reprogrammed (Killough and Hoff
man 1987) for an international model validation exercise, called BIOMOVS, which focused on 
data from the Chernobyl reactor accident. RAGTIME was among the most successful of the 
BIOMOVS models in in predicting resultant concentrations of radioactivity on pasture grass, 
in milk, and on grain after transport through the air and deposition. Appendix Q presents 
the differential equations and glossary of symbols for describing these transfer processes to 
crops, beef, and milk. Radionuclide-specific parameters are considered. These include dis
tribution coefficients for pasture and garden produce, and transfer coefficients for beef and 
other animal products and milk. Finally, we have compiled data on agricultural production, 
growing periods, and usual planting times for garden crops in Butler and Hamilton Counties 
in southwestern Ohio. 

A comparison of inhalation doses with food ingestion doses in the FMPC area using 
RAGTIME will indicate the extent of detail that will be necessary in treating the food-chain 
pathway. To do this comparison, we will adopt possible agricultural scenarios for production 
and consumption of products by individuals living in various parts of the FMPC assessment 
domain. One scenario that is described in Appendix Q uses a hypothetical individual living 
near the FMPC boundary, who only eats beef, milk, pork, lamb, chicken, and eggs produced 
on his property, and who only eats vegetables produced in his own garden. This scenario 
represents a starting point, with assumptions that maximize the estimate of dose to the indi
vidual. If the resulting doses by ingestion are small in comparison with those for inhalation, 
it would seem reasonable to focus on pathways that contribute relatively more to the dose. 
Uncertainty estimates for plant/soil distribution coefficients and for feed-to-milk and feed-to
beef transfer coefficients are based on estimates reported in the scientific literature. These 
uncertainty estimates are listed in Appendix Q. 

Dose Conversion Factors 

To determine radiation doses to individuals from predicted exposures to radionuclides, 
we use quantities called DOSE CONVERSION FACTORS (DC F). Internal dose conversion factors 
provide either an internal dose per unit activity of a radionuclide with food or water, or 
the dose per unit activity inhaled. Similarly, external DCFs give an external dose rate per 
unit concentration in air or water from immersion in contaminated air and water or the 
direct exposure due to unit concentrations of radionuclides in the soil. In the case of internal 
exposure by inhalation of particulate matter, the dose conversion factor also depends on the 
distribution of particle diameters. The dosimetry for radon (222Rn) and its decay or daughter 
products is treated separately from other internal emitters. 

Dose conversion factors are dependent on the radionuclide and its physical and chemical 
form, exposure mode, target organ or tissue, and the age and sex of the exposed individual. 
Appendix T provides the details of the interpretation of DCFs for the Fernald project. At 
this point, it is anticipated that most risk resulting from radionuclides released from the 
FMPC will be associated with internal dose. Daughter products formed after radionuclides 
are taken into the body are implicitly considered in the internal dose conversion factors, but 
those formed during environmental transport must be accounted for by the transport model, 
and those formed while the radioactive materials are present in the production facility must 
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be included in the source term. 

The internal dosimetry for this project is based principally on the methodology of the 
International Commission on Radiological Protection (lCRP) as described in ICRP Publica
tion 30 (lCRP 1979), with some anatomical and physiological data based on data from ICRP 
Publication 23 (lCRP 1975). This methodology is summarized in Appendix T. Since the ICRP 
Publication 30 methodology is based on models for a hypothetical young adult male, we con
sider other sources of infonnation for the age and sex dependence of dose conversion factors. 
ICRP Publication 56 Part 1 (ICRP 1990) provides dose conversion factors with dependence on 
age at the time of intake for six groups represented by the ages 3 months, 1, 5, 10, and 15 
years, and adult. However, the factors are reported for only a limited number of radio nuclides, 
which do not include uranium or thorium isotopes. For these latter radionuclides, we used 
tabulations of age-dependent factors prepared at the Oak Ridge National Laboratory for the 
U.S. Nuclear Regulatory Commission (Cristy et al. 1986). The factors are presented as ratios 
for conversion of the adult dose to that of the desired juvenile group. 

For inhalation, the dose conversion factors of ICRP Publication 56 Part 1 are based on 
the current ICRP lung model (ICRP 1979), which is not age-specific. Although a new model 
based on age-specific physiology is under development, it will not be possible to incorporate 
the newer lung model into our methods based on the current project schedule. 

The dose conversion factors for inhalation depend on the aerodynamic particle diameter 
(AMAD) ofthe inhaled material. Dose conversion factors have been computed for an AMAD of 
1 {Lm. The DCFs are adjusted for particle sizes measured and calculated for FMPC effluents. 

Dose to the lungs from the radon decay chain is handled differently than that for inhaled 
particulates and is based on factors summarized by the National Council on Radiation Pro
tection and Measurements methods (NCRP 1984). These factors are given for the adult male 
and female and the ten-year-old child. 

Dose to the embryo/fetus from radionuclides taken into the body of a pregnant woman 
is based on methods and data given in Regulatory Guide 8.36 of the Nuclear Regulatory 
Commission (USNRC 1992). 

External dose from immersion in contaminated air and water is calculated from dose-rate 
conversion factors developed at the Oak Ridge National Laboratory and tabulated in a U.S. 
Department of Energy report (US DOE 1988). Age-dependent external dose-rate conversion 
factors are not available at this time. However, it is anticipated that external dose will 
constitute a minor component of the total dose to residents near the FMPC. 

It is probable that an approximate method will have to be developed for adjusting the 
internal DCFs of Appendix T in a way that would effectively replace the 50-year integration 
period by a variable time. The result would be a factor that would be more appropriate for 
the dose estimates required for epidemiology (Appendix A). 

FMPC Population Dynamics 

We evaluated four sources of population data for the Fernald area for the period 1950 
through 1990 to determine the best estimates of location, size, and distributions of age and 
sex of individuals who resided within the 8-km assessment domain centered at the FMPC 
site (Appendix B). Four townships within Butler and Hamilton Counties have boundaries 
within the domain: Ross and Morgan Townships in Butler County and Crosby and Colerain 
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Townships in Hamilton County. But the domain does not contain these townships in their 
entirety. 

It was generally necessary to assume that the population changes within each township 
in the FMPC domain over four decades were proportional to those of the entire township. It 
was further assumed that the populations within the townships grew exponentially between 
censuses. Four demographic models based on four sources of population data are reviewed 
in Appendix U for their applicability to this project. Tables U-2 through U-5 in Appendix U 
list the population estimates derived from Models 1, 2, 3, and 4, respectively. The Model
l population estimates are based on data prepared by Oak. Ridge National Laboratory and 
presented in the 1989 FMPC Annual Environmental Monitoring Report. These population 
data within the FMPC domain are presented as a grid divided into 16 compass sectors, with 
each sector partitioned into cells ranging from 1 to 8 km from the center of the production 
area. 

To verify the population estimates obtained from Modell, a second model was developed 
on the basis of 1990 U.S. Census township data. Because this model assumes that the popula
tion in each township was uniformly distributed, the estimates for the Colerain township were 
unreasonably high since this township includes portions of greater Cincinnati. The region of 
the FMPC domain occupying the Colerain township is known to be sparsely populated. 

The third model was developed from census-block data and census-block maps. The block 
data and maps provide greater spatial resolution than the census township data. However, 
since 1990 is the only census year for which the block data are available, we assumed that 
the 1990 data for Hamilton and Butler Counties would be representative of census blocks 
for previous decades. The population estimates from Model 3 approached the estimates of 
Model 1 and seemed a reasonably good model. However, although Model 3 represented an 
improvement in the location of the domain population over Model 2, it resulted in zero pop
ulation estimates for some locations within the domain. We questioned the accuracy of the 
Model 3 estimates relative to the area inhabited by individuals within the Fernald domain. 

To resolve this problem, we proposed a fourth model based on USGS topographical maps 
that are published every 30 years. These maps provide locations of highways, towns, and 
structures (such as residences, businesses, and farm buildings). We were able to estimate 
population size based on detailed locations of structures for two decades (1950 and 1980). 
Consequently, Model 4 was chosen as the best representation of the FMPC domain demo
graphics for the four decades because of the resident location information provided by the 
USGS maps. 

A comparison of the population estimates for the domain shows that Models 1, 3, and 4 
are in good agreement. However, the primary advantage of Model 4 is that population size is 
estimated for each cell of the FMPC domain grid. Further, this model comparison provides a 
measure of the uncertainty of the estimated numbers of individuals living within the FMPC 
domain during the years 1950 to 1990 based on the four different modeling assumptions. 
These population estimates, combined with the uncertainty bounds, will be used for the dose 
calculations in Task 6. 
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CONCLUSIONS 
The Task 4 report presents our methods for calculating radiation doses to the population 

in an 8-km circular assessment domain from releases of radionuclides to air and water from 
the FMPC. Validations that :have been carried out so far inspire confidence in the models 
and the approaches. Validations for atmospheric dispersion of particulates have been based 
on the reconstructed source tenn and historical monitoring data for the years 1960-1962. 
Validation of the atmospheric t:ransport modeling of radon and radon daughters from the K
65 silos was carried out with monitoring data from the 1980s. Relatively more attention has 
been given to atmospheric transport processes than to the surface water and groundwater 
models because the air-dependent pathways are likely to dominate the doses and because of 
the greater complexity of the validation for air transport models. 

Particle size has proved to be an important factor in the analyses of atmospheric releases. 
Particles released from the stacks fitted with dust collectors, as well as those particles that 
pass through the scrubbers of Plant 2/3 and Plant 8 without being scavenged, are in the 
respirable size range and consequently are important from the point of view of inhalation 
dosimetry. Also, these smaller particles do not deposit rapidly from the plume and have a 
higher probability of being transported long distances. On the other hand, much larger parti 
cles came from the scrubbers as the result of reentrainment of droplets of scrub liquor in the 
exhaust gas stream. These large particles deposit rapidly from the plume and have low prob
ability of traveling long distanCES. They are relatively unimportant for inhalation dosimetry. 
Historic air monitoring data from the production area perimeter stations underestimate the 
model-predicted uranium concentrations in air partly because of the low collection efficiency 
of the samplers for large particles. On the other hand, the model-predicted deposition under
predicts gummed film measurements at the same locations by about a factor of two. Although 
the models take the particle size distributions of the different release sources into account, it 
appears that the model's deposition mechanism may be underestimating the true deposition 
rate. This and related questions will be investigated further, but the general agreement of 
model predictions and historic monitoring data is quite acceptable and constitutes a positive 
confirmation of the modeling aI>proach. 

The same basic atmospheric transport models are used for radon and radon daughters 
released from the K-65 silos as for particulate releases from rooftop stacks of the production 
plants. Validation calculations indicate underprediction of measurements by about a factor 
of two. Comparisons of calcllia ted gamma dose rates from the silos with measurements of 
the radiation field also indicate "Underprediction by about a factor of two. One possible reason 
for both underpredictions is mischaracterization of the waste in the silos with respect to the 
quantity of radium-226. These questions will also be examined further, but the results are in 
the acceptable range and provide the basis for a recalibration of the models. 

Surface water calculations are in good agreement with measured uranium concentrations 
in the Great Miami River and Faddy's Run Creek. These results support the application of 
our methods of surface water analysis to all years of FMPC operation. 

For the period covered by fhe study (1951-1988), the potential for dose from groundwa
ter contaminated by FMPC effluents appears to be confined to three private wells. Available 
measurements in these and other wells will be examined for significant trends. Also, concen
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trations of uranium in waters released to the outfall ditch and directly to Paddy's Run Creek 
(recently shown to be the primary sources of uranium contamination in the South Plume) 
will be compared with the concentrations in the South Plume. The empirical relationship be
tween these data sources and release records for recent years will be applied to earlier release 
records to estimate concentrations in the South Plume during earlier periods. Validations for 
this process are essentially foreclosed by the necessity to use the environmental data for cali
brating the model. But this disadvantage is partially offset by the fact that during most of the 
period of maximum exposure (since 1981), the dose will be estimated directly from measured 
contamination in the exposure medium (i.e., the private wells). 

As the reconstructed source term for the remainder of the period of FMPC operations 
becomes available, additional validations of the models will be undertaken. Data from the 
1950s are fragmentary, however, and releases during recent years have been much lower than 
in the past, making validations with data during these periods more difficult and possibly less 
conclusive than those we have carried out for 1960-1962. 
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APPENDIX A 


DOSIMETRIC ENDPOINTS OF THE STUDY 


INTRODUCTION 


It is the purpose ofTask 4 to assemble a methodology for estimating releases of radioactive 
materials from the FMPC during its period of operation (1951-1988), simulating the move
ment of those materials through environmental pathways and into media to which people are 
exposed, and estimating the radiation dose to exposed individuals and population groups on 
the basis of individual or group-averaged exposures. The materials are uranium isotopes and 
several other radionuclides (either decay products of uranium, called "daughters," or other 
radionuclides that were introduced into feedstocks in uranium recycled from reactors); the 
identity and relative abundances of these radionuclides are discussed in Appendix C. They 
have been released, in amounts that varied over time, to the atmosphere (Appendices D 
through 0) and to surface water (Appendix R) and groundwater (Appendix S). In addition, 
radon gas (222Rn) and radon daughter products have been released to the atmosphere from 
wastes stored in the K-65 silos west of the production area (Appendix P). 

Other appendices give details about the mechanisms of transport and how we model them. 
It is the purpose of this appendix to consider what doses will be calculated and how uncer
tainties will be incorporated. This question is more complicated than it may seem. First, it is 
constrained by the use that is to be made of the estimates of dose. The point of view of this 
study is that dose is calculated for the use of epidemiologists for their use in investigating the 
appropriateness of an epidemiological study. Such a study would have the goal of identifying 
any associations between exposure to radionuclides released from the FMPC and health out
comes in the local population. But the form in which dose estimates are needed depends upon 
the design of the study being considered and the method of calculating the power of such a 
study to detect an association between dose and health effects if one really exists. Second, the 
straightforward use of dose conversion factors for internal dose may not be sufficient for the 
estimates of dose that are required (Appendix T). We develop some conceptual detail of an al
ternative approach in this appendix. Third, the computational demands of any approach that 
is adopted must be considered. The Centers for Disease Control and Radiological Assessments 
Corporation have agreed that as a design criterion, the computations must be manageable 
with office computers (generally understood to be DOS machines with the Intel 80386-80387 
or 80486 processors and sufficient memory). This is a practical constraint because of the antic
ipated need for both contractor and sponsor to be able to make repeated calculations and the 
substantial demand that the Monte Carlo methods used for the uncertainty analysis impose. 
Consequently, there are limitations on the variety of information that can be obtained from a 
particular implementation of the dose algorithm. 

Radiological Assessments Corporation
"Setting the standard in radiation health" DRAFT 

l 



r 

r 


M 


L 
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MODELING THE POPULATION OF THE ASSESSMENT DOMAIN 

Dose to an individual from inhalation of airborne radioactivity, because of the direct 
dependence of intake on air concentration, varies with that individual's principal locations 
within the assessment domain over time. Dose due to ingestion is more complex to deal 
with because of the distribution of agricultural products that may have been contaminated by 
virtue of where they were produced within the region (we do not expect this component to be 
major for the FMPC region, but it will be considered). Intakes and doses also depend on the 
age of the individual at the time of exposure and on other lifestyle factors, such as fraction of 
time spent outdoors, level of activity, dietary habits (e.g., fraction of food raised in a garden 
or on a family farm vs. commercial products from outside the domain), and special exposures, 
such as swimming in contaminated water. 

The assessment domain has been subdivided into 128 regions or CELLS, based on the 16 
conventional wind sectors and eight concentric circles with radii ranging from one to eight km 
in increments of one km (Appendix B). It may eventually be necessary to consolidate some of 
these cells to reduce the total number, but for the purpose of this explanation, let keep the 
partitioning of the domain as we have stated. We index the cells as i = 1, ... , 128. The index 
i will thus represent RESIDENCE. 

Age dependence will be treated by consideration of several discrete age intervals, such as 
newborn, infant, child, adolescent, and adult (the final breakdown may be different). For the 
explanations to be given below, however, it will be less confusing to pretend that we have data 
for age-specificity with the resolution of one year. With this assumption, we use the index j 
(and sometimes other symbols) to refer to an age cohort. 

We choose to be a bit vague about other characteristics, which we consolidate into a single 
linear list indexed by k. 

There are two points of view of particular interest. The first is concerned with tracking a 
particular individual (perhaps a hypothetical one) through time and estimating the resulting 
dose. If one year is the increment of time considered, then for each year we would wish to 
know the individual's residence cell, age for that year, and the other lifestyle attributes (which 
may change from year to year). The second point of view, which is associated with the power 
analysis of a possible epidemiological study, considers the entire population over time and 
seeks to treat dose in terms of a probability distribution G(x), where 

G(x) = Pr[dose to a randomly chosen individual ::; x]. (A-I) 

This distribution, together with specified risks of disease per unit dose, would be used in a 
Bayesian approach described by Lubin et al. (1988). 

To be clear, we must realize that the population from which the random selection referred 
to in Eq. A-I would be drawn consists of all individuals who lived in the assesssment domain 
at any time during the specified period (1951-1988), whether or not such individuals still 
reside there, and whether or not such individuals are still alive. It is the class of all exposed 
individuals, where "exposed" means having resided within the domain at any time during 
that period. The dose x in Eq. A-I is understood to mean dose attributable to releases from 
the FMPC. 

DRAFT 




c 

r 


r 


L. 

[ 


[ 

Appendix A Page A-3 
Dosimetric Endpoints of the Study 

If all individual histories (in the sense of the first point of view) were known, and if the 
dose could be calculated for each, then the distribution G(x) could be constructed, simply by 
sorting all computed doses into an array of increasing order and for any given dose x, counting 
the number of doses:::; x, and dividing that number by the total number of doses in the array 
(Le., the total number of individuals). 

In practice, of course, such a construction cannot be realized. The number of individuals 
is too large, many are no longer living in the domain, and even if it were possible to interview 
all of those still surviving (or a representative sample), many would likely have difficulty 
furnishing the kind of details that would be needed. For purposes of preliminary analyses, at 
least, it is necessary to use a coarser model of this population, one that combines individuals 
into groups according to the similarity of their exposure. This task is greatly simplified if we 
do not consider distribution of locally-produced agricultural products to consumers residing 
within the region. Rather, it is likely that we will adopt the assumption that some specified 
fraction of the food each individual consumes was produced in a garden or family farm, at the 
place of residence, with the remainder of the individual's diet coming from uncontaminated 
sources. Appendix Q lists types of garden produce that are typical of the region. With this 
assumption, interaction among the geographic cells is minimized within a given year. The 
dose to which an individual is committed by a particular year's exposure is determined by the 
cell in which the individual resided for that year, together with age and lifestyle factors. 

There are individuals, of course, who reside in one cell and spend considerable amounts of 
time in another (or others). For example, many people commute considerable distances to and 
from work. If such a pattern can be quantified for the FMPC domain, it could be necessary to 
adjust the population of each cell, age, and lifestyle category by a full-time equivalent (FTE) 
factor to account implicitly for the frequent inter-cell migrations. 

Once the population model has been worked out, we assume that we can partition it into 
subsets with (possibly FTE) numbers of individuals ni,j ,k,t, where 

i = the cell of residence 

j =the age group 

k = the group determined by lifestyle factors 

t = the year (for 1951, t = 1, and so on). 

A study of population in the FMPC domain during the assessment period was undertaken by 
J.F. Rogers of the Centers for Disease Control, and information from his study is presented 
in Appendix U. This information is clearly relevant to estimating the ni, j ,k,t . 

Let us summarize this section by saying that we are seeking a practical way to estimate 
the probability distribution G(x) (Eq. A-I) for the population of the FMPC domain. The num
bers ni,j ,k,t will be used to construct an approximation to this distribution when the question 
of how to allocate dose to each time interval (i.e., each year) is resolved. We turn to this 
question in the next section. 
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SOME NOTATIONS FOR INTERNAL DOSE RATE AND DOSE 

Dynamics of dose to an organ of the body from an external source are comparatively 
simple. The dose rate is given by a dose-rate conversion factor multiplied by the strength 
of the source (in our context, the concentration of radioactivity in the source medium; see 
Appendix T). There is essentially no delay in the delivery of the dose; if the organ is exposed 
for one hour, the dose rate from the source becomes effectively zero as soon as the source is 
removed. 

For internal dose, the picture is quite different. When a radionuclide is taken into the body 
through inhalation or ingestion, dose rates to body organs vary as the material is translocated 
and then gradually removed from the body by metabolic processes and radioactive decay. For 
radionuclides of short half life, the removal is obviously rapid. But some long-lived materials 
are removed slowly from some organs. The result is a residual dose rate that declines slowly 
over time. An example is uranium in bone (Appendix T). This circumstance complicates the 
evaluation of dose in a dynamic population with varying distributions of age. We need some 
notation to help describe the dynamics. 

It will help conceptually to take some fundamental period as the unit time step, and for 
this purpose we choose one year. The fundamental quantity that we define is 

D(a, t) = the average residual dose rate to an organ during year t after an acute (i.e., short
duration) unit intake of a radionuclide; a is the age of the individual at the time of 
the intake. 

Figure A-I illustrates the dose-rate curve following the intake of radioactivity at time zero 
and represents the residual dose rate for year t as the area under the curve (or that of an 
equivalent rectangle) between times t - 1 and t. The quantity o(a, t) could have a subscript 
for the organ, one for the radionuclide, and one for the mode of exposure (i.e., inhalation or 
ingestion), but for simplicity of explanation, we suppress these subscripts. 

Suppose there is a chronic intake of the radionuclide, given by h for the first year, 12 for 
the second year, and so on, up to It for year t. 'lb calculate the dose rate during year t, the 
residual dose rate for year t and those for all previous years must be added. The contribution 
to the total residual for material taken in during the year t is 1to(a + t - 1,1), because year t 
is year 1 relative to the year of intake, and the age at the beginning of that year was a + t - 1 
(see Fig. A-I). Similarly, for the previous year's contribution, we have It-ID(a + t - 2,2), and 
so on. The total is 

d(t; a, {Ill ... ,It}) =Ito(a + t - 1,1) + It-Io(a + t - 2,2) + ... + ho(a, t) 

=L
t 

It_q+Io(a + t - q, q). 
q=1 

(A-2) 

The notation d(t; a, {h, ... , It}) for the sum explicitly shows the intakes and their times; the 
time of the earliest intake is the year the individual was of age a, and the time of the latest 
is t, the year for which the total is being evaluated. Figure A-2 illustrates this combination 
schematically for the case where all of the intakes are equal. 

The total dose at the year t from all of the intakes Iq is the sum of all the dose rates (each 
year's average dose rate is equal to the dose delivered during that year). For this total dose, 
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Average residual dose rate for year t 
=total residual dose for year t 

Dose rate = area under dose-rate 
for unit curve between times 
intake at t-1 and t 
time zero 

8(a,t) 

Time (years) ° 1 2 3 4 t-1 

Age (years) a a+1 a+4 a+t-1 a+t 

Figure A-I. Illustration of residual radiation dose rate to an internal organ after 
the initial acute intake of a unit quantity of a radionuclide into the body. 
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we invent another notation similar to the previous one: 

D(t;a, {h, .. . ,It}) = d(l; a, {It}) + d(2;a, {h, I2 }) + . .. + d(t;a, {h,··· ,It}). (A-3) 

(If you think in terms of integrals, multiply each term by Llt = 1 year. This will make the 
units come out right, too.) 

In terms of these notations, we define a T-year dose conversion factor for age a to be 

T intakes 
~

(DCF)(a, T) = D(T; a, {I, 0, ... ,O}), 
 

(A--4) 

i.e., the dose accrued for T years due to an acute intake of the radionuclide at age a. For 
a = 20 and T = 50, Eq. A--4 represents 50-year adult internal dose conversion factors of the 
kind tabulated in Appendix T. 

The notations that we have developed above will help us to explain procedures for calcu
lating dose to individuals and population groups in the FMPC domain. We must caution the 
reader that there are no tables that provide the values b(a, t) based on the most recent internal 
dose methodology, for a variety of radionuclides, and for age and time resolutions of one year, 
as our notations seem to imply. It may be necessary to approximate these quantities from 
50-year age-dependent dose conversion factors, using the retention functions that presumably 
were used to calculate the factors (Appendix T). 
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Figure A-2. Illustration of total dose rates in successive years from previous chronic 

intakes of a radionuclide. The scale of the figure assumes that all intakes are equal. 

The bottom row of boxes indicates the shape of the residual dose-rate curve. Succes

sive curves are laid on top, each offset from the previous one by one year. 


INTERNAL DOSE TO AN INDIVIDUAL BASED ON A RESIDENCE HISTORY 

With the tools just developed, the formal description of internal dose to an individual 
who lived in the FMPC domain at some time (or times) during the operation of the FMPC is 
fairly simple. This may be dose to a specific organ or effective dose. We consider each year of 
operation and denote the years as t = 1, ... ,38 for 1951-1988, respectively. Our problem is 
to estimate the intake It for each year (obviously, It = 0 for any years in which the individual 
was absent from the region). In addition, we need to know the age at some time during the 
period, which can then be converted to an age a for t =1 (zero and negative ages may be used 
formally for years corresponding to zero intakes, in the event that the individual was born 
after 1951; fetal dose will be calculated separately). 

The intakes are based on such parameters as breathing rate (inhalation) and dietary 
assumptions (ingestion), which are dependent on age and other lifestyle factors (adults who 
work outdoors, for example, will average higher exposure by inhalation than those who spend 
most of their time indoors). For inhalation, each year's intake depends on the air concentration 
simulated by the air transport model for that year at the receptor point in the cell of the 
individual's principal location. It may be necessary to combine estimates at more than one 
location, if work and home are separated by cell boundaries, or in other cases of time regularly 
spent in widely different locations. Ingestion of radioactivity by way offood depends on dietary 
assumptions for the age group (or possibly specific information about a particular individual) 
and the agricultural model's estimate of contamination of the local garden produce. 
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If the individual is assumed to be still living at the end of the period of operation (1988), 
the residual dose commitment (Le., the dose that will be delivered throughout the remainder of 
the person's life by the retained body burden of radioactivity) may be estimated by carrying the 
calculation forward, 'with zero subsequent intakes, to a year corresponding to the individual's 
life expectancy based on life tables. A more conservative assumption may be made if desired.r 
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There may be occasions, however, when this extension of the dose is unwarranted. We discuss 
this question more fully in the next section. 

The calculation we have described is formally summarized by Eq. A-3, where the intakes
It have been assembled in the manner just discussed. We point out that the process is a 
bit more complex than the foregoing paragraphs might suggest, involving as it does not just 
one component of dose, but multiple components corresponding to organ, intake mode, and
radionuclide. 

Once the appropriate duration of the dose integration for the individual is defined, the
dose to an individual may be written in terms of the generalized dose conversion factors of 
Eq. A-4: 

Total dose =LIt (DCF)(a + t - 1, T - t + 1) , 	
T 

t=1 

(A-5)

where a is the age in 1951 and T is the year marking the end of life expectancy for the 
individual, or if this commitment is not desired, T might be 38, corresponding to the year 
1988, or any subsequent year defining the desired dose integration period. 

COMBINING DOSE INFORMATION WITH POPULATION GROUPS 

As we noted earlier, it is manifestly impossible to approach the estimation of the dose 
probability distribution G(x) (Eq. A-I) by constructing individual histories for all or even a 
substantial sample of the population of the FMPC domain and estimating doses x by Eq. A-3 
or Eq. A-5. But Eq. A-5 can conveniently be brought to bear on groups of individuals of the 
same age and lifestyle categories and residing in the same geographic cell. 

Consider an age cohort identified by age a in 1951 (the a-cohort). For members of this 
cohort living in cell i with lifestyle characteristics k, we compute the COLLECTIVE DOSE 

Tmax 


(CD)i,a,k =L ni ,j(a+t-l) ,k,t It (DCF)(a + t - 1, T) 

t=1 

T =min(Tmax , M(a + t - 1) + t) 

(A-6)

where Tmax is the time beyond which accrued dose is not to be calculated, j(a + t - 1) is the age 
index of the group aged a + t - 1 in the year t, and M(a + t - 1) is the remaining life expectancy 
for an individual of age a + t - 1, so that M + t is the expected year of mortality relative to 
year t =1 (1951); as indicated, if this year comes after Tmax, we use Tmax instead. The symbol 
I i, j(a+t- l) ,k,t denotes the intake during year t, but now with additional subscripts to clarify its 
dependence on location, age, and lifestyle. 

The numbers ni ,j ,k,t only tell us how many people were in the joint category indicated by 
the subscripts during year t, but by themselves they do not tell us the number of individuals 
who where exposed over time. Additional data or assumptions are required. One approach 
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is to recognize that the number of individuals we wish to count is the sum of the number 
remaining in the cell at time t =Tmax and the number who have left the cell since t = 1 by 
death or migration. The number of deaths each year can be estimated from ni,j(a+t-l) ,k,t using 
life tables. It is unclear whether or not reasonable estimates of migration can be made for 
individual cells. 

Let us denote the number of individuals in cell i, age cohort a, and lifestyle category k by 
Ni ,a,k' Then our estimate of dose to an average member of this cohort over time is 

Hj ,a,k =(CD)j,a ,k/Nj ,a,k. (A-7) 

The numbers Hj ,a,k, together with the frequencies Ni ,a,k. for all cells, cohorts, and lifestyles, 
are arranged into an empirical cumulative frequency distribution G(x). This empirical dis
tribution is an estimate of the exact distribution G(x) of Eq. A-I and will be applied to the 
epidemiological power analysis. 

UNCERTAINTIES 

The source term (Voilleque et al. 1991) and environmental transport models have been 
developed with considerable attention to parametric uncertainties that will be propagated 
through the calculations to the estimates of dose. Monte Carlo methods use multiple simula
tions with pseudorandom sampling from distributions representing uncertain parameters to 
produce distributions of results (i.e., doses, in the present context). 

Suppose N simulations are run in connection with the power analysis for an epidemiolog
ical study under consideration. Then we would have N distributions G(x) and consequently 
N estimates of the power of the study design. Such a procedure is somewhat unconventional, 
and its utility is still under study. Alternatively, the power analysis could be carried out in 
the standard way with the results of a single deterministic simulation based on central values 
for the uncertain parameters. 

For estimation of dose to an individual, the interpretation of the uncertainty is much 
clearer. The several organ doses could be interpreted as a random vector from a joint dis

tribution, but it is likely that each organ dose would be viewed in the context of its own 

(marginal) distribution. If lung cancer is a health effect of concern, for example, the distri
bution of dose to the lung could be combined with the appropriate risk factor (risk per unit 

dose) to provide a pr,obabilistic upper bound on the individual's risk of contracting the disease 

(this illustration excludes confounding factors, such as cigarette smoking). 


DISCUSSION AND CONCLUSIONS 

This appendix gives a brief overview of the form that dose estimation for this study 
will likely take. Many considerations dictate that attention be restricted to two points of 
view, namely doses to individuals with specified histories of residence in the FMPC and other 
factors, and to certain subpopulations of cells of the 128-cell polar grid to produce a distribution 
of dose that will be used in the power analysis of epidemiological studies under consideration. 
We have given some detail of approaches to the calculation of dose for both of these points of 
view. 
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Dosimetric information of the kind presented in Appendix T will need to be adapted 
to the requirements that we have outlined. In particular, the age-dependent internal dose 
conversion factors for 50 years will likely serve as a data base for an approximate procedure 
that would use them to estimate the more general internal T-year dose conversion factors 
defined by Eq. A-4. Conventional prospective assessments for regulatory purposes have used 
adult 50-year dose conversion factors that were originally developed for protection of radiation 
workers. The result was a deliberate overestimation of dose to adults for some radionuclides, 
and although doses to infants and children were considered only in a few special cases, such
as the dose to the thyroid from 131I, the known conservatism of the adult factors usually 
was tacitly assumed to provide an adequate margin for children. Such an approach seems 
inappropriate for purposes of dose reconstruction and epidemiology. In that context, we seek
to minimize bias to central estimates of dose and to place conservatism in the variances of 
distributions that represent uncertainty in parameters. 
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APPENDIXB 

THE ASSESSMENT DOMAIN 

INTRODUCTION 

The term ASSESSMENT DOMAIN as it is used in this report refers to a circular region with 
radius 8 km (approximately 5 miles) with its center near the geometric center of the FMPC 
production area. The coordinates of this point are 84° 41' 19" W and 39° 17' 57" N. Preliminary 
calculations indicate that more than half of the uranium released to the atmosphere from 
FMPC operations during a three-year period of special study (1960-1962) would have been 
deposited on the ground within this region. Air concentrations at the perimeter, as simulated 
by air dispersion models, are typically about a factor of ten lower than those predicted for 
the site boundary (about 1 km). Practically all data from monitoring of air, soil, and water 
for radionuclides released from the FMPC have been collected within the 8-km radius, and 
trends of concentrations shown by the data typically show a decline to background levels well 
before the boundary is reached. 

For purposes of dose calculation, the assessment domain has been subdivided into 16 
sectors and 8 concentric annular regions (Fig. B-1). We refer to this network of lines and 
circles as a POLAR GRID, and the individual compartments are called CELLS. This partitioning 
is an arbitrary convenience that is imposed in order to improve the resolution of the calcu
lations without introducing an unmanageable number of receptor points. We assume that 
the properties we are interested in (such as air concentration, deposition of material on the 
ground, and population) are uniformly distributed within each cell. The number of sectors 
(16) is dictated by the format of the joint frequency tables that represent the local meteorology. 
These sectors are labeled N, NNE, NE, and so on, according to wind direction. It is necessary 
to distinguish carefully between the direction or sector from which the wind blows and the 
sector into which it is blowing. If the reference is to a RECEPI'OR POINT, the sector is the one 
into which the wind blows. Hence, if we are concerned with the air concentration 2,000 m 
due north of the plant, the receptor point is in the north (N) sector, but the wind affecting it 
will be (primarily) from the south (in the S sector). 

POPULATION MODEL FOR THE DOMAIN 

A population model for this domain has been devised by J.F. Rogers of the Centers for 
Disease Control and Prevention (Appendix U). This model is referred to the polar grid de
scribed above and is based on various interpolations in census data. Other aspects of the 
study, such as production of food in gardens, will also be treated in relation to the polar grid. 
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3 KM 

Figure B-1. The polar grid centered at the FMPC site. There are 16 circular sectors 
of 22.5°, each marked with a direction TOWARD which the wind would blow into the 
sector. The circles are at intervals of 1 km from the center of the site. 

CRITERIA FOR ESTABLISHING THE BOUNDARIES OF THE DOMAIN 

More formal criteria for the establishment of spatial boundaries for the study are devel
oped in Task 5. These criteria concern such factors as (1) epidemiological need for the study, 
(2) radiation protection principles, and (3) application of accepted governmental standards. 
The choice of spatial boundaries can be evaluated against these criteria only after dose esti
mates are available. Computing crude dose estimates early in the study was considered and 
rejected for several reasons. Credibility of these preliminary results was high on the list of 
objections, as was the problem of resolving differences between these earlier numbers and the 
final more-refined estimates. Finally, there was the question of the resources that would need 
to be devoted to a subproject of calculating and reporting preliminary estimates that would be 
of sufficient quality to settle the question definitively. (We note that a number of preliminary 
simulations of air concentrations have been performed, but these estimates have been for 
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The Assessment Domain 

other purposes and have not been related to dose.) On the basis of these considerations and 
the less formal reading of data trends, the decision was made to proceed provisionally with 
the 8-km circular region. If final results indicated a need for extension of the domain, that 
question would be considered at that time. 
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The question of a temporal domain is also pertinent to a planned assessment. In this case, 
however, the contract effectively specified the entire period of plant operations (beginning in 
1951 and ending with cessation of operations in 1988), and therefore all preparations have 
been undertaken with this temporal domain in mind. 

CONCLUSIONS 

We have defined the spatial assessment domain as a circular region 8-km in radius and 
centered at the geometric center of the FMPC production area. A polar grid has been defined 
for the region (Fig. B-1) to facilitate the handling of spatially distributed quantities, such 
as air concentrations, deposition of radioactive material on the ground, and dose. We have 
described relatively informal criteria that support this choice (extensiveness and trends of 
existing data). More formal criteria will be discussed in Task 5 of this study. This 8-km 
domain will be used provisionally until after final dose estimates have been calculated and 
evaluated. Any question of extending the domain, should that be indicated, will have to be 
considered at that time. 
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APPENDIX C 

RADIONUCLIDES RELEASED FROM THE FMPC 1951-1988 

INTRODUCTION 

Processing of uranium was the principal function of the FMPC. Thorium processing 
was a secondary activity. Radioactive decay of uranium and thorium produces a series of 
other radionuclides that are collectively referred to as DECAY PRODUCTS. The initial decay 
products for the three decay series of greatest interest are shown in Fig. C-l, C-2, and 
C-3. The first of these illustrates the decay products of uranium-238 (238U), including 
another important uranium isotope, uranium-234. 

Uranium-238 

Thorium-234• 
Protactinium-234m• 

~ 
Protactini urn -234 ~ /

Uranium-234 

Thorium-230• 
Radium-226• 
Radon-222 (gas) • 

Figure C-1. Decay products of uranium-238, from thorium-234 to radon-222. 
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In most of the feeds received by the FMPC, the uranium had previously been 
separated chemically from the other decay products. As a result, the facility's effiuents 
consisted primarily of uranium and the decay products were generally present in small 
quantities. Radioactive decay of uranium after the initial chemical separation from the 
daughter radionuclides also produced those same nuclides as trace contaminants. 

However, early processing campaigns treated ores that contained near equilibrium 
amounts of the daughter radionuclides through radium. As shown in Fig. C-1, the decay 
product that follows radium is radon, a gas. The wastes from that early processing were 
placed in the K-65 Storage Silos (see Appendix P) and releases from the silos represent a 
special case of uranium decay product releases. 

Some thorium was processed at the FMPC. Fig. C-2 shows a comparable sequence of 
the decay products of thorium-232, which includes thorium-228 and two radium isotopes. 
This sequence also leads to a gaseous radon isotope. Processed thorium would include 
both thorium isotopes and small residuals of the other solid elements. Radioactive decay 
after processing would also produce trace contaminants in the thorium. 

Thorium-232 

Radium-228• 
Actinium-228• 
Thorium-228• 
Radium-224• 

Radon-220 (gas) • 
Figure C-2. Decay products of thorium-232, from radium-228 to radon-220. 

The third decay chain of interest is that of uranium-235, which is present (0.72%) in 
natural uranium and in increased amounts (generally less than 1.5%) in enriched 
uranium processed at the FMPC. This decay sequence (Fig. C-3) also includes an isotope 
of radon. 
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Uranium-235 

+ 
Thorium-231 

+
Protactinium-231 

Actinium-227 

Radium-223 

+ 
Radon-219 (gas) 

Figure C-3. Decay products of uranium-235, from thorium-231 to radon-219. 

In addition to decay products, other radionuclides were released during FMPC 
operations. These originated in nuclear reactors, where finished uranium fuel and target 
elements, produced at the FMPC, were used. Fissioning of the uranium atom produces 
other radionuclides, called FISSION PRODUCTS. Absorption of neutrons by uranium and 
other materials present in the reactor produces radioactive ACTIVATION PRODUCTS. When 
spent fuel from the reactors was processed at fuel reprocessing plants (not at the FMPC), 
the uranium was not completely separated from fission and activation products. As a 
result, recovered uranium that was recycled (returned to the FMPC as feed material) 
introduced small amounts of fission and activation products into the process streams at 
the FMPC. 

Receipts of recycled uranium began at the FMPC in fiscal year (FY) 1961. However, 
measurements of the amounts of these radionuclides were not performed until years later. 
Estimated or measured releases of radium in liquid wastes have been reported for 1957 
and subsequent years; more complete assessments of the presence of fission and 
activation products in liquid wastes began in 1976 (Boback et a1. 1987). Most of the 
available information on the presence of other radionuclides in dusts released to the 
atmosphere was collected in 1985 when about forty samples of material from dust 
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collectors and scrubbers were collected and analyzed (Boback et al. 1987). Most of the 
available data on the presence of radionuclides other than uranium in FMPC effluents was 
included in the draft Task 2/3 report (Voilleque et a1. 1991). 

The focus of this appendix is on releases of radionuclides that would be associated with 
particles or solutions that contain uranium. Releases of the gaseous isotopes of radon are 
considered separately (see Appendix Pl. Table C-1 lists the particulate radionuclides, 
other than the uranium isotopes, that have been identified in FMPC effluents (Boback et 
a1. 1987). There are three categories of such nuclides: naturally occurring radionuclides 
found in uranium and thorium ores, fission products, and activation products. With the 
exception of 234mpa, these are all relatively long-lived radionuclides. Other fission and 
activation products with short half-lives would have been present in spent uranium fuel 
and target elements when they were removed from the reactor, but decayed prior to 
processing and recycle of uranium to the FMPC. 

Table C-1. Particulate radionuclides identified in FMPC releases 

Nuclides in Fission Activation 
uranium ores products products 

22BTh 90Sr 237Np 
230Th 99Tc 238pu 
232Th 106Ru 239pu, 240pu 
234Th 137Cs 
226Ra 
228Ra 
234mpa 

The identified activation products are all TRANSURANIC NUCLIDES; that is, they all 
have atomic numbers higher than that of uranium (92). The two isotopes 239pu and 240pu 
are grouped because they both emit alpha particles of nearly identical energies and 
cannot be separated by alpha spectroscopy (the common analytical technique). An 
important radionuclide that has not been identified, but would be expected to be present, 
is 241Am. The energy of the alpha particle emitted by 241Am is virtually the same as that 
emitted by 238pu. Because the special chemical separation needed to isolate 241Am was 
apparently not performed, the results reported for 238pu no doubt include a contribution 
from 241Am. 

CORRELATIONS WITH URANIUM RELEASES 

Because the measurements of other radionuclides were not made in every year, it is 
necessary to develop correlations between the releases of uranium and those of the other 
radionuclides. Ratios of releases, expressed for example as IlCi 226Ra per kg U, were 
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computed for years when measurements were made. These ratios provide a basis for 
estimating releases of the other radionuclides for years when they were not measured. 
The variability of the release ratios from year to year is considered in deriving the 
uncertainty associated with the estimated releases of other radionuclides. 

Releases of radium and other radionuclides in liquid wastes have been determined for 
a longer period than for airborne effluents. Estimated radium releases were given for 
years back to 1957, but it appears that a definitive measurement program was not begun 
until about ten years later. Radium to uranium release ratios for nearly twenty years and 
ratios for other radionuclides for nine years were used. It was assumed that the 
correlations were applicable for releases to the Great Miami River and to Paddy's Run. 

The concentration ratios of other radionuclides to uranium in dusts and scrub liquors 
that were measured in 1985 exhibit wide variations, both within a single facility and 
between facilities. For that reason, atmospheric releases of radionuclides were estimated 
on a stack by stack basis using measured ratios specific to the release point. For stacks 
not included in the 1985 measurements, ratios were based upon data collected for stacks 
that serviced comparable operations (machining of uranium metal, for example). The 
processes served by the various dust collectors and scrubbers are discussed in the draft 
Task 2/3 report (Voilleque et a1. 1991). 

The concentration ratios that were measured provide only a snapshot of the 
distributions of other radionuclides in the various facilities and there seems to be no. 
definitive information about year to year variability. It is logical that the concentrations of 
transuranic nuclides in uranium would increase with time as the material was recycled. 
Releases of these radionuclides in previous years were probably not greater than those 
estimated using concentration ratios from 1985. Concentrations of fission products, which 
are chemically less similar to uranium, may have been relatively constant over time. 

RELATIVE IMPORTANCE OF RELEASES 

The relative importance of releases of radionuclides to the environment depends upon 
three points of comparison. These are the comparative quantities released, differences in 
the potential for nuclide concentration in the environment, and the relative toxicities of the 
radionuclides, as measured by their dose conversiQn factors. Differences in dispersion and 
dilution of uranium and the other radionuclides in the atmosphere and river are not 
expected to be significant. 

A methodology developed by the National Council on Radiation Protection and 
Measurements (NCRP) (NCRP 1989) was used to assess the relative importance of the 
identified radionuclides as potential contributors to offsite radiation dose. The NCRP 
screening methodology was primarily intended to evaluate compliance with environmental 
standards. However, the screening factors that were developed for many radionuclides 
and a variety of exposure pathways can also be used to assess the relative importance of 
radionuclide releases to the environment. The referenced methodology has been expanded 
to include liquid pathways; formal publication of that work is expected later in 1993. 

The screening factors for radionuclides released to the atmosphere or to fresh water 
address two of the three points of comparison that were listed above. The potential for 
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concentration in the environment is evaluated by considering environmental pathways 
that reflect concentration mechanisms. These are buildup of radionuc1ides in soils and 
sediments and uptake into the terrestrial and aquatic food chains by various mechanisms. 
The relative toxicity of each radionuc1ide (and any other radionuc1ides that may be 
produced by its radioactive decay) is also reflected in the NCRP screening factors. Data 
for the third comparison-differences in the quantities released-were available from 
direct measurements of releases of uranium and other radionuclides and from 
measurements of the relative concentrations of other radionuc1ides in collected dust and 
scrub liquors. 

The relative importance of a particular radionuc1ide is defined as the fraction that it 
contributes to the total potential radiation dose from all radionuclides. This parameter 
was evaluated for releases to the atmosphere and for releases to water. Both surface 
water and groundwater were considered in the latter category. Mathematically, the 
relative importance of a particular nuclide (Rlj) is 

Q. SF·
RI . = J J

} n 

LQj SFj 
j=l 

where Qj and SFj are the quantity discharged and the screening factor, respectively, for 
releases to the atmosphere or to water. The summation in the denominator of the equation 
extends over all n of the radionuclides released to the medium of interest. 

The releases to air and water during the years 1960-1962 were used to evaluate the 
relative importance of the radionuclides in FMPC discharges. In those years, relatively 
high releases to both air and water occurred. Measured and estimated uranium releases 
were used, together with data on correlations of releases of other radionuclides to releases 
of uranium, to develop release estimates for the radionuclides in Table C-1 for that time 
period. The transuranic nuclides were treated as a group, rather than individually, 
because all individual contributions were not defined. The environmental behavior and 
toxicity for the group were approximated by parameters applicable to the plutonium 
isotopes. 

Uncertainties in the uranium releases for the period were derived as part of the source 
term estimates (Voilleque et al. 1991) and those uncertainty estimates were used in the 
present calculations. The concentration ratios obtained for airborne release locations were 
assumed to be medians of lognormal distributions whose geometric standard deviations 
were estimated to be 1.5. For the liquid releases, the observed variabilities of release 
ratios were used to define triangular distributions for the calculations. Because the NCRP 
screening factors were developed to assess compliance with standards, a cautious 
approach was employed that tends to overestimate potential exposures. For these 
calculations, it was assumed that a triangular distribution with the most probable value 
equal to the SF could be used to define a range of possible estimates. The upper bound of 
the distribution was taken to be 2 SF and the lower bound was SF/10. 

Monte Carlo calculations were made of the relative importance of the released 
radionuc1ides for both atmospheric and liquid discharges during the period. The results of 
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Figure C-4. Contributions of radionuclides released to the atmosphere to the potential 
dose. 

/ 

Calculations using 
NeRP screening factors 

.for all exposure pathways 

.1 1 5 10 

the calculations for releases to the atmosphere are shown in Figure C-4. The most 
important releases are clearly those of uranium, with an estimated median RI of 0.76. 
Three thorium isotopes 232Th, 230Th, and 22Brrh had median values of RI of 0.11, 0.072, 
and 0.020, respectively. The transuranic nuclide group was fifth from the top with a 
median RI of 0.0017. The figure illustrates the relative unimportance of other 
radionuclides and that those nuclides deserve much less attention in the dose assessment 
process. Inhalation was the most important exposure pathway, accounting for 86% of the 
potential uranium dose and about 90% of the doses from thorium isotopes. Consumption of 
contaminated garden vegetables was the second most important pathway, accounting for 
9-12% of the total potential doses from uranium and thorium isotopes. 
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Three Monte Carlo calculations were performed to ascertain the relative importance of 
various radionuclide releases to the surface water. The first of these considered all 
potential exposure pathways. Because all pathways may not be realized, alternative 
calculations were performed. Table C-2 shows the pathways considered in each case. 

Table C-2. Screening calculations performed for liquid effluents. 

Pathways considered in calculations Most 
Drinking Fish Irrigation important Results 

Case water consumption water nuclides presented in 

1 yes yes yes 228Ra, 99Tc, 226Ra Fig. C-5 

2 yes yes no 228Ra, 226Ra, U Fig. C-6 

3 yes no no 228Ra, U, 226Ra Fig. C-7 

For a situation when all the exposure pathways are realized, river water is used for 
drinking, fish from the river are used for food, and river water is used for irrigation of 
human food crops and plants used for feed for animals that are used in turn for human 
food. Under these conditions, the calculations indicate that 228Ra is the most important 
nuclide. Next in order of importance is 99Tc, followed by 226Ra and the uranium isotopes. 
Contributions of other nuclides to the total potential dose can be seen in Fig. C-5 to be 
much smaller. 

Fig. C-6 contains the results of calculations that address the situation when river 
water is not used for irrigation. For this situation, the importance of the various 
radionuclides is changed somewhat from Fig. C-6; however, radium isotopes are again 
predominant and uranium is of tertiary importance. 

The third Monte Carlo calculation was performed for the situation when only drinking 
water is a complete pathway. Because the groundwater was contaminated by the liquid 
effluents from the plant, this calculation also indicates the relative importance of 
radionuclides that could be consumed as a result of drinking contaminated groundwater. 
The results are presented in Fig. C-7. For the drinking water pathway, 228Ra is again 
the primary contributor to the dose, followed by uranium isotopes and 226Ra. Two thorium 
isotopes and 99Tc are of lesser importance for the drinking water pathway. 

CONCLUSIONS 

The calculations summarized in this appendix show that releases of uranium are by 
far the most important contributors to the potential doses from releases to the 
atmosphere. Of secondary importance for atmospheric releases are 232Th and 230Th, 
while 228Th and the transuranic nuclides are of tertiary importance. Contributions from 
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other radionuclides are unlikely to contribute even one percent of the total dose from such 
releases. 

The results of calculations for liquid releases yielded a somewhat more complex 
picture because not all potential pathways may be complete; that is, some pathways may 
not be realized. Nonetheless, the radium isotopes were found to be of primary importance. 
The importance of radionuclides other than 228Ra and 226Ra will depend upon findings 
regarding the reality of pathways that have been considered in these analyses. 
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Figure C·S. Contributions of radionuclides released to water 
to the potential dose from all pathways. 
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Figure C-6. Contributions of radionuclides released to water to the potential dose 
from drinking water and fish consumption pathways. 
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Figure C-7. Contributions of radionuclides released to water to the potential dose 
from drinking water from the river or contaminated groundwater. 
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APPENDIXD 


PARTICLE SIZE DISTRIBUTIONS FOR RELEASES OF URANIUM 


INTRODUCTION 


The particle size distributions of uranium·stack emissions are needed in order to per
mit calculation of the deposition of uranium dust from airborne plumes (Appendix G) and 
parameterization of the respiratory model used in calculating dose to individuals inhaling 
the uranium dust (Appendix T). In addition, a knowledge of the particle size distributions 
is necessary if corrections of uranium stack releases need to be made to account for losses 
through particle deposition in sampling lines. The only measurements of the particle sizes of 
stack emissions from the FMPC were conducted by Northern Kentucky Environmental Ser
vices (NKES) during 1985. An unpublished report on this work is available (Reed 1985). In 
the NKES study, measurements were made for both the inlet and outlet ducts of 15 major 
uranium-emitting stacks with dust collectors. The particle size distributions determined in 
the study are listed in an FMPC report, FMPC-2082 (Boback et al. 1987). 

Appendix F of Voilleque et al. (1991) presents a series of plots of distributions of the 
uranium species for both the inlet and the outlet ducts of each of the 15 sampled dust collectors. 
The plots are based on cumulative distribution functions of continuous type fitted to the raw 
data for the purpose of necessary interpolation and extrapolation of the values from Boback 
et al. (1987). We will briefly review the functional representation of the fitted curves. 

Particle sizes for the outlet ducts (or emission stacks) are representative of emissions 
from stacks with intact bag filters in the dust collectors. The values for the inlet ducts, 
however, may be assumed to represent emissions from the same stacks during those periods 
in which the bag filters had failed in a manner that allowed unfiltered inlet air to escape to 
the atmosphere. 

The bag filters of the dust collectors for FMPC stacks were not all made from the same 
material during the 1985 NKES study. Some of the dust collectors had wool bags, but a 
change to Gore-Tex™ bags was in progress over a period of years that included 1985. There 
are too few stacks involved to draw definite conclusions about differences in the efficiencies 
of dust collectors made from different materials, but comparisons with the few data available 
to us indicated little difference. 

Particle size distributions for the stack emissions during the year 1985 are included as a 
part of the source-term characterization for the same stacks for the 1960-1962 period because 
the plant operations served by the stacks did not change significantly from 1960 to 1985. The 
hydrofluorination process for producing UF4 (green salt), for example, has remained basically 
the same over the years with respect to conditions that might affect the particle sizes of the 
product. The various plant operations that produce U30 S particulates also have not changed 
in a manner that would significantly alter particle sizes. 

The predominant uranium species emitted from each stack was identified from FMPC re
ports and engineering drawings of process equipment. In some cases, more than one uranium 
species was determined to be emitted from a stack. Either UF4 or U30 8 was emitted from all 
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of the stacks of the NKES study except for one stack, which emitted a mixture of U02 and 

U03 · 

FITI1NG DISTRIBUTION CURVES TO THE PARTICLE SIZE DATA 

Each measured particle diameter is reported as an EQUIVALENT AERODYNAMIC DIAMETER, 

which means the diameter of a sphere of unit density (expressed as 1 g cm-3 ) that has the 
same gravitational settling velocity as the particle. Distributions of the diameters of such 
particles can be tabulated with respect to particle count, mass, radioactivity, or other prop
erties. The tabulations given by Boback et al. (1987) are with respect to mass of uranium in 
the particle. The term EQUIVALENT refers to the spherical reference geometry and will gen
erally be omitted. In discussions of this concept, confusion sometimes arises regarding the 
relationship with the familiar activity median aerodynamic diameter (AMAD) used by the In
ternational Commission on Radiological Protection (ICRP) in connection with its respiratory 
models. It is important to realize that AMAD refers to the median of a lognormal distribution, 
with respect to radioactivity, of (equivalent) aerodynamic particle diameters; moreover, the 
ICRP Task Group on Lung Dynamics restricted consideration to distributions with geomet
ric standard deviation less than 4.5 (TGLD 1966, ICRP 1979). Most of the distributions of 
aerodynamic diameter with res pect to uranium mass measured by NKES fail to be lognor
mal (Appendix T discusses our extension of ICRP dosimetry to nonlognormal distributions of 
particle size). 

It is assumed with respect to emissions of uranium compounds from the FMPC that distri
butions of particle volumes are equivalent to distributions of uranium mass within particles. 
This assumption is certainly tru.e when a single uranium compound is considered, because its 
uranium content would not be different for different particle sizes. Plant 4 produced only UF4 

through the hydrofluorination process, and there are no other uranium-containing products 
or byproducts of the reaction. Some of the dust collectors in Plant 4 serviced areas in which 
molten uranium derbies were solidified and in which U30 S formed on the metal surface. Some 
of this oxide became airborne and was emitted to the atmosphere through a stack. No other 
uranium oxide was produced in this process, and therefore a single compound can be assumed. 

Plant 5 and Plant 8 dust collector emissions of U30 S came from oxidation on uranium 
metal surfaces in which only one oxide was involved. Thus, in these cases also, a single 
compound can be assumed. 

Plant 8 scrubbers and Plant 2/3 scrubbers are believed to have emitted liquid droplets of 
reentrained scrub liquor of varying uranium concentration, which was directly proportional 
to the time that had elapsed since the last change in scrub liquor. At any given time in 
the interval between changes of the scrub liquor, the uranium concentration in all droplet 
sizes was the same. Therefore, the average total uranium content over time was directly 
proportional to particle volume. 

Evaporation of water from the liquid droplets would have produced solid polycrystalline 
aggregates containing uranium. Since the volumes of the solids would have been directly 
proportional to the volumes of the liquid droplets at any given time for each scrubber, the 
average total uranium content of the solid spheres was also directly proportional to particle 
volume. 
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Appendix D Page D-3 
Particle Size Distributions for Releases of Uranium 

The physical diameter of a particle is its aerodynamic diameter divided by the square root 
of the particle density (expressed in units of g cm-3) of the particular compound of uranium. 
This conversion is based on Stokes' law for the terminal settling velocity of a particle: 

(D-l) 

where dp is the physical diameter of the particle, in /Lm, Pp is the particle density, 9 is the 
gravitational acceleration constant, and /L is the dynamic viscosity of air. The quantity pd; 
can be interpreted as the square of the diameter da of a particle of unit density that gives the 
same settling velocity, Vt. Thus,

(D-2) 

Stokes' law is valid for particle physical diameters less than about 20 /Lm (Hanna et al. 1982), 
but we have applied the conversion of Eq. D-2 to all particles because of the practically
negligible effect of particles of physical diameter greater than 20 /Lm on the results (Figs. D-l 
through D-4).

It must be appreciated that the distributions of aerodynamic particle diameter given by 
Boback et al. (1987) are presented as cumulative frequency histograms represented by 8 data 
points each. How one chooses to manipulate such distributions in the context of the many 
requirements of this study is a matter of judgment and experience. But some consistent
method must be adopted. We chose to represent each histogram by a fitted distribution of 
continuous type which would reduce to lognormal form if the data were consistent with that 
form. Also, the fitted distribution would permit easy inversion in order that quantiles could 
be calculated. 

The method was devised by one of us (G.G.K) some years ago and applied to similar 
situations in which dist.ributions of unknown form were given by a small number of data 
points. The fitted distribution has the form 

P(x) = P(T(lnx)) (D-3) 

where 
1P(z) = rn- e- t'/2 dt 	

y21l" -00 

jZ (D-4) 

is the standard normal cumulative distribution function, and T is a cubic polynomial of the 
special form 

(D-5) 

where the coefficients a, /3, I, and 8 are determined by nonlinear least-squares regression.
But throughout this report, we invariably give the polynomial T in terms of coefficients Co, CI, 

C2, and C3 in the more conventional representation 

(D-6) 

The transformation equations from a, ... ,8 to CI,'" C3 and other details are presented in 
Appendix F of Voilleque et al. (1991). That appendix also contains plots of the fitted curves 
with points from the original histograms, and in our view the representations of the scant data 
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are intuitively satisfying (though one can say little of how well they represent the underlying 
distributions of particle diameter). 

PLEASE NOTE: Under no circumstances should the reader conclude that one may de
duce phenomenological significance from the coefficients CO, ... ,C3 of the polynomial 
T«() of Eq. D-6. This representation should be treated as purely empirical, with a 
limited practical purpose. We know of no method for constructing a model of parti 
cle size distribution whose parameters can be mechanistically related to the FMPC 
operations that produced the effluent particles. Such a model would obviously be 
of great utility in representing changes in the distributions over time as the plant 
processes were modified, but we doubt that one could be developed on the basis of 
what is known. 

VERIFICATION OF PARTICLE SIZE MEASUREMENTS 

We verified the distributions that were tabulated by Boback et al. (1987) by comparisons 
with information from the original data sheets of NKES. Verified values reported in this 
appendix are those for which the original data are consistent with values listed in FMPC
2082 and which meet the test of physical plausibility. The latter test is simply answering the 
question of whether, as expected, the particle size distributions for the outlet ducts of specific 
dust collectors show less frequency of particle sizes larger than the filter mesh than do the 
distributions for the corresponding inlet ducts (i.e., movement of the dust through a filter 
should not increase the relative frequencies of the larger particles). 

Most of the particle sizes listed in FMPC-2082 were verified in accordance with the criteria 
above, but discrepancies and omissions were found in the cases listed below. 

1. 	 The original data sheets for the inlet duct of G4-5 and the outlet duct of G4-12 were not 
included in the original data file, but these data sheets were later obtained from Michael 
W. Boback of the FMPC. Since these two data sheets appeared to contain original data 

taken by NKES, the particle sizes for these ducts as reported in FMPC-2082 were verified. 


2. 	 Discrepancies included outlet ducts of G5-251, G5-253, and G5-260; the particle size 
distributions as reported in FMPC-2082 for these cases were not consistent with the 
original NKES data sheets. The FMPC-2082 values for these cases had been derived from 

modified data sheets. Since the origin of the modifications is uncertain, the calculated 

particle sizes could not be verified. Also, the calculated particle sizes of the inlet duct of 

G5-251 were not verified because they were much smaller than those for the outlet duct 

and were therefore suspect. 


3. 	 It was observed that measured particle sizes for the outlet ducts ofG4-7 and G43-27 were 
greater than those for the corresponding inlet ducts, which is physically unrealistic. No 
additional data sheets for these stacks could be located, so the particle sizes listed in 
FMPC-2082 were regarded as suspect and were not verified. 

4. 	 It was also found in the verification process that reported values for the larger particle 
sizes for the inlet ducts of G5-254 and G5-256 as reported in FMPC-2082 seem to con
tain relatively small systematic errors of 5% and 10%, respectively. These errors were 
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corrected, however, and the corrected values are included as a part of the verified source
term data for 1960-1962. 

CALCULATION OF AVERAGES OF VERIFIED VALUES 

The average particle-size distributions for both the inlet ducts and the outlet ducts for 
stacks emitting UF4 and U30 S were calculated from the fitted distributions shown in Ap
pendix F of Voilleque et al. (1991). · Figures D-1 through D-4 show plots of particle-size 
distribution data as discrete points for stack emissions of the same uranium species (UF4 or 
U30 S) and duct type (inlet or outlet) which had been verified as described previously. The 
corresponding average distributions for the same size ranges are plotted as continuous curves 
on the same axes. The average is actually a distribution fitted by the methods outlined in 
Eqs. D-3 through D-6 to 51 points generated from the pointwise average of the curves fit
ted to the several data sets. Each caption gives the coefficients of the cubic polynomial that 
defines the curve fitted to the average. Tables D-1 through D-4 are based on a discrete 
breakdown of the fitted distributions from Appendix F ofVoilleque et al. (1991) with averages 
of frequencies within each range of particle aerodynamic diameter. The tables are useful for 
certain comparisons that are discussed in subsequent sections. Small discrepancies between 
the tabular averages and the corresponding curves in the figures may be expected because of 
the different methods of derivation. 

Table D-5 summarizes several percentiles, the mean, and the standard deviation for the 
average distributions of aerodynamic diameters shown in Figs. D-1 through D-4 and analyzed 
in Tables D-1 through D-4. Because these distributions are not lognormal, their medians may 
not be used a priori as AMAD values for the purpose of ICRP dosimetry. And the concept of 
geometric standard deviation for such distributions is not defined. The means and standard 
deviations were calculated numerically from the fitted distributions. 

COMPARISONS OF EMISSION DISTRmUTIONS FROM STACKS WITH 
DIFFERENT TYPES OF BAG FILTERS IN DUST COLLECTORS 

Early in the history of FMPC operation all of the bag filters used in the dust collectors 
for emission stacks were made from wool felt. There was a change to bag filters made from 
Gore-Tex™ in later years, but the change took place gradually over a period of years. The 
change was taking place during 1985 when the NKES particle-size measurements were made. 

The type of bag filter used during the NKES measurements was identified from plant 
records. Therefore, it was possible to compare any differences between wool and Gore-Tex™ 
bag filters in efficiency of removal of particles of different sizes. A wool bag filter was used in 
G4-5 while the others in Table D-1 were made from Gore-Tex™. There appears to be a higher 
percentage of small particles (median < 2.5 micrometers) in the outlet from this stack. The 
inlet particle-size distribution for this stack (Table D-2), however, was not greatly different 
from its outlet distribution. In Table D-3, the bag filter used for G5-261 was made from Gore
Tex™ while the other two stacks used wool bag filters in their dust collectors. Comparisons 
within this table indicate also that there was a higher percentage of small particles in the 
emissions from wool bag filters. Calculations made for efficiencies of removal of the larger 
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Outlet Particle Size Distributions for UF4 
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Fig. D-I. Outlet duct particle size distributions for UF4 in FMPC dust collectors. 
The curve labeled «Average" has the following polynomial representation according to 
Eqs. D-3 through D-6: Co = -1.62937, Cl = 0.550176, C2 = 0.041149, Ca = 0.0341334. 

Table D-l. Discretized Distribution of Aerodynamic Particle Diameter (jLm) 
For Airborne UF4 Made by the Hydrofluorination Process in Plant 4 

(Outlet Ducts) 

Plant Stack <2.5 

Percent UF4 for Particle Diameter Range 

2.5-5 5-7.5 7.5-10 10-15 15-20 >20 L 
L 
1 

4 

5 

G4-2 
G4-5 
G4-12 
G4-14 
G5-249 
G5-250 

8 
25 

5 
11.5 
25 
16 

12 
17 
15 
13.5 
13 
14 

15 
14 
22 
15 
15 
15 

16 
8 

23 
15 
13 
15 

29 
13 
25 
21 
19 
16 

15 
7 
8.5 

14 
10.5 
14 

5 
16 

1.5 
10 

4.5 
10 

Average 15.1 14.1 16.0 15.0 20.5 11.5 7.8 

sizes by using particle sizes in the inlet duct (Table D-4), however, do not show much difference 
between wool and Gore-Tex™. It was concluded on the basis of the observations above that 
any differences in removal efficiency between wool and Gore-Tex™ bag filters as calculated 
from data shown in Tables D-l through D-4 are not significant. Examination of data from a 
much larger number of stacks with different types of bag filters would be required to determine 
whether any real differences exist. 
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Inlet Particle Size Distribution for UF4 
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Fig. D-2. Inlet duct particle size distributions for UF4 in FMPC dust collectors. 
The curve labeled "Average" has the following polynomial representation according 
to Eqs. D-3 through D-6: Co = -2.60306, Cl = 0.710504, C2 = 0.162432, C3 = 0.0123782. 

Table D-2. Discretized Distribution of Aerodynamic Particle Diameter (p,m) 

For Airborne UF4 Made by the Hydrofluorination Process in Plant 4 


(Inlet Ducts) 


Percent UF4 for Particle Diameter Range 

Plant Stack < 2.5 2.5-5 5-7.5 7.5-10 10-15 15-20 > 20 

4 G4-2 5 17 26 22 22 5.5 2.5 
G4-5 23 27 14 10 11 5 10 
G4-12 3.5 8.5 18 24 29 14 3 
G4-14 0.8 3.2 8 14 34 22 18 

5 G5-249 4.5 9.5 15 20 29 15 7 
G5-250 0.7 2.8 6.5 12 28 30 20 
G5-253 12 10 17 18 27 12 4

Average 7.1 11.1 14.9 17.1 25.7 14.8 9.2 \ 

I HOW THE INCLUSION OF UNVERIFIED DATA WOULD AFFECT AVERAGES 

If the unverified distribution listed in the FMPC-2082 report for the outlet duct of G5
253 had been included in Table D-1 for UF4 emissions, the average values would have been 
skewed somewhat toward small sizes. The average percentage contribution of particles less 
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Outlet Particle Size Distributions for U30 a 
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Fig. D-3. Outlet duct particle size distributions for U30 S in FMPC dust collectors. 

The curve labeled "Average" has the following polynomial representation according 

to Eqs. D-3 through D-6: Co =-1.36942, Cl =0.622726, C2 =-0.10667, C3 =0.104758. 
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Table D-3. Discretized Distribution of Aerodynamic Particle Diameter (J.Lm) 

For Airborne U 3 0 S from Foundry Operations in Plant 5 


(Outlet Ducts) 


Percent U30 S for Particle Diameter Range 

Plant Stack <2.5 2.5-5 5-7.5 7.5-10 10-15 15-20 > 20 

5 G5-254 24 22 21 15 10 7.2 0.8 
G5-256 32 16 16 13 17 5 1 
G5-261 13 18 23 19 19 6 2 

Average 23.0 18.7 20.0 15.7 15.3 6.1 1.3 

than 2.5 J.Lm would have been 25.5% instead of 15%. Contributions of the other six size
groups would have been less than the average values in Table D-1. Inclusion of the unverified 
distribution for U30 S emitted from stack G5-260 listed in FMPC-2082 would have also resulted 
in a similarly skewed average for Table D-3. For particles less than 2.5 J.Lm, the average 
contribution would have been 36.8% instead of 23%, and the contributions for each of the 
other six size-groups would have been correspondingly smaller. 

If the unverified G5-251 values listed in the FMPC-2082 report had been included in 
Tables D-l and D-2, the averages for these figures would not have been greatly different 

DRAFT 


http:99.999.99


Inlet Particle Size Distributions for U30 a 
100 

-E 
~-... 
Q)-

10 

Q) 

E 
.~ 
c .. 

·····b ··j·······:··..t···..·..~ · ·· ..···:.... .;.· .. ···;·..···'·........., .... ........; ....... 
.~ 
E 
ca 
r:: 
>
'C --, -- ... ~-.-.+.-... -.-~-.- ..... ~- ..o 0.1 ... 
Q) 

c:a: 

0.01 

Average 

0 G5-254 

0 G5-256 

0 G5-260 

• G5-261 

.01 .1 5 10 2030 50 7080 9095 99 99.999.99 

Percent 

Fig. D-4. Inlet duct particle size distributions for U30 S in FMPC dust collectors. 
The curve labeled "Average" has the following polynomial representation according to 
Eqs. D-3 through D-6: Co = -2.03012, Cl = 0.518554, C2 = 0.0972778, C3 = 0.0460301. 
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Table D-4. Discretized Distribution of Aerodynamic Particle Diameter (j..lm) 

For Airborne U30 S from Foundry Operations in Plant 5 


(Inlet Ducts) 


Percent U30 S for Particle Diameter Range 

Plant 

5 

Stack 

G5-254 
G5-256 
G5-260 
G5-261 

< 2.5 

16 
5 

11 
4 

2.5-5 

22 
16 
20 
10 

5-7.5 

14 
24 
22 
13 

7.5-10 

14 
17 
18 
16 

10-15 

14 
26 
18 
27 

15-20 

8 
10 

6.5 
16 

> 20 

12 
2 
4.5 

14 

Average 9.0 17.0 18.3 16.3 21.3 10.1 8.1 

except for the particles of aerodynamic diameter less than 2.5 j..lm for the inlet duct. The 
contribution of this size-group would have been 17.7% instead of 7.1%. Differences would 
have ranged between 1 % and 3% for the other six size-groups for the inlet duct. There would 
have been differences of less than 1% for each of the seven size-groups of the outlet duct. 

The averages for U30 S in Tables D-3 and D-4 would not have changed greatly if the 
unverified particle-size distributions of the inlet and outlet ducts of G43-27 had been included. 
The percentage contribution of particles ofaerodynamic diameter less than 2.5 j..lm in the outlet 
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Table D-5. Summary Parameters for the Averaged Particle Size Distributions 

Percentile
Type of Standard 

Form duct 5 25 50 75 95 Mean deviation 

UF4 Inlet 2.9 6.3 9.7 14.3 23.5 11.0 6.5 
UF4 Outlet 0.97 4.1 8.0 13.4 24.2 9.7 7.5 
U3 0 S Inlet 1.9 5.3 8.6 12.7 20.1 9.5 5.7 
U3 0 S Outlet 0.67 3.0 6.0 9.4 15.2 6.6 4.6 

duct would have been 19% instead of 23% with much smaller changes in contributions of the 
other six size-groups. The change for the inlet duct would have been less than 1% for each of 
the seven size-groups. 

The G4-7 stack emitted a mixture of U03 and U02 . This is the only stack in the group 
studied by NKES in which the predominant emitted species was neither UF4 nor U3 Os. There
fore, it was not possible to compare the unverified particle-size distribution for this stack with 
other distributions. 

INFERRED PARTICLE SIZES FOR STACKS FOR WHICH 
NO MEASUREMENTS WERE MADE 

The particle-size distributions for emissions during the years 1960 through 1962 from 
stacks for which no measurements had been made can be inferred from the results obtained 
from the other stacks. The particle-size distributions of the stacks which emitted UF4 pro
duced by the hydrofluorination process were averaged as shown in Tables D-1 and D-2, and 
this average distribution is assumed to apply to all stacks emitting UF4 also produced by 
hydrofluorination during 1960-1962 but for which reliable measured values are not avail
able. Airborne U30 S is produced in the FMPC as a result of the oxidation of uranium metal 
surfaces by air. There are two general types of plant operations which can produce airborne 
U30 S particles: (1) foundry operations such as melting and casting of uranium metal, crucible 
breakout ofuranium derbies and ingots, and cleaning ofmetal surfaces, and (2) the machining 
of uranium derbies and ingots. The stacks which exclusively emitted U30 S in the 1985 NKES 
study served only foundry operations in Plant 5. Hence, the average particle-size distribution 
for U3 0 S emissions in this study as shown in Tables D-3 and D-4 is assumed to apply to 
all stacks exclusively serving foundry operations during 1960-1962 which emitted U30 S and 
for which no measurements had been made in 1985. Surface oxidation of uranium scrap in 
high-temperature furnaces such as took place in Plant 8 was also assumed to be in the same 
category as foundry operation. 
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Machining operations such as cutting and milling of uranium metal ingots and derbies 
were conducted in Plant 6 and Plant 9 during 1960-1962. No particle-size measurements for 
U30 S produced during machining operations were made in the 1985 NKES study, however, 
so comparisons with similar operations at other facilities were used to estimate particle-size 
distributions from machining at the FMPC. 

A 1959 paper reported an average value of 2.5 micrometers for the mass median diameter 
of U30 S particles produced in the machining of uranium at Los Alamos (Hyatt 1959). This 
value corresponds to a median aerodynamic diameter of6.7 j.Lm for an assumed density of7.0 g 
cm- 3 for the U30 S particles. A mean particle size of 6.9 j.Lm was recently reported for similar 
operations at AWE in the United Kingdom (Vallis 1991). An average for the two facilities (6.8 
j.Lm) may be assumed to apply to inlet ducts to dust collectors serving machining operations
in Plant 6 and Plant 9 at the FMPC. An average value of about 5.1 j.Lm is estimated to apply 
to the outlet ducts. This value would represent a 25% reduction in median particle size as 
a result of filtering, which is about the average reduction observed in measurements at the 
FMPC. 

PARTICLE SIZES OF UaOs FROM FOUNDRY OPERATIONS 
AT OTHER FACILITIES 

Particle sizes ofU30 s in air during foundry operations were measured at Los Alamos and 
at two facilities in the United Kingdom. The results provide some confirmation of the FMPC 
data for similar operations. The median aerodynamic diameters are shown in Table D-6. 

Table D-6. Median Aerodynamic Diameters (j.Lm) from 

Foundry Operations at Other Facilities 


Los Alamos (Hyatt 1959) 7.3 
AWE in UK (Vallis 1991) 11 
Springsfields in UK (Fishwick 1991) 8 

The average value (8.8 j.Lm) compares favorably with the average inlet value of 8.3 j.Lm 

for FMPC foundry operations. 

PARTICLE SIZES FOR EMISSIONS FROM PLANT 1 AND PLANT 2/3 

A mixture of particles of U30 S , U03 , and U02 is assumed to be emitted from stacks of 
Plant 1 and Plant 2/3 as a result of handling of ores and various other feedstocks to provide 
feed to digestors. Since the 1985 NKES study did not include any stacks for these plants, 
particle-sizes for these emissions must be inferred from measurements made for similar oper
ations elsewhere. A study was carried out on particle sizes of uranium-containing dust from 
mining and milling operations in the Elliot Lake Area of Canada. (Duport and Edwardson 
1985, Duport and Horvath 1989). 

Median aerodynamic diameters (j.Lm) were reported for mill atmospheres for the following 
processes: jaw crushing, 9.5; cone crushing, 9; screening, 7.5; grinding, 8; acid precipitation, 
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6; filtering, 10; concentrate drying, 8; and concentrate packing, 7.5. The corresponding geo
metric standard deviations (GSD) ranged between 3 and 5. The average median aerodynamic 
diameter for mills (possibly a weighted average) was reported to be about 7 J.Lm. A mean 
particle size of 7 J.Lm with a GSD of about 4 may be inferred for the U30 S dust emitted from 
Plant 1 and Plant 2/3 as a result of ore handling if it may be assumed that the ore-handling 
processes in these plants during 1960-1962 were similar to those in the Elliot Lake Area. 
This inferred value would apply to inlet ducts of the dust collector stacks. A mean value of 
5.3 J.Lm would apply to the corresponding outlet ducts as a result of a reduction of 25% in the 
median particle size during filtration. 

PARTICLE SIZES FOR UF4 PRODUCED BY REDUCTION OF UFs VAPOR 
BY HYDROGEN GAS IN DISSOCIATED AMMONIA 

One of the stacks in the FMPC Pilot Plant served a process for making UF4 by reduction 
of UF6 by hydrogen gas during the 1960-1962 period. There is no particle size information 
available on emissions from this process at present. 

OTHER PROPERTIES OF PARTICULATES 

Densities and shape factors are parameters used in calculations of the gravitational fall 
velocity of large or dense particles. These parameters are discussed in the following subsec
tions. 

Densities 

Emitted particulates are produced rapidly during FMPC processing, and hence they would 
be expected to be imperfectly formed and contain voids. Therefore, their densities would be 
less than theoretical or "handbook" values, which would represent maximum values. The only 
information found in FMPC reports or other records concerning particulate density of emitted 
materials was a value of 6.4 g cm- 3 for UF4 produced at the FMPC (Freitag 1964). The 
"handbook" value for UF4 is 6.7 g cm-3 . The value used in Los Alamos particle-size studies 
for U30 S particulates produced by foundry operations and by machining is 7.0 g cm- 3 (Hyatt 
et a1. 1959). The "handbook" value listed for U30 S is 8.30 g cm-3 . 

Shape Factors 

The expression for the gravitational fall velocity of a particle (Eq. D-1) should be di
vided by a shape factor if the particle is not spherical. Values of shape factors applicable to 
cyclindrical shapes are listed in Table D-7 (Chamberlain 1975). 

Table D-7. Shape Factors 

Versus Axis Ratio 


Ratio of Axes Shape Factor 


1 1.06 
2 1.14 
3 1.21 
4 1.32 
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Only a few memoranda or FMPC plant reports containing photomicrographic information 
on plant products have been located. These reports contained photomicrographs of UF4 pro
duced by the Winlo Process, which was carried out in Plant 8 from 1962 to 1964. The average 
measured ratio of axes of this product was found to be about 1.5. Photomicrographs of U30 S 

dust from Los Alamos foundry operations (Hyatt et al. 1959) show irregular particles with 
length-to-width ratios generally ranging from 1 to 2. A value of 1.5 represents an approximate 
average. In lieu of better information, it appears likely that the use of a shape factor of 1.1, 
for instance, would not lead to serious error in calculation of gravitational fall velocities. 

ADDENDUM: REENTRAINMENT OF MIST DROPLETS 
IN SCRUBBER EMISSIONS 

Recent calculations of empirical deposition velocities for uranium particles in FMPC re
leases have indicated a need for further scrutiny ofreentrainment in the scrubbers ofPlant 2/3 
and Plant 8 (Appendix G). This addendum addresses this need and seeks to quantify, in a ten
tative way, the mass distributions of the effluent from the scrubbers, with particular attention 
to processes associated with reentrainment. 

Plant 8 Scrubber Emissions 

Ejector-venturi scrubbers were used primarily to service the furnaces emitting uranium
containing particulates from Plant 8. These scrubbers used a sodium hydroxide solution as 
the scrub liquor to remove U30 S from the gas streams exiting the furnaces. There were five 
main scrubber systems that accounted for almost all of the uranium emissions from Plant 8. 

The gas streams from each of the scrubbers exited downward into a hotwell containing 
a baffle system to remove entrained droplets of scrub liquor. Baffle systems remove large 
droplets in a gas stream, but they are usually inefficient at removing the smaller sizes. Three 
of the scrubber hotwells contained internal packed section mist eliminators near their outlets 
to remove the smaller particles. One of the scrubber hotwells apparently had an internal mist 
eliminator at its outlet which was not specifically identified as to type. The largest system, 
the Caustic scrubber, did not appear to have a mist eliminator at all. Unlike the Plant 2/3 
scrubbers which had wire mesh mist eliminators mounted in their outlet ducts, the Plant 8 
scrubbers had no mist eliminators of any kind in their outlet ducts. 

There were two types of uranium emissions from the Plant 8 scrubbers: (1) fine solid par
ticles of U3Os (mostly < 2 {Lm) which had penetrated the venturi throats of the scrubbers and 
passed through baffles and mist eliminators, and (2) liquid droplets oflarge size (50-180 {Lm) 

containing uranium in solution or suspension which had been produced by entrainment or 
reentrainment. Large droplets would have been affected by gravity as the airborne plume 
was blown downwind of Plant 8, and they may have had a substantial gravitational fall ve
locity. Evaporation of water from the droplets during downwind plume travel would also 
have occurred. This evaporation process would have soon resulted in solid agglomerates of 
uranium-containing material. The high density and size of the agglomerates would have also 
produced a substantial gravitational fall velocity. 

Very high empirical deposition velocities were reported in Appendix G for uranium parti 
cles emitted from the FMPC. These high values had been calculated from air monitoring data 
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and gummed film monitoring. Solid particulates emitted from dust collectors in the FMPC 
were not large enough to explain these high calculated deposition velocities, so the uranium 
releases from scrubbers in Plant 8 were analyzed in an attempt to explain the empirical data. 
There were no reported particle-size measurements of the emissions from the Plant 8 scrubber 
systems. A theoretical analysis described below is aimed at estimating what might have been 
the particle-size distributions of uranium-containing solid particles and droplets originating 
from Plant 8 scrubbers. 

Estimates of Total Uranium Emitted from Each Scrubber System in Plant 8 

The uranium emitted to the atmosphere from each of the five scrubber systems was 
estimated from scrubber efficiency studies carried out by FMPC personnel and from plant in
formation on uranium scrubber throughput. Table D-8 lists calculated atmospheric emissions 
from each scrubber. The information in the table covers roughly the period 1961-1963. 

Table D-8. Calculated Uranium Emissions 
from Plant 8 Scrubbers 

Load Efficiency Emission 
Scrubber (lb U month-l) (%) (lb U month-l) 

Caustic 3700a 94a 222 
Rotary kiln 1500b 92b 120 
Oxid. furnace 214C 79c 45 
NPR furnace 143d 79d 30 
UAP furnace 460£ 71e 133 

a Starkey 1961 and numerous analytical data sheets. 
b Starkey 1961; Bipes 1962. 
c Calculated from an upper limit value of 45 lb U/month re

leased to the atmosphere inferred from Chapman (1965) us
ing an assumed efficiency of 79% for a similar scrubber (NPR 
furnace). 

d Bipes 1963c. 
e Starkey 1961; Bipes 1963a; Bipes 1963b; Bipes 1964. 
£ Starkey 1961; Bipes 1963b; Bipes 1964. 

The emission estimates listed in Table D-8 may be modified later if additional information 
from FMPC plant records are obtained. The results of the analysis described below would 
accordingly be modified in that event. 

Penetration of Solid U30 S Particulates Through Scrubbers 

The specific distribution of U30 S particulates assumed to be typical of Plant 8 furnace 
emissions according to FMPC plant memoranda is given in Table D-9. 

Venturi scrubber efficiencies as a function of particle-size ranges are given in Table D-10 
(Lund 1971). 

A calculated size distribution of U 30S particles penetrating the venturi throat of a scrub
ber is given in Table D-ll . The values were calculated from the inlet distribution of Table D-9 
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Table D-9. Distribution of U30 S Particles 

Emitted from Plant 8 Furnaces 


Diameter Range Frequency 

(j..Lm) (%) 

0-1 
 4 

1-2 
 11 

2-5 
 34 

5 -10 
 30 
10 - 20 
 14 

20 - 50 
 7 

r 


1. 

Table D-IO. Removal Efficiencies 

of Venturi S

Diameter range 

crubbers 

Efficiency 
(j..Lm) 

0-1 

(%) 

50 
1-2 97 
2-5 98.8 
5 -10 99.8 

>10 100 

Table D-ll. Calculated Distribution 
of Penetrating Particles of U30 S 

Diameter range Frequency 
(j..Lm) (%) 

0-1 71.4 
1-2 11.8 
2-5 14.6 
5 -10 2.1 o 

l 
{ 

and the efficiencies listed in Table D-10. The penetration is about 2.8% for the typical distri 
bution of sizes listed in Table D-9. 

Entrainment of Scrub Liquor at Venturi Throat 

The mean droplet size (Sauter mean diameter) of the mist produced at the venturi throat 
of a venturi scrubber typically ranges from 100 to 200 j..Lm in diameter (Boll et al. 1974). This 
range of values is characteristic only of the initial mist production within the scrubber system. 
Reduction of the mean droplet sizes by impingement of larger droplets on baffles within the 
separator chambers of the scrubber system usually occurs subsequently. 

The average Sauter mean diameter is approximately 150 j..Lm. Since the Sauter mean 
diameter is approximately 75% of the volume median diameter of a liquid spray distribution 
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(Encyclopedia of Chemical Technology 1984), the average volume median diameter of initial 
spray distributions from venturi scrubbers would be about 200 J-Lm. 

The distribution of droplet sizes emanating from a venturi scrubber system before the 
gas flow has passed through the baffle system and any subsequent mist eliminators may 
possibly be estimated by reference to a typical volume distribution of spray droplet diameters 
(Encyclopedia of Chemical Technology 1984). This distribution, which resulted from spray 
production of a hollow-cone (swirl-chamber) nozzle, is skewed from lognormal in the direction 
of small particle sizes. The median diameter is 300 J-Lm. 

Frequencies for specific diameter ranges taken from the estimated distribution curve 
are presented in Table D-12. The construction of the estimated curve was based on the 
assumption that its shape is similar to that obtained from a hollow-cone nozzle. 

Table D-12. Estimated Initial Distribution 

of Entrained Droplet Sizes 


for Venturi Scrubbers 


Diameter range Frequencya 
(J-Lm) (%) 

0-50 3 
50 -75 4.5 
75 - 100 5.5 

100 - 150 17 
150 - 200 20 
200 - 250 17 
250 - 300 13 
300 - 350 10 

> 350 10 

a For a volume distribution. 

The typical distribution of particle sizes of liquid droplets produced at the venturi throat 
of a scrubber as shown in Table D-12 would be modified by preferential impingement of the 
larger particles on baffles in the separator chambers. 

Removal of Entrained Liquid Droplets by Baffle Systems in Scrubber Hotwells 

The large droplets of uranium-containing scrub liquor entrained during venturi operation 
were probably mostly removed in scrubber hotwells by inpingement on baffles. The scrubber 
hotwells for the rotary kiln, oxidation furnace #1, and the NPR furnace (oxidation furnace 
#2) contained vertical zigzag baffle systems according to FMPC engineering drawings (3014
8-4257 and 3014-8-4207). The gas flow was horizontal to the baffles. 8pecific information is 
not available on removal efficiencies of zigzag baffles. 

The caustic scrubber served the primary calciner, the muffle furnace, and the box furnace 
of Plant 8. The engineering drawing for the recycle tank for the scrubber (3043-F-06-B) shows 
a 318-inch-thick vertical baffle at the tank midpoint, but no details of its internal structure 
are available at present. Perforations in the baffle would be required to permit a gas flow 
from one side of the recycle tank to other side of the tank where the exit to the outlet duct 
was located. 
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There are no engineering drawings on hand at present which show any details of liquid 

o 

droplet collection systems for the UAP scrubber. A schematic drawing of the UAP system 
shows a section at the outlet of the hotwell that is labelled an internal demister. A vertical 
baffle is shown at the midpoint of the scrubber hotwell. This vertical baffle presumably 
operated in the same manner as the one identified as present in the Caustic scrubber hotwell. 

Removal of Small Entrained Liquid Droplets by Mist Eliminators 

The hotwells of scrubbers for the rotary kiln, oxidation furnace, NPR furnace, and UAP 
furnace had internal mist eliminators through which their gas streams pass just before exiting 
into outlet ducts for the stacks. The function of a mist eliminator is to remove small entrained 
droplets which pass through the baffle system. Various types of mist eliminators have been 
described (Calvert et al. 1974) including wire mesh, zigzag baffles, packed beds, and tube 
banks. 

Packed bed mist eliminators containing Raschig rings were used in the hotwells of scrub
bers for the rotary kiln, the oxidation furnace, and the NPR furnace. An unidentified type of 
mist eliminator is shown on a schematic diagram of the hotwell of the scrubber servicing the 
UAP furnace. Those engineering drawings for the Caustic scrubber which have been found 
do not show a mist eliminator, but there may have been one present nevertheless since all of 
the drawings for this scrubber system have not been located. 

A cut diameter of approximately 3.5 /Lm for packed column mist eliminators was estimated 
from curves reported in the literature (Green 1984, pp. 18-20). Therefore, about half of the 
droplets less than 10 /Lm in diameter and virtually all of the larger droplets would have been 
removed by the packed columns. 

Reentrainment of Liquid from Mist Eliminators or Baffle Systems 

Reentrainment of entrained liquid which had been removed previously from a scrubber 
gas stream by impingement in a mist eliminator can occur at high linear gas flow rates. 
The exact flow rate for onset of reentrainment is not generally known because it is a complex 
function of a number of parameters, including type of mist eliminator, liquid-to-gas ratio, area 
and length of mist eliminator, and pressure drop. Reentrainment of liquid from wire screen 
mist eliminators in the outlet ducts of the Plant 2/3 scrubbers may have begun to occur at 
linear velocities as low as 400 cm sec- 1 (Semones and Sverdrup 1988). 

The linear flow rate through a mist eliminator, which is often crucial to the question 
of reentrainment, can be calculated by dividing the volume flow rate through the scrubber 
system by the cross sectional area of the mist eliminator. The cross sectional area is very 
nearly equal to the geometric area for some baffle types and certain wire-screen types of mist 
eliminators, but the cross sectional area of a packed section mist eliminator would include 
only open areas between packing elements. Also, random orientation of packing elements 
might result in localized constrictions which would result in reduced area. 

Rough calculations have indicated that the scrubber gas velocities through the packed 
sections of the hotwells of scrubbers for the rotary kiln, the oxidation furnace, and the NPR 
furnace were probably high enough for reentrainment to occur. The Caustic scrubber hotwell 
had a 3/8-inch-thick baffle perpendicular to the direction ofgas flow. The very high gas velocity 
through that type of baffle system might possibly have produced reentrainment even in the 
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absence of a mist eliminator. The VAP scrubber hotwell apparently had a mist eliminator at 
its outlet port, but its type is not known. 

Reentrained mist droplets are reported to be generally greater than 100 J..lm in diameter 
(Black and Strauss 1981). The size distribution of reentrained droplets from the Plant 8 
scrubbers is not known, but the assumption of a lognormal distribution would probably not 
result in serious error. An assumption of 100 J..lm diameter for the 15th percentile and 200 J..lm 

for the 85th percentile would result in a geometric mean of 141 J..lm and a geometric standard 
deviation of 1.42. We have adopted this distribution for subsequent calculations. 

Summary of Types of Uranium Emissions from Plant B Scrubbers 

As can be seen by reference to the discussions in the paragraphs above, different types 
of uranium particulates may have been emitted from the Plant 8 scrubber systems. Small 
solid particulates ofV30 a penetrating the venturi scrubber throat could have carried through 
the baffle and mist eliminator systems in the scrubber hotwells and entered the atmosphere. 
Also, reentrainment of scrub liquor as droplets could have occurred in the mist eliminators 
with release to the atmosphere. 

The total uranium emissions from each scrubber as listed in Table D-8 minus the quantity 
ofuranium penetrating the venturi throat (2.8% ofthe load for each scrubber) should represent 
the quantity of uranium reentrained from mist collectors exiting to the outlet ducts. Very little 
uranium as liquid droplets should have exited the packed bed mist eliminators except through 
reentrainment. 

Table D-13 summarizes the calculated uranium emissions. 

Table D-13. Types of Uranium Emissions 
from Plant B Scrubbers (lb U month- l) 

Reentrained 
Scrubber Load Total Solids Liquid 

Caustic 3700 222 104 118 
Rotary kiln 1500 120 42 78 
Oxid. furnace 214 45 6 39 
NPR furnace 143 30 4 26 
VAP furnace 460 133 13 120 

According to these calculations, about 70% of the uranium emitted to the atmosphere 
from the Plant 8 scrubbers was in the form of droplets of reentrained scrub liquor. 

Environmental Transformation of Scrubber Releases 

Liquid droplets containing uranium would shrink in volume during plume travel down
wind from the stack. The concentration of any dissolved material would ultimately exceed its 
solubility at the temperature of the droplet. In the absence of any substantial undercooling, 
crystalline solid material would precipitate from solution. A continuing evaporation of water 
would result in a polycrystalline agglomerate. Of course, any insoluble particulates initially 
carried in suspension by the droplets would be included within the agglomerate. 
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The recirculating scrub liquor used for the Plant 8 scrubbers contained sodium hydroxide 
which reacted with uranium compounds in the gas stream to produce a complex mixture of 
partially soluble uranates and other materials. The scrub liquor may also have contained 
insoluble uranium compounds in suspension. 

A theoretical discussion of the evaporation of water droplets which may be applicable to 
liquid scrubber releases is given in the literature (Dickinson and Marshall 1968). The basic 
equation to describe evaporation of water from a droplet derives from the conceptualization 
that all heat transferred to the droplet from surrounding air is used to vaporize water from 
the surface. Equation D-7, which is an approximate relationship derived from this concept, 
expresses the reduction of the diameter of a droplet as a function of elapsed time. 

d = do - kt (D-7) 

where 
d =diameter (j.Lm) of droplet at time t 

do = initial diameter (j.Lm) of water droplet 

t =elapsed time (s) 

k = a constant for a specific temperature difference. 

A value of 3.35 for k can be elicited from Figure 8 of the Dickinson-Marshall paper for a 
droplet with an initial diameter of 50 j.Lm and with a temperature difference of 50°C between 
ambient air and the droplet. Under these conditions, a water droplet 50 j.Lm in diameter would 
evaporate completely in 15 seconds. If an average air speed of 2.5 m S-1 is assumed, it would 
take a liquid droplet about 215 seconds to reach the nearest perimeter air monitoring station. 

Initial temperature differences between ambient air and a droplet would vary greatly 
with season and time of day as well as many other factors. Evaporation of water from a 
droplet into surrounding air, which would occur for a relative humidity of less than 100%, 
would result in cooling of the droplet. If the droplet temperature was initially higher than 
that of surrounding air, this cooling effect would cause a rapid drop in temperature below that 
of surrounding air. Temperature differences between air and droplet over the wide ranges of 
conditions of scrubber operation are uncertain. Nevertheless, under nearly all environmental 
conditions, it is probable that the droplets of scrub liquor had lost all of their water content 
by the time they had reached the perimeter of the FMPC production area. 

Calculations of Solid Sphere Diameters Resulting from 
Complete Water Vaporization of Emitted Liquid Droplets 

When a reentrained liquid droplet was emitted from a Plant 8 stack and was blown 
downwind, water vaporized from the droplet, and it was converted eventually to a solid poly
crystalline agglomerate. The diameter of a hypothetical sphere ofthis resulting solid material 
can be approximately calculated if composition and mass can be determined. An attempt was 
made to determine average values for composition and mass by employing some simplifying 
assumptions based on the known procedures used in the operation of the Plant 8 scrubbers. 

The Plant 8 procedure called for a 10% sodium hydroxide solution to be used as the scrub 
liquor for most of the scrubbers. Besides U30 S particles, numerous solids and acidic gases 
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were reported to have been removed in the Plant 8 scrubbers. The acidic gases, which react 
with sodium hydroxide, include hydrogen chloride, carbon dioxide, and phosphorus oxides. 
Quantitative information on the relative or absolute quantities of these materials removed 
in each scrubber system is not available. According to Plant 8 procedures, the scrub liquor 
was replaced with a fresh 10% sodium hydroxide solution every two weeks or whenever the 
sodium hydroxide concentration dropped below 1%. 

The uranium in the scrub liquor was probably converted to slightly soluble sodium ura
nates of uncertain composition. Since the system Na20-U03-H20 is extremely complex, con
taining incongruently melting phases with large ranges of solid solution (Ricci and Loprest 
1955), no attempt was made to identify the uranium species involved. It is also possible that 
some small insoluble particulates of U30 S may have been in the scrub liquor. 

It was assumed that the concentration of sodium hydroxide was reduced from 10% (100 g 
L-1) to 5% (50 g L -1) on the average in the Plant 8 scrubber hotwells before it was replaced. 
It was also assumed that the compounds listed in Table D-14 remained in the polycrystalline 
agglomerates after total evaporation of water from the droplet. The densities listed are hand
book values. 

Table D-14. Compounds which May Have Been Present 
in Airborne Polycrystalline Agglomerates 

Density 
Compound Solid formula (g cm-1 ) 

Sodium hydroxide NaOH 2.13 
Sodium chloride NaCI 2.165 
Sodium phosphate Na3P04·10H20 1.62 
Sodium carbonate Na2C03·7H20 1.51 
Sodium uranate Na2U04 3.7 

r 


L The formula listed in Table D-14 as Na2U04 is only a formal representation for what may 
be several species of unknown composition. No density for Na2U04 has been reported in the 
literature because a phase corresponding to this formula has probably never been obtained 
from the Na20-U03-H20 system. Nevertheless, a density of3.7 g cm-3 was estimated by com
parisons with other uranium species with comparable uranium contents. Then a calculation 
was made for the quantity of "Na2U04" which might have been present in a liter of the scrub 
liquor after the sodium hydroxide had been depleted to 5%. This calculation was based on an 
average concentration of 38.6 g uranium per liter, which had been estimated for the Plant 8 
scrubber liquor if a total hotwell capacity of 500 cubic feet is assumed for all scrubber systems 
(Voilleque et al. 1991). A total of 56.4 g of "Na2 U04" was estimated to have been present in 
a liter of scrub liquor after depletion to 5% sodium hydroxide. 

A total of 13 g of sodium hydroxide would have been consumed in the production of 
"Na2U04," and a total of 50 g of sodium hydroxide would have remained in the scrub liquor. 
The remaining 37 g of sodium hydroxide was assumed to have reacted with acidic gases to 
produce equal molar quantities of the salts listed in the table. Table D-15 lists the calculated 
mass of each of the solids in a liter of scrub liquor and its volume as calculated from its 
density. 
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It is not intended that the mixture shown in Table D-15 should represent any specific 
mixture of solids resulting from a Plant 8 scrubber operation. Instead, it is intended to 
represent only an average mixture from all of the Plant 8 scrubber operations. Each individual 
scrubber services a different furnace operation which produces a different mixture of acidic 
gases and solids in its outlet gas stream. The specific mixture shown in Table D-15 was 
arbitrarily chosen as one likely composition within a range of plausible compositions. 

Table D-15. Calculated Volumes of Solid 

Compounds in One Liter of Scrub Liquor 


Mass Volume
Compound Solid formula (g) (cm3) 

Sodium hydroxide NaOH 50.0 23.5 
Sodium chloride NaCI 9.0 4.2 
Sodium phosphate Na3P04· 10H20 53.0 32.7 
Sodium carbonate Na2C03 ·7H20 35.7 23.6 
Sodium uranate Na2U04 56.4 15.2

The total estimated solid volume in 1 liter of scrub liquor is 99.2 cm3. The ratio ofliquid 
volume to solid volume 0000/99.2) is 10.08. 

The volume of a sphere is proportional to the cube of its diameter. Therefore, if the 
average diameter of a sphere of reentrained scrub liquor was 140 p.m, the average diameter 
of a hypothetical solid sphere remaining after complete water evaporation would have been 
65 p.m. Actual densities of crystalline material produced under conditions of rapid evaporation 
are likely to be somewhat lower than handbook values given in Table D-14. Therefore, the 
diameter of the remaining sphere would probably be larger than 65 p.m. Polycrystalline 
aggregates produced by water evaporation from droplets during downwind plume travel could 
possibly break apart into smaller aggregates, of course, but no information about the likelihood 
of this phenomenon is presently available. 

Uncertainties of Plant 8 Scrubber Emissions 

Penetrating Particles of U30 S• One type of uranium-containing emission from the 
Plant 8 scrubbing systems consisted of particles of U30 S which had penetrated the venturi 
throats of the scrubbers. Table D-l1 lists the distribution of particle sizes of this type of 
emission. Values in this table were calculated from a distribution ofU30 s particles emanating 
from Plant 8 furnaces according to FMPC plant memos and removal efficiencies of venturi 
scrubbers. 

The sizes of the particles of this type are generally small. Only 2.1% of the particles 
are greater than 5 p.m in physical diameter. The uncertainty in particle-size frequencies is 
important only for particles in this range. The removal efficiency of venturi scrubbers is 
reported to be about 9~.8% for particles in the range 5-10 p.m (Lund, 1971). Uncertainties in 
the frequency of particles in this range may be evaluated by reference to other distributions 
reported for U30 8 particles released during foundry operations in other facilities . These 
operations generally released a smaller percentage of particles with diameters greater than 
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5 micrometers. Typically, about half as many particles in the range 5-10 J1m were released, 
which may be regarded as setting a lower limit to the uncertainty of -50%. 

The largest mean physical diameters reported for foundry operations in other facilities 
was 3.8 J1m. Emission of particles larger than 5 J1m as assumed for the Plant 8 operations 
may be possible for some processes, however, but no information about this matter is currently 
available. An arbitrary upper limit of +50% was assumed for the percentage of particles in 
the pertinent 5-10-J1m range toensure that nearly all probable mean sizes were included. 

Size Distribution of Reentrained Droplets. Reentrained mist droplets are reported to 
be generally greater than 100 J1m in diameter (Black and Strauss 1981). The size distribution 
of reentrained droplets from the Plant 8 scrubbers is not known, but the assumption of a 
lognormal distribution would probably not result in serious error. An assumption of 100 J1m 

diameter for the 15th percentileand 200 J1m for the 85th percentile would result in a geometric 
mean of 141 J1m and a geometric standard deviation of 1.42. 

Equations Expressing Diameter Ratios of Solids to Liquids. Examination of the 
Plant 8 scrubber procedures revealed that the increase in uranium concentration would have 
been a linear function of time if the uranium emissions from each furnace were linear with 
time. Likewise, the quantity of sodium hydroxide consumed would have been a linear function 
of time if acidic gases had been emitted from the furnaces linearly with time. The Plant 8 
procedures called for replacement of the scrub liquor with a fresh 10% solution of sodium 
hydroxide every two weeks or whenever the concentration of sodium hydroxide fell below 
1%. No plant records could be found, however, which listed specific scrub liquor replacement 
times or the results of analysis of scrub liquor. Therefore, the average lower limit of sodium 
hydroxide concentration in the scrub liquor is not known. Nevertheless, it is certain that 
it is greater than 10 g L - 1 . For purposes of estimation of particle sizes, an average lower 
concentration of 20 g L - 1 was assumed. 

The sodium hydroxide concentration in the scrub liquor may be considered to decrease in 
a linear manner from 100 g L -1 down to 20 g L -1. The average uranium concentration was 
38.6 g L - 1 as estimated from analytical information reported by Voilleque et al. (1991) for 
an assumed total scrubber hotwell capacity of 500 cubic feet. If both the uranium emissions 
and the emissions of acidic gases from the furnaces are linear functions of time, the uranium 
concentration and the sodium hydroxide consumption in the scrub liquor can be related as 
q = 0.965x, where q is the uranium concentration (g L -1) and x is the mass (g) of sodium 
hydroxide consumed. 

The ratio of the diameter of a solid sphere (ds) remaining after water evaporation from 
a liquid droplet to the diameter (dd of the droplet was evaluated for three cases described 
below. 

Case 1. The salt mixture in solution resulting from reaction of acidic gases with sodium 
hydroxide was an equimolar mixture of sodium chloride, sodium phosphate, and 
sodium carbonate. 

Case 2. The salt in solution consisted entirely of sodium chloride. 

Case 3. The salt in solution consisted entirely of sodium carbonate. 

Case 1 may be regarded as a most probable result of the average emission from Plant 8 
scrubbers, although not typically representative of any specific scrubbing system. For exam-
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pIe, some furnaces may have emitted hydrogen chloride primarily, which would have resulted 
mainly in sodium chloride dissolved in the scrub liquor. Other furnaces may have emitted 
either phosphorus oxides or carbon dioxide almost exclusively. Cases 2 and 3 are representa
tive of the extreme cases of particle diameters. Case 2 would have resulted in a small particle 
size, while Case 3 would have resulted in a larger size solid particle. 

Equations for estimating the ratio ds/dL were derived. Equations D-8, D-9, and D-IO 
are listed below for Cases 1,2, and 3, respectively. 

ds / dL =(0.04695 + 0.0010175x)o.3333 Case 1 (D-8) 

=(0.04695 + 0.0003681x)o.3333 Case 2 (D-9) 

=(0.04695 + 0.0016920x)o3333 Case 3 (D-10) 

Calculations of ds/dL• The value of x, the quantity of sodium hydroxide consumed, in 
each of the three equations was assumed to have increased uniformly with time from 0 to 
80 g. In each case, all values of ds/dL over the range of 0 to 80 g may be regarded as equally 
probable. The ds/dL values calculated through use of Eq. D-8 (for an equimolar mixture of 
three salts) varied from 0.361 to 0.504 over the range. The ds / dL value for the average sodium 
hydroxide consumption (40 g) was 0.444. 

The ds / dL values calculated from Eq. D-9 (for sodium chloride only) varied from 0.361 
to 0.424 over the applicable range of sodium hydroxide consumption. The value for average 
sodium hydroxide consumption was 0.395. 

Calculations for Eq. D-10, which is for sodium carbonate only, gave ds / dL values from 
0.361 to 0.567 for sodium hydroxide consumption ranging from 0 to 80 grams. The value for 
average sodium hydroxide consumption was 0.486. 

Summary of Types of Emissions from Plant 8 Scrubbers. Two distinct types of 
emissions from the Plant 8 scrubbers have been identified. The first type consisted of solid 
particles of U30 S which had penetrated the venturi throats of the scrubbers. A postulated 
distribution of particle sizes for this type is given in Table D-l1. Approximately 30% of the 
total uranium released to the atmosphere from the Plant 8 scrubbers was estimated to be of 
this type. 

The second type of emission is postulated to consist of solid spheres of polycrystalline 
agglomerates deriving from water vaporization of liquid droplets of reentrained scrub liquor. 
About 70% of the total uranium released from the Plant 8 scrubbers was estimated to come 
from this source. The particle-size distribution of this type of emission and associated uncer
tainties may be derived from the analysis above. 

Plant 213 Scrubber Emissions 

Ejector-venturi scrubbers in Plant 2/3 served gulping operations, which consisted of vac
uum transfers of orange oxide (U03) to two cyclone separators in series. These separators 
removed the U03 product. Exhaust from the second cyclone separator entered the scrubber. 
Nitric acid was used as the scrub liquor to collect the U03 which had not been removed by the 
cyclone separators . The nitric acid scrub liquor reacted with U03 to produce soluble uranyl 
nitrate as per Eq. D-l1 below: 

(D-l1) 
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Exhaust from the scrubber, which contained dissolved uranyl nitrate in small droplets, passed 
through a wire screen mist eliminator in the outlet duct before it entered the atmosphere. 

Quantities of uranium released from the Plant 2/3 gulping system have been estimated 
over the 35-year history of the plant (Semones and Sverdrup 1988). The estimates were based 
on uranium production records and actual measurements of entrained mist and particulates 
emitted from the scrubber systems. The authors have tabulated experimentally-determined 
mist entrainment losses of uranium and theoretically-computed particulate losses of uranium 
for each year from 1954 through 1988. More than half of the total uranium lost was estimated 
to be lost by mist entrainment. The greatest total losses ofuranium occurred during the period 
1958 through 1962, which was also the period of greatest U03 production. 

The uranium lost by mist entrainment would consist of two parts. The first part would 
consist of small liquid droplets of entrained scrubber liquid which passed through the mist 
eliminator, a lO-inch-thick wire screen pad in the outlet duct. The second part of the mist 
entrainment would consist oflarge droplets (generally 100 p,m or larger) reentrained from the 
mist eliminator as a result of excessive gas velocity. 

According to the Semones-Sverdrup report, the efficiency of a mist eliminator of the type 
used for the Plant 2/3 scrubbers increases with increasing gas velocity up to a maximum of99% 
at 3-4 m S - l. Reentrainment at higher velocities drops the efficiency. Semones and Sverdrup 
estimated that the efficiency was only 60% for velocities of 6--12 m S - l, which prevailed for 
the Plant 2/3 stacks. Therefore, nearly all of the mist which penetrated the mist eliminator 
and was emitted from the plant stacks consisted of reentrained droplets. 

Solid U03 particulates in outlet duct. An approximate calculation was made for 
the particle-size distribution of solid U03 particles which penetrated the scrubber and exited 
through the plant stacks. The physical geometric mean diameter of the U03 aggregates 
transferred in the Plant 2/3 gulping operations was reported by Semones and Sverdrup to be 
22 p,m. By using an arbitrary value of 3 p,m for the standard deviation of the distribution and 
by applying the efficiencies for venturi scrubbers in Table D-10, an approximate particle-size 
distribution was calculated for U03 particulates penetrating the scrubber. This particle-size 
distribution is listed in Table D-16. 

Table D-16. Approximate Particle-Size 
Distribution of U03 in Outlet Duct 

Particle-size Frequency 
range (p,m) (%) 

0-2 89.0 
2-3 5.4 
3-4 2.2 
4-5 2.6 
5-6 0.7 

o 

Particle sizes of reentrained mist droplets. Reentrained mist droplets are reported 
to be generally greater than 100 micrometers in diameter (Black and Strauss 1981). These 
droplets, which contained uranyl nitrate in solution, would have shrunk during downwind 
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plume travel as a result of evaporation of water from their surfaces. Complete loss of water 
would leave solid uranyl nitrate hexahydrate (UNH) crystals in the plume. According to 
Eq. D-7, even the larger mist droplets would have completely lost all of their water by the 
time the plume had travelled a few hundred meters. The rapid crystallization of UNH from 
the liquid would undoubtedly result in a polycrystalline mass which may break. apart duringr. 
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plume travel. Calculations were made as described below on the particle sizes of solid particles 
remaining as a result of water vaporization from mist droplets. It was assumed that the 
resultant UNH solids were in the form of intact polycrystalline aggregates. 

For purposes of the calculations, it was assumed that the reentrained mist droplets uni
formly ranged from 80 to 180 /Lm in diameter. The Semones-Sverdrup document states that
the concentration of the scrub liquor ranged uniformly from 27.5 to 55.1 g uranium per liter. 
The uranium was all present in the liquor as uranyl nitrate. Using a density of2.8 g cm-3 for 
UNH, the volume of solid UNH in a liter of solution was calculated to be about 20.7 cm3 for
a solution containing 27.5 g uranium per liter and 41.4 cm3 for a solution containing 55.1 g 
uranium per liter. The ratios of the diameters of solid sphere to liquid droplet ranges from 
0.275 to 0.346 for concentrations in scrub liquor ranging from 27.5 to 55.1 g uranium per liter.

Using the information above, estimates were made for the particle-size distribution of 
solid UNH particulates deriving from reentrained mist. The results of the calculations are 
listed in Table D-17. 

Table D-17. Estimated Uniform Particle-Size 
Distribution for UNH from 
Reentrained Mist Droplets 

Initial Droplet Average Solid UNH 
Diameter Range Aggregate Diameter 

(/Lm) (/Lm) 

80 - 100 29 
100 - 120 35 
120 - 140 41 
140 - 160 47 
160 - 180 53 

Since the initial droplets were a result of rapid air flow through a wet wire screen with 
a distinct mesh size, there is no reason to believe that a lognormal distribution would apply. 
The physical constraint of the mesh size would probably be one of the most important factors 
in determining the size ofthe droplets. Hence, the assumption of a narrow droplet range with 
a uniform distribution of diameter sizes as shown in Table D-17 is probably as reasonable as 
any. 
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Uncertainties of Plant 2/3 Scrubber Emissions 

As for Plant 8, we consider two distinct types of emissions from the Plant 2/3 scrubbers. 
First, small-diameter particles of U03 which penetrated the scrubber system were assumed 
to be released. The particle-size distribution of this type of emission is given in Table D-16. 
Second, solid particles of polycrystalline agglomerates of uranyl nitrate hexahydrate (UNH) 
were assumed to be produced in the downwind plume as a result of evaporation of water from 
reentrained droplets of scrub liquor emitted from the Plant 2/3 scrubbing systems. 

Penetrating Particles of U03• The first type of emission consisted only of small par
ticles. Only 0.7% of the particles, for instance, were estimated to be greater than 5 J1.m in 
diameter. Uncertainties of frequencies for smaller particle-size ranges are not important in 
evaluation of radiation doses. 

Size Distribution of Solid Particles Resulting from Water Evaporation from Re
entrained Droplets. The second type of emission, described in Table D-17, was assumed to 
be uniformly distributed over the diameter range of 29 to 53 J1.m. The average particle size is 
41 J1.m. The uncertainty is ±50%. 

Summary of Types of Emissions from Plant 2/3 Scrubbers. The report of Simones 
and Sverdrup (1988) calculated the percentage contributions of the two types of emissions 
from the Plant 2/3 scrubber systems. The first type of emission, consisting of particles of 
U03 which had penetrated the scrubbers, was about 46% of the total uranium emission. The 
remainder (about 54%) initially consisted of reentrained scrub liquor as droplets of mist. 

SUMMARY AND CONCLUSIONS 

We close this appendix with some general remarks about applications of the information 
that has been developed. Some applications have already been made to development and 
validation of the methodology discussed in other parts of this report. Others will be made 
when the full source term is incorporated into the final dose estimates. 

Particle Sizes of Emissions from Stacks with Dust Collectors 

Particle Sizes Applied to the 1960-1962Period. The particle-size distributions mea
sured for stack emissions in 1985 by NKES can be applied to emissions from the same stacks 
in the period 1960-1962 since plant operations served by those stacks have not changed over 
the years. Averaged distributions for UF4 emissions and for U30 S emissions as calculated 
from the NKES measurements can be applied for the 1960-1962 period to stacks for which 
there were no measurements made in 1985 for all cases in which the emitted species was pro
duced through similar operations. Inferred values for particle sizes of U30 S from machining 
operations in other facilities may be used for stacks serving FMPC machining operations for 
the 1960-1962 period. Similarly, uranium oxide particle sizes reported by other facilities may 
be used for similar ore-handling processes carried out in Plants 1 and 2/3 during 1960-1962. 

Particle Sizes for all Years of FMPC Operation. Both the measured or inferred 
particle size distributions of uranium species listed in this appendix as applied to the 1960
1962 period may be used directly for all years from the beginning to the end of FMPC plant 
operations for all cases in which plant operations and processes were the same as in 1960
1962. An assignment of particle sizes for uranium releases over all of the years of operation 
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of the FMPC requires identification of both the predominant species and its generating plant 
process for each major emission point for each year. For the few cases for which no reliable 
information on particle size can be obtained, particle sizes will be assigned at midpoints of 
expected maximum uncertainty ranges. 

Particle Sizes of Emissions from Scrubbers 

Ejector-venturi scrubbers in Plant 8 and Plant 2/3 serviced furnaces and process equip
ment that emitted uranium compounds as small particulates. There were two types of emis
sions from the Plant 8 scrubbers: (1) fine solid particles ofU30 s « 2 J.Lm in diameter), which 
penetrated the scrubber systems, and (2) large liquid droplets of reentrained scrub liquor 
containing uranates, sodium hydroxide, and dissolved sodium salts. The liquid droplets (with 
a postulated mean diameter of about 140 J.Lm) dried out during downwind plume travel. The 
polycrystalline solid agglomerates remaining after water evaporation were calculated to have 
had diameters of about 45% of the liquid droplet diameters. According to our calculations, 
about 70% of the uranium emitted to the atmosphere for Plant 8 scrubbers came from the 
second type above, and about 30% came from the first type. 

The Plant 2/3 scrubbers were postulated to have emitted (1) solid particulates of U03 of 
small size (mostly < 2 J.Lm in diameter), which penetrated the scrubbers, and (2) large liquid 
droplets of reentrained scrub liquor containing dissolved uranyl nitrate hexahydrate (UNH). 
Diameters of these droplets were assumed to be lognormally distributed with geometric mean 
141 J.Lm and geometric standard deviation 1.4. Average diameters of the solid UNH agglom
erates resulting from water evaporation from the droplets were estimated to range from 29 
to 53 J.Lm. It was reported that the first type of emission accounted for about 46% of the total 
uranium emitted from the Plant 2/3 scrubbers and about 54% came from the second type. 
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APPENDIXE 


METEOROLOGICAL DATA FOR MODELING THE TRANSPORT 
OF AIRBORNE RELEASES 


INTRODUCTION 

The atmospheric dispersion models used to reconstruct ground-level air concentrations 
at receptor points in the assessment domain require meteorological data expressed as joint
frequency tables (JFl's) of wind speed, wind direction, and atmospheric stability (Pasquill
Gifford classes A-F). Ideally, a JFl' would be compiled for the FMPC region for each month of 
the assessment period (1951-1988), but the necessary tower and instrumentation for collecting 
such data at the FMPC site have been in continuous operation only since August 1986. In 
previous assessments, JFl's compiled from regional airports (Dayton, Ohio, and Covington, 
Kentucky) have been used as surrogates for the Fernald site, but our comparisons of the 1987
1991 period indicate that straightforward substitution of these data sets for JFTs based on 
data recorded at the Fernald tower would likely produce underestimates of air concentrations 
at most points of the assessment domain. If the limited FMPC dataset is applied to years 
preceding 1987, estimates of air concentrations for any given month are subject to considerable 
uncertainty. 

The absence of site-specific meteorological information for earlier years of the facility's 
operation is a serious problem for dose reconstruction. We have investigated an hypothesis 
that would relate the FMPC and Cincinnati datasets in another way. By assuming that the 
relationship of a five-year composite of recent FMPC data to corresponding (but unknown) 
FMPC frequencies for past years is similar to the relationship of recent Cincinnati data to 
known Cincinnati data from the past, one may derive factors for adjusting estimates that are 
based on the recent FMPC data. If the hypothesis can be defended, it might enable us, to 
some extent, to take into account variations due to climatological trends over time that are 
recorded in the Cincinnati dataset and that are likely to have affected both sites. In this 
appendix, we examine this hypothesis with regard to its possible usefulness for adjusting the 
FMPC five-year composite data. 

An alternative approach will be examined, in which uncertainty distributions are derived 
from ratios of predictions based on recent five-year-composite Cincinnati data to those based 
on Cincinnati data for earlier years. Tabulations of these distributions have been prepared 
for each of the twelve months and for an annual average. 

We also describe the data sets that we have used to calculate the JFl's. The JFTs of the 
five-year composite, monthly and annual, are presented in Tables ES-1 through ES-13 ("S" 
for "Special") at the end of the appendix. 
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THE METEOROLOGICAL DATASETS 

We have examined four meteorological datasets for their relevancy to the dose recon
struction. All of the datasets contain hourly records, and the versions that are in hand span 
different periods. These datasets are the FMPC tower data (August 1986 through December 
1991), the Cincinnati Airport data (January 1948 through December 1991), the Dayton Air
port data (January 1987 through December 1990; earlier records are available but have not 
been acquired), and data recorded at Oxford, Ohio (January 1981 through December 1990). 

The FMPC Tower Data 

Data transmitted to the RAe Team by Westinghouse Materials Company of Ohio (WMCO) 
for the FMPC site begin with the record of August 6, 1986, at 1200 hours and proceed in 
hourly intervals. Data through December 31,1991, are in hand, providing a record that spans 
approximately five and one-third years. Table E-l lists the variables that were monitored. 
Entries in a logbook for the data collection system covering the period May 22, 1987, through 
January 28,1991, and the data files themselves indicate numerous interruptions in the record. 
The longest gap includes the entire month of September 1990. Table E-2 shows the percentage 
of valid hours for each month of the period January 1,1987, through December 31,1991. 

PLEASE NOTE: In their transmittal of data for the year 1991, WMCO indicated that 
the data had not been verified. Furthermore, there has been no indication that 
previously-obtained data for earlier periods had been verified by WMCO. Therefore, 
we caution the reader that the FMPC meteorological tower data that we have used 
in this study should be regarded as raw readings from the instrumentation, without 
interpretation or correction by WMCO personnel. We have dropped out those records 
for which any variable of interest to us was flagged by the computer-controlled mon
itoring system as invalid (code "I"; see Table E-l, footnote b). 

Gaps in any continuously-sampled time-series data are a concern, but the primary use of 
the FMPC tower data in this study is to create JFTs. Accordingly, if the gaps are reasonably 
uniform in their distribution over time, there is less concern for the accuracy of the estimation 
of averages. An examination of Table E-2 indicates that aside from a few instances of low 
sampling efficiency in certain months - of which the worst is obviously September 1990, when 
no samples were recorded - most months during the period represented by the data had more 
than 90% of their hours recorded. We judge that the data are adequate for constructing the 
JFTs that will be used in this study. 

We have carried out the analysis of the FMPC hourly tower data with specially-written 
computer programs that examine each relevant field of each record. Validity codes inserted by 
the computer-controlled sampling system make it possible to screen out flawed or meaningless 
records. We discarded those records with code "I" flagging any relevant field. In a few cases, 
the julian date field could not be interpreted, and such records were also discarded. The 
field for the stability sometimes contained an asterisk, and this condition also invalidated the 
record. In general, records with "Q" (Questionable) codes corresponding to one or more of the 
relevan t fields were accepted if they had not been invalidated by one or more of the conditions 
enumerated above. The "Q" code generally appears in the presence of relatively rapid changes 

L 

L 


DRAFT 




r 
r 
r 

r 

r 

L 


t 

l 


L 


Appendix E Page E-3 
Meteorological Data for Modeling the Transport of Airborne Releases 

Table E-1. File Record Format for FMPC Tower Meteorological Data 

Column(s) Field description 

1-2 Year 
3-5 Julian day 
6-7 Hour 
8-9 Minute (= 0 on hourly averages) 
10-14 Wind direction (at 60 tI).)4 
15-19 Wind speed (at 60 m) (miles hour-1)4 
20-24 Sigma theta (at 60 m)4 
25-29 Wind direction (at 10 m)4 
30-34 Wind speed (at 10 m) (miles hour- 1)4 
35-39 Temperature (at 10m) (OC)4 
40-44 Dew point (OC)4 
45-49 Delta temperature (between 10 and 60 m) (OC)4 
50--54 Precipitation (inchest 
55-59 Pressure (inches of Hg)4 

6~9 Validity codesb 

60 Wind direction (60 m) 

61 Wind speed (60 m) 

62 Sigma theta (60 m) 

63 Wind direction (10m) 

64 Wind speed (10m) 

65 Temperature (10m) 

66 Dew point 

67 Delta temperature (10-60 m) 

68 Precipitation 

69 Pressure 


70 Stability class (A-G)C 

l. 


4 All numerical data are given in hundredths. To get actual values, divide by 100. 
b Validity codes: Q - Questionable data; I - Invalid data; V - Variable wind direction; C 

Calm wind speed. 
C In calculations for this study, classes F and G were consolidated. The software that prepared 

the data files computed the stability from the temperature gradient f1T/f1z according to the 
following table: 

Stability f1T/ f1z range 

A :5 -1.9 
B -1.9 to -1.7 
C -1.7 to -1.5 
D -1.5 to - 0.5 
E -0.5 to + 1.5 
F +1.5 to + 4.0 
G >4.0 
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Table E-2. Percentage of Valid FMPC Tower Observationsa by Month and Year 

Month 1986 1987 1988 1989 1990 1991 1986-91 1987-91 

Jan 
Feb 
Mar 
Apr 
May 
Jun 
Jul 
Aug 
Sep 
Oct 
Nov 
Dec 

69.2b 

89.2 
94.2 
97.2 
89.2 

94.8 
98.5 
99.7 
99.3 
79.0 
67.5 
38.8 
31.0 
93.6 
96.2 
97.4 

100.0 

100.0 
99.9 
98.5 
40.3 
97.3 
90.1 
87.0 
84.1 
99.3 
62.8 
99.2 
99.7 

99.3 
100.0 

79.3 
92.5 
93.4 
99.6 
98.7 

100.0 
100.0 

94.6 
98.6 
90.3 

96.0 
95.7 
93.4 
97.8 
95.7 
99.4 
94.1 
30.5 

0.0 
44.2 
74.4 
94.8 

67.7 
90.5 
97.0 
96.8 
83.5 
94.0 
93.1 
99.2 
97.5 

100.0 
99.2 
89.5 

91.6 
96.9 
93.6 
85.3 
89.8 
90.1 
82.3 
69.0 
79.9 
82.0 
94.3 
93.9 

91.6 
96.9 
93.6 
85.3 
89.8 
90.1 
82.3 
69.0 
78.1 
79.6 
93.8 
94.9 

a An "observation" represents one hour. 

b The data record begins August 6, 1986, 1200 hours. 

in the variable's magnitude and would attract the attention of an examiner who was verifying 
the data, but it does not necessarily indicate an equipment malfunction or an invalid reading. 

The 12 monthly JFTs (and one annual JFr) derived from the FMPC tower data are based 
on the composite hourly data for the respective months (and the annual composite) of the five 
years 1987-1991. These JFTs are presented in Tables ES-1 through ES-13 at the end of this 
appendix. Each JFr is broken down by six wind speed intervals, 0-2, 2-4, 4-6, 6-8, 8-10, 
and >10 m S-l; 16 wind sectors; and the six Pasquill-Gifford stability classes A-F. The wind 
speeds and directions correspond to readings at the 10-m level. The frequencies in Tables ES
1 through ES-13 are normalized by stability, and the total frequency for the stability is given 
on the line preceding the breakdown by wind speed and direction ofthe normalized frequencies 
for that stability. Table E-1, footnote c, indicates the vertical temperature gradient scheme 
used by the processing software for assigning stabilities; in calculations performed for this 
study, classes F and G were combined. Figure E-1 is a windrose for the annual JFr derived 
from the FMPC composite tower data for 1987 through 1991. 

The Cincinnati Airport Data 

The Greater Cincinnati Airport is located near Covington, Kentucky, just south of the 
Ohio River and approximately 29 km south-southeast of the FMPC site. Because of its relative 
nearness to Fernald and the long continuous record of meteorological variables, the Cincinnati 
Airport dataset has been used for estimates of airborne dispersion from the FMPC site in some 
previous assessments. This meteorological record is available to this study from 1948 through 
1991 without interruption. 

The hourly data were obtained from the National Climatic Data Center (NCDC), Ashe
ville, North Carolina, and were processed into JFTs of format similar to those for the FMPC 
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Figure E-l. Windrose diagram for the FMPC composite tower data for 1987 through 
1991. Frequencies for higher wind speed classes are zero or negligible. Annual
average stability frequencies are as follows: 

A 0.065 D 0.333 
B 0.030 E 0.291 
C 0.044 F 0.237 

with the STAR program, which is available in FORTRAN source from NCDC. It is not possible 
to process the Cincinnati data with the same computer program that we applied to the FMPC 
dataset because of the different file formats and the variables that were monitored. 

The character of the Cincinnati data set is different from that of the FMPC tower data 
in several respects. The principal structural difference is in the stability typing schemes that 
are supported. The airport data were taken at a level of approximately 10m above ground, 
and there is no second set of temperatures measured at a higher elevation to permit the use 
of the vertical temperature gradient in a stability typing scheme. Instead, using a procedure 
of Turner (1964), the STAR program bases its assignment of stability to classes A through G 
on observations of wind speed, cloud cover, ceiling, and estimates of insolation computed from 
solar elevation angle; for nighttime, negative insolation indices are assigned. We should stress 
that the correspondence between the Turner stabilities and those derived from the vertical 
temperature gradient method used for the FMPC tower data is at best approximate, and no 
attempt has been made to adjust the data sets to compensate for the different stability typing 
methods. We judge that such an exercise would more likely be misleading than helpful. 

Figure E-2 shows an annual-average windrose diagram for a 1987-1991 composite of 
the Cincinnati meteorological data. Note the difference in wind speed class boundaries. The 
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STAR program assigns frequencies to the classes 0-4, 4-7, 7-11, 11-17, 17-21, and >21 kt 
(i.e., knots, which are nautical miles per hour; 1 kt = 0.514 m S-I). Comparison of the 
annual windroses for Cincinnati and the FMPC (Fig. E-1) indicate some potentially important 
differences in the distribution of wind speeds and stability classes between the two sites. Both 
figures show the dominant southwesterly wind directions, however. 
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Figure E-2. Annual-average windrose diagram for 1987-1991 composite meteoro
logical data from the Cincinnati Airport, as compiled by the STAR program. The 
stability frequencies are as fonows: 
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A 
B 
C 

0.010 
0.054 
0.111 

D 
E 
F 

0.525 
0.133 
0.167 

The Dayton Airport Data 

The Dayton Municipal Airport is near the city of Dayton, Ohio, about 61 km northeast of 
the FMPC site. Like Cincinnati, this location has previously been suggested as a meteorolog
ical surrogate for the FMPC. 

The file formats for the Dayton Airport data are identical to those for Cincinnati. We 
have obtained Dayton data for the years 1988 through 1990; these data are available from 
NCDC. We converted the hourly data to JFTs with the STAR program. A composite windrose 
for these three years is shown in Fig. E-3. The figure shows a wind speed and directional 
distribution similar to that for Cincinnati (Fig. E-2). 
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Figure E-3. Annual-average windrose diagram for 1988-1990 composite meteoro
logical data for the Dayton Airport, as compiled by the STAR program. The stability 
frequencies are as follows: 
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C 0.114 F 0.183 
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The Oxford Data

The Geography Department of Miami University, Oxford, Ohio, maintains a network of 
eight automated weather stations, which were developed during 1980-1981 by the Univer
sity in collaboration with the Ohio Agricultural Research and Development Center (Klink and Curry 1984, Curry et a1. 1988). One of the nodes of the network (i.e., an observation 
station) is located near the Miami University Ecology Research Center at Oxford, which lies 
approximately 30 km north of the FMPC site. We refer to this dataset as the Oxford data. 

For purposes of comparison, we obtained data from the Oxford observation station for 
the period from July 1, 1981, through December 31, 1990. The data present a third format, 
and we developed another computer program to compile windroses based on these files. Be
cause stabilities are not readily computed from the Oxford data for nighttime, we omitted all 
computations of stabilities for this dataset. 

Figure ~ shows a windrose diagram based on a composite file of the Oxford data for 
the years 1987-1990. The figure indicates important differences between Oxford and the 
FMPC site in the distribution of wind speed and wind direction. Local topographies are likely 
influential in this difference. The Oxford instrumentation is deployed at a height of about 2 m 
above ground near the top a westward downslope that overlooks a stream-bed valley running 
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north-south. The valley floor is about 24 m below the level of the station. Channeling of wind 
in the valley may be responsible for the increased frequencies in the NW, NNW, N, and NE 
sectors. 
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Figure E-4. Annual-average windrose diagram for 1987-1990 composite meteoro
logical data taken at Miami University, Oxford, Ohio. Stabilities are not available. 
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PLEASE NOTE: The data from the Miami University station at Oxford have not been 
systematically verified and must be regarded as raw automated readings of the in
struments. After some experimentation, we wrote our computer program to recognize 
clear instances of meaningless records, and such records were dropped. Using these 
criteria, we accepted data for 34,723 hours out of a possible total of 35,064 hours for 
the period 1987-1990 (99%). 

The ATDD Survey 

In November 1987, personnel from the National Oceanic and Atmospheric Administra
tion's Atmospheric Turbulence and Diffusion Division (ATDD) carried out a meteorological 
survey of the FMPC site. The purpose of the survey was to establish siting criteria for ad
ditional meteorological towers at the site that would provide real-time data for emergency 
response to unplanned events. From November 2 through November 22, 14 portable meteoro
logical towers monitored variables that characterize wind fields and turbulence near the site 
(Pendergrass 1989). The placement of the facility on standby status ended the survey before 
building wake effects could be studied and a suite of validation tests could be carried out. 

The data recorded in the ATDD survey indicate possibly significant differences between 
the FMPC site and those of the Greater Cincinnati and Dayton Airports. The FMPC is located 
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at the intersection of two valley wind flows, one of which generally follows the valley of the 
Great Miami River northeastward, and the other of which runs south-southeastward along 
Paddy's Run Creek. This confluence creates wind flows on the valley floor that can differ in 
direction by as much as 90° from the synoptic-scale flow at the height of nearby ridgetops. 
Pendergrass (1989) suggests the possibility that the on-site tower may be influenced by the 
flow along Paddy's Run Creek. The report presents several wind-field maps, one of which 
(Fig. 23) shows a southward local flow along the western side of the site, whereas releases 
from the production area would. be carried northeastward by the synoptic-scale flow. 

We investigated the availability and possible usefulness of the data from the ATDD sur
vey for this study. ATDD personnel indicated that the data could not be delivered promptly 
because of various difficulties, including the necessity of reformatting and transferring the in
formation to different media. We concluded that the 21-day duration of the sampling severely 
limited the usefulness of the data for our purposes, and discussions with Dr. Pendergrass 
failed to quantify the significance of the drainage flows through Paddy's Run Creek. It is our 
judgment that the data from the ATDD survey are insufficient to serve as a basis for adjusting 
the FMPC tower data to allow for this anomalous effect, because they provide no indication 
of its prevalence. Accordingly, we have not made further attempts to acquire this dataset and 
incorporate it into the study. 

DmECT COMPARISONS OF THE METEOROLOGICAL DATASETS 

The restriction of the FMPC meteorological dataset to the period since August 1986 cre
ates a troublesome problem for reconstruction of dose related to releases from this site. The 
options include using a composite of recent FMPC data for the earlier period, with a large 
range of uncertainty applied to estimates of air concentration, or substituting a surrogate 
dataset to use for the calculations. 

At least one previous study of the FMPC has made use of the data from the Cincinnati 
Airport (IT Corporation 1989). An unpublished report from the same project describes a sta
tistical comparison of data from the Cincinnati and Dayton airports with about 11 weeks of 
hourly wind data recorded by the instrumentation at the 10-m level of the FMPC meteoro
logical tower (Heron and Ubinger 1986). These investigators concluded that "wind speed and 
direction recorded at both Cincinnati and Dayton were adequate predictors of these param
eters at Fernald, but that data recorded at Cincinnati explained a greater percentage of the 
variability at Fernald than did Dayton." On the basis of this report and other information 
then available to him, Charles W. Miller of the Oak Ridge National Laboratory (ORNL) rec
ommended to H. Wayne Hibbitts of the DOE Oak Ridge Operations that calculations then 
being performed by ORNL for the Centers for Disease Control make use of the dataset from 
Cincinnati rather than that from Dayton, which apparently had been specified in the request 
to ORNL (Miller 1986). In another instance, the FMPC-2082 report (Boback et a1. 1987) re
ferred to values of temperature, humidity, wind speed, and wind direction recorded at the 
Cincinnati Airport at 7:00 and 10:00 a.m. in discussing a release of uranium hexafluoride 
(UF6 ) from the Pilot Plant on February 14,1966. For the times at which these decisions were 
made, they appear to have been entirely appropriate, given the lack of data for the site. 

Figures E-1 through E-4 show annual windrose distributions of wind speed and direction 
f. for the respective sites, and for each of the first three figures, a table of stability frequencies is 
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given. This information provides some basis for comparison of the FMPC tower data with the 
two airport datasets and to a lesser extent with the Oxford data. It is particularly evident that 
the lowest wind speed class (0-2 m S-1) has a much higher frequency at the FMPC than at 
any ofthe other three sites. Figure E-5 is a rough indication of the distribution of wind speed 
as given by the composites of recent data from the four sites. Mean wind speeds are shown 
in the figure's legend. The mean wind speed for the FMPC site is about half of that for each 
of the airports, and the mean wind speed for Oxford is intermediate. Because of the inverse 
proportionality of predicted concentration to wind speed in the Gaussian plume formula and 
other dispersion models (Appendix F), the variation of these distributions of wind speed have 
a direct bearing on predicted concentrations; in particular, other factors being the same, the 
airport data would estimate annual-average air concentrations to be lower by about a factor 
of 2, on average, than the corresponding estimates using the FMPC data. Variation in the 
distributions of wind direction and stability and adjustment of windspeed to release heights 
different from the measurement height complicate the interpretation. A different comparison 
is needed. L 
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Figure E-5. Approximate distributions of wind speed, based on annual-average 
windrose data for the FMPC tower (1987-1991), the Cincinnati Airport (1987-1991), 
the Dayton Airport (1988-1990), and Miami University at Oxford, Ohio (1987-1990). 
Mean wind speeds are indicated in the legend. 
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ALTERNATIVE COMPARISON OF FMPC METEOROLOGICAL DATA 
WITH DATA FROM OTHER SITES 

We alluded previously to unpublished statistical comparisons of the FMPC hourly wind 
data with the Cincinnati and Dayton datasets of Heron and Ubinger (1986). Comparisons 
based on regression techniques (i.e., regression of each variable of interest for one site on the 
corresponding variable for the other site) encounter difficulty for complex datasets such as we 
are considering. Successive hourly readings at the same site are not independent (autocorre
lation), whereas the regression model is based on the assumption of independence. Even if 
adjustments for the autocorrelation were made, the interpretation of correlation coefficients 
and regression-line predictions for two meteorological variables (wind speed and direction) is 
doubtful at best and difficult to translate to the practical terms of differences in air concen
trations that a dispersion model would predict on the basis of the data. 

We have substituted a comparison that is more direct and more easily interpreted by 
nonspecialists. It is based on the quantity x/Q (ground-level concentration per unit release 
rate) as predicted for a nondecaying and nondepositing tracer by the Gaussian plume model, 
in the form 

2 
x = 1 exp (_ h ) , 
Q 2~ayazu 2az 

(E-1)

(Hanna et al. 1982; this report, Appendix F) where u is the wind speed, adjusted from the 
height at which it was recorded to the release height h (for which we used 25 m in this com
parison), and the dispersion coefficients a y and a z are functions ofthe horizontal distance from 
the source to the receptor point, and of the stability class (A-F). Our particular representation 
of the dispersion coefficients is based on Briggs' formulas (Hanna et al. 1982, p. 30, Table 4.5). 

In order to connect Eq. E-1 with the meteorological datasets, we introduce the frequency 
j'jka where the subscripts i and j correspond to wind speed and wind direction intervals and 
k =A, . . . , F, according to the stability class. Normalization requires that the frequencies add 
to unity: L;'J,k j'J,k = 1. Our wind direction intervals are the conver tional 22.5° sectors, and 
the X/Q are evaluated at the centerlines of the sectors. The expreSE on for the mean value of 
X/Q at a receptor point (x, y) is 

(E-2) 

where (x, y) lies at a distance r = (x2 + y2)1/2 from the release point and at the centerline of 
the sector downwind of sector j from which the wind blows (note that the direction index j in 
Eq. E-2 is fixed by (x, y» . 

Equation E-2 is a simplified version of one ofthe models that we apply to estimate ground
level air concentration resulting from an elevated release. We have omitted radioactive decay 
and plume depletion resulting from deposition in order to confine the model to the effects of 
wind data on atmospheric dispersion. The procedure is to establish a polar grid of receptor 
points over the circular assessment domain, and for each receptor point, to evaluate Eq. E
2 twice, once for each wind dataset. One obtains two normalized concentrations, CFMPC and 
Cother. The point (CFMPC, Cother) is plotted relative to logarithmic axes, and the configuration of 
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the aggregate of such points on the plot indicates the general trend of the "other" dataset as a 
predictor for the FMPC dataset for use with the Gaussian plume model. In our comparisons, 
the grid consists of 128 points: 16 directions, with 8 points on each sector centerline at 
distances 1,000, 2,000, . . . , 8,000 m from the source. Figure E-6 shows the results of such 
a comparison of annual-average wind data, where "other" is the composite Cincinnati data 
for 1987-1991, compared with FMPC data for the same period. Several regions have been 
marked off by diagonal lines to indicate the extent of over- or underprediction represented by 
points in the respective regions. A perfect match would occur if all points lay on the central 
diagonal line. In Fig. E-6, most of the points correspond to underprediction of FMPC by 
Cincinnati data, and for more than half of the points the underprediction is by a factor of 
more than 2; in a few cases, the underprediction is by a factor of more than 5. I. 

Five-Year Composite: Annual ,,,,,,, 

"Overestimation ,,' 
Factor of < 2 ---:".;...'--~....~ 

/,/// 

,,'" 
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FMPC ChilO (s m-3) 

Figure E-6. A comparison of 1987-1991 composite annual-average datasets for the 
Cincinnati Airport and the FMPC site. Estimates of xlQ for each dataset are plotted 
against each other at each of128 points of a grid that covers the assessment domain. 
The regions between the lines indicate the extent of over- or underestimation ofFMPC 
air concentrations by the Gaussian plume model using the Cincinnati data. In this 
comparison, most points correspond to underestimation by factors of 2 to 5. 

An alternative is to work with predicted-to-observed (PIO) ratios. In our context, "pre
dicted" corresponds to the "other" or proposed surrogate dataset; "observed" is the concentra-
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tion obtained from the FMPC dataset. The ratio that we work with is 

(E-3) 

where the two concentrations are calculated from Eq. E-2 at the same grid point. The array of 
128 Pia ratios can then be displayed as a histogram or in tabular form. Clearly, the desired 
situation is to have the ratios cluster closely about Pia =1. 

It is of interest to extend the comparison of FMPC and Cincinnati meteorological data 
to the 12 monthly JFTs of the five-year composite datasets. It is not practical to present 
plots corresponding to Fig. E-6 for every month, but we have condensed and extended the 
information and put it into Table E-3. For each month, the table shows the minimum, 
median, and maximum of the 128 Pia ratios; then the mean and standard deviation of the 
log-transformed ratios are used to compute a geometric mean (GM) and geometric standard 
deviation (GSD); and finally, the frequency counts for several intervals are presented in order 
to give a more tangible sense of the distribution of the ratios. 

From Table E-3, we note that the medians for all months but one (August) correspond 
to underprediction of the FMPC by more than a factor of 2, and for most months, 10% or 
more of the 128 Pia ratios correspond to underprediction by a factor of more than five. The 
percentage entries in the table clearly indicate substantial bias below Pia =1. Overprediction 
is confined to factors of less than 2, except for the month of August. 

Table E-3. P/O Ratios for Cincinnati as a Surrogate for FMPC Meteorological Dataa 

Date N Min. Median Max. GM GSD 

Percent of ratios in interval 

<.1 .1-.2 .2-.5 .5-1 1-2 2-5 5-10 >10 

Ann 

Jan 

Feb 
Mar 

Apr 
May 

Jun 

Jul 

Aug 
Sep 

Oct 

Nov 

Dec 

128 0.149 

128 0.215 

128 0.149 

128 0.141 

128 0.163 

128 0.124 

128 0.148 

128 0.148 

128 0 .119 

128 0.068 

128 0.114 

128 0.124 

128 0.142 

0.494 

0.370 

0.404 

0.425 

0.353 

0.451 

0.441 

0.448 

0.686 

0.608 

0.577 

0.354 

0.349 

1.197 0.445 1.784 

1.641 0.419 1.809 

1.055 0.400 1.666 

1.175 0.390 1.739 

1.332 0 .386 1.632 

1.234 0.436 1.836 

1.255 0.420 1.756 

1.339 0.465 1.815 

2.506 0.550 2.346 

1.607 0.487 2.304 

1.309 0.494 2.279 

1.386 0 .382 2.002 

1.219 0.394 1.737 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

5.5 

0.0 

0.0 

0.0 

10.2 

0.0 

12.5 

10.9 

6.2 

10.2 

10.9 

5.5 

23.4 

11.7 

16.4 

19.5 

6.2 

40.6 

75.8 

53.9 

55.5 

63.3 

51.6 

58.6 

46.9 

12.5 

18.8 

28.1 

47.7 

58.6 

37.5 11.7 

11.7 12.5 

27.3 6.2 

27.3 6.2 

25.0 5.5 

24.2 14.1 

21.1 9.4 

36.7 10.9 

36.7 21.9 

42.2 21.9 

26.6 28.9 

21.1 11.7 

22.7 12.5 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

5.5 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

a Five-year composite. 
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LONG-TERM VARIATIONS IN Am-DISPERSION PREDICTIONS 

Many prospective assessments have based air-dispersion calculations on a composite of 
data for five years (or fewer). For a dose reconstruction (retrospective), it is preferable to 
apply meteorological data that are specific to the times that make up the temporal domain of 
the study. Though the Cincinnati dataset may be disappointing as a surrogate for the FMPC 
because of bias and scatter, it is worthwhile to examine the dataset for internal relationships 
between recent and past years. In particular, we are interested in comparing the monthly 
tabulations in the 5-year composite Cincinnati dataset with the corresponding tabulations for 
all individual years of the Cincinnati dataset during the FMPC's operation. The hypothesis 
that we examine is that the correspondence between the five-year composite FMPC dataset 
and the unknown FMPC meteorology for specific years in the past will resemble the same 
correspondence for Cincinnati, for which the meteorology for the same year in the past is 
given by data that we have in hand. Such a relationship could be exploited to introduce cycles 
or secular trends from the longer record into the limited FMPC dataset. The disadvantage is 
that the opportunity for validating such a procedure is extremely limited. 

This method is based on PIO ratios between datasets, but in this case the numerator is a 
concentration Co based on the five-year composite Cincinnati dataset, and the denomiator is 
a concentration C t for the same receptor point computed from the Cincinnati data for the year 
(or month and year) t. One can imagine a corresponding fraction for the FMPC, for which Ct 

exists but is unknown. We formulate our hypothesis as 

(E-4) 

where each PIO ratio represents a central value for the 128 points of the domain. We use the 
geometric mean (GM). Our estimate of Ct for the FMPC is 

C = [Co]FMPC , 
t 

[ColCt]cinc 
(E-5)

i.e., the desired past FMPC concentration is computed from its counterpart from the five
year composite dataset divided by the corresponding GM PIO ratio (present/past) from the 
Cincinnati dataset. The concentration [Co]FMPC is specific to the receptor point at which the 
estimate is calculated. The effect, for a particular month and year, is to adjust predictions of 
concentrations at all receptor points in the domain up or down by the same factor. 

Data for testing this procedure are scant, but there are FMPC data for five months of1986 
(August through December), and these months were not included in the five-year composite. 
For these five months, we analyzed both PIO ratios of Eq. E-4, and the comparison is set 
forth in Table E-4. We would hope for generally good agreement of the GMs for each month, 
although an objective criterion for the desired agreement is not obvious. The geometric means 
for September, November and December agree to within 15% ofthe smaller value. In all cases, 
the corresponding GMs are within a factor of two. 

As a further indication of the degree of correspondence, we formed 4-year composite 
datasets for 1988-1991 for the FMPC site and Cincinnati, leaving the data for the year 1987 
available for estimation on the basis of the reduced composite datasets. Table E-5 shows 
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Table E-4. Comparison of P/O Ratiosa for Cincinnati and FMPC Aug.-Dec. 1986" 

Date N Min. Median Max. GM GSD 

Percent of ratios in interval 

<.1 .1-.2 .2-.5 .&-1 1-2 2-5 &-10 >10 

FMPC Aug 86 128 0.338 0.925 5.049 0.900 1.953 0.0 0.0 17.2 38.3 38.3 5.5 0.8 0.0 

CINC Aug-86 128 0.465 1.082 4.704 1.148 1.789 0.0 0.0 7.0 31 .2 48.4 13.3 0.0 0.0 

FMPC Sep-86 128 0.561 0 .939 4.345 1.029 1.587 0.0 0.0 0 .0 63.3 28.9 7.8 0.0 0.0 

CINC Sep-86 128 0.494 1.069 4.644 1.144 1.668 0.0 0.0 4.7 35.9 48.4 10.9 0.0 0.0 

FMPC Oct-86 128 0.292 0.884 2.786 0.860 1.766 0.0 0.0 19.5 38.3 31.2 10.9 0.0 0.0 

CINC Oct-86 128 0.340 1.454 5.743 1.234 2.037 0.0 0.0 12.5 27 .3 35.2 21.9 3.1 0.0 

FMPC Nov-86 128 0.420 0 .909 2.254 0.910 1.595 0.0 0.0 13.3 49.2 32.0 5.5 0.0 0.0 

CINC Nov-86 128 0.169 0.756 2.217 0 .783 2.020 0.0 6.2 25.8 21.1 43.8 3.1 0.0 0.0 

FMPC Dec-86 128 0.261 0.920 3.826 0.935 1.792 0.0 0.0 14.8 35.9 43.0 6.2 0.0 0.0 

CINC Dec-86 128 0.313 0 .747 2.708 0.796 1.889 0.0 0.0 28.9 37.5 21.1 12.5 0.0 0.0 



" P = Aug.-Dec. 1986; 0 =1987-1991 composite. 

the comparison; we have confined the table to the geometric means and geometric standard 
deviations of the PIO ratios for each month of 1987, and the ratios of the geometric means 
are tabulated for ease of comparison. The table indicates that the recent composite data for 
the two sites are comparable predictors of their respective past concentrations. The signed
rank test of Wilcoxon (Snedecor and Cochran 1967) cannot reject, at the 5% level, the null 
hypothesis that the two paired sets of 17 geometric means are from the same distribution. 
Thus the method has some promise as a means of adjusting the five-year composite FMPC 
data, but the appearance in Table E-5 of such divergences as the entries for October of 1986 
and August and September of 1987 is worrying. Our decision is to give further consideration 
to this method as preparations are made for the final calculations, but at this time we are not 
prepared to make a commitment to its implementation. 

ESTIMATION OF UNCERTAINTY WITH FMPC AND CINCINNATI DATA 

The method described in the previous section aims to reduce the bias (on average) that 
would result from using the recent five-year composite FMPC meteorological data in esti
mating air concentrations during past periods to which this dataset is not strictly applicable. 
A more conservative approach to error management is to represent year-to-year variations 
in meteorological variables by uncertainty distributions applied to the estimated air concen
trations at receptor points throughout the region. There are various rational approaches to 
constructing such uncertainty distributions. We consider two. 

The first approach would utilize normalized predictions of air concentrations (xI Q) at a 
particular points (say 1000 m NE) for a particular month (e.g., January) of all years of the 
Fernald record to obtain an estimate of variation of the January average concentration from 
year to year at the specified location. For January, there would be N =5 estimates at location 
m, which we denote by Xmi , i =1, .. . ,N. If we assume that the estimates of concentration 
are from a lognormal distribution, the quantities Ymi =InXmi are normally distributed. The 
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Table &-5. Geometric Means and Standard Deviations of PIO Ratios for 


FMPC and Cincinnati: Prediction of 1986-1987 Concentrations 


by 4-Year Composite Meteorology 


FMPC Cincinnati 
GM ratio 

Date GM GSD GM GSD (CincJFMPC) 

Aug-86 0.900 1.953 1.148 1.789 1.28 

Sep-86 1.029 1.587 1.144 1.668 1.11 

Oct-86 0.860 1.766 1.234 2.037 1.43 

Nov-86 0.910 1.595 0.783 2.020 0.86 

Dec-86 0.935 1.792 0.796 1.889 0.85 

Jan-87 0.968 1.712 0.922 1.596 0.95 

Feb-87 0.868 1.607 0.799 1.877 0.92 

Mar-87 1.014 1.729 0.911 1.918 0.90 

Apr-87 0.959 1.726 0.799 2.277 0.83 

May-87 0.871 1.498 0.994 2.252 1.14 

Jun-87 1.039 1.830 0.868 2.155 0.84 

Jul-87 1.243 1.982 1.550 4.837 1.25 

Aug-87 1.635 2.001 0.904 1.652 0.55 

Sep-87 1.341 2.281 0.885 2.005 0.66 

Oct-87 0.934 1.624 0.806 1.728 0.86 

Nov-87 1.108 1.780 0.960 1.561 0.87 

Dec-87 1.109 1.745 1.308 1.999 1.18 
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unbiased sample variance 

(E-6) 

can be used to estimate an upper 95% confidence limit for the true (but unknown) variance 
0"2. This confidence limit is 

2 (N -1)8;' 
0" ~ --2:::-----'-'" 

X 0.05 
(E-7) 

where ~O.05 is the 5th percentile of the chi-square distribution with N - 1 degrees of free
dom (Snedecor and Cochran 1967). For N = 5 and N = 6 (d.f. 4 and 5), the chi-square 95th 
percentiles are 0.71 and 1.15, respectively. The limit is a random variable that will exceed 
the true variance 95% of the time (if one assumes that the statistic is based on a random 
sample of JFTs from the period of interest, which it is not). As a measure of conservatism in 
deriving an uncertainty distribution, one might use the upper 95% confidence limit obtained 
from Eq. E-7 as the basis for the variance of the normal distribution that underlies the log
normal distributions of the predicted normalized concentrations, but prudence would dictate 
increasing the estimate because of the limited period from which the "sample" was drawn. 
It is important to remind oneself that this procedure would provide only one component of 
uncertainty for estimates of air concentrations, namely the component that is associated with 
meteorological variations from year to year. Other components will be developed and applied 
independen tly. 
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Extended to all months and to a small set of receptor locations, the method provides 
distributions that would need to be generalized to all receptor locations. Such an approach 
has several limitations. First, it fails to consider information about secular trends contained in 
the Cincinnati data, which in some degree belong to wider-scale phenomena that have affected 
the FMPC site. Second, applied independently to successive years, it cannot take into account 
possible correlations between meteorology and other time series, such as the source term; for 
a purely hypothetical example, what if wind conditions especially favored higher-than-normal 
ground-level· concentrations of FMPC airborne effluents during a cycle that included 1955, 
when the release rates are believed to have been at their highest? And finally, we have 
already mentioned the need for arbitrarily increasing the variance to compensate for possible 
sampling bias. 

The second approach is similar to the one just outlined but uses the more extensive 
Cincinnati data set in an effort to incorporate longer-term cycles and secular trends that may 
have affected air concentrations. To construct the uncertainty distribution, we proceed as 
follows. First, we fix a receptor point and define the ratio 

R _ [X/QJo 
t - [X/QJt' 

where the subscript 0 refers to the five-year composite dataset for Cincinnati and t denotes a 
year (or possibly a month and year, depending on the time resolution of the intended calcula
tion) during the period of past plant operation. The notation X/Q denotes the model-predicted 
air concentration, normalized to the release rate, at the specified receptor point, where the 
concentration is based on the meteorology indicated by the subscript 0 or t. We compute the 
ratio Rt for each period t during the history of the plant (for example, for each January, in the 
case of monthly resolution, or for each year in the case of annual resolution), and we form the 
empirical distribution of these ratios. This distribution characterizes the use of the five-year 
composite dataset to predict past air concentrations for Cincinnati. For the present purpose, it 
is reasonable to assume that the theoretical distributions is lognormal, and we have estimated

L 
o 

the geometric means and geometric standard deviations for monthly and annual resolutions 
for a single receptor point 1,000 m NE ofthe source. Figure E-7 shows plots of the empirical 
distributions for the months of December, March, June, and September, and for periods of one 
year. Table E-Q lists the geometric means and geometric standard deviations. 

To arrive at an appropriate distribution for multiplicative uncertainty factors, we normal
ize the empirical distributions to have geometric mean 1 and to retain the geometric standard 
deviations shown in Table E-Q. Thus, for a random factor", drawn from the normalized 
distribution, the Monte Carlo estimate of x/Q would be 

x/Q = [X/QJ'l1, 

where [X/QJ' is the deterministic predicted value (this is, of course, a simplification; other 
factors would be applied to account for other uncertainties). Similar tabulations to Table E-6 
will be prepared for other receptor points in the region, and some consolidation will be done if 
appropriate (it could be, for example, that a single generic distribution would be satisfactory 
for the month of January for all receptor points of the region). The question of independence 
vs. intercorrelation of receptor points is discussed in Appendix K 
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Cincinnati Met. Data - Receptor 1,000 m NE 
10 
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Figure E-7. Empirical distributions of X/Q ratios computed from Cincinnati mete

orological data. The ratios are Rt = [x/QJo/[X/QJt, where 0 refers to the five-year 

composite dataset and t ranges over all specified periods (e.g., all Decembers during 

plant operation, or all years). The plotted curves represent the distributions for all 

months of December, March, June, and September, and for all years (labeled "Ann"). 

Note that the slope ofthe annual curve is shallower than those ofthe monthly curves, 

indicating less variability. 
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METEOROLOGY AND EPISODIC EVENTS 

Throughout the previous discussion, the tacit orientation has been toward estimating 
monthly-average air concentrations, based on the monthly resolution of the source term for 
routine releases. For unusual releases of high magnitude and short duration, one needs to 
know the local wind speed, wind direction, and stability and the variation of these quantities 
for the duration of the release, with at least the temporal resolution with which the episodic 
release is known. Lacking this specific local knowledge (which is likely to be unavailable for 
most if not all such incidents), it is necessary to try to limit the range of possibilities for the 
progression of conditions and to assign probabilities to those that remain. The procedure will 
depend upon the incident, its duration, and apparent uniformity of conditions in the area. 

Hourly data from the Cincinnati Airport for the time of the release will be examined, 
with the caution implied by comparisons of the two datasets for 1986-1991 that have been 
discussed in this appendix. Supplementary data, such as regional weather maps for the 
specific times, will be employed to the extent possible. Also, efforts will be made to locate 
sequences of FMPC hourly data in the 1986-1991 period that occurred at nearly the same 
time of year and during general weather conditions (i.e. , temperature, precipitation, degree 
of overcast) that correspond closely with those that prevailed during the event of interest. 
Thus , for a mid-November incident, one might select sequences from each of the Novembers 
from 1986 through 1991. Using each set of sequences to predict resulting air concentrations 
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Table E-6. Parameters of the Distributions of the 
Ratios Rt for Monthly and Annual Periods 

Period 
Geometric 

mean 

Geometric 
standard 
deviation 

Jan 
Feb 
Mar 
Apr 
May 
Jun 
Jul 
Aug 
Sep 
Oct 
Nov 
Dec 
Annual 

1.24 
1.26 
0.91 
0.95 
1.10 
1.19 
1.12 
1.11 
1.37 
1.39 
1.20 
1.24 
1.10 

1.58 
1.56 
1.58 
1.48 
1.53 
1.39 
1.50 
1.58 
1.50 
1.65 
1.55 
1.56 
1.25 

at locations of interest, one would obtain, at each point, a "sample" of results (N = 5 or 
6) that is formally similar to those discussed above in connection with deriving uncertainty 
distributions for monthly releases (Eqs. E-6 and E-7). But because of the shorter period 
spanned by the duration of the episode (hours to days, at most), additional conservatism will 
need to be introduced into estimating the variance of the distribution. 

A variation of the foregoing approach that utilizes the Cincinnati data would require 
associating distributions of meteorological data points (i.e., wind speed, wind direction, and 
stability) for the FMPC that correspond to specific data points for Cincinnati. This would be 
accomplished by tabulating data points for Cincinnati (using, say, six or fewer ranges of wind 
speeds) for suitable periods during 1986-1991 and recording frequencies ofthe corresponding 
FMPC data points. For example, we might consider each November during 1986-1991, and 
corresponding to the Cincinnati data point of wind speed 0-2 m S- I, wind direction from 
SW, and class D stability, we would have a distribution of data points for the FMPC, which 
occurred concurrently with each occurrence of the Cincinnati data point for those periods. 
The correspondence would then be applied to Cincinnati data points that occurred at the
time of the event in question, and the distributions obtained for the FMPC would indicate a 
range of possibilities for the atmospheric transport of the release with the frequencies being 
interpreted as probabilities. 

Although these approaches may seem crude and will necessarily involve subjective choices 
and decisions by the investigators, they have the virtue of focusing attention on a ranges 
of meteorological consequences that likely contain conditions close to those that prevailed 
at the FMPC at the time in question ; and they emphasize the sense of uncertainty in the 
event, rather than leaving the impression, as point estimates inevitably do, that the resulting 
concentrations are better known than they can be. 

Appendix V discusses a specific event and discusses these approaches in the context of 
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that event. 

SUMMARY AND CONCLUSIONS 

This appendix has described the meteorological data recorded on site at the FMPC from 
August 1986 through December 1991 and compared this dataset with longer records from 
regional airports, Cincinnati in particular, and with data from Miami University at Oxford, 
Ohio. Comparisons of dispersion predictions made with the FMPC dataset with predictions 
made with those of Cincinnati (Fig. E-6) and Dayton for the same years indicate a strong 
trend toward underprediction by the airport data, due in part to higher wind speeds at the 
airports. When annual JFTs from the five-year composite datasets are compared, the extent 
of the underprediction of FMPC by Cincinnati exceeds a factor of 2, and for nearly half of the 
test points the factor is between 2 and 5. The Oxford data show characteristics that suggest 
less bias overall (Figs. E-4 and E-5), but this dataset only goes back to 1981, and difficulties 
in stability typing it made the direct comparison impractical. 

We consider the FMPC on-site data the fundamental key to meteorology at and about 
the site for the period of interest, despite the brevity of the record and numerous random 
gaps resulting from problems with the instrumentation. The direct use of the Cincinnati 
meteorological record as a surrogate for the FMPC, although it was considered satisfactory 
before sufficient FMPC tower data were available to indicate the extent ofthe bias, now seems 
quite unacceptable. For long-term estimation ("routine" releases), we have demonstrated some 
promise for a method of superimposing on the FMPC predictions some characteristics of the 
long-term secular trend that were derived from the behavior of the Cincinnati record, but a 
final decision on the usefulness ofthis adjustment technique will require further consideration. 
But we draw the conclusion that any method should begin by treating the five-year FMPC 
composite as a generic meteorology for all years, to be supplemented by adjustment factors 
and uncertainty distributions that may depend in part on other datasets. 

Accordingly, the air dispersion predictions for the dose reconstruction study will be based 
on composite joint frequency tables derived from hourly wind and stability data from the 
FMPC meteorological tower during the years 1987 through 1991, with possible modifications 
as indicated above. For a specific month, the predicted ground-level concentrations are to be 
subjected to a stochastic uncertainty factor that is based on conservatively interpreted vari
ability of test predictions with the meteorology for that month for each year in the composite 
period (Eqs. E-6 and E-7), or alternatively, the stochastic uncertainty factor based on the 
Cincinnati data as discussed earlier (see Table E-6 and Fig. E-7). This component of uncer
tainty will be combined with others associated with the source term (Voilleque et al. 1990), 
the dispersion model (Appendix K), and dose conversion factors (Appendix T) in arriving at 
predictions of dose. 
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Table E8-l. Compos!~ Meteorological Frequencies for FMPC, January 1987-1991 

Wind speed range (m s 1) Wind speed range (m s 1) 


0-2 2-4 4-6 6--8 8-10 >10 Total 0-2 2-4 4-6 6--8 8-10 >10 Total 


Class A frequency 0.02238 Class B frequency 0.01789 
N .00000 .00000 .00000 .00000 .00000 .00000 .00000 N .00000 .00000 .00000 .00000 .00000 .00000 .00000 
~ .00000.00000.00000.00000 .00000.00000.00000 NNE .00000 .00000.01609 .00000 .00000 .00000 .01609 
NE .00000 .00000 .00000 .00000 .00000 .00000 .00000 NE .00000.00000 .02156 .00000 .00000 .00000 .02156 
ENE .00000 .00000 .01723 .00000 .00000 .00000 .01723 ENE .00000.00000.04492 .00000.00000 .00000 .04492 
E .01723 .00000 .00000 .00000 .00000 .00000 .01 723 E .00000 .00000 .00000 .00000 .00000 .00000 .00000 
ESE .00000 .00000 .00000 .00000 .00000 .00000 .00000 ESE .00000 .00000 .00000 .00000 .00000 .00000 .00000 
SE .00000 .00000 .00000 .00000 .00000 .00000 .00000 SE .00000 .00000 .00000 .00000 .00000 .00000 .00000 
SSE .00000 .00000 .00000 .00000 .00000 .00000 .00000 SSE .01515.00000 .00000 .00000 .00000 .00000 .01515 
S .00000 .01723 .00000 .00000 .00000 .00000 .01 723 S .00000 .02156 .00000 .00000 .00000 .00000 .02156 
SSW .00000 .09716.04141 .00000 .00000 .00000 .13857 SSW .00000 .09132 .04537 .00000 .00000 .00000 .13669 
SW .00000 .12535 .12613 .02420 .00000 .00000 .27568 SW .02156 .08319 .13577 .01512 .00000 .00000 .25564 
WSW .01723 .19276 .00000 .00000 .00000 .00000 .20999 WSW .02156 .17499.01566.00000.00000 .00000 .21221 
W .01723.13165 .10291 .00000 .00000 .00000 .25179 W .00000.12151.01609 .00000.00000 .00000 .13760 
WNW .00000 .02932 .01286 .00000 .00000 .00000 .04218 WNW .00000.06243.01609 .01512.00000 .00000 .09364 
NW .00000 .03009 .00000 .00000 .00000 .00000 .03009 NW .00000 .00000 .04492 .00000 .00000 .00000 .04492 
NNW .00000 .00000 .00000 .00000 .00000 .00000 .00000 NNW .00000 .00000 .00000 .00000 .00000 .00000 .00000 
Total .05169 .62356 .30055 .02420 .00000 .00000 1.0000 Total .05827 .55499 .35648 .03025 .00000 .00000 1.0000 

Class C frequency 0.02959 Class D frequency 0.42969 
N .00000 .00000 .00000 .00000 .00000 .00000 .00000 N .00811 .01589.00134 .00000.00000 .00000 .02534 
~ .00000 .00000 .00973 .00000 .00000 .00000 .00973 ~ .00674 .01661 .00594 .00000 .00000 .00000 .02929 
NE .01304 .00000 .03250 .00000 .00000 .00000 .04554 NE .01923 .03630.00607.00000 .00000 .00000 .06160 
ENE .00947 .01894 .00000 .00000 .00000.00000 .02841 ENE .02476.04073 .00975.00000.00000 .00000 .07524 
E .01304 .00000 .00000 .00000 .00000 .00000 .01304 E .01136 .01113 .00067 .00000 .00000 .00000 .02316 
ESE .01304 .00000.00000 .00000 .00000.00000 .01304 ESE .00737 .00126 .00000 .00000 .00000 .00000 .00863 
SE .00000 .00000 .00000 .00000 .00000 .00000 .00000 SE .00189.00349.00196.00000.00000.00000 .00734 
SSE .00000 .00000 .00000 .00000 .00000 .00000 .00000 SSE .00756 .00580 .00000 .00000 .00000 .00000 .01336 
S .00000 .05025 .00000 .00000 .00000 .00000 .05025 S .00587.01677.00259.00000.00000 .00000 .02523 
SSW .00000.09293.00915.00947.00000.00000.11155 SSW .01606 .04340 .01658 .00894 .00000 .00000 .08498 
SW .01889 .09667 .04576.00000 .00000.00000 .16132 SW .02014.05772.01696.00436.00000 .00000 .09918 
WSW .04607.14479 .05022.00000 .00000.00000 .24108 WSW .03487 .07373 .02363 .00327 .00261 .00000 .13811 
W .02716 .07289 .00000.00000.00000 .00000 .10005 W .03419 .11461 .03198 .00326 .00000 .00000 .18404 
WNW .00915 .04962.02743 .00915 .00000.00000 .09535 WNW .01483 .05759.02583 .00688 .00000 .00000 .10513 
NW .01304.09046 .00000.00000 .00000.00000 .10350 NW .01124 .04487 .01355 .00000 .00000 .00000 .06966 
NNW .00000 .02716 .00000.00000 .00000.00000 .02716 NNW .01631 .02931 .00346 .00063 .00000 .00000 .04971 
Total .16289 .64371 .17479 .01862.00000 .000001.0000 Total .24053 .56923.16030.02733.00261 .00000 1.0000 

Class E frequency 0.35999 Class F frequency 0.14047 
N .00857.00535.00000 .00000 .~OOO.OOOOO .01392 N .00655 .00000 .00000 .00000 .00000 .00000 .00655 
~ .00587.00540.00000 .00000 .~OOO.OOOoo .01127 ~ .02339 .00000 .00000 .00000 .00000 .00000 .02339 
NE .01118 .00775.00000 .00000.00000 .00000 .01893 NE .02248 .00000 .00000 .00000 .00000 .00000 .02248 
ENE .03357 .01750 .00000 .00000 .00000.00000 .05107 ENE .02684 .00386 .00000 .00000 .00000 .00000 .03070 
E .02071 .00564.00080.00000 .00000 .00000.02715 E .08125.00000 .00000 .00000.00000 .00000 .08125 
ESE .01385 .00160 .00000.00000 .OO()OO .00000 .01545 ESE .04473.00000.00000 .00000 .00000 .00000 .04473 
SE .01221 .00235.00000.00000 .00000.00000 .01456 SE .03464 .00000 .00000 .00000 .00000 .00000 .03464 
SSE .02748.01235.00153 .00000 .00000.00000.04136 SSE .04029 .00000 .00000 .00000 .00000 .00000 .04029 
S .02721.02632.00841 .00075 .00000 .00000 .06269 S .02546 .00193 .00000 .00000 .00000 .00000 .02739 
SSW .05007.06948.03553.00226 .00000 .00000.15734 SSW .06536 .00393 .00000 .00000 .00000 .00000 .06929 
SW .05039 .07622.02515 .00000 .0000() .00000 .15176 SW .08166 .00790 .00000 .00000 .00000 .00000 .08956 
WSW .06604 .04423.01773 .00156 .000()() .00000 .12956 WSW .11727 .00598.00000 .00000 .00000 .00000 .12325 
W .05453.05108 .02088 .00233.00000 .00000.12882 W .12237 .00398 .00000 .00000.00000 .00000 .12635 
WNW .04055 .03806 .01443 .00075 .00000 .00000.09379 WNW .12887 .00000 .00000 .00000.00000 .00000 .12887 
NW .03614.01840 .00151 .00000 .00000 .00000 .05605 ~ .10804 .00000 .00000 .00000 .00000 .00000 .10804 
NNW .02067 .00491 .00075 .00000 .00000 .00000 .02633 NNW .04323 .00000 .00000 .00000 .00000 .00000 .04323 
Total .47902 .38662 .12671 .00765 .00000 .00000 1.0000 Total .97243 .02757 .00000 .00000 .00000 .00000 1.0000 
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Table ES-2. Composite Meteorological Frequencies for FMPC, February 1987-1991 

Wind speed range (m s-l) 	 Wind speed range (m s-1 ) 

0-2 2--4 4-6 6-8 8-10 >10 Total {}-2 2--4 4-6 6-8 8-10 >10 Total 

Class A frequency 0.04336 Class B frequency 0.02500 
N .00000 .00000 .00668 .00000 .00000 .00000 .00668 N .00000 .06345 .00000 .00000 .00000 .00000 .06345 
~ .00000 .00000 .00000 .00000 .00000 .00000 .00000 ~ .00000 .00000 .00000 .00000 .00000 .00000 .00000 
NE .00000 .00000 .00000 .00000 .00000 .00000 .00000 NE .00000.01278.00000 .00000 .00000 .00000 .01278 
ENE .00000 .02272 .00000 .00000 .00000.00000 .02272 ENE .00000 .01278 .01278 .02451 .00000 .00000 .05007 
E .00000.00000.00000.00000.00000.00000.00000 E .00000 .00000 .00000 .00000 .00000 .00000 .00000 
ESE .00000 .00000 .00000 .00000 .00000 .00000 .00000 ESE .00000 .00000 .00000 .00000 .00000 .00000 .00000 
SE .00000 .00000 .00000 .00000 .00000 .00000 .00000 SE .00000 .00000 .00000 .00000 .00000 .00000 .00000 
SSE .00000 .00000 .00000 .00000 .00000 .00000 .00000 SSE .00000 .00000 .00000 .00000 .00000 .00000 .00000 
S .00000 .00000.00737 .00000.00000.00000 .00737 S .01278 .02663 .00000 .00000 .00000 .00000 .03941 
SSW .00000 .08013 .03010 .00000 .00000 .00000 .11023 SSW .00000 .07486 .00000 .01158 .01158 .00000 .09802 
SW .00000 .13038 .07602.00000 .00000 .00000 .20640 SW .00000 .06293 .02352 .00000 .00000 .00000 .08645 
WSW .00000 .23952 .00688 .00000 .00000 .00000 .24640 WSW .01194 .09541 .03857 .00000 .00000 .00000 .14592 
W .00000 .12142.06734 .02093 .00000 .00000.20969 W .02472.13415.07194.00000.00000 .00000 .23081 
~ .00000 .00737 .06693 .05005 .00000 .00000 .12435 ~ .02472 .03857 .03682 .00000 .00000 .00000 .10011 
NW .00000 .00737 .03010 .00000 .00000 .00000 .03747 NW .00000 .01278 .07378 .00000 .00000 .00000 .08656 
NNW .00000 .00668 .02203 .00000 .00000 .00000 .02871 NNW .00000 .05046 .03594 .00000 .00000 .00000 .08640 
Total .00000 .61559 .31343 .07098 .00000.000001.0000 Total .07417 .58482 .29334 .03609 .01158 .00000 1.0000 

Class C frequency 0.03840 	 Class D frequency 0.43837 
N .00000 .03181 .03062 .03038 .00000 .00000 .09281 N .01033.06949.01997 .00268 .00000 .00000 .10247 
~ .00000 .02432 .00000 .00000 .00000 .00000 .02432 ~ .00834 .05155 .01356 .00000 .00000 .00000 .07345 
NE .00000 .03173 .01554 .00798 .00000 .00000 .05525 NE .01042.07079.02123.00000.00000 .00000 .10244 
ENE .00811 .02373.00798 .03932 .00000.00000 .07914 ENE .01241 .09973.02211 .01308.00000 .00000 .14733 
E .00000 .03184 .00000 .00000 .00000.00000 .03184 E .00972 .01297 .00208 .00000 .00000 .00000 .02477 
ESE .00000 .00000 .00000 .00000 .00000 .00000 .00000 ESE .00771 .00827.00000 .00000 .00000 .00000 .01598 
SE .00000 .00000 .00000 .00000 .00000 .00000 .00000 SE .00425 .00417 .00000 .00000 .00000 .00000 .00842 
SSE .00000 .00832 .00000 .00000 .00000 .00000 .00832 SSE .00571 .00786.00000 .00000 .00000 .00000 .01357 
S .00000 .01643 .00754 .00000 .00000.00000 .02397 S .00904.01620 .00347 .00071.00000 .00000 .02942 
SSW .00000 .04680 .02566 .00754 .00754 .00000 .08754 SSW .01197.03352.01667.00203.00000 .00000 .06419 
SW .00000 .10626.00832 .01621 .00000 .00000 .13079 SW .01424.02674 .01131 .00213.00132.00000 .05574 
WSW .05601 .08709 .00832 .00000 .00000 .00000 .15142 WSW .02038 .02329 .00675 .00000 .00000 .00000 .05042 
W .02407 .06391 .01586 .00000 .00000 .00000 .10384 W .01171 .03326.01566.00345.00000 .00000 .06408 
~ .01531.02332.02261.01586 .00000.00000 .07710 ~ .01125.05285.03386 .00564.00000.00000 .10360 
NW .01554 .03038 .03264 .00000 .00798 .00000 .08654 NW .01410 .04559 .01504 .00070 .00205 .00000 .07748 
NNW .00000.03880.00832.00000 .00000.00000 .04712 NNW .01592 .03539 .01047 .00345 .00140 .00000 .06663 
Total .11904 .56475 .18341 .11729 .01551 .00000 1.0000 Total .17749.59169.19220 .03386.00476.00000 1.0000 

Class E frequency 0.32309 	 Class F frequency 0.13178 
N .011 79 .01702 .00000 .00000 .00000 .00000 .02881 N .01837 .00000 .00000 .00000 .00000 .00000 .01837 
~ .01048 .00565 .00000 .00000 .00000 .00000 .01613 ~ .02112 .00000 .00000 .00000 .00000 .00000 .02112 
NE .01626.00464.00000.00000 .00000.00000 .02090 NE .00739 .00000 .00000 .00000 .00000 .00000 .00739 
ENE .05191.04380.00095.00000 .00000 .00000 .09666 ENE .08350.00000.00000 .00000.00000 .00000 .08350 
E .03323.00473 .00000.00000 .00000.00000 .03796 E .09546.00000 .00000 .00000.00000 .00000 .09546 
ESE .00965 .00745.00000 .00000 .00000 .00000 .01710 ESE .05662 .00000 .00000 .00000 .00000 .00000 .05662 
SE .01715 .00187.00000 .00000 .00000 .00000 .01902 SE .02338 .00000 .00000 .00000 .00000 .00000 .02338 
SSE .01434 .00944.00000 .00000 .00000.00000 .02378 SSE .02404 .00000 .00000 .00000 .00000 .00000 .02404 
S .01510 .03085 .00461 .00276 .00000 .00000 .05332 S .02416.00243.00000 .00000.00000 .00000 .02659 
SSW .03167.05071.02149 .00269.00000 .00000 .10656 SSW .02772 .00000 .00000 .00000 .00000 .00000 .02772 
SW .07282 .09965 .01310 .00269 .00000 .00000 .18826 SW .10468 .01390 .00000 .00000 .00000 .00000 .11858 
WSW .06818.02358 .00464 .00179 .00000.00000 .09819 WSW .12971.01799.00000 .00000 .00000 .00000 .14770 
W .05342.03955.00940.00193.00000 .00000 .10430 W .09891.00439.00000 .00000.00000 .00000 .10330 
~ .03127 .04001.01135.00000.00000 .00000 .08263 WNW .09937 .00000 .00000 .00000 .00000 .00000 .09937 
NW .04201.01983.00272.00000.00000.00000.06456 NW .09874 .00000 .00000 .00000 .00000 .00000 .09874 
NNW .02005 .02085.00095.00000 .00000.00000 .04185 NNW .04814 .00000 .00000 .00000 .00000 .00000 .04814 
Total .49932.41962.06921 .01185 .00000 .00000 1.0000 Total .96129.03871 .00000 .00000.00000 .00000 1.0000 

r 	

t 	

{ 	
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Table ES-3. Composiu Meteorological Frequencies for FMPC, March 1987-1991 

Wind speed range em 8-1) Wind speed range (m s-l) 

0-2 2-4 4-S 6--8 8-1 () >1 0 Total 0-2 2-4 4-S 6-8 8-10 >10 Total 

Class 
N 
~
NE 

A frequency 0.04235 
.00000 .03283 .00000 .00000 .OC)~O .00000 .03283 
.00000 .00000 .00636 .00000 .OC)~O .00000.00636 
.00000 .02595 .00000 .00000 .OO~O .00000 .02595 

Class B frequency 0.03224 
N .01682 .00847.00835 .00000.00000 .00000 .03364 
~ .00000 .00847 .02590 .00835 .00000 .00000 .04272 
NE .00000 .03587.04163 .00000 .00000 .00000 .07750 

ENE 
E 
ESE 
SE 

.00000 .01324 .00000 .00000 .O()~O .00000.01324 

.00000 .01324 .02535 .00000 .OOoc)O .00000 .03859 

.00000.01959.00000 .00000 .OOoc)O .00000 .01959 

.00000 .00000 .00000 .00000 .00000 .00000 .00000 

ENE .00000 .00835 .02481 .00000.00000 .00000 .03316 
E .01739.01739.01695.00000.00000 .00000 .05173 
ESE .00000 .02481 .00000 .00000 .00000 .00000 .02481 
SE .00000 .01901 .00000 .00000 .00000 .00000 .01901 

SSE .00000 .00000 .00000 .00000 .00000 .00000 .00000 SSE .00000 .00000 .02586 .00000 .00000 .00000 .02586 
S .00000 .03964 .00636 .00000 .00 000 .00000 .04600 S .00000 .00835 .01054 .00000 .00000 .00000 .01889 
SSW .00000 .08492.06817 .00000 .00000 .00000 .15309 SSW .00000 .06488 .00847 .01695 .00000 .00000 .09030 
SW .00636 .07861 .06028 .01324 .00000 .00000 .15849 SW .01888 .09750 .01901.01901.00000 .00000 .15440 
WSW .03269 .09911 .05786 .01316 .00000 .00000 .20282 WSW .01682.06290 .03440 .00000 .00000 .00000 .11412 
W .01297 .07866 .03339 .00000 .OO()()O .00000 .12502 
WNW .00000 .06045 .05904 .00000 .OO()()O .00000 .11949 
NW .01290 .00636 .01324 .00000 .OO()()O .00000 .03250 
NNW .00636 .01324 .00645 .00000 .OO()()O .00000 .02605 
Total .07127 .56583 .33649 .02640 .OO()OO.OOOOO 1.0000 

W .00835.02682 .03402 .00000.00000 .00000 .06919 
WNW .00894.00000.06782.00000.00000 .00000.07676 
NW .01729.07954 .01695.00000.00000 .00000 .11378 
NNW .00835.02792.01788 .00000 .00000 .00000 .05415 
Total .11282 .49029 .35259 .04430 .00000 .00000 1.0000 

Class C frequency 0.04713 
N .00612.02419.02482.00000 .OOOO() .00000 .05513 
~ .00090 .02325 .01190 .00000 .OOOO() .00000 .03605 
NE .00134 .05320.06451 .00580 .OOOO() .00000 .12485 
ENE .01698.07028.01159 .01159 .00000.00000 .11044 

Class D frequency 0.40801 
N .00514.02289 .02470.00137.00000 .00000 .05410 
~ .00791 .05461 .03635 .01057 .00000 .00000 .10944 
NE .01092 .06345.03535.00263 .00000 .00000 .11235 
ENE .02402 .09032 .06643.00066 .00000 .00000 .18143 

E .01301 .01769.00580.00000 .00000 .00000 .03650 E .01726.01709 .00263.00000 .00067.00000 .03765 
ESE .00625 .03653 .00000 .00000 .00000.00000 .04278 ESE .01309.00351.00067 .00000.00000 .00000 .01727 
SE .00000 .01292.00000.00000 .00000 .00000 .01292 SE .00813 .01003 .00000 .00000 .00000 .00000 .01816 
SSE .00000 .00000 .00583 .00000 .()ODOO .()OOOO .00583 
S .00000 .02022.00721.00000 .<lOOOD .()OOOO .02743 
SSW .00090.04261.03675 .00000 .<lOOOD.OOOOO .08026 

SSE .00542 .01165 .00933 .00000 .00000 .00000 .02640 
S .00718.01069.00832.00149 .00000 .00000 .02768 
SSW .01598 .02487 .01872 .00304 .00000 .00000 .06261 

SW .02445.02486.03688.01159 .()oOOD.OOOOO .09778 
WSW .00627 .02921 .00000 .00000 .()o()OD .00000 .03548 
W .01382.03049 .02910.00612 .()o()OO.OOOOO .07953 
WNW .01794 .00571.02913.00000 .()o()OO.00000.05278 
NW .01803.03739 .02957 .00000 .~00.00000.08499 

SW .01656.02359.01343.00285.00000 .00000.05643 
WSW .01657 .02034 .00272 .00684 .00066 .00000 .04713 
W .01657 .02993 .01278 .00601 .00000 .00000 .06529 
WNW .01266 .04021 .02378 .00200 .00000 .00000 .07865 
NW .01138 .02858 .01388 .00000 .00000 .00000 .05384 

NNW .01769.06965.02994 .00000 .~OO() .OOOOO .11728 NNW .01010 .02669 .01478 .00000 .00000 .00000 .05157 
Total .14369.49819.32302 .03510 .~OO() .00000 1.0000 Total .19889.47845.28386 .03747 .00133 .00000 1.0000 

Class E frequency 0.28551 
N .02894.01501 .00192 .00000 .OOO()() .00000 .04587 
~ .01535 .01162 .00191.00000.00000.00000.02888 

Class F frequency 0.18477 
N .03449 .00148 .00000 .00000 .00000 .00000 .03597 
NNE .02288 .00000 .00000 .00000 .00000 .00000 .02288 

NE .01390 .01421 .00096 .00000 .OOO()() .00000 .02907 
ENE .04147.08175 .00946.00000 .OOO()O .00000.13268 
E .02669 .00750 .00000 .00000 .00000 .00000 .03419 

NE .03185.00000.00000 .00000 .00000 .00000 .03185 
ENE .08071.01939.00000 .00000 .00000 .00000 .10010 
E .09729 .00148 .00000 .00000.00000 .00000 .09877 

ESE .00872 .00309 .00000 .00000 .00000 .()0000 .01181 
SE .01075.00665.00096.00000 .00000 .()0000.01836 
SSE .01438.02690.00571 .00096 .00000 .00000 .04795 

ESE .04512 .00000.00000 .00000 .00000 .00000 .04512 
SE .01944 .00000 .00000 .00000.00000 .00000 .01944 
SSE .02186 .00000 .00000 .00000.00000 .00000 .02186 

S .01759.03961 .01345 .00192.00000.00000.07257 S .02821.00156 .00000 .00000 .00000.00000 .02977 
SSW .03438.07918.02671 .00769 .00~0 .00000 .14796 SSW .04002 .00880 .00000 .00000.00000 .00000 .04882 
SW .05603 .04225 .01409 .00393 .OO~O .00000 .11630 SW .07146.00149 .00000 .00000 .00000 .00000 .07295 
WSW .04619 .04085 .01186 .00094 .00000 .00000 .09984 WSW .10148 .00297 .00000 .00000 .00000 .00000 .10445 
W .03436.04262.00573.00000 .00000 .00000 .08271 W .07898.00000 .00000 .00000.00000 .00000 .07898 
WNW .02003 .03229 .00671 .00000 .OO~O .00000 .05903 WNW .11410 .00149 .00000 .00000.00000 .00000 .11559 
NW .02178 .01595.00096.00096.00000.00000 .03965 NW .10082.00149 .00000 .00000.00000 .00000 .10231 
NNW .02000.01026.00192.00096 .0()0c)0 .00000 .03314 NNW .06636.00477.00000 .00000.00000.00000 .07113 
Total .41056 .46975 .10233 .01737 .0()0c)0 .000001.0000 Total .95509 .04491 .00000 .00000 .00000 .00000 1.0000 
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Table ES-4. Composite Meteorological Frequencies for FMPC, April 1987-1991 

Wind speed range (m 8-1 ) Wind speed range (m s-1) 

0-2 2-4 4-6 ~ 8-10 >10 Total 0-2 2-4 4-6 ~ 8-10 >10 Total 

Class A frequency 0.08422 Class B frequency 0.04259 
N .00000 .00690 .01021 .00000 .00000 .00000 .01711 N .01754 .01628 .00000 .00000 .00000 .00000 .03382 
NNE .02724 .00668.00000.00000 .00000.00000 .03392 NNE .01754.01372 .00000 .00000 .00000 .00000 .03126 
~ .01330.05829 .01155.00000 .00000 .00000 .08314 ~ .00125.05564.00666 .00000 .00000 .00000 .06355 
E~ .00331 .02048 .01021 .00690 .00000 .00000 .04090 ENE .00000 .02685 .00000 .00000 .00000 .00000 .02685 
E .00331 .00331 .01021 .00000 .00000 .00000 .01683 E .02419.02032 .01334 .00000 .00000 .00000 .05785 
ESE .00000 .02026 .00000 .00000 .00000 .00000 .02026 ESE .01754 .00000 .00000 .00000 .00000 .00000 .01754 
SE .00000 .00331 .00000 .00000 .00000 .00000 .00331 SE .00000 .00655 .00000 .00000 .00000 .00000 .00655 
SSE .00000 .00000 .00000 .00000 .00000 .00000 .00000 SSE .01754 .01331.00000 .00666 .00000 .00000 .03751 
S .00063 .01845.00000 .00000 .00000 .00000 .01908 S .00000.01364.00000 .00000 .00000 .00000 .01364 
SSW .00000 .02757 .03280 .00000 .00000 .00000 .06037 SSW .00000.06151.01323.00000.00000 .00000 .07474 
SW .00000 .05213 .07032 .00000 .00000 .00000 .12245 SW .05790 .03432 .04629 .00000 .00000 .00000 .13851 
WSW .00063 .07753 .05078.00000 .00000 .00000 .12894 WSW .03382 .06229.02335.00000.00000 .00000 .11946 
W .00507 .11385 .10318.00331 .00000 .00000 .22541 W .01323 .04820 .06216 .00666 .00000 .00000 .13025 
~ .03801 .04748 .05433 .00000 .00000 .00000 .13982 WNW .01754 .03619 .01986 .00000 .00000 .00000 .07359 
NW .01140 .02802 .03010.00000 .00000 .00000 .06952 NW .04048.04069.03578.00000 .00000 .00000 .11695 
NNW .00063 .01155 .00337 .00337 .00000 .00000 .01892 NNW .00125.03000.02001.00668.00000 .00000 .05794 
Total .10354 ,49581 .38707 .01358 .00000 .00000 1.0000 Total .25981 .47953 .24067.01999.00000 .00000 1.0000 

Class C frequency 0.04897 Class D frequency 0.35778 
N .02975 .05254 .00000 .00000 .00000 .00000 .08229 N .00612.06414.01642.00000 .00000 .00000 .08668 
NNE .00579 .02888 .01148 .00000 .00000 .00000 .04615 NNE .00551 .02898 .01097 .00079 .00000 .00000 .04625 
NE .01520 .04339.01772 .00000 .00000 .00000 .07631 NE .02220 .04427 .00468 .00000.00000 .00000 .07115 
E~ .00579 .04039 .01150 .00000 .00000 .00000 .05768 ENE .02890.05983.01634.00000.00000 .00000 .10507 
E .01743.01766 .00579.00570 .00000 .00000 .04658 E .01556 .02294 .00000 .00000 .00000 .00000 .03850 
ESE .01743 .00614 .00000 .00000 .00000 .00000 .02357 ESE .02062.00248.00000 .00000 .00000 .00000 .02310 
SE .01187 .00614 .00000.00000 .00000 .00000 .01801 SE .01075 .01085 .00000 .00000 .00000 .00000 .02160 
SSE .00000 .00000 .00570 .00000 .00000 .00000 .00570 SSE .02321 .01619.00548.00158 .00000 .00000 .04646 
S .00000 .03506 .01187 .00000 .00000 .00000.04693 S .01383.03539 .00557.00000.00000 .00000 .05479 
SSW .00000 .07690 .01187 .00000 .00000 .00000 .08877 SSW .01511 .03644 .02538 .00000 .00000 .00000 .07693 
SW .00000 .05319.03773 .00000 .00000 .00000 .09092 SW .01677 .04884 .01364 .00000 .00000 .00000 .07925 
WSW .03830 .03829 .00614 .01158 .00000 .00000 .09431 WSW .02463.03673 .01559 .00389.00000 .00000 .08084 
W .00896.06150.03992.00000 .00000 .00000 .11038 W .01325 .04591 .02327.00000.00000.00000 .08243 
~ .00000 .02960 .02956 .00000 .00000 .00000 .05916 WNW .01062 .02475 .01349 .00000 .00000 .00000 .04886 
NW .00579 .04734 .01766 .00000 .00000 .00000.07079 NW .01234.03445 .02608 .00000.00000 .00000 .07287 
NNW .02936 .03003 .01729 .00581 .00000 .00000 .08249 NNW .00711 .03995 .01188 .00629 .00000 .00000 .06523 
Total .18566 .56703.22422.02308 .00000.00000 1.0000 Total .24652.55213.18880 .01256 .00000 .00000 1.0000 

Class E frequency 0.25472 Class F frequency 0.21172 
N .01848 .01468 .00341 .00000 .00000 .00000 .03657 N .01161 .00000.00000 .00000 .00000 .00000 .01161 
NNE .00911 .01235 .00986 .00000 .00000 .00000 .03132 NNE .04573 .00000 .00000 .00000 .00000 .00000 .04573 
~ .01650 .00775 .00223 .00000 .00000 .00000 .02648 ~ .01800.00000 .00000 .00000 .00000 .00000 .01800 
ENE .03631 .02564.00472 .00000 .00000 .00000 .06667 ENE .03696 .00534.00000 .00000 .00000 .00000 .04230 
E .03488 .01020.00118 .00000 .00000 .00000 .04626 E .07839 .00000.00000 .00000 .00000 .00000 .07839 
ESE .02277 .00326 .00000 .00000 .00000 .00000 .02603 ESE .04136 .00000 .00000 .00000 .00000 .00000 .04136 
SE .03942 .00680.00000 .00000 .00000 .00000 .04622 SE .02241 .00000 .00000 .00000 .00000 .00000 .02241 
SSE .03607 .01982 .00112 .00111 .00000 .00000 .05812 SSE .04106 .00000 .00000 .00000.00000 .00000 .04106 
S .03246 .04330.01400.00000 .00000.00000 .08976 S .04908 .00000 .00000 .00000 .00000 .00000 .04908 
SSW .02210.04784.01035 .00118.00000.00000 .08147 SSW .10168.00000.00000 .00000 .00000 .00000 .10168 
SW .04006 .05076 .00804 .00000 .00000 .00000 .09886 SW .04708 .00269 .00000 .00000 .00000 .00000 .04977 
WSW .07823 .01811 .00444 .00111 .00000 .00000 .10189 WSW .06983.00134.00000 .00000 .00000 .00000 .07117 
W .06238.04223 .00223 .00000.00000 .00000 .10684 W .12518 .00000 .00000 .00000 .00000 .00000 .12518 
~ .04127 .05364 .00558 .00000 .00000.00000 .10049 WNW .11978 .00000 .00000 .00000 .00000 .00000 .11978 
NW .02090 .01350.00558 .00111 .00000 .00000 .04109 NW .12781 .00000.00000 .00000 .00000 .00000 .12781 
NNW .02400 .01459 .00223 .00111 .00000 .00000 .04193 NNW .05467 .00000 .00000 .00000 .00000 .00000 .05467 
Total .53494 .38448 .07495 .00563 .00000 .00000 1.0000 Total .99063 .00937 .00000 .00000 .00000 .00000 1.0000 
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Table ES-6. Composite Meteorological Frequencies for FMPC, May 1987-1991 

Wind speed range (m s-l) Wind speed range (m s-l) 

0-2 2-4 ~ 6-8 8-10 >10 Total 0-2 2-4 ~ 6-8 8-10 >10 Total 

Class A frequency 0.07975 Class B frequency 0.03999 
N .00804.02134.00348 .00000.00000.00000 .03286 N .02652.03474.02164 .00721 .00000 .00000 .09011 
NNE .00429 .02211 .02760 .00000 .00000 .00000 .05400 NNE .02759 .02419 .02084 .00000 .00000 .00000 .07262 
~ .00794.05534 .00865.00000 .00000.00000 .07193 ~ .00214.04002.05808.00000.00000 .00000 .10024 
E~ .06863.07680.00865 .00000 .00000.00000.15408 E~ .01798.01557.00000 .00000 .00000 .00000 .03355 
E .03236 .02379 .00000 .00000 .00000.00000 .05615 E .00782 .00000 .00000 .00000 .00000 .00000 .00782 
ESE .01209 .00817.00000 .00000 .00000 .00000 .02026 ESE .00782.00782.00000 .00000.00000 .00000 .01564 
SE .00392 .00000 .00000 .00000 .00000 .00000 .00392 SE .00000 .00000 .00000 .00000 .00000 .00000 .00000 
SSE .00000 .00392.00697 .00000 .00000 .00000 .01089 SSE .02411 .00000 .00000 .00000 .00000 .00000 .02411 
S .00817 .01601.00000 .00000.00000 .00000.02418 S .04041.01629 .00000 .00000.00000.00000 .05670 
SSW .02418 .05310 .01143 .00000 .00000 .00000 .08871 SSW .04041 .03115.01443 .00000.00000 .00000 .08599 
SW .03219 .08853 .02828 .00000 .00000 .00000 .14900 SW .03320.15268.03220 .00000 .00000 .00000 .21808 
WSW .02026 .06810.00701.00000 .00000 .00000 .09537 WSW .00782.03730.00862.00000.00000 .00000 .05374 
W .00392 .10147 .02767 .00000 .00000 .00000 .13306 W .01503.00782.03746.00000.00000.00000 .06031 
WNW .00392 .01893.01045 .00000 .00000 .00000.03330 WNW .02759.02138.01389 .00704 .00000 .00000.06990 
NW .00375 .01434 .01045.00000 .00000 .00000 .02854 NW .00374 .02111 .00721 .00000 .00000 .00000 .03206 
NNW .00027.01782.02131.00000 .00000 .00432 .04372 NNW .00802.06386.00721 .00000 .00000 .00000.07909 
Total .23394 .58978.17195.00000 .00000 .00432 1.0000 Total .29020.47394.22160 .01425 .00000 .00000 1.0000 

Class C frequency 0.05383 Class D frequency 0.31859 
N .01897.03758 .00536 .00000 .00000 .00000.06191 N .00787.03039.02618.00000.00000 .00000 .06444 
NNE .00040 .02314 .01562 .00536 .00000 .00000 .04452 NNE .02005.04698.01501.00178.00000 .00000 .08382 
~ .00576 .02916 .03158 .00000 .00000 .00000 .06650 NE .03159 .03844 .01290 .00087 .00000 .00000 .08380 
E~ .03584 .03902 .00641 .00000 .00000 .00000 .08127 E~ .03862.05933 .00514.00317 .00000 .00000 .10626 
E .00536 .01177.00000 .00000 .00000 .00000 .01713 E .04255 .01104 .00000 .00000 .00000 .00000 .05359 
ESE .03643 .00581 .00000 .00000 .00000 .00000 .04224 ESE .02502 .00464 .00000 .00000 .00000 .00000 .02966 
SE .00581.01758.00000 .00000 .00000 .00000 .02339 SE .01738 .00444 .00000 .00000 .00000 .00000 .02182 
SSE .01806 .01032 .00000 .00000 .00000 .00000 .02838 SSE .01765.00796 .00360.00000 .00000 .00000 .02921 
S .01792.00641 .00000 .00000 .00000 .00000 .02433 S .02530.02673 .00707 .00177.00000 .00000 .06087 
SSW .00119 .07164 .02091 .00000 .00000 .00000 .09374 SSW .04137 .04616 .01080 .00087 .00000 .00000 .09920 
SW .03167 .15263 .01163 .00000 .00000 .00000 .19593 SW .04380 .05289.00670 .00087.00000 .00000 .10426 
WSW .02308 .06916 .02078 .00000.00000.00000 .11302 WSW .03716.01391 .00353 .00459.00000 .00000 .05919 
W .01778.00000 .02091 .01045 .00000.00000 .04914 W .02307.02112.00883 .00352.00000 .00000 .05654 
WNW .01157 .04517 .01032.00523.00000.00000 .07229 WNW .01364 .02340 .00711 .00000 .00000 .00000 .04415 
NW .00040 .01673.03177 .00000.00000.00000 .04890 NW .01550 .02054 .00352.00091.00000 .00000 .04047 
NNW .00040.01568.02124 .00000 .00000.00000 .03732 NNW .01900.03465.00907 .00000 .00000 .00000 .06272 
Total .23063 .55180 .19653 .021 04 .00000 .00000 1.0000 Total .41958 .44261 .11946 .01835 .00000 .00000 1.0000 

Class E frequency 0.26836 Class F frequency 0.23948 
N .02030.02808.00312.00000.00000 .00000 .05150 N .01566 .00117.00000 .00000 .00000 .00144 .01827 
NNE .01156.03269.00674.00000.00000.00000 .05099 NNE .01428.00000.00000 .00000 .00000 .00000 .01428 
~ .02308 .01813 .00466.00000.00000 .00000 .04587 ~ .01845 .00000.00000 .00000 .00000 .00000 .01845 
ENE .04842 .01264.00000 .00000 .00000.00000 .06106 E~ .03903 .00000 .00000 .00000 .00000 .00000 .03903 
E .04102.00338.00000 .00000 .00000.00000 .04440 E .06998 .00000 .00000 .00000 .00000 .00000 .06998 
ESE .01773 .00000 .00000 .00000 .00000 .00000 .01773 ESE .03540 .00000 .00000 .00000 .00000 .00000 .03540 
SE .02731.00000.00000 .00000 .00000.00000 .02731 SE .03141 .00000 .00000 .00000 .00000 .00000 .03141 
SSE .03189 .01594.00000 .00000 .00000.00000 .04783 SSE .01229 .00000 .00000 .00000 .00000 .00000 .01229 
S .04404 .02684 .00315.00000 .00000.00000 .07403 S .02904.00238.00000 .00000.00000.00000 .03142 
SSW .06579 .05119.00524.00000 .00000.00000 .12222 SSW .06658 .00379 .00000 .00000 .00000 .00000 .07037 
SW .09593 .02334.00000 .00000 .00000.00000 .11927 SW .11552.00235.00000 .00000 .00000 .00000 .11787 
WSW .07838 .02125.00524 .00000 .00000 .00000 .10487 WSW .14698.00237.00000 .00000 .00000 .00000 .14935 
W .04627.02555.00629.00000.00000 .00000 .07811 W .12443.00144 .00000 .00000.00000 .00000 .12587 
WNW .04549 .01397 .00000 .00000 .00000.00000.05946 WNW .12890 .00000 .00000 .00000 .00000 .00000 .12890 
NW .03291 .01407 .00000 .00000 .00000 .00000 .04698 NW .09457 .00144 .00000 .00000 .00000 .00000 .09601 
NNW .02779 .01847 .00210 .00000 .00000 .00000 .04836 NNW .04110 .00000 .00000 .00000 .00000 .00000 .04110 
Total .65792 .30555 .03653 .00000 .00000 .00000 1.0000 Total .98362 .01494.00000 .00000 .00000 .00144 1.0000 
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Table ES--6. Composite Meteorological Frequencies for FMPC, June 1987-1991 
" 

t 

o 

Wind speed range (m s-l) Wind speed range (m 8-1 ) 

0-2 2-4 4~ 6-B 8-10 >10 Total 

Class A frequency 0.08477 

0-2 2-4 4~ 6-B 8-10 >10 Total 

Class B frequency 0.03525 
N .00705 .00338 .01464 .00000 .00000 .00000 .02507 N .00794 .01696 .00000 .00000 .00000 .00000 .02490 
~ .01213 .03150 .06166 .01098 .00000 .00000 .11627 ~ .00000 .01608 .06096 .00880.00000 .00000 .08584 
~ .03833 .12241.04987.00366 .00000.00000 .21427 ~ .03639.08582.01760 .00000 .00000 .00000 .13981 
E~ .04513.06932.01437.00000.00000.00000.12882 E~ .03010 .04161 .00880 .00000 .00000 .00000 .08051 
E .02454 .00705.00000 .00000 .00000 .00000 .03159 E .04781.01608.00000 .00000 .00000 .00000 .06389 
ESE .01382.01044.00000 .00000 .00000 .00000 .02426 ESE .00814.00000.00000 .00000 .00000 .00000 .00814 
SE .01382 .01044 .00000 .00000 .00000 .00000 .02426 SE .00814.00000.00000 .00000 .00000 .00000 .00814 
SSE .02454 .01382.00000 .00000 .00000 .00000 .03836 SSE .01608.00000.00000 .00000 .00000 .00000 .01608 
S .01382.01749.00000 .00000 .00000 .00000 .03131 S .04206 .01184.00000 .00000.00000 .00000 .05390 
SSW .01749 .04488.00330.00000 .00000 .00000 .06567 SSW .02489.01608.00000 .00000 .00000 .00000 .04097 
SW .08002.04817.01653 .00000 .00000 .00000 .14472 SW .03010.10139.00000 .00000 .00000 .00000 .13149 
WSW .03300 .03014 .00000 .00000 .00000 .00000 .06314 WSW .02510.06847.01184 .00000.00000 .00000 .10541 
W .01916 .05228 .00000 .00000 .00000 .00000 .07144 W .03892.03368.00000 .00000.00000 .00000 .07260 
WNW .00000 .00705 .00000 .00000 .00000 .00000 .00705 WNW .05161.03281.02368 .00000.00000 .00000 .10810 
NW .00000 .00330 .00000 .00000 .00000 .00000 .00330 NW .01967 .03260 .00000 .00000 .00000 .00000 .05227 
NNW .01044 .00000 .00000 .00000 .00000 .00000 .01044 NNW .00000.00000.00793.00000.00000 .00000 .00793 
Total .35330 .47168 .16038 .01464 .00000 .00000 1.0000 Total .38696 .47342 .13082.00880.00000 .00000 1.0000 

Class C frequency 0.05504 Class D frequency 0.27401 
N .01030.01538.00000 .00000 .00000 .00000 .02568 N .00681 .01900.00000 .00000 .00000 .00000 .02581 
~ .01983 .05345 .02763 .00000 .00000 .00000 .10091 NNE .02175 .05751.01217.00226.00000 .00000 .09369 
~ .01983 .07034.01127 .00564 .00000 .00000 .10708 ~ .03068 .04219 .01690 .00113 .00000 .00000 .09090 
E~ .03756 .03340 .00000 .00000 .00000 .00000 .07096 E~ .04056.03158.00215.00000.00000 .00000 .07429 
E .03877 .02742 .00000 .00000 .00000 .00000 .06619 E .03340.00727.00000 .00000.00000 .00000 .04067 
ESE .04076 .00508 .00000 .00000 .00000 .00000 .04584 ESE .02189.00548.00000 .00000 .00000 .00000 .02737 
SE .01723 .00000 .00000 .00000 .00000 .00000 .01723 SE .02457 .00878 .00000 .00000 .00000 .00000 .03335 
SSE .00652 .01580 .00000 .00000 .00000 .00000 .02232 SSE .02188.01071.00000 .00000 .00000 .00000 .03259 
S .00652 .02596 .00000 .00000 .00000 .00000 .03248 S .02201 .01682.00408.00000.00000 .00000 .04291 
SSW .01086 .02541 .00508 .00000 .00000 .00000 .04135 SSW .04270 .06548 .00459 .00000 .00000 .00000 .11277 
SW .02233 .07232 .05270 .00000 .00000 .00000 .14735 SW .05313.08165.01057.00204.00000 .00000 .14739 
WSW .03639 .05296 .00758 .00000 .00000 .00000 .09693 WSW .05251 .02661 .00611 .00000 .00000 .00000 .08523 
W .01608 .04824 .00000 .00000 .00000 .00000 .06432 W .04008 .02275 .01019 .00000 .00000 .00000 .07302 
WNW .02742 .02144 .02729 .00000 .00000 .00000 .07615 WNW .01534 .01959 .00803 .00000 .00000 .00000 .04296 
NW .01345 .04384 .00000 .00000 .00000 .00000 .05729 NW .01652.02435.00102.00000.00000 .00000 .04189 
NNW .00508.01775.00508.00000 .00000 .00000 .02791 NNW .00709.02295.00510.00000.00000 .00000 .03514 
Total .32893 .52879 .13664 .00564 .00000 .00000 1.0000 Total .45093 .46271 .08092 .00544 .00000 .00000 1.0000 

Class E frequency 0.27370 Class F frequency 0.27722 
N .02592.00420.00000 .00000 .00000.00000 .03012 N .01262 .00202 .00000 .00000 .00000 .00000 .01464 
~ .01436 .01570 .00000 .00000 .00000 .00000 .03006 NNE .01151 .00000.00000 .00000 .00000 .00000 .01151 
~ .01239.01833 .00000.00000 .00000 .00000 .03072 NE .01577 .00000 .00000 .00000 .00000 .00000 .01577 
E~ .03195.00719.00000.00000 .00000 .00000 .03914 E~ .02908.00262.00000 .00000 .00000 .00000 .03170 
E .03508.00305.00000.00000 .00000.00000.03813 E .04163 .00000.00000 .00000.00000 .00000 .04163 
ESE .01697.00000.00000 .00000 .00000 .00000 .01697 ESE .03876 .00000 .00000 .00000 .00000 .00000 .03876 
SE .01638 .00000 .00000 .00000 .00000 .00000 .01638 SE .01869 .00000.00000 .00000 .00000 .00000 .01869 
SSE .01416 .00459 .00000 .00000 .00000 .00000 .01875 SSE .01718 .00000.00000 .00000 .00000 .00000 .01718 
S .05008.01699 .00000.00000.00000.00000.06707 S .04857 .00000 .00000 .00000 .00000 .00000 .04857 
SSW .08775 .02874 .00000 .00000 .00000 .00000 .11649 SSW .07637 .00112 .00000 .00000.00000 .00000 .07749 
SW .13855 .04919 .00000 .00000 .00000 .00000 .18774 SW .14446 .00112.00000 .00000 .00000 .00000 .14558 
WSW .13793.01709.00204 .00000 .00000.00000 .15706 WSW .13628.00224.00000 .00000.00000 .00000 .13852 
W .08191 .01530.00000 .00000 .00000.00000 .09721 W .13995.00213 .00000 .00000 .00000 .00000 .14208 
WNW .05558 .01826 .00102 .00000 .00000 .00000 .07486 WNW .11840 .00000 .00000 .00000 .00000 .00000 .11840 
NW .04680 .01134.00113 .00000 .00000.00000 .05927 NW .10112 .00000 .00000 .00000 .00000 .00000 .10112 
NNW .01595.00305.00102 .00000 .00000.00000 .02002 NNW .03738.00101.00000 .00000.00000 .00000 .03839 
Total .78176 .21302.00522.00000 .00000 .00000 1.0000 Total .98775 .01225.00000 .00000 .00000 .00000 1.0000 

Radiological Assessments Corporation 
"Setting tlu! Btandard in radiation lu!alth"DRAFT 
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Table ES-7. Composite Meteorological Frequencies for FMPC, July 1987-1991 

Wind speed range (m s-I) Wind speed range (m s-I) 

0-2 2-4 4-6 6--8 8-10 >10 Total 0-2 2-4 4-6 6--8 8-10 >10 Total 

Class A frequency 0.08464 Class B frequency 0.02502 
N .00744.04438.00000 .00000.00000 .00000 .05182 N .01121.06585 .01093 .00000.00000 .00000 .08799 
~ .01991 .03101 .00000 .00000 .00000 .00000 .05092 ~ .01093.01093.00000 .00000 .00000 .00000 .02186 
NE .02787 .02705 .00000 .00000 .00000 .00000 .05492 NE .03449 .03480 .00000 .00000 .00000 .00000 .06929 
ENE .07378 .07482 .00000 .00000 .00000 .00000 .14860 ENE .05733 .04625 .00000 .00000 .00000 .00000 .10358 
E .05182 .00669 .00000 .00000.00000.00000 .05851 . E .04498 .01243 .00000 .00000 .00000 .00000 .05741 
ESE .02419 .00000 .00000 .00000 .00000 .00000 .02419 ESE .03456 .00000 .00000 .00000 .00000 .00000 .03456 
SE .00692 .00000 .00000 .00000 .00000 .00000 .00692 SE .00000 .00000 .00000 .00000 .00000 .00000 .00000 
SSE .00361 .00000 .00000 .00000 .00000 .00000 .00361 SSE .00000 .00000 .00000 .00000 .00000 .00000 .00000 
S .00690 .00331 .00000 .00000 .00000 .00000 .01021 S .01121 .00000.00000 .00000 .00000 .00000 .01121 
SSW .03448.04769.00000 .00000 .00000 .00000 .08217 SSW .06083 .05967 .00000 .00000 .00000 .00000 .12050 
SW .06527 .04086.00000 .00000 .00000 .00000 .10613 SW .03824 .08104 .00000 .00000 .00000 .00000 .11928 
WSW .07525.02021.00735 .00000 .00000 .00000 .10281 WSW .08690 .06110 .00000 .00000 .00000 .00000 .14800 
W .05491 .06288 .00000 .00000 .00000 .00000 .11779 W .05724.09186.00000 .00000.00000 .00000 .14910 
vnNVV .02764 .05437 .00000 .00000 .00000.00000 .08201 vnNVV .00574.02336.00000 .00000.00000 .00000 .02910 
NW .02756 .01698.00000 .00000 .00000.00000 .04454 NW .01121 .00000 .00000 .00000 .00000 .00000 .01121 
~ .02081 .03402 .00000 .00000 .00000.00000 .05483 ~ .02570 .01121 .00000 .00000 .00000 .00000 .03691 
Total .52837 .46428 .00735 .00000 .00000 .00000 1.0000 Total .49057.49850.01093 .00000.00000 .00000 1.0000 

Class C frequency 0.05561 
N .01019.04001 .00492 .00000 .00000 .00000 .05512 

Class D frequency 0.26146 
N .01880.03253 .00000 .00000.00000 .00000 .05133 

~ .01488 .02471 .00492.00000 .00000.00000 .04451 ~ .01889 .01388 .00000 .00000 .00000 .00000 .03277 
NE .00515 .02482 .00000 .00000 .00000 .00000 .02997 NE .03234 .01837 .00000 .00000 .00000 .00000 .05071 
ENE .03342.02170.00000 .00000 .00000.00000 .05512 ENE .03242 .02345 .00000 .00000 .00000 .00000 .05587 
E .04332.01821 .00000 .00000.00000 .00000 .06153 E .03794 .00582 .00000 .00000 .00000 .00000 .04376 
ESE .00504 .00492 .00000 .00000 .00000 .00000 .00996 ESE .01084 .00523 .00000 .00000 .00000 .00000 .01607 
SE .03641.02526 .00000 .00000.00000 .00000 .06167 SE .01398 .00435 .00000 .00000 .00000 .00000 .01833 
SSE .00000 .00000 .00000 .00000 .00000 .00000 .00000 SSE .02460.01088.00000 .00000 .00000 .00000 .03548 
S .01352 .01611 .00000 .00000 .00000 .00000 .02963 S .03952.01674.00000 .00000 .00000 .00000 .05626 
SSW .01771 .01064 .00000 .00000 .00000 .00000 .02835 SSW .04940.05365.00000 .00000.00000 .00000 .10305 
SW .05898 .13809 .00000 .00000 .00000 .00000 .19707 SW .10523 .08534 .00119 .00000.00000.00000 .19176 
WSW .05862.12452.00000 .00000 .00000.00000 .18314 WSW .07243.05805.00000 .00000 .00000 .00000 .13048 
W .03953.06989.01261.00000 .00000.00000 .12203 W .04926.01908.00387.00000 .00000 .00000 .07221 
vnNVV .02985 .02102 .00000 .00000 .00000 .00000 .05087 vnNVV .04480 .01561 .00000 .00000 .00000 .00000 .06041 
NW .02855 .01051 .00000 .00000 .00000 .00000 .03906 NW .03916.01264.00000 .00000 .00000 .00000 .05180 
~ .01620 .01578 .00000 .00000 .00000 .00000 .03198 ~ .01304.01666.00000.00000.00000 .00000 .02970 
Total .41137 .56618 .02245 .00000 .00000 .00000 1.0000 Total .60266 .39228 .00506 .00000 .00000 .00000 1.0000 

Class E frequency 0.31947 Class F frequency 0.25380 
N .06066 .00257 .00097 .00000 .00000 .00000 .06420 N .00132.00000.00000 .00000 .00000 .00000 .00132 
~ .01931 .00090 .00000 .00000 .00000 .00000 .02021 NNE .01266.00000.00276 .00000.00000 .00000 .01542 
NE .01897.00086.00000 .00000.00000 .00000 .01983 NE .00188 .00000 .00000 .00000 .00000 .00000 .00188 
ENE .03583.00000.00000 .00000 .00000 .00000 .03583 ENE .00428 .00000 .00000 .00000 .00000 .00000 .00428 
E .04257 .00187 .00000 .00000 .00000 .00000 .04444 E .03586 .00000 .00000 .00000 .00000 .00000 .03586 
ESE .02507 .00000 .00000 .00000 .00000 .00000 .02507 ESE .02793 .00000 .00000 .00000 .00000 .00000 .02793 
SE .02585 .00000 .00000 .00000 .00000 .00000 .02585 SE .03020 .00000 .00000 .00000 .00000 .00000 .03020 
SSE .02356 .00000 .00000 .00000 .00000 .00000 .02356 SSE .03649 .00000 .00000 .00000 .00000 .00000 .03649 
S .04024.00923.00000.00000 .00000.00000 .04947 S .03527.00122.00000 .00000 .00000 .00000 .03649 
SSW .09269 .02334 .00000 .00000 .00000 .00000 .11603 SSW .09276.00276.00122 .00000 .00000 .00000 .09674 
SW .17297.02696.00000 .00000 .00000 .00000 .19993 SW .16134 .00000 .00000 .00000 .00000 .00000 .16134 
WSW .10804.00671 .00000 .00000 .00000 .00000 .11475 WSW .19214 .00122 .00000 .00000 .00000 .00000 .19336 
W .07893.00456.00000 .00000 .00000.00000 .08349 W .12498 .00000 .00000 .00000.00000 .00000 .12498 
vnNVV .06401 .00402.00000 .00000 .00000 .00000 .06803 WNW .11145 .00000 .00000 .00000 .00000 .00000 .11145 
NW .03990 .00801.00088 .00000 .00000 .00000 .04879 NW .09663 .00000 .00000 .00000 .00000 .00000 .09663 
NNW .05520 .00532.00000 .00000 .00000 .00000 .06052 ~ .02560 .00000 .00000 .00000 .00000 .00000 .02560 
Total .90380.09435 .00185 .00000 .00000.000001.0000 Total .99080 .00521 .00399 .00000 .00000 .00000 1.0000 
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Table ES-8. Composite Meteorological Frequencies for FMPC, Auguat 1987-1991 

Wind speed range (m s 1) Wind speed range (m s-l) 

0-2 2-4 4-6 6-8 8-10 >10 Thtal 0-2 2-4 4-6 6-8 8-10 >10 Total 
Class A frequency 0.07159 Class B frequency 0.03678 
~ .00368 .01497.01984 .00000 .00000 .00000.03849 ~ .00000.07701.00716.00000.00000 .00000 .08417 
~ .00000 .00753 .00000 .00000 .00000 .00000 .00753 ~ .00716.03101 .00000 .00000.00000 .00000 .03817 
~ .01502 .03591.00000.00000 .00000 .00000 .05093 m .00716.09926.00000 .00000.00000 .00000 .10642 
E~ .08344 .07932 .00000 .00000 .00000 .00000 .16276 Em .03698.09312.00000 .00000.00000 .00000 .13010 
E .03800 .04233 .00000 .00000 .00000 .00000 .08033 E .01448.00733.00874.00000.00000.00000 .03055 
ESE .01502 .00000.00000 .00000 .00000 .00000 .01502 ESE .03112.00000.00000 .00000.00000 .00000 .03112 
SE .00766 .00000 .00000 .00000 .00000 .00000 .00766 SE .00000 .00000 .00000 .00000 .00000 .00000 .00000 
SSE .02666 .00000 .00000 .00000 .00000 .00000 .02666 SSE .01491 .00716 .00000 .00000 .00000 .00000 .02207 
S .04168.00766.00000 .00000 .00000 .00000 .04934 S .01491.01465.00000 .00000.00000 .00000 .02956 
SSW .04934 .03034 .00368 .00000 .00000 .00000 .08336 SSW .05342.02224.00000.00000.00000 .00000 .07566 
SW .04168.04740.00000 .00000 .00000.00000 .08908 SW .05870.06569.00874.00000.00000 .00000 .13313 
WSW .06834 .06051 .00898 .00000 .00000 .00000 .13783 WSW .03834.09571 .00874.00000.00000 .00000 .14279 
W .04934 .01193 .00000 .00000 .00000 .00000 .06127 W .02224 .03214 .00000 .00000 .00000 .00000 .05438 
~ .01900 .01121 .00000 .00000 .00000 .00000 .03021 ~ .00716.00874.00000 .00000.00000 .00000 .01590 
~ .01900 .03941 .00000 .00000 .00000 .00000 .05841 ~ .01448 .01590 .02396 .00000.00000 .00000 .05434 
~ .00000 .05289 .04822 .00000 .00000 .00000 .10111 ~ .02940.01491.00733.00000.00000 .00000 .05164 
Total .47786 .44141 .08072 .00000 .00000 .00000 1.0000 Total .35046 .58487 .06467 .00000 .00000 .00000 1.0000 

Class C frequency 0.05328 Class D frequency 0.28077 
~ .02347 .05861 .03367 .00000 .00000 .00000 .11575 ~ .02463.05261 .00428 .00000 .00000 .00000 .08152 
~ .03827.02822.00000 .00000 .00000 .00000 .06649 ~ .04829 .04137.00114.00000.00000 .00000 .09080 
~E .04506 .03164 .00000 .00000 .00000 .00000 .07670 m .04125 .05253.00094.00000.00000 .00000 .09472 
E~ .10394 .07071.00000 .00000 .00000 .00000 .17465 Em .04943.05502.00114 .00000 .00000 .00000 .10559 
E .06365 .01 713 .00603 .00000 .00000 .00000 .08681 E .02174.01203.00000 .00000 .00000 .00000 .03377 
ESE .01576 .00000.00000 .00000 .00000 .00000 .01576 ESE .01350 .00114 .00000 .00000 .00000 .00000 .01464 
SE .00000 .00000 .00000 .00000 .00000 .00000 .00000 SE .00625 .00094 .00000 .00000 .00000 .00000 .00719 
SSE .00041 .00494 .00000 .00000 .00000 .00000 .00535 SSE .00891 .00096.00000 .00000 .00000 .00000 .00987 
S .00000 .01517 .00000 .00000 .00000 .00000 .01517 S .00670 .00750 .00000 .00000 .00000 .00000 .01420 
SSW .01094 .03688 .00000 .00000 .00000 .00000 .04782 SSW .03508 .03876.00000 .00000 .00000 .00000.07384 
SW .03700 .11640 .00603 .00000 .00000 .00000 .15943 SW .07261 .04143 .01144 .00000 .00000 .00000 .12548 
WSW .01012 .03360 .00000 .00000 .00000 .00000 .04372 WSW .07504 .02816 .00000 .00000.00000 .00000 .10320 
W .01547 .00603 .00000 .00000 .00000 .00000 .02150 W .05317.01294.00114.00000.00000 .00000 .06725 
~ .02160 .03426 .00603 .00000 .00000 .00000 .06189 ~ .02116 .04650 .00000 .00000 .00000 .00000 .06766 
~ .00576 .02109 .03301 .00000 .00000 .00000 .05986 ~ .02222.01336.00312.00000.00000 .00000 .03870 
~ .00618.04291.00000 .00000 .00000.00000 .04909 ~ .02383.03838.00933.00000.00000 .00000 .07154 
Total .39762.51759.08478.00000 .00000 .00000 1.0000 Total .52383 .44362 .03255 .00000 .00000 .00000 1.0000 

Class E frequency 0.23511 Class F frequency 0.32246 
~ .03973.00721 .00000.00000 .00000 .00000 .04694 ~ .00830 .00000 .00000 .00000 .00000 .00000 .00830 
~E .03023 .00229 .00000 .00000 .00000 .00000 .03252 ~ .00731.00000.00000 .00000.00000 .00000 .00731 
~ .03389 .01171 .00000 .00000 .00000 .00000 .04560 ~E .00830 .00000 .00000 .00000 .00000 .00000 .00830 
E~E .06750.00995 .00000 .00000 .00000.00000 .07745 Em .02278 .00000 .00000 .00000 .00000 .00000 .02278 
E .03068.00137.00000 .00000 .00000.00000.03205 E .02627 .00000 .00000 .00000 .00000 .00000 .02627 
ESE .00653 .00000 .00000 .00000 .00000 .00000 .00653 ESE .02538 .00000 .00000 .00000 .00000 .00000 .02538 
SE .01463.00373.00000 .00000.00000 .00000.01836 SE .01095 .00000 .00000 .00000 .00000 .00000 .01095 
SSE .02088 .00000 .00000 .00000 .00000 .00000 .02088 SSE .01268 .00000 .00000 .00000 .00000 .00000 .01268 
S .02668.00000.00000.00000 .00000.00000.02668 S .01401 .00000 .00000 .00000 .00000 .00000 .01401 
SSW .06772 .01000 .00000 .00000 .00000 .00000 .07772 SSW .04797.00272.00000 .00000 .00000 .00000 .05069 
SW .14169 .02030.00000.00000 .00000.00000.16199 SW .08832 .00272 .00000 .00000 .00000 .00000 .09104 

WSW .13562 .00991.00000.00000 .00000 .00000 ~4553 
 WSW .13883.00000.00000 .00000 .00000 .00000 .13883 
W .09749.00873.00000.00000 .00000.00000 .10622 W .14738 .00000.00000 .00000 .00000 .00000 .14738 
~ .06757 .00115 .00000 .00000 .00000 .00000 .06872 ~ .20235 .00000 .00000 .00000 .00000 .00000 .20235 
~ .05301 .01251 .00000 .00000 .00000 .00000 .06552 ~ .15909.00000.00000 .00000.00000 .00000 .15909 

~ .07190.00272.00000 .00000.00000 .00000 .07462 ~ .05989 .00624 .00115 .00000 .00000 .00000 .06728 
Total .99184 .00816 .00000 .00000 .00000 .00000 1.0000 Total .89376.10509 .00115 .00000 .00000.00000 1.0000 

Radiological Assessments Corporation 
"Setting the standard in radiation health"DRAFT 



Table ES-9. Composite Meteorological Frequencies for FMPC, September 1987-1991 

Wind speed range (Ill 8-1 ) Wind speed range (m s-l) 


0-2 2-4 4-6 6-8 8-10 >10 Total 0-2 2-4 4-6 6-8 8-10 >10 Total 

Class A frequency 0.11143 Class B frequency 0.04054 
N .01293.00646.01879 .00000 .OO~O.OOOOO .03818 N .00000 .00867 .03439 .00860 .00000 .00000 .05166 
~ .00674.02250.00000 .00000 .OOa3S.00000 .03262 NNE .00000 .00000 .00860 .00000 .00000 .00000 .00860 
~ .02978.03833 .00000.00000 .00~0.00000 .06811 NE .01719 .01787 .00000 .00000 .00000 .00000 .03506 
E~ .06440.09554.00313 .00000 .00~0.00000 .16307 ENE .02647.15625.00928.00000.00000 .00000 .19200 
E .03234.04157.00000 .00000 .OO~O .00316 .07707 E .02723.06179.00000.00000.00000 .00000 .08902 
ESE .02254 .00985 .00000 .00000 .OO~O .00000 .03239 ESE .00860 .0271 7 .00000 .00000 .00000 .00000 .03577 
SE .01293.00646.00000 .00000 .00~0.00316 .02255 SE .00000 .00000 .00000 .00000 .00000 .00000 .00000 
SSE .02250 .00000 .00000 .00316 .OO~O .00000 .02566 SSE .00928 .00000 .00000 .00000 .00000 .00000 .00928 
S .02122 .00000 .00000 .00000 _00000 /l()(\no 02122 ~ ______ nOQ9A . nnA~n _____ •nnnnn _____ ."'v""nnnnn.... nnnnn .vvvvvoVvvvv nnnnn n~~nn.v.£. '00 

SSW .01293 .06088.00338.00000 .00~0.00000 .07719 SSW .03356.12316.02663.00000.00000 .00000 .18335 
SW .05147.04196.00646.00000 .00000.00000 .09989 SW .01351 .06227 .00928 .00000 .00000 .00000 .08506 
WSW .02586 .05486.01910 .00000 .00000.00000 .09982 WSW .00928.03644.01795.00000.00000 .00000 .06367 
W .02588 .05208.00000 .00000 .~OOO.OOOOO .07796 W .03132.04497 .00000 .00000.00000.00000 .07629 
WNW .03233 .05799 .00000 .00000 .00000.00000 .09032 WNW .00860.02717 .00000 .00000.00000 .00000 .03577 
NW .02586 .02870 .00000 .00000 .~000.00000 .05456 NW .04572.02717.00928 .00000 .00000 .00000 .08217 
NNW .01293.00646.00000 .00000 .00000.00000 .01939 NNW .01719.00867.00860.00000.00000 .00000 .03446 
Total .4126'- ..05086 .00316 .00338.00631 1.0000 Total .25721 .61020 .12400 .00860 .00000 .00000 1.0000 

Class C frequency 0.05188 Class D frequency 0.23739 
N .01555.02022.00000.00000.00000.00000 .03577 N .01994.03673.00589.00734.00000 .00000 .06990 
~ .01511.04727.00678.00000 .00000.00000 .06916 NNE .03719.04408 .00000.00000.00000 .00000.08127 
~ .01674.06131.00000 .00000 .00000.00000 .07805 NE .03698 .04269 .00000 .00000 .00000 .00000 .07967 
ENE .04859.04143.00725.00000.00000.00000 .09727 ENE .03835.04330 .00148.00000.00000 .00000 .08313 
E .02746.02080.00000 .00000 .00000.00000 .04826 E .02135.01046.00000.00000.00000 .00000 .03181 
ESE .04148.01449.00000 .00000 .00000 .00000 .05597 ESE .02450.00148.00000.00000.00000 .00000 .02598 
SE .01447.01355.00000 .00000 .00000.00000 .02802 SE .01658.00444 .00000 .00000 .00000 .00000 .02102 
SSE .00000 .02074.00000 .00000 .00000.00000 .02074 SSE .01869.00148 .00148.00000.00000 .00000 .02165 
S .00780.01344.00000.00000 .00000 .00000 .02124 S .02633.01645.00444.00000.00000 .00000 .04722 
SSW .02857 .06216 .00000 .00000 .00000.00000 .09073 SSW .06670 .06006 .00296 .00000 .00000 .00000 .12972 
SW .06985.02741.01449.00000 .00000.00000 .11175 SW .06121.02396.00000 .00000 .00000 .00000 .08517 
WSW .03479.06178.02080.00000 .00000.00000 .11737 WSW .03619.02539.00603.00000.00000.00000 .06761 
W .00833 .04822 .00000 .00000 .00000 .00000 .05655 W .03649.04146.00307.00000.00000 .00000 .08102 
WNW .01560 .05686.00000 .00000 .00000.00000 .07246 WNW .04647 .01993 .00000 .00000 .00000 .00000 .06640 
NW .00727.02069.02033.00000 .00000.00000 .04829 NW .02426.01822.00907.00000.00000 .00000 .05155 
NNW .01350.02033.01449.00000 .00000.00000 .04832 NNW .02744.01623.01321 .00000.00000 .00000 .05688 
Total .36513 .55072 .08415 .00000 .00000.00000 1.0000 Total .53868.40636 .04763.00734.00000 .00000 1.0000 

Class E frequency 0.20719 Class F frequency 0.35158 
N .03231 .01542.00000 .00000 .00000 .00000 .04773 N .01441 .00000.00000 .00000 .00107 .00100 .01648 
NNE .02941.01036.00000 .00000 .00000.00000 .03977 NNE .00639.00100.00000 .00000 .00000 .00000 .00739 
NE .03103.00871 .00000 .00000 .00000 .00000 .03974 NE .02295 .00000 .00000 .00000 .00000 .00000 .02295 
E~ .06642.02079.00000.00000.00000.00000.08721 ENE .02795 .00000 .00000 .00000 .00000 .00000 .02795 
E .04349.00170.00000 .00000.00000.00000.04519 E .04829.00000.00000 .00000.00000 .00000 .04829 
ESE .02440 .00000 .00000 .00000 .00000 .00000 .02440 ESE .03007.00000.00000 .00000 .00000 .00100 .03107 
SE .03364.00000.00000.00000 .00000.00000 .03364 SE .01242.00000.00000 .00000 .00000 .00000 .01242 
SSE .02699 .00363 .00000 .00000 .00000 .00000 .03062 SSE .01310.00000.00000 .00000 .00000 .00000 .01310 
S .03232 .01246.00521.00000.00000.00000 .04999 S .02960 .00000 .00000 .00000 .00000 .00000 .02960 
SSW .07017.01545.00509.00000.00000 .00000.09071 SSW .04922.00000 .00000 .00000 .00000 .00000 .04922 
SW .09857.03617.00339.00000 .00000.00000 .13813 SW .07925 .00000 .00000 .00000 .00000 .00000 .07925 
WSW .11094.01184 .00000.00000 .00000.00000 .12278 WSW .10946 .00000 .00000 .00000 .00000 .00000 .10946 
W .07191.01727.00000 .00000 .00000.00000 .08918 W .13986.00000 .00000 .00000 .00000 .00000 .13986 
WNW .04340 .00673 .00000 .00000 .00000 .00000 .05013 WNW .19529 .00107 ~oooo .00000 .00000 .00000 .19636 
NW .04655.00531 .00000 .00000 .00000 .00000 .05186 NW .15318.00098.00000 .00000 .00000 .00000 .15416 
NNW .04844.00701 .00350 .00000 .00000.00000 .05895 NNW .06245.00000.00000 .00000 .00000 .00000 .06245 
Total .80997.17284 .01719 .00000 .00000 .00000 1.0000 Total .99388 .00305 .00000 .00000 .00107 .00200 1.0000 
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Appendix E Page E-31 
Meteorological Data for Modeling the Transport of Airborne Releases 

Table ES-I0. Composite Meteorological Frequencies for FMPC, October 1987-1991 

Wind speed range (m s-l) Wind speed range (m s- l) 

0-2 2-4 4-6 6-8 8-10 >10 Thtal 
Class A frequency 0.09828 

0-2 2-4 4-6 6-8 8-10 >10 Thtal 
Class B frequency 0.03761 

~ .00863 .01928 .03232 .00000 .00000 .00000 .06023 ~ .00231.04967.01620.00000.00000 .00000 .06818 
~ .02303 .00266 .00000 .00000 .00000 .00000 .02569 NNE .00000 .00000 .02288 .00000 .00000 .00000 .02288 
NE .02037 .00554 .00000 .00000 .00000 .00000 .02591 ~ .01620.00000.00000.00000.00000 .00000 .01620 
ENE .01484 .04118 .00554 .00000 .00000 .00000 .06156 E~ .01620.00753.00000 .00000 .00000 .00000 .02373 
E .01174 .00000.00000 .00000 .00000.00000 .01174 E .01620.00000 .00000 .00000 .00000 .00000 .01620 
ESE .03144 .00000.00000 .00000 .00000 .00000 .03144 ESE .00000 .00000 .00000 .00000 .00000 .00000 .00000 
SE .01174.00000.00000 .00000 .00000 .00000 .01174 SE .02429 .00000 .00000 .00000 .00000 .00000 .02429 
SSE .01107.01240.00000 .00000 .00000 .00000 .02347 SSE .01144 .00000 .00000 .00000.00000 .00000 .01144 
S .01196 .04805.01085.00000.00000.00000 .07086 S .01967 .02140 .01620 .00000 .00000 .00000 .05727 
SSW .01572 .14188.04429.00000 .00000.00000 .20189 SSW .02823.05722.05220.00000 .00000 .00000 .13765 
SW .02723 .08926 .03436 .00000 .00000 .00000 .15085 SW ~1507 .03795.03431.00000.00000 .00000 .08733 
WSW .03742 .03037 .00000 .00000 .00000 .00000 .06779 WSW .03826 .01507 .01144 .01144 .00000 .00000 .07621 
W .01240 .03277.01396 .00000.00000.00000 .05913 W .03419.03344.01507.00000.00000 .00000 .08270 
~ .01178 .03166 .01950.00000 .00000 .00000 .06294 vnNVV .00116 .03735.02288 .00000.00000 .00000 .06139 
~ .02582.03615.00000 .00000 .00000.00000 .06197 ~ .02017 .06978.05329.00000.00000 .00000 .14324 
~ .02393 .02605 .02283.00000 .00000.00000 .07281 ~ .03354 .12327 .01448 .00000 .00000 .00000 .17129 
Total .29910 .51724 .18365 .00000 .00000 .00000 1.0000 Total .27693.45270.25893 .01144 .00000 .00000 1.0000 

Class C frequency 0.04527 Class D frequency 0.24603 
~ .01580 .02691 .01252 .00000 .00000 .00000 .05523 N .01753 .06999.02206 .00000 .00000 .00000 .10958 
~ .00000 .01901 .00000 .00000 .00000 .00000 .01901 NNE .01981.01786.01555 .00000.00000 .00000 .05322 
~ .00577 .01576 .00000 .00000 .00000 .00000 .02153 NE .01805.01281 .00000 .00000.00000 .00000 .03086 
E~ .02478.04680.00000 .00000 .00000 .00000 .07158 E~ .03776.01544.00175 .00000.00000 .00000 .05495 
E .01203.00000.00000.00000 .00000.00000.01203 E .02898 .00115 .00000 .00000 .00000 .00000 .03013 
ESE .00950 .00000 .00000 .00000 .00000 .00000 .00950 ESE .01007.00000.00000 .00000 .00000 .00000 .01007 
SE .01345.00000 .00000 .00000 .00000 .00000 .01345 SE .01242.00348 .00000 .00000 .00000 .00000 .01590 
SSE .03317.01345 .00000 .00000 .00000 .00000 .04662 SSE .01531.00685.00000 .00000.00000 .00000 .02216 
S .04125.02355 .00000 .00000 .00000 .00000 .06480 S .02632.02789.01592.00000.00000 .00000 .07013 
SSW .01829 .09658 .02601 .00000 .00000 .00000 .14088 SSW .03776.07890.01704 .00000.00000 .00000 .13370 
SW .03662.05924.01576 .00950 .00000 .00000 .12112 SW .04223.05713.00976.00175 .00000 .00000 .11087 
WSW .02202.03718.03317.00950.00000.00000 .10187 WSW .03221.03480.00828 .00115 .00000 .00000 .07644 
W .02778 .00577.03770.00000 .00000.00000 .07125 W .02744 .03173.01080 .00000.00000 .00000 .06997 
~ .01527 .03728 .02784 .00626 .00000.00000 .08665 vnNVV .01193 .04472.01436 .00000 .00000 .00000 .07101 
~ .02925 .03246 .04103 .00000 .00000 .00000 .10274 ~ .02011.02189.00862.00115.00000 .00000 .05177 
~ .03321 .02851.00000 .00000 .00000 .00000 .06172 ~ .02407.04312.02202.00000 .00000 .00000.08921 
Total .33819 .44251.19403.02527.00000.000001 .0000 Total .38201 .46777 .14617 .00405.00000 .00000 1.0000 

Class E frequency 0.19388 Class F frequency 0.37893 
~ .01996 .02011 .00000 .00000 .00000 .00000 .04007 N .01861 .00000.00000 .00000.00000 .00000 .01861 
~ .01174.00812.00147 .00294 .00000 .00000 .02427 NNE .00737 .00000 .00000 .00000 .00000 .00000 .00737 
~E .00708 .00222 .00000 .00000 .00000 .00000 .00930 ~ .00772.00000.00000 .00000.00000 .00000.00772 
E~E .04039 .00281 .00000 .00000 .00000 .00000 .04320 E~ .02665 .00000 .00000 .00000 .00000 .00000 .02665 
E .02748.00000.00000 .00000 .00000 .00000 .02748 E .03766 .00000 .00000 .00000 .00000 .00000 .03766 
ESE .01144 .00000.00000 .00000 .00000 .00000 .01144 ESE .01196 .00000.00000 .00000 .00000 .00000 .01196 
SE .00663 .00000 .00000.00000 .00000.00000 .00663 SE .00891 .00000 .00000 .00000 .00000 .00000 .00891 
SSE .01254 .00000.00000 .00000 .00000 .00000 .01254 SSE .01451 .00114.00000 .00000.00000 .00000 .01565 
S .04592.00872 .00000.00000 .00000.00000 .05464 S .02990.00114.00000 .00000 .00000 .00000 .03104 
SSW .04738 .06964 .00000 .00000 .00000.00000 .11702 SSW .05600 .00227 .00000 .00000 .00000 .00000 .05827 
SW .12014.09180.01164 .00000 .00000 .00000 .22358 SW .10677 .00114 .00000 .00000 .00000 .00000 .10791 
WSW .08933 .01992 .00514 .00000 .00000 .00000 .11439 WSW .11151 .00000.00000 .00000 .00000 .00000 .11151 
W .07042 .02896.00314 .00000.00000 .00000 .10252 
~ .04570 .03972 .00293 .00000 .00000 .00000 .08835 

W .13679 .00075 .00000 .00000 .00000 .00000 .13754 
vnNVV .16955 .00000 .00000 .00000 .00000 .00000 .16955 

~ .04180.01019 .00591.00000 .00000 .00000 .05790 ~ .15014.00000.00000 .00000 .00000 .00000 .15014 
~ .04727 .01718.00222 .00000 .00000.00000 .06667 ~ .09679 .00274.00000 .00000 .00000 .00000 .09953 
Total .64522 .31938 .03246 .00294 .00000 .00000 1.0000 Total .99083 .00917 .00000 .00000 .00000 .00000 1.0000 

Radiological Assessments Corporation 
"Setting the Blandard in radiation health"DRAFT 
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Table ES-n. Composite Meteorological Frequencies for FMPC, November 1987-1991 

0-2 2-4 

Wind speed range (m 8-1 ) 

~ 6-8 8-10 >10 Total 0-2 2-4 

Wind speed range (m s-l) 


~ 6-8 8-10 >10 Total 


Class A frequency 0.03397 Class B frequency 0.02762 
N .00000 .00000 .00000 .00000 .00000 .00000 .00000 N .00000 .03081 .00000 .00000 .00000 .00000 .03081 
~ .00000.03271.00000 .00000 .00000.00000 .03271 ~ .00000.02052.00000.00000.00000 .00000.02052 
~ .00801.01669.00000 .00000 .00000.00000 .02470 ~ .00000 .00000 .00000 .00000 .00000 .00000 .00000 
E~ .01100 .00801 .00000.00000 .00000 .00000 .01901 ENE .00000 .00000 .00000 .00000 .00000 .00000 .00000 
E .00000 .04371.00000 .00000 .00000.00000 .04371 E .02705 .00985 .00000 .00000 .00000 .00000 .03690 
ESE .00000 .00000 .00000 .00000 .00000 .00000 .00000 ESE .01353.00985.00000 .00000 .00000 .00000 .02338 
SE .00000 .00000 .00000 .00000 .00000 .00000 .00000 SE .01353.00000.00000.00000.00000 .00000.01353 
SSE .00000 .00000 .00000 .00000 .00000 .00000 .00000 SSE .00000 .00000 .00000 .00000 .00000 .00000 .00000 
S .00000 .01653 .00000 .00000 .00000 .00000 .01653 S .00000 .03053 .00000 .00000 .00000 .00000 .03053 
SSW .02470.09941.06324.00000 .00000.00000 .18735 SSW .00000 .08873 .06422 .00000 .00000 .00000 .15295 
SW .00000 .08070 .06868 .00000 .00000 .00000 .14938 SW .00000.10880.06524.00000.00000 .00000 .17404 
WSW .00000 .17125 .03313 .00000 .00000.00000 .20438 WSW .01020.11261.11232.00000.00000 .00000 .23513 
W .00000.16515.06349 .00000.00000 .00000 .22864 W .00000.08442.04093.00000.00000 .00000 .12535 
WNW .00801.01659.00832.00000.00000.00000 .03292 WNW .00000 .02401.02068.00000.00000 .00000 .04469 
~ .00000 .01901.02496 .00000 .00000 .00000 .04397 ~ .01048.04058 .00000 .00000 .00000 .00000 .05106 
~ .00000.01669.00000 .00000 .00000.00000 .01669 ~ .00000 .06110 .00000 .00000.00000 .00000 .06110 
Total .05172.68646.26182.00000 .00000.00000 1.0000 Total .07479.62182.30339.00000.00000 .00000 1.0000 

Class C frequency 0.03252 Class D frequency 0.32610 
N .00000 .03417 .00890 .00000 .00000 .00000 .04307 N .01126 .03574.01046 .00000.00000 .00000 .05746 
NNE .00000 .02580 .00890 .00000 .00000 .00000 .03470 NNE .00979.02630.01486 .00178.00000 .00000 .05273 
NE .00000 .00000 .00000 .00000 .00000 .00000 .00000 NE .02439 .02603 .00438 .00089 .00000 .00000 .05569 
E~ .00837.00837.00000 .00000 .00000 .00000 .01674 ENE .02366 .04878 .00000 .00000 .00000 .00000 .07244 
E .03165.00837.00000.00000 .00000.00000 .04002 E .01809.01068.00000 .00000 .00000 .00000 .02877 
ESE .00000 .00867 .00000 .00000 .00000 .00000 .00867 ESE .00751 .00262.00000 .00000 .00000 .00000 .01013 
SE .03188 .00890 .00000 .00000 .00000.00000 .04078 SE .00600 .01116 .00000 .00000 .00000 .00000 .01716 
SSE .01149.03188.00890 .00000 .00000.00000 .05227 SSE .00704 .01977 .00520 .00000 .00000 .00000 .03201 
S .00000 .04636.01781.00000 .00000.00000 .06417 S ~0621 .02532.01722 .00115 .00000 .00000 .04990 
SSW .00000.03782.03463.00000.00000.00000 .07245 SSW .01773.05255.04260 .00175 .00000 .00000 .11463 
SW .03490.07521.02634.00000 .00000 .00000 .13645 SW .02888.06930.02490 .00089.00000 .00000 .12397 
WSW .02876.08928.05242.00000.00000.00000 .17046 WSW .02652.04121.02640.00201.00000 .00000.09614 
W .01986 .06924 .01149 .00000 .00000.00000 .10059 W .01907.04882.03272.00000.00000 .00000.10061 
WNW .01743 .06342 .00869 .00000 .00000 .00000 .08954 WNW .02212.03755.01407 .00175 .00000 .00000 .07549 
~ .01149.05174 .01781 .00000 .00000.00000 .08104 ~ .02078.02589.01942.00000.00000 .00000 .06609 
~ .01149.03756 .00000 .00000 .00000.00000 .04905 ~ .01003.03501 .00173 .00000.00000.00000 .04677 
Total .20732 .59679 .19589 .00000 .00000 .00000 1.0000 Total .25907.51674.21399.01021 .00000 .00000 1.0000 

Class E frequency 0.35981 Class F frequency 0.21998 
N .00792.00732.00078.00080.00000.00000 .01682 N .02429 .00000 .00000 .00000 .00000 .00000 .02429 
~ .00310 .00079 .00000 .00000 .00000 .00000 .00389 ~ .01571.00000.00000 .00000 .00000 .00000 .01571 
~ .01031 .00237.00000 .00000 .00000 .00000 .01268 NE .02430 .00000 .00000 .00000 .00000 .00000 .02430 
E~ .02859 .01561 .00000 .00000 .00000 .00000 .04420 E~ .06304 .00643 .00000 .00000 .00000 .00000 .06947 
E .03971.00780.00000.00000 .00000.00000 .04751 E .08156 .00000 .00000 .00000 .00000 .00000 .08156 
ESE .01356 .00699.00000 .00000 .00000.00000 .02055 ESE .04974.00000.00000 .00000 .00000 .00000 .04974 
SE .01069 .00630 .00236 .00000 .00000 .00000 .01935 SE .01364.00128.00000 .00000.00000 .00000 .01492 
SSE .01197 .01507 .00549 .00000 .00000 .00000 .03253 SSE .00720 .00000 .00000 .00000 .00000 .00000 .00720 
S .02231.06468.01714.00881.00000.00000 .11294 S .02420.00000.00000.00000.00000.00000.02420 
SSW .03102.09179.03151 .00314.00078.00000 .15824 SSW .04700.00129.00000.00000.00000 .00000 .04829 
SW .06054 .09179.01745 .00000 .00000.00000 .16978 SW .04975.00774.00000.00000.00000 .00000 .05749 
WSW .05285.04885.01015.00544 .00000.00000 .11729 WSW .10761.00516.00000 .00000.00000 .00000 .11277 
W .02959.04169.01646.00000.00000.00000.08774 W .13061 .00385.00000 .00000 .00000 .00000 .13446 
WNW .02879 .02667 .01046 .00236 .00000.00000 .06828 WNW .13415 .00000 .00000 .00000 .00000 .00000 .13415 
~ .04023.01700.00500 .00000 .00000.00000 .06223 NW .13776.00000.00000 .00000.00000 .00000 .13776 
~ .01503.00675 .00420.00000.00000 .00000 .02598 NNW .06369.00000 .00000 .00000.00000 .00000 .06369 
Total .40618.45148.12101 .02055.00078.00000 1.0000 Total .97426.02574.00000 .00000 .00000 .00000 1.0000 
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Wind speed range (m s 1) Wind speed range (m s-l) 
0-2 2-4 4-6 6-8 8-10 >10 Thtal 0-2 2-4 4-6 6-8 8-10 >10 Thtal 


Class A frequency 0.02294 

N .00000 .00000 .00000 .00000 .00000 .00000 .00000 


Class B frequency 0.01564 

N .00000 .00000 .00000 .00000 .00000 .00000 .00000 


NNE .00000 .00000 .00000 .00000 .00000 .00000 .00000 
 NNE .00000 .00000 .00000 .00000.00000 .00000 .00000 

NE .00000 .00000 .00000 .00000 .00000 .00000 .00000 
 NE .00000 .00000 .00000 .00000 .00000 .00000 .00000 

ENE .00000 .00000 .00000 .00000 .00000 .00000 .00000 
 ENE .00000 .00000 .00000 .00000 .00000 .00000 .00000 

E .00000 .00000 .00000 .00000 .00000 .00000 .00000 
 E .00000.01817 .00000 .00000 .00000 .00000 .01817 

ESE .00000 .01239 .00000 .00000 .00000 .00000 .01239 
 ESE .00000 .03682 .00000 .00000 .00000 .00000 .03682 

SE .00000 .01272 .00000 .00000 .00000 .00000 .01272 
 SE .00000 .01865 .00000 .00000 .00000 .00000 .01865 

SSE .00000 .00000 .00000 .00000 .00000 .00000 .00000 
 SSE .00000 .00000 .00000 .00000 .00000 .00000 .00000 

S .00000 .01272 .00000 .00000 .00000 .00000 .01272 
 S .00000 .01865 .00000 .00000 .00000 .00000 .01865 

SSW .01272.21467 .01180 .00000 .00000 .00000 .23919 
 SSW .01817.11153.07095.00000.00000 .00000.20065 

SW .01239 .13602 .08437 .00000 .00000 .00000 .23278 
 SW .05703.08960.05453.00000 .00000 .00000 .20116 

WSW .08876 .08845 .04837 .00000 .00000 .00000 .22558 
 WSW .03633.05291.01731.00000.00000.00000 .10655 

W .00000 .06459.07672 .01272 .00000.00000 .15403 
 W .01817 .05466 .11115 .00000 .00000 .00000 .18398 

~ .00000 .04812 .03830 .00000 .00000 .00000 .08642 
 WNW .00000.07009.05193 .00000 .00000.00000.12202 

NW .00000 .01239 .01180 .00000 .00000 .00000 .02419 
 NW .00000.05450.00000 .00000 .00000 .00000 .05450 
NNW .00000 .00000 .00000 .00000 .00000 .00000 .00000 
 NNW .00000 .00000 .03886 .00000 .00000 .00000 .03886 
Thtal .11386 .60206 .27136 .01272 .00000 .00000 1.0000 
 Total .12969.52558.34473.00000.00000 .00000 1.0000 

Class C frequency 0.02580 

N .00000 .01101 .00000 .00000 .00000.00000 .01101 


Class D frequency 0.41132 
N .01100 .02701 .00952 .00000.00000 .00000 .04753 

NNE .01101 .00000 .00000 .00000 .00000 .00000 .01101 
 NNE .01219.03568.00264 .00000 .00000 .00000 .05051 
NE .00000 .01155 .00000 .00000 .00000 .00000 .01155 
 NE .01926 .02927 .00205 .00000.00000 .00000 .05058 
ENE .02203 .00000 .00000 .00000 .00000 .00000 .02203 
 ENE .03492 .04533.01862.00000 .00000 .00000 .09887 
E .03334 .00000 .00000 .00000 .00000 .00000 .03334 
 E .01299.01657.00401 .00000 .00000 .00000 .03357 
ESE .00000 .02232 .00000 .00000 .00000 .00000 .02232 
 ESE .01384 .00527 .00000 .00000 .00000 .00000 .01911 
SE .00000 .00000 .00000 .00000 .00000 .00000 .00000 
 SE .00771 .00201 .00000 .00000 .00000 .00000 .00972 
SSE .00000 .01050 .00000 .00000 .00000 .00000 .01050 
 SSE .00360 .00533 .00000 .00000 .00000 .00000 .00893 
S .00000 .02099 .00000 .00000 .00000 .00000 .02099 
 S .00723.01855 .00352.00138.00000 .00000.03068 
SSW .00000 .10160 .04250 .00000 .00000 .00000 .14410 
 SSW .02079 .03075 .02417.00788.00000 .00000 .08359 
SW .02232.10938.02099 .00000 .00000.00000.15269 
 SW .02920.05371 ~1503 .00198 .00133 .00133 .10258 
WSW .03388 .08917 .04205 .00000 .00000.00000 .16510 
 WSW .02449.02986.01377 .00659 .00133.00066 .07670 
W .02203 .05442 .07690 .02188 .00000 .00000 .17523 
 W .02536.06514.04623.00327 .00000 .00000 .14000 
~ .02188 .02205 .00000 .00000 .00000.00000 .04393 
 WNW .01640.05277 .02343 .00071.00000 .00000 .09331 
NW .01131 .05314 .01101 .00000 .00000 .00000 .07546 
 NW .01576.03372.02233.00145.00000 .00000 .07326 
NNW .04383 .02203 .03487 .00000 .00000 .00000 .10073 
 NNW .02225 .04548.01270 .00066.00000 .00000.08109 
Total .22163 .52817 .22832 .02188 .00000 .00000 1.0000 
 Total .27699 .49645 .19800 .02392 .00265 .00199 1.0000 

Class E frequency 0.34892 

N .00705 .00809 .00155.00000 .00000.00000 .01669 


Class F frequency 0 .17537 
N .01781 .00000 .00000 .00000 .00000 .00000 .01 781 


NNE .00679.00953.00000 .00000 .00000 .00000 .01632 
 NNE .02630 .00000 .00000 .00000 .00000 .00000 .02630 
NE .01113.00563.00000 .00000 .00000.00000 .01676 

ENE .05755.01434.00000.00000 .00000 .00000.07189 

E .03255 .00462 .00000 .00000 .00000 .00000 .0371 7 

ESE .01513 .00311 .00000 .00000 .00000 .00000 .01824 

SE .01207 .00787 .00000 .00000 .00000 .00000 .01994 

SSE .01990 .00696.00156 .00000 .00000 .00000 .02842 

S .02593 .02060 .00696 .00000 .00000 .00000 .05349 

SSW .04333.06076.02381 .00233.00078.00000 .13101 

SW .07945.09947.02109 .00078 .00078.00000 .20157 

WSW .07763.03472 .00548 .00156.00000.00000 .11939 

W .05145.05679.00962.00000 .00000.00000 .11786 

WNW .02938 .03538.00813.00000.00000 .00000 .07289 

NW .02553.01803.00248 .00000 .00000 .00000 .04604 

NNW .02135 .00848 .00163 .00085 .00000 .00000 .03231 

Total .51620 .39439 .08233 .00552 .00156 .00000 1.0000 

NE .02503.00000 .00000 .00000.00000 .00000 .02503 
ENE .04240.00156 .00000 .00000 .00000 .00000 .04396 
E .08539 .00000 .00000 .00000 .00000 .00000 .08539 
ESE .02996 .00000 .00000 .00000 .00000 .00000 .02996 
SE .01629 .00000 .00000 .00000 .00000 .00000 .01629 
SSE .02404 .00000 .00000 .00000 .00000 .00000 .02404 
S .01394 .00000 .00000 .00000 .00000 .00000 .01394 
SSW .05056 .00155 .00000 .00000 .00000 .00000 .05211 
SW .11739 .02474 .00000 .00000 .00000 .00000 .14213 

WSW .13775.00780 .00000 .00000 .00000 .00000 .14555 

W .11920.00155 .00000 .00000.00000 .00000 .12075 

WNW .12255.00000.00000 .00000 .00000 .00000 .12255 

NW .09125.00000 .00000 .00000.00000 .00000 .09125 
NNW .04142.00155.00000 .00000.00000 .00000 .04297 
Thtal .96127.03873.00000 .00000 .00000 .00000 1.0000 

Appendix E Page &-33 
Meteorological Data for Modeling the Transport of Airborne Releases 

Table E~12. Composite Meteorological Frequencies for FMPC, December 1987-1991 
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Table ES-13. Composite Meteorological Frequencies for FMPC, Annual 1987-1991 

Wind speed range (m s-1 ) Wind speed range (m s-l) 
0-2 2--4 ~ 6-8 8-10 >10 Total 0-2 2--4 4-.0 6-8 8-10 >10 Total 

Class A frequency 0.06374 
N .00548.01482.01201 .00000 .00000 .00000 .03231 

Class B frequency 0.03104 
N .00805.03271.00926.00152.00000 .00000 .05154 

~ .01088 .01509 .01007 .00122 .00039 .00000.03765 NNE .00641.01174.01408.00155.00000 .00000 .03378 
~ .01762.03981.00770.00040.00000.00000.06553 NE .01023 .03650 .01330 .00000 .00000 .00000 .06003 
E~ .03891 .05314 .00520 .00076 .00000 .00000 .09801 ENE .01626.03749.00680 .00165.00000.00000 .06220 
E .02178.01596.00253.00000 .00000 .00037 .04064 E .02043 .01399 .00392 .00000 .00000 .00000 .03834 
ESE .01375 .00688.00000 .00000 .00000 .00000 .02063 ESE .011 07 .00770 .00000 .00000 .00000 .00000 .01877 

, SE .00655 .00266 .00000 .00000 .00000 .00037 .00958 SE .00447.00318.00000 .00000 .00000 .00000 .00765 
SSE .00969 .00368 .00073 .00037 .00000.00000 .01447 SSE .01028.00223.00224 .00076.00000 .00000 .01551 
S .01113.01689.00216.00000 .00000 .00000.03018 S .01420.01538.00270.00000.00000 .00000 .03228 
SSW .01794.07121.02186 .00000 .00000.00000 .11101 SSW .02268.06206.02160.00224.00078.00000 .10936 
SW .03382 .06934 .03479 .00144 .00000 .00000 .13939 SVV .02935.08052.03092.00237.00000 .00000 .14316 
WSW .03371 .07260 .01689 .00076 .00000 .00000 .12396 WSW .02726.06730.02381 .00115.00000 .00000 .11952 
W .01979.07220.03010.00193.00000.00000 .12402 W .02246.05246.02933.00076.00000 .00000 .10501 
~ .01514 .03295.01853 .00284 .00000 .00000.06946 vnNVV .01431 .02885 .02122 .00155 .00000 .00000 .06593 
NW .01352.02184.00831 .00000 .00000 .00000.04367 NW .01743.03522.02236 .00000.00000 .00000 .07501 
NNW .00874.01790.01203.00037 .00000.00045.03949 NNW .01163 .03677 .01269 .00083 .00000 .00000 .06192 
Total .27846 .52697 .18289 .01010 .00039 .001191.0000 Total .24650.52410.21422 .01440 .00078 .00000 1.0000 

Class C frequency 0.04458 
N .01227.03159.01054.00218.00000.00000.05658 

Class D frequency 0.33399 
N .01134.03947.01233 .00078.00000 .00000 .06392 

~ .00980 .02674 .00873 .00054 .00000 .00000 .04581 ~ .01592.03649.01141.00159.00000 .00000 .06541 
NE .01186 .03378 .01465 .00166 .00000 .00000 .06195 NE .02317.04119 .00989.00049.00000 .00000 .07474 
E~ .03285.03767.00390.00384 .00000 .00000.07826 E~.03055.05437 .01459 .00175 .00000 .00000 .10126 
E .02593.01519.00164 .00052 .00000.00000.04328 E .02105 .01234 .00098 .00000 .00007 .00000 .03444 
ESE .01684 .00817 .00000 .00000 .00000 .00000 .02501 ESE .01403.00364.00007.00000.00000 .00000 .01774 
SE .01176.00769.00000 .00000 .00000 .00000.01945 SE .00989.00574.00021 .00000.00000 .00000 .01584 
SSE .00631 .00918 .00158 .00000 .00000 .00000 .01 707 SSE .01216.00912.00224 .00014.00000 .00000 .02366 
S .00808.02267 .00335.00000 .00000 .00000.03410 S .01447.01962.00607.00065.00000 .00000 .04081 
SSW .00801 .05529.01609 .00111 .00054.00000 .08104 SSW .02734.04451.01655.00255.00000 .00000 .09095 
SW .03041.08680.02257.00310.00000.00000.14288 SW .03739.05062.01209 .00162.00028 .00014 .10214 
WSW .03214 .06748 .01674 .00186 .00000 .00000 .11822 WSW .03529.03460.01015.00272.00051.00007.08334 
W .01979.04125.01882.00279 .00000.00000.08265 W .02737.04350.01889.00201.00000.00000.09177 
~ .01738 .03271 .01579.00275.00000 .00000 .06863 vnNVV .01829.03857 .01588.00181.00000.00000.07455 
NW .01357.03517.02017.00000 .00057 .00000.06948 NW .01753.02915.01249.00037.00022 .00000 .05976 
NNW .01429.03023.01053 .00058.00000.00000.05563 NNW .01588.03314.00946.00108.00015.00000.05971 
Total .27127 .54160.16508 .02093 .00111 .00000 1.0000 Total .33165.49607.15329.01755.00123 .000201.0000 

Class E frequency 0.28810 Class F frequency 0.23854 
N .02250.01139.00099.00008.00000.00000.03496 N .01479.00042.00000.00000.00011.00022.01554 
~ .01278.00914.00150 .00017.00000.00000 .02359 NNE .01584 .00010.00024 .00000.00000 .00000 .01618 
~ .01626.00819.00061.00000 .00000 .00000.02506 NE .01582.00000.00000 .00000 .00000 .00000 .01582 
E~ .04355.02127.00122.00000 .00000.00000.06604 ENE .03651.00268.00000 .00000.00000.00000.03919 
E .03378.00459.00017.00000 .00000 .00000.03854 E .05881.00010.00000 .00000.00000 .00000 .05891 
ESE .01528 .00240 .00000 .00000 .00000 .00000 .01 768 ESE .03339.00000.00000 .00000 .00000 .00010 .03349 
SE .01811.00320.00032.00000 .00000 .00000.02163 SE .01867.00010.00000 .00000.00000 .00000 .01877 
SSE .02090 .01010 .00146 .00016 .00000 .00000 .03262 SSE .02029.00015.00000 .00000.00000 .00000 .02044 
S .03069.02700.00655.00143.00000.00000 .06567 S .02967.00078.00000 .00000.00000 .00000 .03045 
SSW .05250.05278.01530.00177.00016.00000.12251 SSW .06088 .00226 .00011 .00000 .00000 .00000 .06325 
SW .09163.06151.01053.00067 .00008 .00000.16442 SW .09926.00425.00000 .00000.00000 .00000 .10351 
WSW .08408.02649.00617.00123.00000.00000 .11797 WSW .12584 .00284 .00000 .00000.00000 .00000 .12868 
W .05896 .03287 .00730 .00046 .00000 .00000.09959 W .12743.00122.00000 .00000 .00000 .00000 .12865 
~ .04197 .02673 .00582 .00032 .00000 .00000 .07484 vnNVV .14417 .00020.00000 .00000.00000 .00000.14437 
NW .03663 .01442 .00222 .00016 .00000 .00000 .05343 NW .12380.00031.00000 .00000 .00000 .00000 .12411 
NNW .02943.01004 .00174 .00025.00000 .00000.04146 NNW .05745.00120.00000 .00000 .00000 .00000 .05865 
Total .60905 .32212 .06189.00670 .00024 .00000 1.0000 Total .98262.01660.00035.00000.00011 .000321.0000 
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APPENDIXF 


THE STRAIGHT-LINE GAUSSIAN PLUME AND RELATED 

AIR TRANSPORT MODELS - ARE THEY SUITABLE FOR TillS STUDY? 


INTRODUCTION 

The selection of an appropriate air dispersion model for FMPC releases of uranium, fission 
products associated with recycled feedstocks, and radon is offundamental importance for the 
credibility of air pathway calculations used in this study. The venerable Gaussian plume 
model, with origins that go back at least to the 1930s, is always a contender in such a selection, 
for very good reasons. Hanna et al. (1982) list several of these reasons, which we paraphrase 
as follows: 

• 	 Competitive parity with alternative models in its reproduction of experimental data 

• 	 Mathematical simplicity 

• 	 Conceptual appeal 

• 	 Consistency with the random nature of turbulence 

• 	 Basis in the Fickian diffusion equation (it is a solution for constant values of the param
eters) 

• 	 Parity with so-called theoretical formulas, which contain considerable empiricism 

• 	 Presence in most government handbooks, giving it a ''blessed'' status of acceptance. 

Numerous special-purpose modifications of the Gaussian plume model exist. One recent 
contribution of Ramsdell (1990), his so-called "time-dependent" model, was developed in an 
effort to give a better physical basis to the treatment of building wake effects than do existing 
models. The time-dependent model and the Gaussian plume are proposed as the joint basis 
for air transport modeling for this study. 

The Work Plan for Task 4 of this project considers two approaches to the estimation of air
borne dispersion of radioactive materials released from the FMPC. The first approach, which 
is sometimes called "Lagrangian," follows incremental releases of material along simulated 
wind trajectories that in general are curved paths. For long-term results, the trajectories 
would have to be based on hourly data for wind speed and wind direction that would be repre
sentative of the assessment domain for the period considered. The second approach assumes 
straight-line trajectories within each of 16 directional sectors of 22.5° and applies a Gaussian 
plume model to joint frequency tables based on wind speed, wind direction, and stability cate
gory. The joint frequency tables are compiled from the same hourly data, and the use of these 
tables greatly reduces the computational cost of the simulations. 

The choice of one approach over the other must consider the question of which method 
affords the better representation of the spatial distribution of releases throughout the as
sessment domain. The Lagrangian approach is appealing because of the directness of its 
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interpretation: each incremental release is followed along a trajectory that is presumed to 
resemble the behavior of the wind recorded at a station in the region at the time, and the 
simulated direction changes each hour according to the recorded wind direction. But the 
Gaussian model superposes straight-line trajectories that are statistically based on the same 
data. For the long term, one would expect similar results if the real wind trajectories do not 
deviate too much from straight lines and tend to stay inside the directional sectors in which 
they originate until they leave the assessment domain. 

The choice of an air dispersion model is in large degree constrained by the meteorological 
data that are available for the location and time that the model is intended to simulate. As 
was indicated in Appendix E, the FMPC site has a single meteorological tower at which a 
continuous record began in August of 1986. Thus there is no authentic long-term meteorolog
ical record of the type needed for the FMPC assessment domain. Moreover, comparisons in 
Appendix E of FMPC tower data with airport data from the Greater Cincinnati and Dayton 
airports indicate that (at least, with the use of a straight-line Gaussian plume model) the air
port datasets would be poor surrogates for the meteorology of the FMPC assessment domain. 
Appendix E discusses some uses of the long-term Cincinnati record to quantify uncertainties 
inherent in using recent FMPC tower data for periods in the past, but the onsite data remain 
fundamental to air dispersion modeling for this study. 

If a straight-line statistical model is inadequately supported for predictions of past years 
by the existing meteorological data base, it seems plain that the more data-intensive La
grangian models suffer a proportionately greater deficiency of data. The question that re
mains, however, has to do with the appropriateness of the straight-line windrose. If frequent 
changes of the wind direction tend to turn incremental releases of material out of the wind 
sectors into which they are released, then the predicted distribution of material throughout 
the domain would likely deviate from the real distribution. 

In order to gain some insight into this question, we devised a Monte Carlo experiment 
to test the tendency of wind trajectories to leave their sector of origin before crossing the 
boundary of the assessment domain. The experiment was carried out with the Cincinnati 
hourly data for several reasons: (1) The characteristic being tested (i.e., directional persistence 
of winds near the surface) is likely to be similar in all regional data sets. (2) The Cincinnati 
data set covered a much longer period. (3) Gaps in the FMPC data set would have made it 
difficult to build the necessary conditional probability tables. 

The objective of the experiment was to generate trajectories that would be similar to 
those that would be an underlying part ofa Lagrangian model, such as MESOILT2 (Ramsdell 
and Burk 1990), which was considered for possible use in this project. By using stochastic 
techniques to generate many trajectories with the wind initially blowing into a particular sec
tor, we recorded the number of those trajectories that crossed the 8,000-meter circumference 
of the assessment domain within the same sector. The simulations showed that for proba
bilities based on hourly data from the years 1960-1962, between 80 and 90 percent of the 
trajectories crossed the outer boundary of the region within the sector of their origin. This 
range was consistent for all sectors, with one exception, which showed 77 percent. Thus, 
if the stochastic simulation scheme is accepted as a reasonable model of wind trajectories, 
and if the Cincinnati Airport hourly data set suitably represents the FMPC site with respect 
to the characteristic under study, these results lend support to the choice of the straight-line 
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Gaussian plume or related model to estimate air concentrations and deposition resulting from 
releases of radioactivity to the atmosphere from the FMPC. 

We begin this appendix by describing the Gaussian plume and time-dependent models 
and their implementation in connection with the straight-line windrose. Then we give details 
of the stochastic trajectory simulation experiment and its results. As a general reference, we 
cite Hanna et al. (1983), but our notations and order of presentation differ from theirs in some 
respects. 

THE GAUSSIAN PLUME 

The Gaussian plume model is based on a diffusion function of the form 

D(x, y, z, h) = Y(x, y)Z(x, z, h) CF-1) 

.. , Y(x, y) = _1_ exp (_ y22) 
",f2;(7y . 2{71I 

(F-2)

Z(x, z, h) =~{7z [exp ( (z ;(7;)2) + exp ( _ (z;(7~)2 ) ] (F-3) 

where D(x, y, z) is the concentration of a unit pulse release at x = y =0 and height z =h after 
it is carried a distance x downwind. The dispersion coefficients {7y and {7z are empirically
determined functions of the distance x, for which several formulations have been given. The 
representations developed by Briggs (1973) have been chosen for this work; they are shown 
in Table F-l. For aconstant release rate Q and a constant wind speed u, the concentration of 
a released radionuclide at point (x, y, z) within a plume determined by the diffusion function 
Dis 

x(x, y, z) =~D(x, y, z, h) exp (->..~) , (F-4) 

where the factor exp( ->..x/u) accounts for radioactive decay during the passage of material 
in the plume from the release point to a distance x downwind (>" is the decay-rate coefficient 
and x/u is the time of passage). For a release rate in pCi S-I, wind speed in m S-I, >.. in 
S-I , and {711 and (7z in m, X(x, y, z) has units pCi m-3 • Its interpretation is the steady-state 
air concentration that would be sustained by the (constant) continuous release Q. It is often 
convenient to compile concentration factors that are normalized to a unit release rate, x/Q 
(and spoken of as "chi over Q"), with units such as s m-3 • 

Table F-1. Briggs' Open-Country Formulas for 

Dispersion Parameters {7y and {7z 


(100 m ::; x ::; 104 m)a 


Pasquill Crosswind Vertical 

Category {711 (m) {7z (m) 


A O.22x(1 + O.OOOlx)- 1/2 O.20x 
B O.16x(1 + O.OOOlx)-1 /2 O.12x 
C O.llx(l + O.OOOlx)- 1/2 O.08x(1 + O.0002x)-1 /2 
D O.08x(1 + O.OOOlx)-1 /2 O.06x(1 + O.0015x)-1 /2 
E O.06x(1 + O.OOOlx)-1 /2 O.03x(1 + O.0003x)-1 
F O.04x(1 + O.OOOlX)-1 /2 O.0l6x(1 + O.0003x)-1 

a Briggs (1973). 
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Wind data in a joint frequ-enc:y table are usually given in terms of 16 directions (N, NNE, 
NE, ENE, E, etc.) representirug sectors of 22.5° each. For a particular direction, wind speed, 
and atmospheric stability categ-<lry, tne:x axis in Eq. F~ would normally be oriented along 
the centerline of the sector an d the y axis perpendicular to the centerline. But in reality the 
wind direction is variable, an d using only the 16 discrete centerlines presents an artificial 
distribution of concentrations. ;.. common practice is to average the concentration at the 
distance x across the sector b)i'integrating Eq. F-l with respect to the crosswind coordinate 
y from -00 to +00 (using the fact that r: Y(x, y) dy =1) and dividing the result by the sector 
width (actually the arc length~2u/16: 

- 116 
D(x,z,h) = -2 Z(r,z,h) 

7r.X 

::16 [ (z - h)2) (z + h)2)] =(2~)..1/:2rO"z exp 20-; + exp - 20-; 

_ 82 Q 	 2.032Q(h2) 	 (h2 ) 
X(x, z =0) = (2 )~/~ exp -2 2 ~ exp --22 

~ ILxa. 0-z UXO-z 0-z 

(F-5)

(F-6) 

In Eq. F-6 we have set z = 0 t~ correspond to the ground-level concentration that is of 
particular interest in this studly. 

The time-dependent mode:] (ItaIIlsdell 1990) may be interpreted as a special case of the 
Gaussian plume, with release hei£ht h = 0 and dispersion coefficients that depend not only 
on the distance x but also on tThe ...vind speed u and the crosswind area A of the building that 
creates the wake. We may cha-_r~cterize the model by the equations 

x/	Q =(7rU<T~(J:) -L 

o-~ =[0-; + M'1; .J'(Ts)]I/2 

0-'z-z-[0-2 + ~'1?6V F(T.BY ))1/2 

F(T) =1 - (1 u/(uT) exp ( - x/CuT)) , T = Ts or T =Tav 

CF-7) 

where 
A = characteristic crosswimd nea of the building creating the wake Cm2) 

u = wind speed (m S-1), wbic:n. we adjust to the building height 

= downwind distance of 1th e receptor from the source (m) 

S = 1,2, ... ,6 for stabilities A.., E, . .. , F, respectively (treated as a dimensionless param
eter) 

a = 0.4/ InCz/zo); Zo is the rO\l.ghness height (m), and we take z (m) to be the building 
height; 0.4 is the von nrrnan constant 

u. = au = friction velocity (m 5-1) 


Ts =A1
/ 

2 /u. (s) 


Tav = A1/2/CSu.) (s) 


o-y, o-z =horizontal and vertical di spersion coefficients (m), expressed as functions ofthe down

wind distance x; we us~[JBriggs' formulas (Table F-l) 

K = an adjustable parameter;Bamsdell (1990) obtained best fits with K = 0.5. 
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[' 


We should mention that the term "time-dependent" refers to the approach used in deriving 
the model, but the time is explicit in the final formulas only as the scaled (dimensionless) 
quantities Ta and Tav. The version of the model shown above is interpreted as the centerline 
concentration X per unit release rate Q. Sector averaging of this model in the sense of Eq. F-6 
makes less sense than in the context of the Gaussian plume, which represents a point source. 
The time-dependent model, on the other hand, by modification of the dispersion coefficients, 
represents an area source (A), and consequently artificial confinement of the plume to a sector 
that converges to a point near the source seems contradictory and difficult to interpret. For 
long-term averages, however, we anticipate using a different method of angular averaging 
that should meet this objection. 

The interpretation of Eqs. F-4, F-6, and F-7 is somewhat idealized and refers to a fixed 
wind speed, wind direction, and atmospheric stability category (the wind speed u is a pa
rameter, the wind direction is implicit in the orientation of the x-axis, and the dispersion 
parameters, 0'11 and O'z , are functions of the distance x and the stability category, as is indi
cated in Table F-l). Extending the models to long-term averages is accomplished by means 
of a joint frequency table (JFT), which is compiled from meteorological observations for the 
period and location of interest. For a given receptor point (i.e., distance and direction from 
the source), the time-averaged concentration would be expressed as 

X/ex) =L Aj,kX,,j~k(X) 
"k 

(F-8) 

where the indices i, j, and k correspond to wind speed, wind direction, and stability category, 
respectively, and x is the distance of the receptor from the source. The frequency j',j,k is the 
fraction of the time the wind blows with speed i from direction j during stability condition 
k. The notation j' indicates the direction that is reciprocal to direction j - the wind blows 
FROM j TOWARD j', where the receptor point is located relative to the source. The summation 
is not taken over j (i.e., j is fixed) because the receptor is assumed to experience a positive 
concentration only when the wind is blowing toward it. Examples of joint frequency tables 
for the FMPC data are given in Tables ES-l through ES-13 of Appendix E. 

Equations F-4 and F-6 represent basic forms of the Gaussian plume model for a con
tinuous elevated point source, and Eq. F-7 applies to a continuous source in the wake of a 
building. As written, these models make no allowance for plume depletion due to wet or dry 
deposition, plume rise due to momentum or buoyancy, or confinement of the plume within 
the mixed layer of the atmosphere (the planetary boundary layer). These processes and fac
tors are taken into account, where necessary, by modification of the basic models, and the 
modifications are discussed in separate appendices. 

SIMULATIONS OF WIND TRAJECTORIES WITffiN 22.5° SECTORS 

In the following subsections, we present the technical details ofthe Monte Carlo procedure 
for generating the wind trajectories and their connection with the hourly data. The same 
procedure can be used for any set of hourly data that specifies windspeed and wind direction 
in the resolution of 22.5° sectors. As noted in the introduction, however, sequential gaps in 
the FMPC tower data set would have created difficulties in implementing this procedure with 

that data set. 
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Probability Distributions Derived from the Hourly Data 

The data consist of a sequen. ce of hourly windspeeds u and sector angles cp from which the 
wind blows (as previously noted, there are 16 sectors at intervals of 22.5°). We are also con
cerned with the sector cp+180° in t<> which the wind blows and into which the trajectories move. 
Our coordinate system has the standard mathematical orientation, with the x-axis pointing 
eastward, the y-axis pointing northward, and the angles measured positively counterclockwise 
from the positive x-axis. This convention is contrary to the navigational orientation used by 
meteorologists, with directional angles being measured clockwise from north in that system. 
(Please note that this interpretation of x and y is different from the one used above in the 
definition of the Gaussian plume.) 

We define a 17 x 17 matrix .M as follows : 

[

r

L.. 
[:

N 
NNE 

M= 

NW 
calm 

N NNE NNW calm 

7/.11 7/.12 n1,16 n1,17 

7/.21 7/.22 n2,16 n2,17 

n16,1 n16,2 n16,16 n16,17 

n17,1 n17,2 n17,16 n17,17 

(F-9) 

where the bordering notations "N'," "NNE," ... , "NNW," refer to directions from which the wind 
blows and "calm" indicates periclds of calm with no specified wind direction. The notation 
rLij counts the observed number of transitions from wind direction j to wind direction i in 
successive hours; i and j may be thought of as having values N, NNE, etc., but it is more 
convenient to think of them as integer values that correspond to the wind directions and to 
the category "calm." 

We denote the sum of the entries of column j of M as 

n.j = LrLij 

17 

i=1 

CF-I0a) 

and we note that the probability- tbat the wind direction will be i in the next hour given that 
it is j during the present hour is 

CF-lla) 

Equation F-lla defines a conditional probability that is fundamental to generating simulated 
wind trajectories. A second conditional probability will be necessary for generating the initial 
segment of each trajectory. The ith row sum of M is 

17 

n.. =LrLij 
j=1 

CF-IOb)

and the corresponding conditional probability is given by 

(F-llb) 

DRAFT 




r 

r-


f 


( 

4 

c 

r 


L 

[ 


Appendix F Page F-7 
The Straight-Line Gaussian Plume and Related Air Transport Models 

Note that the conditional probability ofEq. F-llb has the interpretation of being the probabil
ity that the previous wind direction category was j given that the present direction category 
is i. 

The foregoing sets of conditional probabilities determine discrete distributions from which 
we must sample in the course of generating random wind trajectories. To generate a direction 
i for the next hour given that the direction during the present hour is j, we must consider the 
discrete probability function 

!-(i) = {Pili if i =1, ... , 17 
J 0 otherwise 

(based on the jth column of the matrix M), for which a standard sampling technique consists 
in generating a uniformly distributed random number U from the interval [0,1] and choosing 
direction 

. { 1 if u:::; iiI) 
t = q > 1 if I:%:: fJ(k) < U :::; I:k:l ilk) . 

When we are given the present hour's direction category i and wish to generate the previous 
hour's direction category j, as we do at the beginning of each trajectory, we form a distribution 
of the conditional probabilities based on the ith row of the matrix M: 

f,1(j)={P~li if j=I, ... ,I7 
• 0 otherwise 

and the sampling technique is analogous. 
We must also consider windspeed distributions that depend on the transition from one 

wind direction to another. We assume that these distributions are of lognormal form and 
thus are determined by a geometric mean (GM) and a geometric standard deviation (GSD), or 
alternatively by the mean J1. and the standard deviation a of the underlying normal distribution 
of lnu, where '1.1. is the windspeed. Specifically, we are interested in the distribution Fij(u) of 
the windspeed in the hour after a transition from direction j to direction i. This distribution 
is defined by the two parameters }J,ij and aij, and we estimate them from the hourly windspeed 
record as follows: 

1 
}J,ij = -Elnu, 

'nij io---j 

(F-I2) 

where 'nij is the number of wind direction transitions from j to i (Eq. F-9) and the notation 
i +- j means that the summation is taken over the wind speeds '1.1. in the hour following the 

transition from j to i. Similarly, 

(F-I3) 

Corresponding estimates of the GM and GSD are 

(F-I4)G~j = exp(}J,ij) , GSDij = exp(aij) 

In those cases where TL;j = 1, we used GSDij = 1 to correspond to zero variability in the wind
speed that could not be estimated by Eqs. F-I2 and F-I3. Such transit.ions have corresp~~d
ingly low probabilities of occurrence. Unobserved transitions were aSSIgned zero probablhty 

and were not sampled in constructing the wind trajectories. 
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The stochastic sampling necessary in this work is from two distributions: the uniform 
distribution over the interval 0 ~ x ~ 1 and the standard normal distribution (mean 0 and r

r

variance 1). The method of producing pseudo-random numbers from the uniform distribution 
is a linear congruence method described by Knuth (1969), adapted by Forsythe et a1. (1977), 
and modified by one of us (G.G.K.) for personal computers using the family of Intel 80X87 
coprocessors. The algorithm was recoded in the C language. The method used for sampling 
from the standard normal distribution is the simple expedient of generating a pseudo-random 
number, U, from the uniform distribution on [0,1] and solving the equation 

U =F(X) 

for X, where F is the cumulative distribution function (CDF) for the standard normal dis
tribution. A rational approximation to the inverse of F from Abramowitz and Stegun (1965) 
was used to solve the equation for X given U. There are more complicated methods for 
sampling the normal distribution, which provide some improvement in efficiency, but this 
simply-programmed scheme was more than adequate for this exercise. 

Our task involved a further step in the sampling, and that was to transform the standard 
normal variate into a lognormal variate from the distribution with specified geometric mean 
GMij and geometric standard deviation GSDij • This transformation is most conveniently 
expressed as 

(F-15) 

where X is the standard normal variate and ~ is the resulting lognormal variate. The rela
tionship between GSDij and Gij is given by Eq. F-14. 

These definitions and equations are sufficient background for the description of the wind 
trajectory simulations in the next subsection. 

Construction of the Wind Trajectories 

Conceptually, the construction of a wind trajectory from an initial direction is simple; de
scribing it precisely is somewhat more difficult. The first segment is slightly more complicated 
than the others, and we will return to it. But after the first segment, we suppose that the 
previous sector index is j. We generate a random sector (index i) based on the probabilities 
Pili , i = 1, . .. , 17. Within that sector, we generate a random angle {). The lognormal variate 
~ is generated corresponding to the transition i +-- j from Eq. F-15. This variate represents 
the windspeed (m S-l), which is converted to a distance R by multiplication by the number of 
seconds per hour: R =3600E. The angle {) and displacement R determine the segment of the 
trajectory. 

We begin the process by specifying the initial sector and generating a random angle within 
that sector. Because we have no previous sector, the method of generating a windspeed that 
we described above will not work. Instead, if the initial sector is i, we generate a previous 
direction category according to the conditional probabilities P:li' j =1, ... ,17 (Eq. F-llb; note 
that this is using the ith row of the matrix M rather than one of the columns). 

There is one further point in connection with the first segment of the trajectory. Our 
conceptual position is that of a nondispersing tracer introduced into the windflow from a 
specified direction at a random point in time. Thus, we should not preferentially start at the 
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exact beginning of an hour. Accordingly, we modify the windspeed-generated displacement 
R by multiplying it by a uniformly distributed random number in the interval (0,1]. This 
modification is performed only for the initial segment. 

We end the trajectory when the "tracer" crosses the boundary of the assessment domain 
(the boundary is a circle with radius 8,000 m; the origin of the trajectory is at its center). We 
determine the point on the boundary at which the trajectory crosses, and it is the angular 
location of this point that determines whether the trajectory is considered to have remained 
within its sector or not. The trajectory could have wandered outside and returned to cross 
the boundary within its original sector and would still be counted as having remained. 

"Calm" categories are given special treatment. The air is rarely perfectly still, and it is 
conventional to associate a windspeed of 0.5 m S-1 with nominal readings of calm (Hanna et 
a1. 1982) for the purposes of airborne transport simulations. We chose the wind direction for 
each calm category at random from angles 0-360°. 

The data used to construct the probability tables for our simulations were 26,304 hourly 
observations for the years 1960-1962. These data were obtained from the National Climatic 
Data Center, Asheville, N.C. Table F-2 shows the values of the entries 'nij in the matrix M 

of Eq. F-9. Note the strong diagonal dominance in this matrix, which contributes to the 
tendency of the trajectory to remain near their original sectors. 

Two data tables are required for specifying the distribution of the windspeed following 
each transition. Tables F-3 and F-4 show the geometric mean and geometric standard devi
ation, respectively, of the windspeed for direction category i given that the previous direction 
category was j . Omitted entries correspond to transitions of probability zero, which are never 
selected in the simulations. In the calm categories, we assign a degenerate lognormal dis
tribution with geometric mean 0.5 m S-1 and geometric standard deviation 1 (i.e., all of the 
probability is concentrated at the geometric mean, so that only the value 0.5 will be sampled 
from this distribution). 

Results of the Simulations 

We performed 1,000 simulations for each initial sector to obtain estimates of the fractions 
of the trajectories that crossed the 8,000-m boundary within the sector of origin. Table F-5 
shows the estimates, expressed as percentages. 

We also performed parallel simulations with 50 trajectories per sector to provide plots (if 
too many trajectories are plotted, the result becomes too tangled to give a good impression 
of the trajectories). The 16 plots are shown as Figs. F-1 through F-16, with captions that 
indicate the percentages. These percentages vary somewhat from those obtained with 1,000 
trajectories per sector; we consider the latter (shown in Table F-5) our definitive results, but 
the plots are also instructive. 
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Table F-2. Cou.n.ts of Wind Transitions at Hourly IntervalsQ 

To \ From--+ N NNE NE ENE E ESE SE SSE 

N 617 192 60 22 2 3 5 1 
NNE 246 442 207 38 13 5 5 3 
NE 83 271 678 239 64 17 12 5 
ENE 28 54 286 708 180 37 16 9 
E 12 11 90 246 358 108 32 16 
ESE 6 11 22 61 163 273 90 48 
SE 5 5 15 " 12 71 146 267 132 
SSE 2 3 12 7 27 73 188 389 
S 6 2 7 11 15 29 82 276 
SSW 3 3 4 3 5 7 25 99 
SW 6 1 9 2 9 5 15 30 
WSW 7 2 1 2 1 4 7 9 
W 9 2 5 2 1 5 2 3 
WNW 11 7 2 1 2 1 0 2 
NW 61 16 8 4 1 5 3 5 
NNW 186 35 17 3 3 0 2 3 
CALM 74 44 61 37 53 26 55 34 

To \ From--+ S SSW SW WSW W WNW NW NNW CALM 

N 11 1 7 9 22 31 90 234 55 

NNE 3 4 5 4 4 10 18 62 32 

NE 9 5 3 5 8 2 9 17 57 

ENE 10 4 3 0 1 2 7 5 47 

E 10 11 3 0 2 0 5 3 62 

ESE 21 5 6 3 3 1 5 1 25 

SE 63 9 17 4 2 2 3 1 52 

SSE 204 66 27 11 4 1 4 3 43 

S 1027 438 118 36 15 8 3 2 90 

SSW 554 1711 578 84 24 11 4 2 105 

SW 114 708 1474 381 86 23 9 5 72 

WSW 22 124 457 943 317 65 20 8 29 

W 16 30 116 349 640 314 65 13 23 

WNW 8 20 33 113 352 823 234 51 14 

NW 7 12 20 38 61 283 508 177 35 

NNW 4 7 10 11 20 71 219 438 26 

CALM 82 67 72 27 34 27 41 33 687 


Q Total count = 26,304 hours. 

CONCLUSIONS AND DISCUSSION 

We have described in some detail a stochastic simulation methodology that we applied to 
hourly wind data for simulating wind trajectories typical of the vicinity of the Greater Cincin
nati Airport during the years 1960-1962. Our purpose was to consider these trajectories as 
having originated at the Feed Materials Production Center (FMPC) at Fernald and to study 
their tendency to remain within the 22.5° sector of origin. If relatively few trajectories cross 
the 8,OOO-m circular boundary of the assessment domain outside ofthe sector into which they 
were originally released, the results of using a straight-line Gaussian plume model for pre
dicting dispersion and deposition of released materials should not differ importantly in the 
longer term from corresponding results of a Lagrangian-type trajectory model that incorpo
rates similar assumptions about plume rise, wake effects, diffusion, and deposition. 

We believe that our results make a strong case for the applicability of the straight-line 
Gaussian model to the FMPC assessment domain for longer-term estimates such as monthly 
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Table F-3. Geometric Means of Wind8peeds (m 8-1) Following Transitions

To \ From-t N NNE NE ENE E ESE SE SSE 

N 3.45 3.35 2.35 2.30 2.72 1.87 2.80 1.13 
NNE 3.09 4.08 3.30 2.96 2.20 2.22 2.64 2.36 
NE 2.52 3.10 3.35 3.13 2.05 2.06 2.04 2.36 
ENE 2.04 2.81 3.33 3.95 3.34 2.75 2.40 2.56 
E 2.32 1.73 2.42 3.35 3.24 3.17 2.55 2.45 
ESE 2.51 2.16 2.66 3.20 3.31 3.64 3.15 2.89 
SE 2.20 2.16 2.22 3.22 2.39 3.13 3.32 3.10 
SSE 2.52 1.76 2.04 2.00 2.33 3.32 3.55 3.89 
S 2.42 2.30 1.96 2.43 2.32 2.43 2.33 3.32 
SSW 2.36 2.14 2.95 1.97 2.46 2.86 2.87 3.89 
SW 1.32 0.434 1.88 9.43 2.30 2.45 2.93 2.70 
WSW 2.27 2.82 1.28 3.56 0.434 3.64 2.76 3.22 
W 2.56 1.99 2.29 1.26 1.28 2.36 3.78 2.39 
WNW 2.91 2.73 2.57 0.434 4.08 1.41 3.09 
NW 2.99 3.14 2.24 1.41 1.64 2.12 2.36 2.61 
NNW 3.48 3.29 3.19 2.22 3.77 5.49 3.20 
CALM 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 

To \ From -t S SSW SW WSW W WNW NW NNW CALM

N 2.27 1.41 3.54 2.26 2.86 2.56 2.78 3.49 1.58 
NNE 2.22 1.88 2.63 2.68 2.35 2.97 2.30 3.14 1.53 
NE 1.66 1.77 2.01 2.01 2.02 3.41 2.47 2.07 1.58 
WNE 2.68 3.92 2.67 0.722 2.91 2.58 2.46 1.51 
E 2.39 2.42 1.07 2.52 1.67 1.76 1.53 
ESE 1.91 1.60 1.96 1.94 1.48 1.13 1.54 0.722 1.62 
SE 2.52 2.45 2.06 4.07 2.18 1.63 1.87 0.434 1.57 
SSE 3.24 3.25 2.41 1.74 2.50 0.0285 2.41 2.36 1.51 
S 3.41 3.25 2.70 2.13 2.11 2.13 2.54 2.52 1.24 
SSW 3.81 4.45 3.96 2.91 2.48 2.00 1.26 3.85 1.69 
SW 2.83 4.25 4.28 3.85 2.67 3.53 2.71 1.73 1.51 
WSW 3.12 3.88 4.40 5.12 4.21 3.56 2.73 2.39 1.49 
W 2.80 3.05 3.18 4.40 4.34 4.26 2.64 1.86 1.51 
WNW 2.03 2.90 4.75 4.10 4.44 4.98 3.78 3.37 1.77 
NW 3.02 3.08 2.59 3.28 3.45 4.40 3.88 3.87 1.86 
NNW 3.12 5.20 3.09 3.41 2.81 3.62 4.06 4.39 2.04 
CALM 0.5 0.5 0.5 0.5 0.5 0 .5 0.5 0.5 0.5 

averages. The argument breaks down, of course, for short-term episodic releases. If the local 
meteorology were known for such a release, a strong argument could be made for simulating 
it with a Lagrangian-type model that uses wind trajectories observed during the actual period 
of release. But on the basis of the results presented in Table 4, we believe that the use of a 
Lagrangian model for longer term estimates within this assessment domain would gain little 
in quality of information. 

With regard to the exercise that we have described, one might reasonably ask, why not use 
real sequences of data from the records rather than simulated sequences based on probability 
tables compiled from the data. The principal consideration that led to the procedure reported 
here was the need to convey a sense of variability in the wind trajectories that would not be 
revealed directly by the data. During the period in question, wind directions were recorded 
only as numeric codes corresponding to the 16 22.5° direction sectors and the calm category. 
In order to analyze the effect on the trajectories of the variability of the wind direction within 
the sectors, one has to replace the "real" trajectories (which are unknown) with some model, 

Radiological Assessments Corporation 
"Setting the Btandard in radiation health"DRAFT 



r 
Page F-12 The Fernald Dosimetry Reconstruction Project 

Task 4 f 

[ 

f~ 

I 
L.~ 

C 

Table F-4. Geometric Standard Deviations of Windspeeds Following TransitionsG 

To \ From-+ N NNE NE ENE E ESE SE SSE 

N 1.29 1.27 1.45 1.15 1.17 1.03 1.59 1 
NNE 1.25 1.21 1.33 1.33 1.44 1.05 1.97 1.06 
NE 1.35 1.30 1.29 1.27 1.43 1.28 1.10 1.12 
ENE 1.36 1.27 1.28 1.22 1.26 1.33 1.53 1.16 
E 1.22 1.06 1.22 1.21 1.24 1.21 1.25 1.13 
ESE 1.23 1.15 1.17 1.18 1.23 1.19 1.27 1.19 
SE 1.18 1.13 1.41 1.28 1.35 1.29 1.23 1.28 
SSE 1.09 1.26 1.27 1.83 1,45 1.21 1.20 1.26 
S 1.24 1.03 1.21 1.32 1.57 1.20 1.25 1.38 
SSW 1.29 1.13 1.39 1.48 1.54 1.64 1.17 1.29 
SW 1.09 1 1.54 1.04 1,45 1.25 1.36 1.43 
WSW 1.16 1.02 1 1.04 1 1.07 1.30 1.56 
W 1.59 1.14 2.71 1.09 1 1.12 4 .98 1.02 
WNW 1.30 1.40 1 1 1.03 1 1 1 
NW 
NNW 
CALM 

1.29 
1.24 

1 

1.18 
1.15 

1 

1.13 
1.21 

1 

2.04 
1.02 

1 

1 
1.01 

1 

1.05 
1 
1 

1.06 
1.94 

1 

1.35 
2.64 

1 

To \ From-t 

N 

S 

1.17 

SSW 

1 

SW 

1.60 

WSW 

1.47 

W 

1.37 

WNW 

1.38 

NW 

1.37 

NNW 

1.29 

CALM 

1.28 
NNE 1.02 1.06 1.43 1.17 1.12 1.14 1.42 1.28 1.20 
NE 1.49 2.28 1.07 2.15 1.34 1.67 1.22 1.27 1.23 
ENE 1.33 1.14 1.08 1 1 1.27 1.28 1.29 1.35 
E 1.08 1.21 1.50 1 1.09 1 1.65 1.26 1.34 
ESE 1.26 1.08 1.25 1.17 1.13 1 1.73 1 1.41 
SE 1.31 1.17 1.23 1.56 1.27 1.52 1.66 1 1.42 
SSE 1.34 1.23 1.57 1.30 1.48 1 1.32 1.06 1.21 
S 1.36 1.39 1.29 1.24 1.35 1.62 1.27 1.62 1.27 
SSW 1.30 1.28 1.33 1.39 1.41 1.31 1.06 1.01 1.27 
SW 1.37 1.30 1.31 1.33 1.29 1.20 1.09 1.30 1.27 
WSW 1.42 1.42 1.29 1.19 1.22 1.26 1.27 1.21 1.37 
W 
WNW 
NW 

2.08 
2.07 
2.19 

1.14 
1.54 
1.49 

1.32 
1.38 
1.33 

1.34 
1.21 
1.34 

1.30 
1.26 
1.36 

1.27 
1.23 
1.23 

1.35 
1.33 
1.28 

1,40 
1.23 
1.31 

1.32 
1.54 
1.31 

NNW 1.08 1.37 1.68 1.26 1.37 1.30 1.26 1.21 1.11 
CALM 1 1 1 1 1 1 1 1 1 

Q The notation "1" indicates calm or too few transitions to estimate the GSD. 

Table F-5. Percentage of Simulated Trajectories 
Remaining within the Sector of Origin 

N NNE NE ENE E ESE SE SSE S SSW SW WSW W WNW NW NNW 
84.2 86.8 86.1 88.8 90.4 90.6 88.2 86.6 87.6 85.7 83.4 82.2 82.5 77.2 84.0 84,4 

as we have done. The hourly interval between observations also presents a problem, for 
which no suitable refinement suggested itself to us. Given the data as they were, the Markov 
hypothesis appeared the most reasonable treatment of transitions at the one-hour boundaries. 
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Radial spacing: 2,000 m 

Figure F-l. Wind trajectories initially from N. The fraction remaining in sector S from the 
simulation shown was 88%. 
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E 

Radial spacing: 2,000 m 

Figure F-2. Wind trajectories initially from NNE. The fraction remaining in sector SSW from 
the simulation shown was 90%. 
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Radial spacing: 2,000 m 

Figure F-3. Wind trajectories initially from NE. The fraction remaining in sector SW from 
the simulation shown was 98%. 
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Radial spacing: 2,000 m 

Figure F-4. Wind trajectories initially from ENE. The fraction remaining in sector WSW 
from the simulation shown was 84%. 
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Radial spacing: 2,000 m 

Figure F-5. Wind trajectories initially from E. The fraction remaining in sector W from the 
simulation shown was 88%. 
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Radial spacing: 2,000 m 

Figure F-6. Wind trajectories initially from ESE. The fraction remaining in sector WNW 
from the simulation shown was 88%. 
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Radial spacing: 2,000 m 

Figure F-7. Wind trajectories initially from SE. The fraction remaining in sector NW from 
the simulation shown was 94%. 
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Radial spacing: 2,000 m 

Figure F-8. Wind trajectories initially from SSE. The fraction remaining in sector NNW from 
the simulation shown was 88%. 
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Radial spacing: 2,000 m 

Figure F-9. Wind trajectories initially from S. The fraction remaining in sector N from the 
simulation shown was 90%. 
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Radial spacing: 2,000 m 

Figure F-IO. Wind trajectories initially from SSw. The fraction remaining in sector NNE 
from the simulation shown was 84%. 
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Radial spacing: 2,000 m 

Figure F-U. Wind trajectoriEE~~!s; j.,itially from Sw. The fraction remaining in sector NE from 
the simulation shown was 82~ . 

DRAFT 




r 

Appendix F Page F-25 
The Straight-Line Gaussian Plume and Related Air Transport Models 

Radial spacing: 2,000 m 

Figure F-12. Wind trajectories initially from WSW. The fraction remaining in sector ENE 
from. the simulation shown was 84%. 
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Radial spacing: 2,000 m 

Figure F-13. Wind trajectories initially from W. The fraction remaining in sector E from the 
simulation shown was 92%. 
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Radial spacing: 2,000 m 

Figure F -14. Wind trajectories initially from WNW. The fraction remaining in sector ESE 
from the simulation shown was 76%. 

Radiological Assessments Corporation 
"Setting the standard in radiation health"DRAFT 



Page F-28 The Fernald Dosimetry Reconstruction Project 
Task 4 

Radial spacing: 2,000 m 

Figure F-15. Wind trajectories initially from NW. The fraction remaining in sector SE from 
the simulation shown was 88%. 
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Radial spacing: 2,000 m 

Figure F-16. Wind trajectories initially from NNW. The fraction remaining in sector SSE 
from the simulation shown was 86%. 
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APPENDIXG 


DRY DEPOSITION AND PLUME DEPLETION 


INTRODUCTION 


Airborne contaminants in the form of small particles and gases are carried into contact 
with surfaces at or near ground-level by air turbulence and molecular diffusion and are frac
tionally retained on those surfaces as the result of chemical, physical, and biological processes. 
In addition, gravitational settling acts differentially on particles according to their size, den
sity, and shape. These complex interactions are treated as a simple first-order removal process 
characterized by a coefficient Vd (m s-1) called a DEPOSITION VELOCITY. The assumption is that 
the rate of deposition of radioactivity on the ground (pCi m-2 S-1) is proportional to the con
centration in the air at a specified reference height (assumed to be 1 m in this report). The 
proportionality factor is the deposition velocity Vd. Much effort has been devoted to the the
oretical and experimental determination of deposition velocities, as review articles indicate 
(McMahon and Denison 1979, Sehmel 1980, Hosker and Lindberg 1982). 

In this appendix, we describe theoretical and empirical approaches to estimating depo
sition velocity as a function of particle size and density, the nature of the surface, and mi
crometeorological variables. It is difficult to make direct reconciliation of deposition velocities 
estimated in this way with data from field studies, because field investigators often have not 
provided systematic observations of parameters that go into the theoretical calculation. Wind 
tunnel studies are more easily controlled but offer less meteorological reality. 

Our defense of the models we have used rests on their physical plausibility and their role 
in the successful estimation of uranium deposition, which was measured by deployment of 
gummed film during the 1960s (Appendix M). We will show, however, that total deposition 
for the FMPC region is dominated by depositon of the effluent from the Plant 8 scrubbers, 
and thus the gummed-film validation can only be compared with the total but cannot validate 
minor components individually. 

Depletion of the plume by deposition processes affects estimation of ground-level air con
centrations and therefore dose. Two principal approaches to estimating depletion due to dry 
deposition may be called SOURCE DEPLETION and SURFACE DEPLETION. The former is substan
tially less costly to implement, but the latter is more satisfying to physical intuition. The claim 
to superiority of surface depletion models rests principally on theoretical arguments, whereas 
source depletion models continue to be used because of their computational efficiency and the 
lack of clear evidence of serious errors in their predictions, particularly for small domains. 

In an order of presentation that we hope minimizes confusion, we begin by defining physi
cal constants and meteorological quantities that repeatedly enter the formulas describing the 
deposition model. Then we present details of a generic wind profile, based on wind speed 
measured at a reference height and other meteorological variables, together with a parame
ter that characterizes surface roughness. These matters are preamble to a straightforward 
statement of the deposition model. Important results on empirical deposition velocities at the 
FMPC are presented, and we develop a special theory of deposition for the effluent from the 
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Plant 8 scrubbers. It is not our purpose to present a primer in any of the associated subject 
matter; we provide references to other sources for readers requiring a fuller discussion. 

FUNDAMENTAL QUANTITIES 

This section is primarily an annotated glossary of symbols for the physical constants and 

quantities that appear in the fcmnulas defining our dry deposition model. For detailed and 
fundamental discussions of the context in which these quantities arise, we suggest Hanna et 
al. (1982) and Seinfeld (1986). We express units in the cgs system in this glossary, but please 
note that different units appear in other sections of this appendix. 

2J1air =dynamic viscosity of air = 1.78 x 10-4 g s-1 cm- . 

3Pair =density of air, taken as 1.2 x 10-3 g cm- . 	 [ 
K =von Karman's constant, taken as 0.4 (dimensionless). 

Vair = J1airlPair (cm S- 1) = kinematic viscosity of air. 

u. 	 = friction velocity (m S-1), defined as the square root of the vertical momentum flux, 
which can be expressed as Kmz([JulfJz), where the partial derivative is the gradient of 
the vertical profile of wind speed and Kmz is a vertical momentum flux rate coefficient 
(m2 S-1) (Hanna et a1. 1982; also see the next section). 

Zo = roughness length (cm), 'Which is related to roughness of the surface over which the 
wind moves. Hanna et al. (1982) suggest that Zo ~ 1/10 ofthe height of the roughness 
elements. Table G-1 shows approximate values of the roughness length for different 
surfaces. We have used 20 =0.22 m, which is the geometric mean of values for uncut 
grass and trees. These ground covers represent extremes for most of the FMPC area. 

= Monin-Oboukhov length (em), whieh is positive for stable conditions, negative for 

unstable conditions, and becomes infinite for neutral conditions. The correspondence 

with the Pasquill-Gifford stability categories A-F is indicated in Fig. G-1. 


). = mean free path length for air molecules = 9.322 x 10-6 cm. 

Ce = Cunningham's slip correction = 1 + (2).1 d) [A + Q exp( -bdI2).)] (dimensionless), where 
d is the particle diameteI (em), A =1.234, Q =0.413, and b =0.904 (Dennis 1976). 

d2T = characteristic particle relaxation time = ppCe/(18J1air) (s), where d is the particle 
diameter (em) and Pp is the particle density (g cm-3 ). 

St =Stokes' number =Tu;lvair = d2PPPairCeu;/(18J1;) (em). 

k =Boltzmann's constant =1.32 x 10-16 erg (molecule K)-1. 

D = Brownian diffusivity = kTCc/(37rJ1aird) (em2 S-1) (Seinfeld 1986), where d is the particle 
diameter (em) and T is the temperature (296 K was used). 

Sc =Schmidt number = Vair/D = 37rJ1;ird/(kTCePair) (em-1). 
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Figure G-l. Pasquill-Gifford turbulence classes as a function of roughness length Zo 
and the reciprocal Monin-Obukhov length. Computerized conversion from 1/L to one 
of the classes A-F is based on a routine that stores digitized versions of the curves 
that separate the classes. (Redrawn from Hanna et al. (1982) with our extrapolations 
shown as dashed lines.) 

Table G-I. Roughness Lengths for 
Various Surfacesa 

Surface 	 Zo (m) 

Very smooth 10-5 

Snow 10-3 

Lawn 10-2 

Uncut grass 0.05 
Mature root crops 0.1 
Tree covered 1 

a Excerpted from Seinfeld (1986), p. 495. 

WIND SPEED PROFILE 

Wind speed plotted as a function of the height z above the ground (say for a specific 
atmospheric stability category) is called a wind speed profile. Such profiles serve two purposes 
for the work described in this appendix: (1) they enable adjustment of wind speeds measured 
at a fixed reference height to the height of a release for purposes of modeling the downwind 
progress of the material (10 m is a typical reference height for airport measurements and is 
one of two instrumented levels for the tower at the FMPC site), and (2) profile expressions 
occur in formulas for the dry deposition model described in this appendix. 

l 	
l 
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The formulas, which we state without proof, relate the wind speed at height z, u(z), to 
the roughness length Zo and the friction velocity u.. They are 

7 
KU(Z) = In (-.:.) + 4· (z - zo) for stable conditions (1/L > 0) 

u. Zo L 

=In (~) for neutral conditions (1/L =0) 

=In (-.:.) + In (1]5 + 1)(1]0 + 1)2) 

Zo (1]2 + 1)(1] + 1)2 


+ 2(arctan 1] - arctan 1]0) for unstable conditions (1/L < 0) (G-1) 

where 
z ) 1/4 ZO)1/4 

T}= (1- 15£ ' 1]0 = ( 1- 15I: ' 

K, is the von Karman constant, u. is the fraction velocity, and L is the Monin-Obukhov length 
(see the glossary of symbols above). This continuous variable is related to the Pasquill-Gifford 
stability categories by Fig. G-l. Note that Eq. G-l is applicable only for z > Zo and u(zo) = O. 
Equation G-1, as presented by Seinfeld (1986), shows three cases based on stability: the 
middle formula, for neutral conditions, is well known (Hanna et al. 1982); the others are the 
result of integrating empirical fits to au/az obtained by Businger et al. (1971). To use the 
formulas for calculating the wind speed u(z), one must know either u . or the wind speed at 
some height> Zo0 Typically, we have a value of the wind speed u(10) measured at reference 
height 10 m, which we substitute into Eq G-l, solve for u., and then use the formula to obtain 
u(z) for any other height. Figure G-2 shows a set of wind speed profiles that correspond to Zo 

= 0.22 m. 

GRAVITATIONAL SETTLING 

For larger particles, an important component of deposition is gravitational settling. This 
component becomes dominant as the physical particle diameter increases above 10 /-Lm. In 
the approach to dry deposition used in our simulations and presented in this appendix, gravi
tational settling is incorporated into the deposition velocity as one of several components. We 
denote this component by the symbol Vt and present formulas for it. The approach is adapted 
from Hanna et al. (1982). 

Stokes' law gives the gravitational settling velocity for particles with physical diameters 
less than about 20 /-Lm (the upper limit of validity depends on the particle density): 

Ccd2gpp 
Vt = 

18/-Lair 
(G-2) 

where d is the particle physical diameter (/-Lm), Pp is the particle density (g cm-3 ), and 9 is the 
gravitational acceleration constant (em S- 2). The Cunningham slip correction factor Cc has 
been added to the formula to account for the increased mobility of particles of diameter less 
than the mean free path of the air molecules (see the glossary of symbols above). 

Larger particles require a different approach. Figure G-3 gives Vt as a function of diam
eter for density 5 g em-3 . For other densities Pp we approximate the gravitational settling 
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o 2 4 6 8 10 12 14 16 18 

Wind speed (m s-1) 

Figure G-2. Wind speed profiles for very unstable (class A), neutral (class D), and 
very stable (class F) conditions and roughness length Zo = 0.22 m. Curves are shown 
that correspond to wind speeds of 3 and 5 m S - l at reference height 10 m. The profiles 
are based on the formulas of Eq. G-1. 

60 

50 

40 

-E 

20 

10 

o 

I / 
I / 

I / 
I / 

. I / 
if /
il /
i / 

1,/ ///r-------~ 
Stability3 m/s I f /

at I f / -- A 
10m I ! / ............ 0 

1'1/ f/f/ ---F 
'... zo=O.22 m5rn1S 

..- at 10 m'----------' 

1 10 100 1000 

Diameter (fJ.m) 

Figure G-3. Gravitational settling velocity for spherical particles with density 5 g 
cm- 3 (redrawn from Hanna et al. (1982) with correction of the horizontal axis label). 
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velocity by using the plotted Vt times pp/5. Our computer routines use Eq. G-2 for physical 
diameter d :S 6 p.m, a digitized version of Fig. G-3, corrected for particle density, for d ~ 10 
j.lm, and logarithmic interpolation between the two in the transitional range 6 < d < 10 p.m. 
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DRY DEPOSITION VELOCITY 

Our model for dry deposition can be expressed by the formula for the deposition rate 

(G-3) 

where w has units pCi m-2 s-l, X is the concentration of the airborne pollutant (pCi m-3) at 
the reference level (taken as 1 m), and Vd (m S-I) is the dry deposition velocity. Measurements 
of deposition velocities show a functional trend with physical particle diameter but more than 
an order of magnitude of scatter about this trend (Sehmel 1980). 

We are aware of no measurements of deposition velocity in the vicinity ofthe FMPC during 
the facility's operation. The many field measurements at other locations provide insufficient 
information on concomitant variables to support empirical models. Using the results of wind 
tunnel studies, Sehmel and Hodgson (1980) provided a regression function for particulate 
deposition in the surface layer. We discuss this function further later in this section. [ 

L
C

Electrical circuit analogies are a useful method of analyzing components of dry deposi
tion (Seinfeld 1986, Hosker and Lindberg 1982). Our model of the dry deposition velocity is 
summarized by the resultant of three component resistances: 

1 1 1 
Vd=--=--+-

rtotal ra + rs rt 
(G-4) 

(Fig. G-4) where 
rtotal =total resistance, 
ra = momentum flux resistance associated with atmospheric turbulence above the laminar 

surface layer, 
rs = resistance of the surface layer, 
rt = resistance to gravitational settling = l/Vt. 

------

Material flux 

Resistance 
due to 

ra atmospheric 
turbulence 

r s surface layer r, 

r, 	 gravitational 
settling 

I 
 Turbulent 

region 


ra 

rs Surface 

layer 


~ ~-----

Figure G-4. Electrical resistance analogy for dry deposition. 

The momentum transfer resistance ra is represented by the equation 

1 
-=-	

u;
(G-5) 

(Seinfeld 1986), where u. is the friction velocity (m S-I) and ih is the mean horizontal wind 
speed (m S-1) at the reference height for deposition (1 m in this appendix). In general, we are 
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given the mean horizontal wind speed and calculate the friction velocity u. from Eq. G-1. Note 
that through Eq. G-1 ra depends on the roughness length Zo and the Monin-Obukhov length 
L (or in rougher terms, the Pasquill-Gifford stability class). We return to this dependence 
below. 

Various representations have been suggested for the surface layer resistance rs . One 
version that accounts for both molecular diffusion of smaller particles and inertial effects of 
larger ones was suggested by Slinn (1976): 

(G-6) 

where the Stokes number St is an increasing function of the particle diameter, and thus 
the term 1O- 3/St increases with particle diameter; this term represents the inertial effects 
of the larger particles. The Schmidt number Sc tends to zero with the particle diameter;

2thus the term SC- / 3 increases without bound as the particle diameter tends to zero. This 
term expresses deposition by molecular diffusion of the smaller particles (see the glossary of 
fundamental quantities above for definitions of St and Sc).

Equations G-4 through G-6 - and the definition of the gravitational settling velocity Vt 

in the previous section - define our adopted model for the deposition velocity of particles. As 
noted, Vd is not a constant but depends on other variables. Through the momentum transfer 
resistance r a , it depends on the roughness length zo, the mean horizontal wind speed Ub 

and the Pasquill-Gifford stability class. And through the surface-layer resistance rs and the 
gravitational settling velocity Vt, the depositon velocity Vd depends on the physical particle 
diameter and the particle density. Table G-2 illustrates some of these dependencies. The 
physical particle diameters are class medians from a lognormal distribution of physical particle 
diameter with GM = 4.0 J-Lm, GSD = 2.0, and particle density = 7.0 g cm- 3 (the density used 
for U30 8 ; see Appendix D). Deposition velocity is shown for the adjusted (1 m) wind speeds 
corresponding to the measured ranges at the 10-m height, and for Pasquill-Gifford stabilities 
A-F. All deposition velocities in Table G-2 are evaluated for the roughness length Zo = 0.22 m. 


Sehmel and Hodgson (1980) developed a model .of dry deposition for which the surface 
layer resistance rs is supplied by a regression function of several combinations of the variables 
that enter into the resistances we have defined above. The regression function for the surface 
resistance was fitted to data from wind tunnel experiments. The functional form of this model 
that we have implemented, as given in the 1980 reference, is 

Int3 = - exp ( - 378.051 + 16.498 In Sc + Pin r+ - 12.8044 In d) 

where 

r + I d dimenslO. nl I t' t'lme = ppd
2 u; 10-8=sca e ess re axa IOn 18J-L --;; x , 

P = - 11.8178 - 0.28628 In r+ + 0.32262In(d/ zo) - 0.33850 In(D /(zou.», 

d is the particle diameter (J-Lm), and other symbols are defined in the glossary near the begin
ning of the appendix. The surface resistance is then given by 

1 - exp ((vt/U.)Int3) 
rs = 	 . 

Vt 
(G-7)
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Table G-2. Dry Deposition VelocitiesG (m s-l) and Adjusted Wind Speeds at 1 m (m S-I) 

Stability 
Physical 

u (lOm) diam. (p.m) A B C D E F 

1 m S-1 0.547 0.00013 0.0.0013 0.00012 0.00012 0.00011 0.00011 
0.874 0.00023 0.00023 0.00023 0.00022 0.00022 0.00022 
1.173 0.00037 0.00037 0.00037 0.00037 0.00036 0.00036 
1.512 0.00058 .0.00058 0.00058 0.00058 0.00057 0.00057 
1.948 0.00092 0.00092 0.00092 0.00092 0.00092 0.00092 
2.617 0.0016 0.0016 0.0016 0.0016 0.0016 0.0016 
4.175 0.0039 0.0039 0.0039 0.0039 0.0039 0.0039 

Adj. windsp. (m s-l) 0.47 0.46 0.43 0.4 0.35 0.3 

3 m s-1 0.547 0.0002 0.00019 0.00018 0.00017 0.00016 0.00015 
0.874 0.00028 0.00027 0.00027 0.00026 0.00025 0.00025 
1.173 0.00041 0.00041 0.0004 0.0004 0.00039 0.00038 
1.512 0.00065 0.00061 0.0006 0.0006 0.00059 0.00059 
1.948 0.0023 0.0013 0.00098 0.00094 0.00093 0.00093 
2.617 0.016 0.008 0.0034 0.0021 0.0017 0.0016 
4.175 0.065 0.049 0.032 0.022 0.01 0.0051 

Adj. windsp. (m s- l) 1.4 1.4 1.3 1.2 1.0 0.91 

5 m S-1 0.547 0.00028 0.00026 0.00024 0.00023 0.00021 0.00019 
0.874 0.00041 0.00033 0.00031 0.0003 0.00028 0.00027 
1.173 0.0038 0.0013 0.00055 0.00044 0.00041 0.0004 
1.512 0.023 0.011 0.0034 0.0014 0 . .00.067 0 . .0.0.061 
1.948 0.065 0.041 .0..02 .0..0095 0 . .0026 0.0.011 
2.617 0.11 0 . .086 0.058 .0.039 .0..017 .0. .0052 
4.175 0.15 0.13 0.1 .0..086 0 . .062 0.038 

Adj. windsp. (m S- I) 2.4 2.3 2.1 2 . .0 1.7 1.5 

7 m s-1 0.547 0 . .0.0.038 0.0.0033 0.0003 .0. .00028 0 . .0.0.025 .0. .00022 
0.874 .0..0.096 0.0.032 0.00084 .0..00.042 .0..0.0032 0 . .00.03 
1.173 .0.055 0.029 0 . .011 .0..0.04 .0..00.083 .0..0.0044 
1.512 .0.12 0.079 .0..044 .0..024 .0.0066 .0. .0013 
1.948 .0.17 .0.13 .0..09 0.064 .0..03 .0.0.09 
2.617 .0.2 .0.17 .0.13 0.11 .0..07 .0..037 
4.175 0.23 .0.19 .0.16 0.14 .0.11 0 . .081 

Adj . windsp. (m s-l) 3.3 3.2 3 . .0 2.8 2.4 2.1 

9 m S-1 0.547 .0..0.027 .0. .00086 0.0004 0 . .00.034 0 . .0003 0.00.026 
.0.874 .0.065 .0..033 .0..012 .0. .0042 0 . .0.0074 .0..00.033 
1.173 .0.15 0.11 .0..06 0.033 0 . .0093 0.0016 
1.512 .0.22 0.17 .0.12 0 . .084 0 . .04 0.012 
1.948 0.26 0.21 .0.16 .0.13 0 . .084 .0.042 
2.617 .0.28 .0.24 .0.19 0.16 .0.12 .0.083 
4.175 .0.3 .0.26 0.21 0.19 .0.15 .0.12 

Adj. windsp. (m S- I) 4.3 4.1 3.8 3.6 3.1 2.7 

11 m s-1 .0.547 .0.022 .0.0.079 .0.0.019 0 . .0.0068 0 . .00035 .0..00.03 
0.874 0.16 0.11 0 . .054 .0.027 0.0062 0.0.009 
1.173 0.26 .0.2 .0.13 0.093 .0..042 .0..011 
1.512 .0.31 .0.25 .0.19 0.15 0.095 0.044 
1.948 .0.34 .0.28 .0.23 0.19 0.14 0 . .088 
2.617 .0.36 .0.3 .0.25 0.21 .0.17 .0.12 
4.175 .0.37 .0.32 .0.27 0.23 .0.19 .0.15 

Adj . windsp. (m S-I) 5.2 5 . .0 4.7 4.4 3.8 3.3 

Surface transfer resistance based on Eq. G-6. Distribution of physical particle diameters is log
normal with GM =4 p.m and GSD =2. Particle density is 7 . .0 g cm-3 . 

r~ 

r: 
r 

L 
C 

Deposition velocities based on the surface resistance of Eq. 0-7 are shown in Table 0-3, with 
particle density and distribution of particle diameters the same as for Table 0-2. Comparisons 
of the total deposition velocity models based on Eq. G-4 using the surfaces resistances given 
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Table G-3. Dry Deposition Velocitiesa (m S-I) and Adjusted Wind Speeds at 1 m (m s-l) 

Stability 
Physical 

u (lOrn) diam. (J.lm) A B C D E F 

1 mls 0.547 
0.874 

0.00073 
0.0012 

0.00077 
0.0013 

0.00082 
0.0013 

0.00088 
0.0014 

0.00099 
0.0016 

0.0012 
0.0018 

1.173 0.0018 0.0019 0.002 0.002 0.0022 0.0025 
1.512 0.0026 0.0027 0.0028 0.0028 0.003 0.0033 
1.948 0.0038 0.0039 0.0039 0.004 0.0042 0.0045 
2.617 0.006 0.006 0.006 0.0061 0.0063 0.0065 
4.175 0.012 0.012 0.012 0.012 0.012 0.011 

Adj. wind sp. (m s-l) 

3 mls 0.547 
0.874 

0.47 

0.00071 
0.0013 

0.46 

0.00068 
0.0012 

0.43 

0.00066 
0.0012 

0.4 

0.00065 
0.0011 

0.35 

0.00064 
0.0011 

0.3 

0.00065 
0.0011 

1.173 0.002 0.0019 0.0018 0.0018 0.0017 0.0017 
1.512 
1.948 
2.617 
4.175 

0.003 
0.0045 
0.0075 
0.017 

0.0028 
0.0043 
0.0071 
0.016 

0.0027 
0.0041 
0.0067 
0.015 

0.0026 
0.004 
0.0065 
0.014 

0.0025 
0.0038 
0.0062 
0.013 

0.0025 
0.0037 
0.006 
0.013 

Adj . wind sp. (m s-l) 1.4 1.4 1.3 1.2 1.0 0.91 

5 mls 0.547 
0.874 
1.173 

0.00095 
0.0017 
0.0027 

0.00088 
0.0016 
0.0025 

0.00081 
0.0015 
0.0023 

0.00076 
0.0014 
0.0021 

0.00071 
0.0013 
0.002 

0.00067 
0.0012 
0.0018 

1.512 0.0042 0.0038 0.0035 0.0032 0.003 0.0028 
1.948 
2.617 
4.175 

0.0065 
0.011 
0.025 

0.0059 
0.0099 
0.023 

0.0053 
0.0089 
0.02 

0.005 
0.0083 
0.019 

0.0045 
0.0075 
0.017 

0.0042 
0.0069 
0.015 

Adj. wind sp. (m 8 - 1 ) 2.4 2.3 2.1 2.0 1.7 1.5 

7 mls 0.547 0.0013 0.0012 0.001 0.00095 0.00085 0.00076 
0.874 0.0024 0.0022 0.0019 0.0017 0.0015 0.0014 
1.173 0.0038 0.0034 0.003 0.0027 0.0024 0.0021 
1.512 0.0059 0.0053 0.0046 0.0042 0.0036 0.0032 
1.948 0.0094 0.0083 0.0072 0.0065 0.0056 . 0.005 
2.617 0.016 0.014 0.012 0.011 0.0095 0.0082 
4.175 0.038 0.033 0.028 0.025 0.021 0.018 

Adj. wind sp. (m S-I) 3.3 3.2 3.0 2.8 2.4 2.1 

9 mls 0.547 
0.874 
1.173 
1.512 

0.0018 
0.0033 
0.0054 
0.0084 

0.0016 
0.0029 
0.0046 
0.0072 

0.0013 
0.0025 
0.0039 
0.0061 

0.0012 
0.0022 
0.0035 
0.0054 

0.001 
0.0019 
0.003 
0.0045 

0.00089 
0.0016 
0.0025 
0.0038 

1.948 0.013 0.011 0.0096 0.0085 0.0071 0.006 
2.617 
4.175 

Adj. wind sp. (m S-I) 

0.023 
0.055 
4.3 

0.02 
0.047 
4.1 

0.017 
0.039 
3.8 

0.014 
0.034 
3.6 

0.012 
0.027 
3.1 

0.01 
0.023 
2.7 

11 mls 0.547 0.0024 0.0021 0.0017 0.0015 0.0013 0.001 
0.874 0.0045 0.0038 0.0032 0.0028 0.0023 0.0019 
1.173 0.0073 0.0062 0.0051 0.0045 0.0037 0.003 
1.512 0.012 0.0097 0.008 0.0069 0.0056 0.0046 
1.948 0.019 0.016 0.013 0.011 0.0088 0.0072 
2.617 0.033 0.027 0.022 0.019 0.015 0.012 
4.175 0.078 0.064 0.052 0.044 0.035 0.028 

Adj . wind sp. (m s- l) 5.2 5.0 4.7 4.4 3.8 3.3 

Surface transfer resistance based on Sehmel and Hodgson (1980). Distribution of physical particle 
diameters is lognormal with GM =4 J.lm and GSD = 2. Particle density is 7.0 g em- 3

. 

y Eqs. G-6 and 0-7 show important differences in the 0.2-2 tLm range, with the latter model 
(i.e., Sehmel and Hodgson 1980) giving deposition velocities that are larger than those of the 
former. Figure 0-5 shows a limited comparison based on Zo =0.22 m, U1 =1 m S-l, Pp =7 g 

Radiological Assessments Corporation 
"Setting the standard in radiation health"DRAFT 

l 



Page G-10 The Fernald Dosimetry Reconstruction Project 

Task 4 

cm-3
, and for neutral conditions CPasquill-Gifford class D). The figure shows differences in 

excess of a factor of three, but for some combinations of parameters we have observed a factor 
of 14. We should note, however, that for the comparison shown in Fig. G-5, the model of 
Sehmel and Hodgson (1980) was based entirely upon the algorithm given in the reference and 
did not implement the combined resistances in the manner of Eqs. G-4 and G-5. 
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Figure G-5. Comparison of total deposition velocity computed with the model of 
Slinn (Eq. G-6) with that of Sehmel and Hodgson (1980) CEq. G-7). Gravitational 
settling velocity is shown separately. 

We choose as our standard the model of Sehmel and Hodgson (1980) for the surface 
resistance Ts as given by Eq. G-7, combined with Eqs. G-4 and G-5. With its calibration to a 
variety of wind tunnel data, this model has a clearer connection with a broader scope of data 
than does the model ofEq. G-6. Table G-4 shows a comparison of the models when each model 
is averaged over the FMPC composite annual meteorology and over lognormal distributions of 
physical particle diameters with different geometric means and geometric standard deviation 
2. The table indicates the same general relationship between the two models as does Fig. G-5, 
namely that the Sehmel and Hodgson model dominates in the micron and submicron range, 
but that the magnitudes reverse for a range of larger particles where the impaction term of 
Eq. G-6 becomes important. For very large particles, gravitational settling is of overwhelming 
importance, and the two models give the same result. We note that the results of the averaging 
are sensitive to increases in the GSD of the particle size distribution. 
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Table G-4. Deposition Velocities (m s-1) for Two Models 
Averaged Over FMPC Meteorology and Lognormal

Distributions of Physical Particle Diameters 
with Various Geometric Meansa 

Median (GM)
physical 

Surface resistance model

diameter ({Lm) 

0.02 

Eq. Q-6c 

0.0048 0.0032 
0.05 0.0030 0.0011 
0.1 0.0016 0.00045
0.2 0.00092 0.00023 
0.5 0.0011 0.00029 
1 0.0025 0.0019 
2 0.0068 0.0087 
5 0.026 0.032 

10 0.072 0.078 
20 0.20 0.20

a For each distribution, the particle density is 7 g cm -3, and 

the geometric standard deviation is 2. 


Sehmel and Hodgson (1980). 


Slinn (1976). 


PLUME DEPLETION 

Plume depletion resulting from deposition is of interest because it reduces air concentra
tion progressively downwind from the point of release. Most plume calculations have made 
use of an approximate procedure based on the technique of SOURCE DEPLETION to account for 
reduced air concentrations due to dry deposition (Van der Hoven 1968). The basic assump
tion is that the release rate is viewed as a function of downwind distance and diminishes 
as airborne material is lost by deposition. We write Q = Q(x), with Q(O) equal to the given 
(constant) release rate. Then for the Gaussian plume model, the rate of change of Q(x) with 
x is the total rate of deposition, integrated across the width of the plume (Eqs. F-3 and F-4): 

dQ = 
00 

wdy = _ VdQ z(x, 0, h)exp (_).~) = _ ~QVd exp (_ h ) exp (-A~)'v:; UCTz 

2 

dx -00 U U 2CTz 
2 U 

-1+  (G-7)

where z = 0 has been used in Eq. F-3. The solution can be expressed as 

Q(x) =Q(O)ex (_ ~Vd r exp(-Ax' /U)dX') , 
p V:; U io CT z exp(h2 / 2CT;) 

(G-8) 

where the integral is evaluated numerically, utilizing the functional dependence of CTz on x' 

(Table F-l). For the time-dependent model, the analog of Eq. G-8 is 

Q(x) = Q(O)exp (_ ~Vd r eXP(-AX'/U)dX') , 
V:; U io CT~ 

(G-9)
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where O"~ ::;; [0" ; + (K A /a2u2S2 )FCTsv)]1 /2 with notations as defined following Eq. J-4. For the 
Gaussian model, the resulting estimate of ground-level concentration in the plume is then 
calculated from Eq. F-4 (or its sector-averaged counterpart Eq. F-6, as appropriate) with Q 
replaced by Q(x ) from Eq. G-8. In the case of the time-dependent model, the ratio Q(x)/Q(O) 

from Eq. G-9 is applied to the formula of Eq. J-4 or an appropriate analog. The principal 
objection to source depletion is that material is removed uniformly from the full vertical 
extent of the plume rather than from the part near the ground as intuition suggests. But the 
fact that the plume retains its Gaussian cross section makes this method more tractable and 
computationally much less expensive than most alternative methods, even with the necessary 
numerical integration, which is carried out by interpolation in tables stored in the computer. 
Van der Hoven (1968) provides curves that give Q vs. x for different release heights hand 
stabilities A-F, but the curves are based on formulations of O"z that are different from those 
in Table F-l; even so, the results are not qualitatively different from those obtained with the 
Briggs formulas). 

EMPffiICAL DEPOSITION VELOCITIES 

Near each of the four air monitoring stations located at the corners of the FMPC produc
tion area (designated NE, SE, SW, NW), gummed film (gumpaper) deposition samples were 
taken regularly during the period May 1960 through December 1962. Thus, at these loca
tions, we may pair adjusted monthly averages of air concentrations (Appendix L) with monthly 
depositions and estimate total deposition velocities by the ratios. We have performed these 
calculations and tabulated the estimates of deposition velocity by station. Table G-5 shows 
the summary statistics. 

Table G-5. Empirical Deposition Velocities to Gumpaper (m S - 1) 


Between May 1960 and December 1962 


Perimeter location 

NE SE SW NW 


Number 30 28 25 29 
Mean 0.11 0.20 0.19 0.13 
St. dev. 0.06 0.13 0.18 0.09 
Median 0.08 0.16 0.14 0.11 
Minimum 0.04 0.07 0.03 0.02 
Maximum 0.24 0.70 0.75 0.41 

Dry deposition velocities for the generic particle size distribution corresponding to U30 g 

r eleased from the dust collectors (Appendix D, Table D-3 and Fig. D-3), averaged over the 
FMPC meteorology and over the particle size distribution, give Vd ~ 0.01 m S - I . The wet 
deposition velocity, based on the assumption of annual rainfall of 100 cm and a washout ratio 
of 6 x 105 (Appendix H gives a median washout ratio of 5.6 x 105 ; see Fig. H-2), is Vw ~ 0.02 m 
S - 1. Clearly, the sum of these dry and wet deposition velocities is much too small to account 
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for the magnitudes of the empirical deposition velocities shown in Table G-5. It is the effluent 
of the Plant 8 scrubbers that primarily contributes to high rates of dry deposition. We discuss 
the deposition properties of this effluent in the next section. 

ESTIMATE OF PLANT-8 SCRUBBER CONTRffiUTION TO TOTAL DEPOSITION 

Appendix D develops a theory of reentrainment of uranium-containing liquid from mist 
eliminators into the exhaust gas as large droplets that subsequently escape from the scrub
bers. It was estimated that 70% of the released mass of uranium from the Plant 8 scrubbers 
was in reentrained droplets, while the remainder penetrated the scrubbers without being
scavenged and escaped as particles with physical diameters in the range 0-10 j.Lm, with mean 
in the submicron range (Appendix D, Table D-ll). Similarly, for the Plant 2/3 scrubbers, 54% 
of released uranium was reentrained, and the remaining solid particles that penetrated the 
scrubbers had a mean physical diameter of about 1 j.Lm. Deposition velocities for different 
particle-size ranges in these discrete distributions are shown in Table G-6. 

The initial water droplet diameters were estimated to be in the range 100-200 j.Lm, which
we interpreted as a lognormal distribution with these limits as 15th and 85th percentiles , 
respectively, giving geometric mean 141 j.Lm and geometric standard deviation 1.4. For this 
distribution of droplets, we estimate a mean deposition velocity of 0.37 m S - l. As the droplets 
move downwind, they evaporate and leave the uranium as a solid particle or agglomerate, 
with estimated effective diameter range and density indicated in Table G-6 for the scrubbers 
of Plant 2/3 and Plant 8. 

We are going to estimate an average deposition velocity for airborne particulates released 
from the FMPCduring 1960-1962 and compare the result with the empirical deposition ve
locities given in Table G-5. For this calculation, we estimate the percentages of uranium 
released from the Plant 2/3 and Plant 8 scrubbers during 1960-1962 as 13.7% and 59.2%, 
respectively. We compute two averages. The first considers the reentrained portions to be 
in the initial droplets before any evaporation took place, which would maximize the average 
deposition velocity. The second average is based on the diameter of the residual solid after all 
moisture has evaporated, which gives the more realistic value because ofthe high evaporation 
rate. The calculation of the two averages is summarized in Table G-7. 

This analysis indicates that as the release moves downwind from the Plant 8 scrubbers, 
the dry deposition velocity that is applicable to that entrained component of the release de
creases from 0.37 m S - l to 0.28 m S - l. Similarly, the part of the release from the Plant 2/3 
scrubbers corresponds to deposition velocities ranging from 0.37 m S - l down to 0.18 m S - l . 

Averaged over all production sources, the corresponding range is 0.18 m S - l to 0.13 m S - l 

(Table G-7). These latter values are of a magnitude comparable to that of the empirical de
position velocities presented in Table G-5. This concurrence of estimates adds a measure of 
confidence to the general air-transport modeling approach, and in particular, to those aspects 
of the assessment that depend on deposition velocity. 

Appendix M compares simulated deposition with gummed film measurements during 
1960-1962. The overall impression of this comparison is that the simulations generally tend

I to underpredict the measured deposition values by factors of two to three, and the trend 
to underprediction increases with distance from the source. This observation, together with 
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Table ~. Deposition Velocities for Emissions 
from the Scrubbers of Plant 213 and Plant 8 

Aerodynamic Physical Deposition 
diameter diameter Frequency velocity 

({Lm) ({Lm) (%) (m S-1) 

Plant 213 Scrubbers 
Reentrained - 54% of release from Plant 2/3 scrubbers 

density = 2.8 g cm- 3 

55 33 33.3 l.4 x 10-1 

169 41 33.3 1.8x10
82 49 33.3 2.3 x 10- 1 


Mean 1.8 x 10-1 


Penetrating - 46% of release from Plant 2/3 scrubbers 
density = 7.3 g cm- 3 

2.7 1 89 1.7 x 10- 3 

6.8 
9.5 

12 

2.5 
3.5 
4.5 

5.4 
2.2 
2.6 

3 6.4 x 10-
2 	1.1 x 10-
2 1.5 x 10-

15 	 5.5 0.7 2.1 x 10- 2 

Mean 2.6 x 10- 3 


Plant 8 Scrubbers 
Reentrained - 70% of release from Plant 8 scrubbers 

density = 2 g cm- 3 

42 30 27 29.9 x 1O
82 58 30 1 
2.2 x 10-

110 78 29 3.1x 10- 1 


219 155 14 7.3 x 10- 1 


1 	Mean 2.8 x 10





Penetrating - 30% of release from Plant 8 scrubbers 
density = 8.3 g cm- 3 

1.4 0.5 71.4 8.2 x 1O- 4 

4.3 	
10 
22 	

1.5 
3.5 
7.5 

11.8 
14.6 
2.2 

3 
3.1 x 1O-
2
1.1 x 1O
2 
3.6 x 10-

Mean 3.3 x 10- 3 




the overestimation of measured air concentrations by the model simulations (Appendix J), 
suggests that the deposition and plume depletion models may not be estimating sufficient 
r emoval of particles from the plume. The deposition velocity model is prone to underestimate 
the removal of particles near the source of an elevated release (before the plume "touches 
down"), but most of the sources for this study have been simulated with a dispersion model 
that treats the material as if it originated near the ground. Another explanation of the 
underestimation is that the deposition velocity model does not treat the fall of large particles 
with sufficient realism. The tilted-plume model is a modification of the Gaussian plume that 
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Table G-7. Average Dry Deposition Velocity (m s-1) 
for FMPC Releases of Airborne Uranium 

Source %a Droplets b Residue C 

Plant 2/3 
Reentrained 7.4 0.37 0.18 
Penetrating 6.3 0.0026 0.0026 

Plant 8 
Reentrained 41.3 0.37 0.28 
Penetrating 

Dust collectors 

Means 

17.7 

27.3 

0.0033 

0.01 

0.18 

0.0033 

0.01 

0.13 

a Percent of total uranium released during 1960-1962. The 
percentages of the total release that came from the Plant 2/3 
and Plant 8 scrubbers during this period are assumed to 
be 13.7% and 59.2%, respectively. The estimated partition 
fractions between reentrained droplets and particles that 
penetrated the scrubbers are given in Table G--t>. 

b 	Assumes that the reentrained fraction of the scrubber re
leases is in the form of the initial liquid droplets. 

C Assumes that the reentrained fraction of the scrubber re
leases is in the fonn of the solid residue particles after evap
oration of liquid. 

simulates the free-fall of the particles at their terminal velocities (Hanna et a1. 1982), and 
this model (or an adaptation of it to the time-dependent model) will be considered for the final 
calculations. It is also possible that the predicted air concentrations decrease too rapidly with 
increasing distance from the point of release. These questions will be investigated, and any 
needed adjustments will be made before the final calculations are performed. 
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APPENDIXH 

WET DEPOSITION AND PLUME DEPLETION 

INTRODUCTION 

In this appendix, we describe the use of the washout ratio to derive a "wet deposition 
velocity," which enters the deposition-rate and plume-depletion formulas in the same way as 
the dry deposition velocity Vd of Appendix G. We review the advantages and limitations of this 
approach, which we believe, on balance, best serves the needs of the estimates of longer-term 
averages of air concentrations and cumulative deposition. 

THE WASHOUT RATIO 

This formulation of the washout ratio is directly adapted from the presentation of Hanna 
et al. (1982). As they point out, two related quantities that are reported in the literature are 
often called washout ratios, that differ by about three orders of magnitude. The one we adopt 
is 

(H-1) 

where Cr is the concentration of the pollutant in precipitation (mg cm-3 ) and Ca is the con
centration in air (mg cm-3 ) at a reference height (taken here to be 1 m). Both Cr and Ca are 
defined in terms of a unit of the medium. The alternate definition is 

W: =C;/C~ (H-2) 

where C; is the concentration of pollutant per unit mass of precipitation (e.g., mg per gH2 0) 

and C~ is the concentration per unit mass of air. The concentrations Ca and C~ are related by

where Pa ~ 1.2 X 10-3 g cm-3 is the density of air. Similarly 

where Pw is the density of water (g cm- 3 ), and consequently 

W: = PaWr . (H-3)
Pw 

To distinguish between the two definitions, one needs to be aware that the usual magnitude 
of Wr is 105-106 • 

If J denotes the precipitation rate (say cm S-1), then the precipitation flux at the reference 
height is 

(H-4) 
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where the sample units of Fw are mg cm-2 S-1. Equation H-4 indicates that the precipitation 
flux can be interpreted as the product of a coefficient with velocity units and the concentration 
Ca of the pollutant in air: 

where 
(H-5) 

Therefore, the coefficient Vw can be formally treated in the same manner as the dry depositon 
velocity Vd discussed in Appendix G. The total deposition rate is 

(H-6) 

where X is our other notation for concentration of the pollutant in air at ground level. And 
the source depletion formulas, analogous to Eqs. G--8 and G-9, are 

QCx)/QCO) = exp (_ ~Vd +Vw r eXPc->"x1/U)dx') , 
V;: u Jo a% expCh2/2a~) CH-7)

for the Gaussian plume model and 

QCx)/Q(O) = exp (_ ~Vd +vw r eXPc->"x1/U)dx') , 
V;: u Jo a~ (H--8)

for the time-dependent wake effects model described in Appendix J, where the effective vertical 
dispersion parameter a~ = [a; + CKA/a2 u 2s2 )F(Tsv)]1/2, with notations as defined following 
Eq. J-4. 

Many field measurements of the washout ratio Wr exist. Hanna et a1. (1982) note that 
more than half of the washout ratios in the survey of McMahon and Denison (1979) lie in 
the range 3 x 105 to 1 X 106 , and that the median is about 6 x 105• We use this median as 
a nominal value and the indicated range as percentage points of a lognormal distribution in 
connection with estimates of uncertainty (Appendix K). Details are given in the next section. 

EMPffiICAL DATA FOR DETERMINATION OF WASHOUT RATIO 

A site-specific washout ratio for uranium in air at the FMPC was determined from mea
surements of uranium in air and rain in the 1960s. The main source of information for 
this analysis was the original analytical data sheets from National Lead Company of Ohio 
CNLCO 1961-1967). The analytical data sheets provided information on measurements of 
the concentration of uranium in precipitation as well as precipitation amounts. The time 
period examined was 1961-1967, during which a fairly complete dataset was collected using 
a standard technique. The precipitation collector was located on the east side of the Security 
Building, which is on the southern perimeter ofthe FMPC complex (Fig. H-1). The perimeter 
air monitoring stations that are closest to the FMPC Security building are the SW and SE 
stations. The SE station was chosen for computation of the washout ratio for two reasons: 

• 	 The SE air monitor is closest to the location where the precipitation was collected Cabout 
200 m away) 

DRAFT 


[ 


r 


L 



itii---------------------------------------------------------------------------iil 

w<} 
T location of Precipitalion Sampler 

• 	 location of Perimeter Air Sampler 
______ Security Fence 

Scale of Feet 

o 200 400 

1_______________________________________________________________________________-d• 	 T. 

Figure B-1. Location of air and precipitation samplers relative to major release 
points in the production area at the FMPC. 
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• 	 Both air and gumpaper from the SW location show higher and more erratic concentrations 
of U, compared with any other perimeter monitor, which suggests some local effects from 
operations in that part of the Production Area (probably the Pilot Plant). 
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The washout ratio was computed from the monthly uranium concentrations in air and 
precipitation according to Eq. H-1 above. There were 77 pairs of measurements during the 
seven-year period. The monthly measurements and ratios are listed in Table H-1, following 
the text of this appendix. A histogram of the results is shown in Fig. H-2. 

Following the analysis of this dataset, the particle size characteristics of uranium in air 
at the perimeter sampling stations and the collection efficiency of the air samplers were thor
oughly investigated (Appendix L). A significant portion of the total uranium in air at the 
FMPC perimeter was estimated to be.in large particle size fractions, which would not have 
been efficiently collected by the perimeter air samplers. At the SE perimeter, 20-55% (range 
of monthly estimates) of the total uranium in air was associated with particles of aerody
namic diameter greater than 50 p.m. Our estimate of the median collection efficiency for total 
uranium (all particle sizes) at the SE perimeter sampling station ranged from 40 to 64% for 
those 36 months, with an average of 51%. For computation of the washout ratio distribution, 
we assumed that the median collection efficiency of 51% applied to the air concentration mea
surements at the SE perimeter throughout the period. Multiplying the uncorrected washout 
ratios by 0.51 results in an estimated median value of 2.9 x 105 and interquartile range of 
1.6 x 105 to 5.6 X 105, which is less by a factor of two than the data included in the survey of 
McMahon and Denison (1979), discussed in the previous section. 

To adapt this distribution for uncertainty analysis, we note that the percentile ratios 
75th: 50th = 1.9 and 50th: 25th = 1.8 are in good agreement, making the hypothesis of 
lognormality reasonable. We make this assumption, basing the shape on the first ratio. Thus, 
for the underlying normal distribution, the mean p. and standard deviation 0' are estimated 
as 

J.L =In 2.9 x 105 and 5.6 x 105 =exp(p. + 0.670') =2.9 X 105 exp(0.67O') 

so that 
1 5.6 X 105 

0' =0.67 In 2.9 x lOS =0.98 and GSD =exp(O') =2.7, 

where GSD means the geometric standard deviation. This distribution will be applied to 
characterize the uncertainty of the washout ratio that represents monthly averages. 

SUMMARY AND DISCUSSION 

The washout ratio is appealing for its simplicity and the directness of methods for measur
ing it, and it is supported by a large number offield measurements. Its use in this application 
is well supported by local data taken on the FMPC site. For particular rainfall events, the 
uncertainty bounds of the washout ratio are wide, because of its implicit dependence on other 
parameters and factors, such as distributions of particle and raindrop diameter. Hanna et a1. 
(1982) note that the washout ratio tends to decrease by a factor of two for each factor-of-ten 
increase in rainfall rate. 

For longer-term average estimates of air concentrations and deposition, the washout ratio, 
incorporated into a wet deposition velocity along with average rainfall intensity (Eq. H-5), 
provides a plausible model ofwet deposition, with uncertainty distribution based on the FMPC 
empirical data as shown in Fig. H-2. A distribution based on the literature cited earlier would 
give very similar results, except for the factor-of-two adjustment for sampling efficiency of 
large particles. 
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Figure B-2. Histogram of empirical washout ratios for uranium at the FMPC from 
1961 through 1967. The solid line represents a "density trace" of the distribution, 
as determined and discussed in Hintze (1990). If the air concentrations are adjusted
for the low collection efficiency for large particles (Appendix L), the washout ratio 
distribution is 0.51 times the values illustrated here. 

REFERENCES 

Hanna S.R., G.A. Briggs, and R.P. Hosker, Jr. 1982. Handbook on Atmospheric Diffusion. Rep. 
DOFJTIC-11223 (DE82002045) Technical Information Center, U.S. Department of Energy. 

Hintze J.L. 1990. Number Cruncher Statistical System. version 5.1 Graphics. Reference Man
ual. NCSS, Kaysville, UT. 

McMahon T.A. and P.J. Denison. 1979. "Empirical Atmospheric Deposition Parameters - A 
Survey." Atmos. Env. 13:571-585. 

NLCO. 1961-1967. Analytical Data Sheets - Radioactivity in Precipitation. Health and 
Safety Division, Analytical Department. National Lead Company of Ohio, Cincinnati, 
Ohio. 

Radiological Assessments Corporation 
"Setting the atandard in radiation health"DRAFT 



r-
[

Page H-6 The Fernald Dosimetry Reconstruction 	Project 
Task 4 

\

r 
r~ 

l. 
L 
I


Table B-1. Empirical Monthly Washout Ratios for Airborne 


Uranium at the FMPC, 1961-1967 


Concentration Concentration Washout 
Sampling in Air in Rain Ratio 

Period (rng U crn-3) a (mgU cm-3) (unitless) 

Jan-61 9.18 X 10-11 4.0 X 10-4 4.4 X 106 

Feb-61 1.71 X 10-10 1.2 X 10-4 7.0 X 105 
Mar-61 2.55 X 10-10 1.3 X 10-4 5.1 X 105 
Apr-61 
May-61 
Jun-61 
Jul-61 
Aug-61 
Sep-61 
Oct-61 

3.63 X 10-10 

2.62 X 10-10 

1.42 X 10-10 

7.69 X 10-11 

2.78 X 10-10 

4.07 X 10-11 

2.55 X 10-10 

4.0 X 10-4 
6.2 X 10-5 
2.8 X 10-5 
3.0 X 10-5 
2.0 X 10-5 
2.3 X 10-5 
4.4 X 10-5 

1.1 X 106 

2.4 X 105 
2.0 X 105 
3.9 X 105 
7.2 X 104 

5.6 X 105 
1.7 X 105 

Nov-61 
Dec-61 
Jan-62 
Feb-62 

2.24 X 10-10 

1.01 X 10-10 

8.39 X 10-11 

1.62 X 10-10 

1.1 X 10-4 

6.5 X 10-5 
4.0 X 10-5 
2.9 X 10-5 

4.9 X 105 
6.5 X 105 
4.8 X 105 
1.8 X 105 

Mar-62 3.65 X 10-10 1.3 X 10-4 3.6 X 105 
Apr-62 
May-62 
Jun-62 
Jul-62 

4.67 X 10-10 

2.19 X 10-10 

1.57 X 10-10 

1.67 X 10-10 

5.8 X 10-4 
1.8 X 10-4 
1.2 X 10-4 
1.8 X 10-5 

1.2 X 106 

8.2 X 105 
7.6 X 105 
1.1 X 105 

Aug-62 
Sep-62 
Oct-62 

2.86 X 10-10 

2.93 X 10-10 

1.67 X 10-10 

1.2 X 10-4 
2.7 X 10-4 
1.1 X 10-4 

4.2 X 105 

9.2 X 105 

6.6 X 105 

Nov-62 2.12 X 10-10 NAb NA 
Dec-62 1.26 X 10-10 6.5 X 10-4 5.1 X 106 

Jan-63 2.21 X 10-10 2.7 X 10-4 1.2 X 106 

Feb-63 3.31 X 10-10 1.0 X 10-3 3.0 X 106 

Mar-63 4.19 X 10-10 8.0 X 10-5 1.9 X 105 

Apr-63 
May-63 
Jun-63 

4.59 X 10-10 

3.49 X 10-10 

3.85 X 10-10 

2.0 X 10-4 
1.3 X 10-4 
1.6 X 10-4 

4.4 X 105 

3.7 X 105 

4.2 X 105 

Jul-63 2.40 X 10-10 7.0 X 10-5 2.9 X 105 
Aug-63 
Sep-63 
Oct-63 

1.60 X 10-10 

2.11 X 10-10 

3.31 X 10-10 

5.0 X 10-5 

NA 
3 	3.8 X 10-

3.1 X 105 

NA 
1.2 X 107

Nov-63 3.96 X 10-10 4.4 X 10-4 1.1 X 106 

Dec-63 2.26 X 10-10 4.4 X 10-4 2.0 X 106 
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Table H-1 (continued). Empirical Monthly Washout Ratios 

for Airborne Uranium at the FMPC, 1961-1967 


Concentration Concentration Washout 
Sampling in Air in Rain Ratio 

Period (mgU cm-3) a (mgU cm-3) (unitless) 

Jan-64 1.41 X 10-10 
 2.2 X 10-4 
 1.6 X 105 

Feb-64 6.66 X 10-10 
 1.2 X 10-3 
 1.7 X 106 


Mar-64 2.81 X 10-10 
 2.0 X 10-4 
 7.1 X 105 

Apr-64 2.92 X 10-10 
 2.2 X 10-4 
 7.4 X105 

May-64 1.63 X 10-10 
 1.4 X 10-4 
 8.9 X 105 

Jun-64 2.32 X 10-10 
 7.0 X 10-5 
 3.0 X 105 

Jul-64 . 1.33 X 10-10 
 1.1 X 10-4 
 8.3 X 105 

Aug-64 
Sep-64 

2.01 X 10-10 


1.82 X 10-10 

9.5 X 10-5 


NA 

4.7 X 105 


NA 

Oct-64 2.07 X 10-10 
 2.5 X 10-4 
 1.2 X 106 


Nov-64 2.77 X 10-10 
 4.0 X 10-4 
 1.4 X 106 


Dec-64 6.90 X 10-11 
 1.7 X 10-4 
 2.5 X 106 


Jan-65 1.69 X 10-10 
 NA 
 NA 

Feb-65 1.26 X 10-10 
 NA 
 NA 

Mar-65 1.59 X 10-10 
 9.5 X 10-5 
 6.0 X 105 

Apr-65 9.62 X 10-11 
 NA 
 NA 

May-65 
Jun-65 

1.24 X 10-10 


5.92 X 10-11 

1.2 X 10-4 

1.5 X 10-4 


9.2 X 105 

2.5 X 106 


Jul-65 9.76 X 10-11 
 3.0 X 10-5 
 3.1 X 105 

Aug-65 
Sep-65 
Oct-65 

8.88 X 10-11 


1.07 X 10-10 


7.03 X 10-11 


5.0 X 10-5 


4.0 X 10-5 


2.5 X 10-5 


5.6 X 105 

3.7 x105 

3.6 X 105 


Nov-65 6.21 X 10-11 
 2.2 X 10-4 
 3.5 X 106 


Dec-65 5.62 X 10-11 
 2.1 X 10-4 
 3.6 X 106 


Jan-66 8.14 X 10-11 
 8.5 X 10-5 
 1.0 X 106 


Feb-66 5.92 X 10-11 
 7.5 X 10-5 
 1.3 X 106 


Mar-66 6.29 X 10-11 
 2.3 X 10-4 
 3.7 X 106 


Apr-66 
May-66 

1.07 X 10-10 


7.40 X 10-11 

3.4 X 10-5 


7.5 X 10-5 

3.2 X 105 


1.0 X 106 


Jun-66 2.22 X 10-10 
 4.5 X 10-5 
 2.0 X 105 


Jul-66 5.92 X 10-11 
 1.6 X 10-5 
 2.7 X 105 


Aug-66 7.40 X 10-11 
 2.3 X 10-5 
 3.1 X 105 

Sep-66 8.88 X 10-11 
 1.3 X 10-5 
 1.5 X 105 


Oct-66 5.55 X 10-11 
 NA 
 NA 

Nov-66 1.81 X 10-10 
 2.2 X 10-5 
 1.2 X 105 


Dec-66 2.90 X 10-10 
 1.2 X 10-5 
 4.1 X 104 
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Table B-1 (concluded). Empirical Monthly Washout Ratios 
for Airborne Uranium at the FMPC, 1961-1967 

Sampling 
Period 

Concentration 
in Air 

(mgU cm-3) a 

Concentration 
in Rain 

(mgU cm-3) 

Washout 
Ratio 

(unitless) 

Jan-67 
Feb-67 
Mar-67 
Apr-67 
May-67 
Jun-67 
Jul-67 
Aug-67 
Sep-67 
Oct-67 
Nov-67 
Dec-67 

1.26 X 10-10 

5.55 X 10-11 

1.33 X 10-10 

1_33 X 10-10 

2_18 X 10-10 

9_62 X 10-11 

1.07 X 10-10 

1.04 X 10-10 

6_21 X 10-11 

3_00 X 10-10 

2_14 X 10-10 

L 75 X 10-10 

3.6 X 10-4 
1.0 X 10-4 
5.0 X 10-5 
1.7 X 10-5 
1.8 X 10-5 
7.0 X 10-5 
3.4 X 10-5 
4.3 X 10-5 
2.8 X 10-5 
2.2 X 10-5 
1.3 X 10-4 
9.5 X 10-5 

2.9 X 106 

1.8 X 106 

3.8 X 105 
1.3 X 105 
8.2 X 104 

7.3 X 105 
3.2 X 105 
4.2 X 105 
4.5 X 105 
7.3 X 104 

6.1 X 105 
5.4 X 105 

a 	 Converted from units on analytical data sheets (IlCi mL-l) 
using an activity to mass ratio of 6.8 X 10-7 Ci g-l . These air 
concentrations are not adjusted for estimated collection effi
ciency of the air samplers (see text). 

b 	 NA =Data not available; data sheet was either not located or 
not legible. 
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APPENDIX I 

PLUME RISE 

INTRODUCTION 

The release height parameter that appears in the Gaussian plume formula (Appendix F) 
should be viewed as an effective release height, which is the sum of the physical height of the 
stack or roof vent and an increment that depends on parameters associated with the stack 
as well as meteorological parameters. The increment is called the PLUME RISE (although it is 
sometimes negative), and many efforts to quantify it are recorded in the technical literature. 
The work of Briggs (1969, 1984) reviews previous work and suggests formulas that are cur
rently widely adopted. We originally adopted these formulas for the purpose of simulating 
air transport of radio nuclides released from the numerous stacks that vented FMPC process 
effiuents, but subsequent analysis of building wake effects for the production complex has in
dicated that all rooftop releases should be treated as wake-entrained and therefore effectively 
originating at ground level (Appendix J). For entrained releases, considerations of plume rise 
are not ordinarily undertaken. The only remaining elevated source that is isolated from the 
complex is the old solid waste incinerator (OSWI), to which the plume-rise theory would be 
applicable. The oil burner is a special case, situated as it is north ofthe coal pile and northeast 
of the boiler plant. Because it is a hot source at a low height (2.4 m), we will plan to allow 
the plume rise calculation to determine whether its release should be treated as entrained or 
not (it is a small release, in any event). Our chief references are Briggs (1969) and Hanna et 
a1. (1982). The material in this appendix is closely related to some aspects of building wake 
effects that are discussed in Appendix J. 

BRIGGS' PLUME RISE FORMULAS 

The two major cases considered are determined by whether the rise of the plume gas is 
dominated by buoyancy or by momentum. In our treatment, the plume gas is always assumed 
to be air, and this assumption removes some factors involving molecular weights and ratios 
of specific heat capacities from some of the formulas. 

Buoyant Plumes 

Plumes that rise under the predominant influence of buoyancy have been studied exten
sively, and reasonably good calibrations offormulas to observations exist for such plumes. For 
all cases in this category, the BUOYANCY FLUX is defined as 

F = : (Tp - Ta)wor5 
p 

(1-1) 

(Hanna et a1. 1982) where 
F =buoyancy flux (m4 S-3) 

9 =gravitational acceleration =9.807 m S-2 

Radiological Assessments Corporation 
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Tp =absolute temperature oftne plume gas (K) 


Ta =absolute temperature oft-lie ambient air (K) 


Wo =stack gas exit velocity (m S-l) 


ro = radius of plume cross section at point of exit (m); this is taken as the interior radius of 

the mouth of a stack of ci"l'C!ular cross section. 

Neutral and unstable stratification. The plume rise is estimated by 

~h =1.6pl/3u-l x 2/3 if :x/x· < 1 

4= 1.6pl/3 u-1 (x·)2/3 [~-+- 16 -=- + 11 (-=-)2] 1 + --=-)-2 
ifx/x· ~ 1 (5 25x· 5 x· 5x· 

(1-2)

(Briggs 1969) where · 
5x;' 	_ {2.2P2/5 h3/ if h < 300 m 

- 67p2/5 if h ~ 300 m 

where h is the physical release height (m), and the constants 2.2 and 67 have units S6/5 m-6/ 5 

and S6/5 m-3/ 5 , respectively; u is the wind speed (m S-I) at height h, and x denotes the distance 
downwind from the source (rn)_ Briggs (1969) estimated that ~h as estimated in Eq. 1-2 has 
an uncertainty of ±10% for a 1lat and uniform site and ±40% for steep terrain or a nearby 
large body of water. We note that for our applications, h is always less than 300 m. 

Stable stratification. Plume rise is given by 

1x 2/3ilh = 1.6Fl/3 u - for x < 2.4us-1/2 

= 2.9 ( .~s)I/3... for x ~ 2.4us-1/ 2 	 (1-3) 

(Briggs 1969) where the stabili ty parameter s (S-2) is given by 

(1-4) 

the partial derivative Be/ Bz is elle vertical potential temperature gradient of the air. A generic 
profile for this gradient can be obtained from the friction velocity u. (which, operationally, is 
related to the wind-speed profile by Eq. G-1, Appendix G) and the Monin-Obukhov length L 
(Appendix G), as follows: 

Be u2T. { 0.74(1 - 9z/L)-1/2 for unstable conditions 
{) = ;; )( 0 for neutral conditions 

z gK. z (0.74 + 5z/L) for stable conditions 
(1-5) 

where z is the distance above the ground (m) and K. =0.4 is the von Karman constant (Hanna 
et a1. 1982). For this applicati() n. only the stable case is applied. 

NOTE: Equation 1-5 is dedved from Eqs. 1.32 and 1.36 on pp. 6-7 of Hanna et a1. 
(1982), but an error of sign in their definition of the scaling temperature T. would 
lead to a wrong sign in our result. Their definition on p. 6 should be T. = - W'T'/u•. 

Dense plume. If the plume is cooler than the ambient air (Tp < Ta ), then it may descend 
below the release height and even to the ground. Briggs (1974) developed a method for 
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Table 1-1. Briggs' Dense Plume 

Adjustment Factors, C 


Day Night 

1.£ < 3.5 m S-1 5 35 
1.£ ~ 3.5 m S-1 10 15 

such cases, which we have adapted for application to the. FMPC site. In this event, if 1.£ < 
0.22C..;=gm (where C is given by Table 1-1, 6 is defined in Eqs. 1-9 through 1-11 below, and D 
is the stack diameter), the plume may touch ground near the source, at x ~ 4.5h1.£/~, and 
should be treated as a ground-level source with initial plume cross-sectional area A =O.2h2. 

An alternate procedure is used at night for 1.£ < 3.5 m S-I, when the descent is limited 
4to about IOOIFII / • If h -IOOIFII / 4 < O.2h, the plume is treated as a ground source as above, 

with initial area A =O.2h2. If h -1001F11/ ~ O.2h but h < (, where ( is the minimum of the4 

building's crosswind width and its height, the plume is again treated as a ground source but 
with initial area A =(2. Otherwise, it is treated as an elevated source with effective release 
height h -100IFII / 4 . The reader is referred to the summary section below on application of 
the formulas and to Appendix J for further discussion of building wake effects. 

Momentum-Dominated Plumes (Jets) 

Plumes that rise principally from the momentum of the stack gas have been studied far 
less than buoyant plumes, and the associated formulas are advanced with less confidence. 

We use the formulas for a momentum-dominated plume when IFI < Fm == w5 r5 and wo/1.£ ~ 
4. We apply the following formulas, recommended by Briggs (1969) for neutral conditions, to 
neutral and unstable stratifications: 

(WO)2/3 (X )1/3
Llh = 1.44D -;- D (1-6 a) 

out to the downwind distance x for which 

Ilh= 3D
wo 

1.£ 
(I-6b)

and beyond that distance, the plume remains level at the height determined by Eq. 1-6b. In 
Eqs. 1-6a and 1-6b, D (m) is the inside stack diameter (= 2To). For stable conditions, Briggs 
(1969) gives the minimum expected theoretical plume rise as 

1/3 

Ilh = 1.5 :m 8-1/ 6 
( ) (l-6c)

where 8 is the stability parameter defined by Eqs. 1-4 and 1-5. Briggs cautioned that this 
formula was unsupported by data. 

Radiological Assessments Corporation
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EFFECTS OF STACK AND BUILDING 

Building wake effects are discussed in Appendix J, and that discussion includes the ap
plication of special dispersion Inodels to a plume that is entrained in the building wake cavity. 
Wake effects can also result in some downward displacement of a plume but not enough to 
entrain it in the wake cavity. In such cases, the plume remains elevated, and plume rise 
formulas are applied at the dis placed height. Thus it is not practical to attempt a complete 
separation of the mechanisms tllat cause plumes to rise (i.e., momentum and buoyancy) from 
those wake effects that displace it downward. Therefore, we outline here the combined calcu
lations that take into account both sets of mechanisms. This composite algorithm has been 
applied to all rooftop release poi:nts ofthe production plants in the FMPC complex, for all wind I 

L 

L

speed ranges and atmospheric stability categories. In all cases, the outcome was entrainment 
ofthe plume, calling for the use oftbe special dispersion models that incorporate wake effects. 

First, we review the modifications of the plume rise algorithms due to stack downwash 
and building wake effects. For emissions from a stack of physical height h, the following 
downwash calculation is applied: 

hi _ ifwo/u ~ 1.5 - Il. - 2D(1.5 - wo/u) if wo/u < 1.5 
{Il. (1-7)

Again, let (denote the smaller of the building's (crosswind) width Wand height H . Then the 
initial effective height of the ph1me is 

hi (Case 1) if hi > H + 1.5( 
h" = 2h' - (B ~ 1.5() (Case 2) if H ~ hi ~ H + l.5( 

{ hi -1.5( (Case 3) if hi < H. 
(1-8)

For Case 1, the plume is above the building wake, and plume rise formulas are applied with 
h" as the baseline release height. In Cases 2 and 3, the plume is affected by the building 
wake, and if h" < 0.5(, the plume is considered to be trapped in the wake cavitation region 
of the building. In this case, it is treated as if it came from a ground-level source with initial 
cross-sectional area W H (Appen dix J). 

If the plume is not entrained in the building wake cavity and treated as a ground source, 
the effective release height h" calculated from consideration of building wake effects is used 
as the basis for the final plume rise calculation (unless it is the resultant height of a dense 
plume that is not treated as a ground-level source). 

NOTE ON THE DEFINITIO:N ()F THE MOMENTUM FLUX 

The buoyancy flux F as defined by Eq. I-I takes account only of plume buoyancy that 
is attributable to a difference between the ambient temperature Ta and that of the exhaust 
gas Tp. This is a reasonable representation if the gas is air and if its liquid water content 
is not appreciable. But componen t gases that are lighter (or heavier) than air at standard 
temperature and pressure clearly have the potential to affect the buoyancy ofthe plume. And 
in the case of scrubbed effluent gas it may not be appropriate to neglect the cooling of the 
plume as its liquid water content evaporates. 
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A more general definition of the buoyancy flux has been suggested by Briggs (1974). It 
may be stated as follows: 

F =-g8WOT~ (1-9) 

where 

8 _ 8Qw 
w- Mp , 

(1-10) 

(1-11)

and 

where 

(Cp)p =specific heat capacity of the plume gas (cal g-1 K-1) 


(Cp)a = specific heat capacity of the ambient air (= 0.24 cal g-1 K-1) 

28.9 = gram-molecular weight of air 

mp = gram-molecular weight of the plume gas (mp1 = Li lim;1, where Ii and mi are the 
mass fraction and molecular weight of component gas i, respectively) 

Qw = mass release rate of liquid water in the plume (g S-1 ) 

Mp = total mass release rate of plume gas and liquid water (g S-1). 

The terms 8m and 8w correspond to the contributions to buoyancy (positive and negative) of 
the plume's molecular weight and its cooling due to evaporation, respectively. 

SUMMARY OF PROCEDURES 

Interpretations of the plume-rise formulas of Briggs vary among practitioners who ap
ply them. For the record, we have assembled the following procedural formulation from 
recommendations in the references (principally Hanna et a1. 1982) and our judgment of the 
appropriate application to the characteristics of the FMPC site. The procedure also shows our 
manner of combining the plume rise treatment (buoyancy and momentum) with that of stack 
and building wake effects, although the combined form is effectively unused for the FMPC 
production complex because of the complete entrainment of rooftop releases (i.e., plume rise 
is pre-empted by wake effects). 
Procedure. Carry out the plume displacement calculations of Eqs. 1-7 and 1-8 to obtain h". 

IF h" < 0.5( : 

The plume is trapped in the downwind building wake cavity. Assume a ground source 
with effective cross-sectional plume area W H. 

OTHERWISE: 
The plume is buoyant (positively or negatively). Compute F according to Eq. I-lor Eqs. 1
9 through 1-11. 

IF IFI 2: w5T5: (the plume is buoyancy dominated) 

IF F > 0: 
IF conditions are neutral or unstable (A-D): 

Use Eq. 1-2 to compute Llh; let heff =h" + Llh. 

Radiological Assessments Corporation 
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OTHERWISE: 
Use Eqs. 1-3, 1-4 and 1-5 for stable conditions (E-F) to compute L1h; let hetr = 
h" + L1h. 

OTHERWISE IF F < 0: 
Use the dense plume procedure below. 

OTHERWISE: 

F =O. Let hetr =hl/. 


OTHERWISE: 

The plume is momentum·dominated: 


IF conditions are neutral or unstable (A-D): 


Use Eqs. 1-6a and I-6b. 


OTHERWISE: 

Use Eq. 1-6c. 


Dense plume procedure. The displaced height h" is defined by Eqs. 1-7 and 1-8. 
IF it is night: 

IF h" -100IFI1/4 < O.2h": 

The plume is a ground source with effective cross-sectional area O.2(h")2. 


OTHERWISE: 


IF h" < (: The plume is a ground source with area (2. 


OTHERWISE: The plume is elevated with hetr = h" - 1001F11/ 4 • 

OTHERWISE: 

IF u < O.22CF9IJS: The plume is a ground source with area O.2(h")2 . 

OTHERWISE: The plume is elevated with hetr =h" (from Eq. 1-8). 

AMBIENT AIR TEMPERATURES 

Table 1-2 shows averages of the hourly air temperatures measured at the FMPC tower 
from August 1986 through December 1991, together with the summary mean and standard 
deviation for each month. Please note that these tabular entries are based on data from the 
computer-controlled sampling system that have not been verified by WMCO personnel. 
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Table 1-2. FMPC Ambient Air Temperatures (OC) at lO·meter Height 
<Tabular Entries Are Means of the Hourly Averages) 

Month 1986 1987 1988 1989 1990 1991 Mean St. Dev. 

Jan -1.18 -2.19 3.21 4.24 -0.73 0.67 2.86 
Feb 2.38 -0.81 -1.04 4.33 2.21 1.41 2.29 
Mar 6.58 5.83 6.58 8.44 7.15 6.92 0.97 
Apr 11.30 11.47 10.53 11.03 13.43 11.55 1.11 
May 18.38 17.44 15.44 15.92 20.99 17.63 2.21 
Jun 23.23 21.66 20.89 21.49 23.19 22.09 1.06 
Jul 23.88 24.87 23.47 22.83 23.89 23.79 0.74 
Aug 21.24 21.14 23.68 21.67 19.88 22.03 21.61 1.25 
Sep 19.65 18.81 18.16 17.65 18.32 18.52 0.76 
Oct 12.70 9.02 8.72 11.95 8.90 13.18 10.75 2.08 
Nov 5.68 8.63 7.02 6.31 6.97 5.16 6.63 1.22 
Dec 1.02 2.97 0.92 -5.06 3.61 2.60 1.01 3.16 
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APPENDIXJ 

BUILDING WAKE EFFECTS 

INTRODUCTION 

The unmodified Gaussian plume model does not account for the behavior of released ma
terial that is influenced by the leeward wake of a building. Most of the points of release 
from production plants at the FMPC are roof stacks that extend only a few meters above 
the roof of the building. When the ratio of the release height to the height of the building 
is not much greater than 1, experience shows that the plume (or some part of it) is likely 
to be entrained into the wake, drawn down near the ground, and diffused horizontally and 
vertically by the wake turbulence. The cross-sectional area of the plume is altered, and the 
wake effects persist to considerable distances downwind, possibly to a distance as great as 
50 building heights. A building complex such as the FMPC site presents further complica
tions, because most empirical rules apply to isolated structures of simple geometry. Careful 
studies of building complexes usually require field experiments, wind tunnel simulations, or 
supercomputer modeling of three-dimensional wind fields with turbulence. 

Calculations with standard empirical rules indicate that for all roof-top stacks at the 
FMPC and for all representative wind speeds and stabilities, the release is expected to be 
entrained in the wake and to become, effectively, a release from an area approximately equal 
to that of the buildings crosswind face. We refer to such releases as being effectively ground
level, in contrast to elevated releases from a point source. Hence a modification of the Gaus
sian plume model - or a different model altogether - is required to account for the wake 
effects. We have tested several models and combinations of assumptions, using the recon
structed uranium source term and the data collected by the air samplers at the four perimeter 
stations of the production area during the period 1960 through 1962. Of the applicable models 
tested, a new model of Ramsdell (1990) generally gave the best results in these tests, and we 
have provisionally adopted this model for use with releases from roof-top stacks at the FMPC. 

In this appendix, we describe the models, with special attention to the so-called "time
dependent" model of Ramsdell, and we review the empirical criteria for distinguishing among 
releases with respect to their remaining elevated or being entrained in the building wake. 
Finally, we present the validation results for the 1960-1962 period. 

APPROACH TO WAKE EFFECTS 

We follow a set of criteria proposed by Briggs (1974) and recommended by Hanna et a1. 
(1982) to determine the handling of wake effects. We are concerned with a rooftop stack with 
its top at height h (the physical release height, m) and a building of height H and crosswind 
width W (both m). The interior diameter of the stack is D (m), the exhaust gas velocity Wo 

(m S-l), and the wind speed u (m S-l). 

First a calculation is performed to estimate the plume down wash into the wake of the 
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stack. We compute 
h' _{h if wo/v. ~ 1.5 

- h - 2D(1.5 - wo/v.) otherwise (J-1) 

where h' is the adjusted plume height (m). For the second step, let ( be the smaller of W and 
H. There are three cases: 

If h' ~ H + 1.5(, compute herr = h'. 


If H :::; h' < H + 1.5(, compute hefT = 2h' - (H + 1.5(). 

If h' < H, compute heff =h' - 1.5(. 


Finally, if the effective source height herr computed above is less than 0.5(, the plume should 
be treated as coming from a ground-level source. Otherwise, it is an elevated release from 
height herr. For dimensions of plant buildings in the FMPC production area, as interpreted 

and applied in our calculations, the value of ( is always equal to the building height H. 


PLEASE NOTE: For all representative wind speeds and all rooftop stacks at FMPC pro

duction plants that were active during the 1960-1962 period, the algorithm described 

above invariably leads to the conclusion of effective ground-level releases. 


THE STANDARD WAKE EFFECTS MODEL 

One standard approach to estimating downwind concentrations of plumes entrained in 
building wakes makes use of a modified centerline version of the Gaussian plume model: 

(J-2) 

where the constant c is an adjustable parameter for which a value of approximately 0.5 has 

been considered appropriate on various grounds (Hanna et a1. 1982). Other quantities in the 

equation are 


X/Q =concentration (X) normalized to release rate (Q) (s m-1 ) 


u =wind speed (m S-l) 


O"II'O"Z =crosswind and vertical dispersion coefficients (m) as functions of the downwind dis

tance, for which we used Briggs' formulas (Appendix F, Table F-1) 

W, H = characteristic width and height (m) of the building. 

The expression '!rO"IIO"z + cWH in the denominator of the right-hand term in Eq. J-2 is 
the cross-sectional area of the plume (discounting the interference with the ground) and is 
the sum of the "natural" elliptical cross section and a term proportional to the area of the 
building, which is dominant near the source where the product O"IIO"Z is small. 

Equation J-2 is one of a class of models that are applied to releases that are effectively 
from ground level, on the basis of the set of rules of plume displacement described in the 
previous section (if the release does not qualify to be treated as ground-level, a model such 
as the Gaussian plume for a positive effective release height is used). The model of Eq. J-2 
is conservative in the sense of its tendency to overestimate concentrations near the point of 
release. Subsequent comparisons will quantify this tendency. 
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Because of the form of the standard wake effects model, the width of the plume (i.e., the 
crosswind distribution) is not clearly implied. Without knowing this quantity, it is not possible 
to do the crosswind integration that would be required for crosswind averaging or for applying 
deposition models to estimate depletion of the plume. Therefore, comparisons involving this 
model will be confined to estimates of centerline concentrations without adjustment for plume 
depletion due to deposition. 

THE STATISTICAL MODEL 

A second model that we include in this comparison was developed by Ramsdell (1990) 
from datasets from seven wake effects experiments. The regression function has the form 

(J-3) 

where the coefficients It = 84.5, a = -1.13, f3 = -1.25, 'Y = 0.720, 8 = 0.473, were obtained from 
a least-squares procedure, and 

x = downwind distance (m) from the point of release 

A =characteristic area of the building (m2) 

u = wind speed (m S-I) at the 10-m height, and 

S = 1, 2, .. . , 6 for stability class A, B, .. . , F. 

The data from which the model was derived covered various distance ranges, the greatest 
of which was x =1,200 m. Thus Eq. J-3 should not be applied to estimating concentrations
beyond that distance. We also note that the structure of this centerline model, like that of the 
standard wake effects model, implies no definite plume width (i.e., crosswind distribution). 
Consequently, unless the model is extended with arbitrary assumptions, one cannot perform 
the crosswind integration necessary for sector- or other crosswind averaging and for taking 
into account plume depletion due to deposition. 

We must point out that the model of Eq. J-3 has been criticized, in part because of its 
720 •dependence on a positive power ofthe wind speed, uO. Briggs et al. (1992) argue that sta

bility and wind speed are correlated and thus should not be treated as independent variables 
in a multiple regression; they suggest that the error from this correlation and from a failure 
to account for plume meander may have contributed to misleading results. Nevertheless, 
we include the model in our comparison because it summarizes the data from virtually all 
applicable wake effects experiments. 

THE TIME-DEPENDENT PLUME MODEL 

The time-dependent model of Ramsdell (1990) was to some extent inspired by the statis
tical model of Eq. J-2. The formulation of the time-dependent model is 

xlQ =(1rU(1~l7~)-1 	
2l7~ =[l7~ + (KAIa u 2)F(Ts)]I/2 

l7~ =[l7! + (KAla2u 2S 2)F(Tsv)]I/2 

(J-4) 
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where 

F(T) =1 - (1 + x/CuT») exp ( - x/CuT») 

and 
A =characteristic area of the building (m2) 

u = wind speed (m S-I), which we have adjusted to the building height 

x =downwind distance (rn) 

s = 1, 2, . . . , 6 for stabilities A, B, . . . , F, respectively (taken as a dimensionless param
eter) 

a =0.4/ In(z/zo); Zo is the roughness height (m) and we have taken z to be the building 
height; 0.4 is the von Kirrmin constant 

u. = au = friction velocity (m S-1) 

Tsv =A1/ 2 /(Su.) (s) 

Ts = A1/2/u • (s) 

G y , G z = horizontal and vertical dispersion coefficients (m), expressed as functions of the down
wind distance x; we used Briggs' formulas (Appendix F, Table F-1) 

K = an adjustable parameter; Ramsdell (1990) obtained best fits with K = 0.5 

The term "time dependent" refers to the approach used in deriving the model, but the 
time does not remain explicit in the final formula, except in the scaled quantities Tsv and Ts. 

The version of the model shown in Eq. J-4 is interpreted as the centerline concentration X 

per unit release rate Q at downwind distance x from the source for wind speed u and for a 
stability that determines quantities G~, G z , S, and Tsv. We have followed the original paper in 
computing the friction velocity 'U.. for neutral conditions (see the definition of a in the above 
list), though this quantity could also be made specific to stability class. 

The area A will be expressed as WH, where, as before, W is an effective crosswind width 
of the building and H is the height (both in m). The meaning of such characteristic dimensions 
blurs in the context of a complex: of buildings such as exists at the FMPC site. Ideally, the 
model should be applied to releases that are entrained into the wakes of isolated buildings, in 
which case Wand H might be actual dimensions of the building face. But in locations where 
the complex behaves like a larger structure, other interpretations may be appropriate. We 
discuss our approach to this ambiguity in a later section. 

Briggs et al. (1992) included the time-dependent model in their criticism that we men
tioned previously in connection with the statistical model. They objected on physical grounds 
to the time-dependent model's dependence on a positive power ofwind speed. In a response in
cluded with the communication, Ramsdell conceded that some refinements of the model would 
be appropriate, but he took issue with most ofthe critics' conclusions. On pragmatic grounds, 
we retain the model because of its comparative practical success in predicting observed con
centrations at the perimeter stations of the FMPC production area during the 1960-1962 
period. 
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THE GAUSSIAN PLUME MODEL FOR ELEVATED RELEASES 

If building wake effects are neglected and the standard Gaussian plume model is used 
for predicting downwind ground-level concentrations, the normalized centerline estimate is 

(J-5)f 

f 

-· r.' 

ro 

, 

, 
L 
[., 
, . --~ 

where 
heff =effective release height (m), computed as the sum of the physical release height and

the plume rise that is estimated from the methods of Appendix I 

'U =wind speed (m S-l) adjusted to the physical release height 

0'1/' 0'z =crosswind and vertical dispersion coefficients (m), expressed as functions of downwind 
distance from the source. 

This model is included in the comparison to permit an assessment of predictions when wake 
effects are neglected and all releases are treated as if they came directly from elevated point 
sources. As we noted previously, the empirical rules given by Eq. J-1 and the subsequent text 
point to the conclusion that plumes released from all rooftop stacks on FMPC production plants 
during 1960-1962 should be treated as having been entrained in the wake. Consequently, 
application of the standard Gaussian plume will likely be relegated to simulating emissions 
from the old solid waste incinerator, which is isolated from the complex and meets the criteria 
for an elevated source. 

DETAILS AND RESULTS OF THE MODEL COMPARISON 

Three of the models treated in our comparison consider wake effects through a param
eter A = W H representing the characteristic area (m2 ) of the building that generates the 
wake; these models are the standard wake effects model, the statistical model, and the time
dependent model. The fourth model is the standard centerline Gaussian plume, which ignores 
wake effects and therefore is independent of this characteristic area. The distinction is impor
tant, because the complexity of the site complicates the analysis for the wake effects models, 
and a range of values of A will be considered for those models that contain it as a parameter. 

The air concentration at each receptor station was predicted with each model by summing 
the result for each source (i.e., plant building), wind speed, and stability. For a source-receptor 
combination, it was assumed that the receptor was affected by the source only when the wind 
blew from the sector determined by the direction of the source-receptor vector, and that di
rection determined the frequencies of representative wind speeds and stabilities. Monthly 
meteorological data were taken from the 5-year composite FMPC dataset. Some approxima
tions were made. In the first comparison of the four models, plume depletion due to wet and 
dry deposition was neglected because deposition could not be calculated for the statistical 
model or the standard wake effects model without making additional assumptions about the 
plume crosswind distribution. And for elevated releases treated by the Gaussian model, the 
stacks for each plant were consolidated into a single release source for the plant by averaging 
stack properties such as exit gas velocity, inside diameter, and physical release height (such 
considerations were not relevant to the wake effects models, and these models do not depend 
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on stack parameters). Each month's release of uranium for each plant was estimated by 
the mean value of the uncertainty distribution (Voilleque et al. 1991). Because of the highly 
skewed nature of the distributions for the Plant 8 scrubbers and the magnitude of this com
ponent relative to the total release, some upward bias may have resulted from the use of the 
mean values. Finally, the oil burner and the old solid waste incinerator were not included 
among the sources for the comparison. 

For each wake effects model, we performed the calculations under two sets ofassumptions 
and labeled the results "high" and "loW' corresponding to the relative magnitudes of the 
predicted concentrations: 

• 	 HIGH. Each building was treated as if it were isolated. The area was estimated as the 
average of the north-south and the east-west building faces. 

• 	 Low. The crosswind width of each building was assumed to be equal to the longer (north
south) dimension of the production area, which was estimated as 818 m. The height of 
each individual building and this common exaggerated width were used in computing the 
area. This assumption approximates considering the entire complex as a single building. 

Inasmuch as the release estimates, and therefore the predicted concentrations, are available 
only only on a monthly basis, the air-monitoring data were combined into a weighted average 
for each month for which measurements were taken. The weights were proportional to the 
times that the samplers were operated for the respective samples. These averages were 
adjusted to account for the effects of reduced efficiency of the air samplers for particles oflarge 
aerodynamic diameters. Individual measurements of uranium in air at the four perimeter 
stations are tabulated in Appendix L, along with distributions of the factors for sampling 
efficiency. For the tabular comparisons, we used the medians of these distributions. 

Table J-1 summarizes the model comparison in terms of two measures. The first is the 
multiplicative bias 

B =exp (In(P) -In(O») (J-6) 

where the overbars indicate averaging of the log-transformed predicted (P) and observed (0) 

values. A value of 1 corresponds to no bias; values greater than 1 indicate overprediction as 
an averaged multiple of the observed values, and values less than 1 indicate underprediction. 
The quantity B is equal to the geometric mean of the PIO ratios in the case of paired mea
surements. The second measure is the correlation coefficient r of the log-transformed P and 
o data. The bias and correlation are essentially the measures used by Ramsdell (1990) for 
similar comparisons. For the purpose of computing the measures, each wake effects model 
was represented by the geometric mean of its high and low versions. To avoid mixing models 
in the comparison of the four models, the old solid waste incinerator and the oil burner were 
excluded, because neither will be treated .with a wake-effects model. Plume depletion due to 
deposition could not be applied consistently to the four models, because, as we noted previ
ously, estimating plume widths for the statistical and the standard wake effects models would 
entail additional assumptions. Consequently, the comparison of the four models is shown in 
Table J-1 without deposition. At the bottom of the table, however, we show the results for 
the Gaussian and time-dependent models with adjustment for depletion due to deposition and 
with the inclusion of the old solid waste incinerator and the oil burner in the source term. In 
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Table J-l. Summary Table: Model Comparison for FMPC Perimeter Stations 

Model 	 Quantity NE SE SW NW 

Models applied only to production plant releases,a without plume depletion 

Statistical Bias 0.94 1.05 0.67 0.35 
Correlation 0.47b 0.21 0.37 0.20 

Standard wake effects Bias 22.48 29.59 9.05 10.65
Correlation 0.39b 0.19 0.41b 0.40b 

Gaussianc 	 Bias 3.12 2.08 1.38 1.31 
Correlation 0.43b 0.14 0.42b 0.34 

Time-dependent 	 Bias 3.46 4.03 2.51 1.37 
Correlation 0.49b 0.19 0.35 0.21

Models with full source term and plume depletion 

Time-dependent Bias 1.72 2.10 1.50 0.70
Correlation 0.55b 0.18 0.34 0.15 

Gaussianc 	 Bias 3.50 2.17 1.08 1.32 
Correlation 0.47b 0.17 0.40b 0.24

Number of observations 31 29 26 30 

a Specifically excluded from source term: old solid waste incinerator and oil burner. 
b Significant at the 5% level.
C Plume rise. 

calculating the tabular entries for the time-dependent model, we applied the Gaussian model 
to the old solid waste incinerator and the oil burner in order to treat them as point sources. 

Table J-1 indicates generally low correlations for all models and stations. For the SE 
station, all correlations are statistically indistinguishable from zero, and the same is true for 
all but one of the correlations for the NW station. Estimates of the other correlations are 
in the range 0.14-0.55, which is not impressively high. One reason for the low-to-modest 
correlations is that month-to-month variations in the monitoring data do not match up well 
with corresponding variations in the reconstructed total source term. Table J-2 provides data 
on distances and directions from plant buildings to the four sampling stations that were used 

for the simulations. 
The estimates of bias for the four models indicate disparate tendencies toward overpre

diction, with fewer underpredictions. The least bias is seen in the statistical model, with the 
Gaussian and time-dependent models exceeding its predictions by factors nearly as high as 
four. But note that the statistical model underpredicts the SW and NE stations by factors of 
1.5 and 2.9, respectively. In its primitive form, the statistical model cannot be considered a 
viable contender on the practical grounds that it is not applicable beyond the 1,200-m range 
of the underlying data that were used in the regression that it represents. One must also 
realize that (1) plume depletion due to deposition has not been considered in the comparison 
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Table J-2. Distance (m) and Wind Directionll 


For Each Receptor and Plant 


NE SE SW NW 

Plant Dist. Dir. Dist. Dir. Dist. Dir. Dist. Dir. 

1 679 WSW 738 NW 467 N 373 SSE 
213 690 SW 616 WNW 383 NNE 498 SSE 
4 
5 
6 

603 
595 
553 

SSW 
SSW 
SSW 

470 
363 
314 

NW 
NW 

NNW 

456 
508 
603 

NE 
ENE 
ENE 

598 
699 
761 

SE 
SE 
SE 

8 768 SW 532 WNW 286 NE 626 SSE 
9 
Pilot 

392 
933 

SSW 
SW 

477 
612 

NNW 
W 

694 
123 

NE 
NNE 

647 
716 

ESE 
S 

II Sector indicates direction from which wind blows. 

shown in the upper part of Table J-l, and (2) the models considered estimate sector-centerline 
concentrations, which typically exceed crosswind averages by a factor of two or more. The 
lower part of Table J-l also shows the bias and correlation estimates for the time-dependent 
model after corrections for plume depletion have been made and the old solid waste inciner
ator and oil burner are included in the source term (the Gaussian model is applied to these 
sources, even even when the time-dependent model is applied to the production plants). In 
these latter calculations, the time-dependent model is seen in a more favorable light. The 
predictions of the Gaussian model change relatively little when plume depletion from deposi
tion is considered (in fact, most of them increase slightly because of the addition of the two 
small sources). The reason is that the deposition-velocity model predicts little removal near 
an elevated source before the plume "touches down." Figures J-l through J-4 show the high 
and low predictions of uranium air concentrations by the time-dependent model and the pre
dictions of the Gaussian model, both with full source term and plume depletion, plotted on the 
same chart with the adjusted monthly averages of the monitoring results for 1960-1962 (Ap
pendix L). The adjusted monitoring values are represented as shaded areas that comprehend 
the 5th to the 95th percentiles of the distributions for each month. We remind the reader that 
the "high" predictions of the time-dependent model are based on the assumption that each 
building is isolated, and the "low" predictions approximate treating the entire complex as a 
single building. 

The standard wake effects model grossly overestimates the air monitoring data and pre
sumably would do so after any reasonable adjustment for deposition and crosswind averaging. 
This fact is perhaps not surprising in view of the deliberate conservatism that was sought 
for models used in traditional radiation protection applications. Ramsdell (1990) plotted PIO 
ratios vs. wind speeds for this model with the seven datasets used in the development of his 
statistical model. The range of these ratios covers more than four orders of magnitude, with 
a preponderance of overpredictions at low wind speeds up to about 3 m S-l. 

The standard centerline Gaussian plume model for elevated releases represents the as
sumption that wake effects are negligible. This model also overestimates the measured con
centrations at the perimeter stations, but its estimates (without deposition) are closer to the 
monitoring data than the estimates of the time-dependent model (Table J-l). To the extent 
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monitoring data than the estimates of the time-dependent model (Table J-1). To the extent 
that the .time-dependent model represents the wake effects of buildings ("high" version) or 
the complex ("low" version), this comparison suggests that those effects are not as important 
in predicting air concentrations at the FMPC as might be expected. But one must bear in 
mind that this comparison is obscured by the idiosyncratic behavior of the deposition velocity 
model when it is applied to the Gaussian plume near the point of release. A somewhat more 
elaborate simulation would be required for a cleaner comparison. 

NE Perimeter Station 
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... .~. :. .. : •.::: 
"It 
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Adjusted 
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______~ 
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Jan-60 Jan-61 Jan-62 Jan-63 
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Figure J-I. The "time-dependent" model ofRamsdell (1990) and the Gaussian model 
compared with measured uranium concentrations at the perimeter station at the NE 
corner of the FMPC production area during the years 1960-1962. The model simu
lations accounted for plume depletion due to deposition and were based on a source 
term that included the old solid waste incinerator and the oil burner. The shaded ar
eas represent the monthly averages of measured air concentrations, extending from 
the 5th to the 95th percentiles of their adjustment for sampling efficiency. 

DISCUSSION AND CONCLUSIONS 

We have described a set of simulations of releases of uranium from the FMPC to the 
atmosphere, using the reconstructed source term for 1960-1962 and sampling efficiency
adjusted air concentrations at the four monitoring stations at the four perimeter stations of 
the production area for the same period. The simulations were carried out with four different 
air dispersion models, three of which are specific to ground-level entrainment in building 
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Figure J-2. The "time-dependent" model ofRamsdell (1990) and the Gaussian model 
compared with measured uranium concentrations at the perimeter station at the SE 
corner of the FMPC production area during the years 1960-1962. The model simu
lations accounted for plume depletion due to deposition and were based on a source 
term that included the old solid waste incinerator and the oil burner. The shaded ar
eas represent the monthly averages of measured air concentrations, extending from 
the 5th to the 95th percentiles of their adjustment for sampling efficiency. 

wakes. The statistical (regression) model of Ramsdell (1990) gives the least bias with the 
adjusted monitoring data, but the model is not applicable beyond 1,200 m, and deposition 
was not taken into account. The time-dependent wake-effects model developed by Ramsdell 
(1990) and the Gaussian plume model for elevated sources are at rough parity when plume 
depletion is considered, with the time-dependent model giving less-biased results on average, 
comparable correlations, and substantially less bias for the usually-downwind NE station. 
Both models are clearly superior in efficacy to the standard wake effects model. 

We have noted that some degree of overestimation is associated with the use of the cen
terline version of a dispersion model for time-averaged meteorology. For the comparison, 
however, the use of the centerline prediction was satisfactory, because it applied to all mod
els. For production simulations, however, the predicted concentrations will be averaged over 
the angle of the wind sector, and it may also be necessary to account for spillover from adjacent 
sectors. This smoothing process involves details that did not need to intrude into the compar
ison. Experience with sector-averaged Gaussian plume models indicates that overprediction 
by the certerline version is ordinarily about a factor of two. 
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SW Perimeter Station 
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Figure J-3. The "time-dependent" model ofRamsdell (1990) and the Gaussian model 
compared with measured uranium concentrations at the perimeter station at the SW 
corner of the FMPC production area during the years 1960-1962. The model simu
lations accounted for plume depletion due to deposition and were based on a source 
term that included the old solid waste incinerator and the oil burner. The shaded ar
eas represent the monthly averages of measured air concentrations, extending from 
the 5th to the 95th percentiles of their acljustment for sampling efficiency. 

Some cautions are in order. A visual comparison of the curves with the plotted points in 
Fig. J-1, indicates that on short time scales (i.e., a few months), the reconstructed source term 
often leads to predictions that do not closely match the increases and decreases of measured air 
concentrations, although the agreement of longer-term averages is reasonably good (Table J 
1). Thus it is plain that factor-of-two accuracy for certain specific months may be too much to 
claim. Interfering factors are numerous. Some of the obvious potential sources of error are the 
meteorological data (Appendix E), the source term, and errors associated with air sampling 
and the handling and analysis of the samples (Appendix L). Even so, we believe the results 
of the comparison of the time-dependent model predictions of air concentrations of uranium 
at the corner stations constitute an adequate (but limited) validation of the model. 
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Figure J-4. The "time-dependent" model of Ramsdell (1990) and the Gaussian model 

compared with measured uranium concentrations at the perimeter station at the NW 

corner of the FMPC production area during the years 19S0-1962. The model simu

lations accounted for plume depletion due to deposition and were based on a source 

term that included the old solid waste incinerator and the oil burner. The shaded ar

eas represent the monthly averages of measured air concentrations, extending from 

the 5th to the 95th percentiles of their a<ljustment for sampling efficiency. 
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APPENDIXK 


PARAMETRIC UNCERTAINTIES IN THE AIR TRANSPORT MODEL 


INTRODUCTION 


The term "parametric" in the title of this appendix is intended to convey the idea that 
we are concerned with one or more parameters of a model, each of which is associated with 
a certain range of values, and that we are uncertain about which value best represents the 
parameter in the context of what is being simulated. This uncertainty is expressed as a dis
tribution of probability over the associated range of the parameter, and the analysis seeks 
to determine the corresponding distribution of values resulting from the simulation (the OUT

PUT DISTRIBUTION). Thus we are studying the model's joint propagation of the parametric 
uncertainty distributions. Such an exercise furnishes more information than a sensitivity 
analysis , which provides only a matrix of partial derivatives of each result with respect to 
each parameter evaluated at the vector of "best" or "reference" parameter estimates. 

One must be aware that this analysis says nothing directly about the appropriateness of 
the particular model to estimate the quantity of interest. It therefore cannot directly assess 
the ACCURACY of the model in its predictions. We deal with such questions in terms of the 
model's support by the relevant basic sciences and by validations, i.e., comparing results of 
simulations with data that were measured under conditions compatible with the assumptions 
governing the simulations. Departures of model predictions from data are measures of bias 
in the model. Examples are discussed in Appendices G, J, and M. 

Our computational methodology is computer-implemented Monte Carlo analysis. (We 
use the term "Monte Carlo" in a generic sense to refer to any scheme of sampling of the 
parametric uncertainty distributions by computer-implemented techniques for pseudorandom 
numbers, rather than to mean a particular sampling scheme.) The well-known advantage of 
this approach is that it permits much greater generality than analytic techniques, which re
quire restricted assumptions to permit solution of the equations in closed form or acceptable 
approximation of the solutions. The disadvantage is that the method produces an empir
ical distribution, and thus our estimates of means, variances, and percentiles are random 
variables, and if the model is computationally demanding, it may be difficult to generate a 
large enough number of trials to control the variances of these statistics (but nearly every 
application of statistics in the real world suffers from the same disadvantage). 

In this discussion, a SIMULATION consists of a subdivision of the time of the FMPC's 
operation (1951-1988) into an integral number of PERIODS (years, quarters, or months) and 
application of the transport model to the airborne release for each period to estimate results, 
such as air concentrations and depositions at each receptor point in the region. The question 
of the duration of the fundamental period has not yet been settled. We have used one month 
(i.e., 1/12 of a year) as the standard for validation because of the availability of data at this 
resolution during 1960-1962, but for the purpose of dose estimation for the longer term, a 
different period may be chosen. 
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The purpose of this appendix is to sketch prospectively the application of this methodology 
to the air transport module to be used in our assessment. Our primary attention is to transport 
of releases of uranium and associated particulates from FMPC production plants and releases 
of radon gas and daughter prodacts from the K-65 silos. A reference appropriate to the general 
context of this work is IAEA (1989). 

THE AIR TRANSPORT MODEL IN THE CONTEXT OF UNCERTAIN PARAMETERS 

There are two air transport and dispersion formulas to be implemented. One is the 
time-dependent model discussed by Ramsdell (1990), which we apply to all rooftop releases 
from the FMPC production area and to releases of radon from the K-65 silos. Equations for 
the model are given in Appendices F and J. Such releases are expected to be predominantly 
entrained into building wakes, and our comparisons of model-predicted air concentrations 
wii b data measured at the four perimeter stations indicated good agreement for this model 
(Appendix J). Two sources that are small in relation to the total are the old solid waste 
incinerator and the oil burner. Because they are hot sources, both will be treated as elevated 
releases with plume rise (Appendix I), and the Gaussian plume model will be applied. 

Concentrations predicted DY either model obviously depend multiplicatively on the re
lease rate and on geometric factors associated with spatially-separated multiple sources. Both 
depend on the distance x (m) and direction from source to receptor point, wind speed, atmo
spheric stability, and depletion of the plume through wet and dry deposition (Appendices G 
and H). The time-dependent model takes wake effects into account through a parameter A 
(m2 ) that represents an effective area of the building's crosswind face and treats the release 
a~ being from a vertical rectangle with the area of that face. The Gaussian plume depends on 
the effective release height of a point source, where "effective" indicates the physical release 
height h plus a term ilh to acc()unt for plume rise or sinkage (Appendix I). 

The local meteorology is factored into the predictions both directly and indirectly. Only 
when the receptor point is downwind from the source is a nonzero concentration recorded, but 
for final calculations, some directional averaging may be used to account for spillover to and 
from adjacent sectors. This discussion does not consider the component of concentration re
sulting from resuspended material, which will be estimated from measurements (Appendix 0). 
The horizontal and vertical dispersion coefficients (Jy and (Jz (m) depend on the distance x from 
the source and the stability class. The wind speed u (m S-I) is a factor in the denominator 
of the Gaussian model, and it enters the time-dependent model in a more complicated way 
(Appendices F and J). The depletion of the plume depends on an integration from a point near 
the source to the receptor point, with the sum of the wet and dry deposition velocities (Vw+Vd) 

as a factor in the integrand. The rate of deposition on the ground is the product of this sum 
and the air concentration. Our model for the wet deposition velocity, vw , depends on rainfall 
during the period of obserVation but not explicitly on other meteorological variables. The dry 
deposition velocity, Vd , is a function of wind speed, stability, and particle aerodynamic diame
ter. The distribution of particle aerodynamic diameter evolves as the released material moves 
downwind and hence depends on the sum of the deposition velocities. Figure K-l summarizes 
these and other dependencies schematically. 

It is an elementary observation that one should start at the far ends of dependency chains 
to assign uncertainties to variables that are "fundamental." Sometimes, however, our most 

r 


} 


[ 


L 

L 


I 

I 

DRAFT 




r 
r 

fi 

I 


L 

[ '~ 
.....'" 

\ 

Appendix K
Parametric Uncertainties in the Air Transport Model 

Page K-3 

Predicted air 
concentration 
at ground 
level --~~. 

Air Transport Model Dependencies for Uncertainty Analysis 
r-

Release rate 


Wind speed 
 ~~ (correlated) Meteorological joint frequency Wind direction ----------~~ ~ 
tables for period of interest 

Dispersion coeffs. -..~Stability ----...~ 
Downwind distance 

Building face area 
(time-dependent model only) 

Wet washout ratio 
deposition ---I~" 

Rainfallvelocity G 
r-

Wind speed ~l (correlated) 


Stability ----...~J ---------........1
Dry 
deposition ----~~I Roughness length 
velocity 

Aerodynamic diameter Evolves as airborne material 
distribution of airbome particles --.moves downwind and plume 
~ is depleted at different rates 
Total deposition velocity for different particle diameters 
(sum of wet and dry) 

Plume ____~~I Ground-level concentration 
depletion between source and receptor 

Aerodynamic diameter 
,-distribution of airbome particles 

Wind speed ~l (correlated) 

Effective release Stability ~J 
height (Gaussian 
model only) Ambient temperature at release height 

Stack parameters (gas temperature and velocity, diameter, others) ~ 
Figure K-l. Dependencies of predicted air concentrations on other variables. 



confident quantification of uncertainty is at higher levels, and this situation may lead to 
revising the models. For example, early in the study, we examined a model of wet deposition 
that depended on distributions of particle and raindrop diameters. Difficulty in quantifying 
the latter distribution and the availability of local data for directly estimating the distribution 
of the washout ratio (Appendix H) led to our adopting the simpler model, which has no explicit 
dependence on diameters of particles or scavenging raindrops. 

Uncertainty in Meteorological Joint Frequency Tables 

In Fig. K-1, three paths lead to the meteorological joint frequency tables that characterize 
the wind speed, wind direction, and stability for the period of the plant's operation. For 
most of this period, the meteorological joint frequency tables for the FMPC are not strictly 
applicable (Appendix E), and we are obliged to estimate uncertainties that result from using 
these tables that are limited to a 1987-1991 data base. Appendix E has indicated an approach 
to estimating geometric standard deviations of a multiplicative error term for predicted air 
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concentrations at specific receptor points. 
Unfortunately, air concentrations at different locations may be correlated in a way that 

is unknown to us a priori. As a preliminary and illustrative analysis, we have established a 
grid by using distances of 1 and 8 km from the center of the production area on the 8 radials 
with directions N, NE, E, SE, S, SW, W, and NW, for a total of 16 receptor points (Fig. K-2). 
For each of the years 1987-1991, with the annual-average joint frequency tables, we have 
used the time-dependent model with a nominal crosswind building-face area of 7,000 m2 to 
estimate X/Q at each receptor point. Statistics have been compiled on the log~transformed 
estimates, which are assumed to be normally distributed. Table K-l shows the correlations 
and standard deviations. 

N 

EW 

s 


Figure K-2. Grid for locations at which air concentrations are computed to study 
the possible influence of year-to-year variability in the FMPC meteorological joint 
frequency tables. The central point is assumed to be the center of the production 
area of the FMPC. 

The geometric standard deviations (GSDs) range from 1.1 to 1.4; the latter value corre
sponds to annual variations within the multiplicative range of ±74% (i.e., x or -;- 1.74) with 
90% confidence. The GSD for the computations with annual Cincinnati data for 1951-1991 
at the NE-l,OOO-m point is 1.3 (Appendix E), though it may be higher for other points that we 
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have not yet sampled. The correlation matrix suggests that the assumption of independence 
of uncertainty distributions from one receptor point to another might be inappropriate. As 
we might expect, the pairs of receptor points in the same downwind direction from the source 
(e.g., N1 and N8) are usually strongly correlated. The exception is the pair S1 and S8, with 
a negative correlation that is small in magnitude (-0.086). One has to bear in mind that the 
correlation matrix of Table K-1 is itself based on a small sample (five successive years), and 
the temptation to use it as a basis for estimating a theoretical correlation matrix (assumed, 
perhaps incorrectly, to be stationary) should be resisted. 

Table X-I. Estimated Variability of Model PredIctions from Year to Year Based on 
Annual FMPC Meteorololical Data for the Years 1987 tbrouah 1991' 

Correlation mat.riJ: 
GMb GSDc NI NEI EI SEI Sl SW1 WI NW1 N8 NE8 E8 SE8 S8 SW8 W8 NW8 

N1 1.000 0.190 -0.138 0.477 -0.052 - 0.737 -0.282 -0.467 0.982 0.536 -0.316 0.381 -0.187 -0.745 - 0.233 -0.406 1.3 x 10-6 

NE1 1.000 0.844 -0.240 0.581 0.507 0.576 0.702 0.177 0.847 0.671 - 0.660 0.378 0.410 0.537 0.7763.6 x 10-6 

E1 1.000 -0.662 0.248 0.657 0.365 0.729 -0.069 0.687 0.881 - 0.858 0.370 0.671 0.311 0.8192.9 x 10-6 

SEI 1.000 0.420 -0.469 -0.186 -0.575 0.389 0.005 -0.478 0.851 -0.586 - 0.505 -0.174 -0.602 2.1 x 10-6 

Sl 1.000 0.537 0.560 0.429 - 0.138 0.433 0.388 - 0.058 -0.086 0.416 0.502 0.429 1.0 x 10-6 

SWI 1.000 0.607 0.837 -0.733 0.132 0.753 -0.694 0.304 0.952 0.530 0.8361.0 x 10-6 

WI 1.000 0.869 -0.410 0.082 0.149 - 0.606 0.763 0.337 0.995 0.810 1.2 x 10- 6 

NWI 1.000 -0.511 0.230 0.552 - 0.894 0.742 0.671 0.834 0.9895.2 x 10- 7 

N8 1.000 0.577 -0.217 0.358 -0.264 - 0.687 -0.369 -0.431 2.8 x 10- 7 

NE8 1.000 0.610 - 0.291 -0.070 0.159 0.047 0.3508.5 x 10-7 

E8 1.000 -0.619 -0.035 0.855 0.061 0.6478.0 x 10-7 

SE8 1.000 -0.751 - 0.614 -0.581 -0.9216.6 x 10-7 

S8 1.000 0.080 0.801 0.693 1.8 x 10-7 

SW8 1.000 0.247 0.697 1.9 x 10- 7 

W8 1.000 0.7694.1 x 10- 7 

NW8 1.000 1.5 x 10- 7 

• Codes indicate locations with N=north. NE=northeast, etc., 1=1,000 m. and 8=8,000 m. 

b Sample geometric mean for x/Q (s m- 3). 

C Sample geometric standard deviation. 

1.3 
1.1 
1.1 
1.1 
1.1 
1.3 
1.2 
1.3 
1.2 
1.1 
1.2 
1.2 
1.1 
1.2 
1.2 
1.4 

We have examined two other correlation matrices based on five-year composite annual 
datasets for Cincinnati, one for 1987-1991 and the other for 1960-1964. They differ qual
itatively from the FMPC matrix of Table K-1 and from each other. They are presented in 
Tables K-2 and K-3. 

The correlation matrices of Figs. K-1 and K-3 tend. to support the hypothesis that recep
tors in the same sector are positively correlated. It is quite possible that correlations of some 
magnitude, positive and negative, exist between pairs of points in different sectors, but these 
patterns probably shift with time and are undetectable in our limited data base. A compari
son of Tables K-1 and K-2 discourages the assumption that the Cincinnati correlations would 
apply to Fernald. 

We propose to reduce the question of correlation to a simpler model for purposes of imple
menting the estimates of uncertainty due to year-to-year meteorological variations. We will 
assume that only the air concentrations at receptor points within the same sector are posi
tively correlated, and that all other correlations are zero. Specifically, we apply a Markov-type 
assumption to the log-transformed uncertainty factors at the eight radial receptor points that 
are separated by 1-km intervals. It can be shown that for a chosen value of p (-1 ::; P ::; 1) 
the recursion 

k = 2,3, .. . , 8, 
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Table K-2. Estlma!etd Variability of Model Predictions from Year to Year Based on 

Annual CinciJmati Meteorolopcal Data for tbe Yeara 1987 throullh 1991" 


Correlation matrilt 

NI NEI EI SEI SI SWl WI NWI NB NEB ES SES SS SWS WS NWS GM GSD 

NI 
NE1 
El 

1.00 0.33 
1.00 

-0.31 
-0.5S 

1.00 

-0.02 
0.09 

-0.49 

0.48 
-0.13 
-0.65 

-0.4.3 
-0.4.5 
-0.35 

-0.10 
-0.13 
-0.36 

0.27 
-0.61 
-0.13 

-0.32 
-0.62 

0.23 

-0.43 
0.27 
O.OS 

-0.S5 
-0.68 

0.36 

-0.20 
-0.09 
-0.16 

-0.74 
-0.75 

0.21 

-0.75 
-0.34 
-0.23 

-0.37 
-0.25 
-0.06 

-0.40 
-0.91 

0.38 

2.7 x 10-6 
3.0 x 10-6 

2.1 x 10-6 

1.1 
1.1 
1.1 

SEI 1.00 0.29 O.ZO 0 .98 -0.06 0.68 0.57 0.28 0.94 0.30 0.50 O.BS 0.34 1.2 x 10-6 1.2 
Sl 
SWI 
WI 
NWl 
NS 
NES 
ES 
SES 
SS 
SWS 
WS 
NWS 

1.00 0.58 
1.00 

0 .31 
0 .30 
1.00 

0.82 
0.63 
O.OS 
1.00 

0.05 
0.27 
O.S l 
0.16 
1.00 

-0.62 
-0.33 

0.51 
-O.SO 

0.43 
1.00 

-0.20 
0.55 
OA3 
0.07 
0.74 
0.36 
1.00 

0.01 
O.OS 
0.95 

-0.20 
0.S3 
0.73 
0.4S 
1.00 

O.OS 
0.74 
0.47 
0.33 
0.73 
0.14 
0.96 
0.43 
1.00 

0.15 
O.SI 
0.5S 
0.14 
0.54 
0.2S 
0.S2 
0.50 
0.S7 
1.00 

-0.01 
0.22 
0.93 

-0.13 
0.90 
0.70 
0.S5 
0.9S 
0.60 
0.63 
1.00 

0.17 
0.51 
0.53 
0.48 
O.SS 
0.05 
0.B2 
0.49 
0.S7 
0.56 
0.63 
1.00 

2.0 x 10-6 
1.0 x 10-6 

1.7x 10-6 

S.2 x 10-7 

3.7 x 10-7 
4.1 x 10-7 

2.3 x 10-7 

1.3 x 10-7 

2.6 x 10-7 

1.3 x 10-7 
2.1 x 10-7 

1.0 x 10-7 

1.1 
1.2 
1.1 
1.1 
1.1 
1.2 
1.2 
1.4 
1.2 
1.3 
1.3 
1.2 

a Codes indicate locations with N=north, NE=northe..t, etc., 1=1,000 m, and S=8,OOO m. 


b Sample geometric mean for X/Q (s m-3). 


C Sample geometric standard deviation. 


Table K-3. Estimated Variability of Model Predictions from Year to Year Based on 
Annual Cincinnati Meleorolollical Data for the Yelll'll 1960 throullh 1964" 

Correlation matrilt 

N1 NE1 EI SE1 Sl SWI WI NWI N8 NES E8 SES SS SWS WS NWS GM GSD 

N1 
NEI 
E1 

1.00 -0.49 
1.00 

-0.62 
0.24 
1.00 

-0.92 
0.73 
0.63 

-0.33 
0.91 

-0.04 

-0.45 -0.59 
0.92 -0.39 

-0.06 0.58 

-0.54 
-0.45 

0.46 

0.36 
-0.B9 

0.12 

-0.79 
0.92 
0.47 

-0.66 
0.54 
0.84 

- 0.57 
0.73 
0.40 

- 0.4S 
0.75 

-0.22 

-0.67 
0.S9 
O.lS 

- 0.62 
-0.33 

0.60 

-0.73 
-0.20 

0.47 

2.8 x 10-6 

2.7 x 10-6 

1.5 x 10-6 

1.2 
1.2 
1.1 

SE1 1.00 0.61 O.SS 0.34 0.28 - 0.50 0.92 0.66 0.B2 0.61 0.S5 0.41 0.52 1.3 x 10-6 J.l 
Sl 
SW1 
WI 

1.00 0.97 
1.1)() 

-0.49 
-0.42 

1.00 

-0.51 
-0.44 

0.99 

-0.B3 
-0.92 

0.53 

0.77 
0.S3 

-0.01 

0.17 
0.23 
0.27 

O.S l 
0.73 
0.01 

O.SS 
0.94 

- 0.2S 

0.92 
0.95 

-0.13 

-0.41 
- 0.36 

1.00 

- 0.23 
-0. 14 

0.95 

I.S x 10-6 
1.7 x 10-6 

1.4 x 10- 6 

1.1 
1.2 
1.5 

NW1 
NS 
NES 
ES 
SES 
SS 
SWS 
WS 
NW8 

1.00 0.55 
1.00 

-O.OS 
-0.7S 

1.00 

0.15 
-0.34 

0.70 
1.00 

-0.04 
-0.43 

0.76 
0.31 
1.00 

-0.25 
-0.S2 

0.71 
0.02 
0.66 
1.00 

-0.16 
-0.7S 

0.90 
0.34 
0.S7 
0.91 
1.00 

0.9S 
0.50 
0.05 
0.27 
0.11 

-0.22 
-0.05 

1.00 

0.95 
0.31 
O.lS 
0.21 
0.22 
0.04 
0.15 
0.96 
1.00 

1.1 x 10- 6 
5.6 x 10-7 
3.8 x 10-7 
1.9 x 10- 7 
1.7 x 10-7 
2.4 x 10- 7 

2.B x 10-7 
2.5 x 10-7 
1.9 x 10-7 

1.2 
J.l 
1.4 
1.2 
1.2 
1.2 
1.3 
1.7 
1.3 

a Codes indicate locations with N=north, NE=northeast, etc., 1=1,000 m, and S=S,OOO m. 

b Sample geometric mean for X/Q (s m-3). 

C Sample geometric standard deviation. 
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generates random variables Uk with the correlation between successive pairs Vk and Vk+1 equal 
to p, provided the fk are independent random variables with zero mean (Kendall and Stuart 
1968). We take the fk to be normally distributed with variances equal to 1 and define "lk = 
exp (Xk), where Xk = 0kVk and tll.e standard deviations Ok are those estimated from the log
transformed ratios Rk of Appendix E. Then "lk can be shown to be lognormally distributed 
with geometric mean 1 and geonetric standard deviation exp Ok. and the underlying normal 
random variables Xk are pairwiSE correlated as indicated. More generally, the correlation of 
"lk and "lk+q (q ~ 0) is pq (Kendall and Stuart 1968). 

This procedure is applied b each sector, possibly with different values of p assigned 
to different sectors, although there is little basis for differentiating among the sectors. By 
starting the process for different sectors with independent random variables f1, we derive 
estimates of the uncertainty fact()rs T)k that are uncorrelated between sectors. 
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Appendix K Page K-7 
Parametric Uncertainties in the Air Transport Model 

The estimate of air concentration Xk for location k in the sector may now be computed as 

where x2 represents the unadjusted estimate. The stochastic multiplicative uncertainty factor 

'T}k. as derived above, incorporates the year-to-year variability attributable to meteorology 
and the indicated correlations. More elaborate sampling schemes are necessary for general 

correlation matrices, but for the special case we have chosen, the one just outlined should be 

quite satisfactory and more efficient to implement. 

Deposition Models and Parameters 

In sampling for uncertainty, the deposition velocities will be treated as uncertain quan
tities. For the wet deposition velocity, vw , the first source of uncertainty is in the washout 

ratio, for which a distribution has been characterized (Appendix H). A value of the washout 
ratio will be drawn from this distribution prior to each complete simulation (1951-1988) and 
the simulation performed with that value used for all years and all locations. Thus, for the 
simulation, the wet deposition velocity will vary only with the average rainfall rate for each 
period, which is the second source of uncertainty. Compilation of applicable rainfall data for 

the longer term (1951-1988) has not yet been completed, but the principal uncertainty is likely 
to derive from the use of surrogate rainfall data. Even data taken at the FMPC site cannot 
characterize rainfall at all locations within the eight-km domain. Uncertainty will be based 
on variability among different datasets from the greater Cincinnati region. Because of the 
dominance of dry deposition of large particles, the wet deposition velocity (vw ~ 0.01 m S-1) 

is unlikely to contribute a large component to the overall uncertainty of air concentrations. 
As noted in Appendix G, dry deposition is highly uncertain, despite the somewhat elab

orate theory that surrounds it. Although the various dependencies (wind speed, stability, 

roughness length, aerodynamic particle diameter) will be included in the calculation of the dry 

deposition velocity, Vd, we apply a systematic multiplicative uncertainty distribution, which is 
sampled at the beginning of each simulation and which will apply to all computed dry depo
sition velocities during the simulation. The uncertainty expressed applies principally to the 
model's ability to represent dry deposition rather than to uncertainty about specific parameter 
values. Sehmel (1980; see especially Fig. 2) reviewed numerous empirical studies of dry depo
sition and shows variability of measured deposition velocities for particulates spanning about 
three orders of magnitude, even when the estimates are plotted against particle diameter. We 
believe the three orders of magnitude just mentioned span too great an uncertainty range for 

our purpose because of uncontrolled factors in the studies reviewed (type of material, density, 
micrometeorological variables). The uranium particulate effluents from the FMPC are likely 

more homogeneous in properties that would affect deposition than the myriad particulate 
substances in the studies reviewed by Sehmel (1980). The spread of our applied uncertainty 
distribution has not been finally decided, but it is likely to comprehend at least an order of 
magnitude with 90% probability. 

For larger particles, with aerodynamic diameters greater than about 20 Mm, terminal 
velocity of gravitational fall is the dominant component in accounting for dry deposition, and 
we are inclined to associate relatively less uncertainty with this velccity than with deposition 
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velocities for smaller particles. A factor of two can be assigned to the effects of non-spherical 
shapes of particles and agglomerates (Hanna et al. 1982, Table 10.1), and perhaps an addi
tional factor of two could be argued for to account for possible inaccuracy in graphical estimates 
used in the calculation (Appendix G, Table G-3). It should be mentioned that the form of the 
model for dry deposition of large particles - i.e., the use of a deposition velocity with source 
depletion - may not adequately address the removal of the particles from the plume, as is 
discussed at the end of Appendix G. This question will be investigated further before final 
calculations are undertaken, and consideration will be given to making use of a tilted-plume 
version of the model for particles in this size range. But the question concerns the structure 
of the model rather than parametric uncertainty. 

Distributions of Particle Size 

The study by Northern Kentucky Environmental Services (NKES) in 1985 furnished the 
basis of assigning distributions of particle diameter to the FMPC releases that passed through 
dust collectors (Appendix D). Particles in this size range (aerodynamic diameter < 20 /-Lm) are 
in the respirable range and thus are the most important from the point of view of inhalation 
dosimetry. These releases, combined with particles of similar size that penetrate the scrubbers 
of Plant 2/3 and Plant 8, account for more than half of the uranium that was released to the 
air from the FMPC during 1960-1962. 

Appendix D indicates methods that were used to consolidate the empirical distributions 
of dust-collector particles into a smaller number of distributions on the basis of the processes 
that produced them. The distributions are for UaOs and UF4 , and each is subdivided according 
to inlet and outlet for the dust collector. A continuous-type distribution, based on a nonlin
ear cubic regression, was fitted to each empirical distribution for convenience in automated 
interpolation, extrapolation, and calculating percentage points (Appendix D). 

The exact shapes, central measures, and quantiles of these distributions are, of course, 
uncertain, and we have developed tools to distort them randomly from their nominal config
urations. By designating a fixed upper quantile (say the 90th percentile), denoted by Xu, and 
defining the parameter S =Xu - X50% (which we call the SPREAD of the distribution), we may 
prescribe an arbitrary fractional increase or decrease in the spread (e.g., 50%) while keeping 
the median fixed. Alternatively, we may call for a similar increase or decrease of the median 
keeping the spread fixed. In this way, we apply random perturbations to the distributions 
in the Monte Carlo analysis and allow these distortions to propagate into the deposition and 
dose models. (We should note that for purposes of the Monte Carlo calculations, the particle 
size distributions are not considered probability distributions from which sampling is done. 
They are components of the deterministic model that underlies the simulations.) 

Particles of similar size that penetrate the scrubbers have been represented by histograms 
with four and five class intervals (Tables D-l1 and D-16). These particles represent about 
24% of the uranium in airborne releases from the FMPC during 1960-1962 (Appendix D). 

This distribution and the allocation of uranium to particles of this class will be treated as 
uncertain quantities, but this implementation has not yet been carried out. 

Reentrainment of uranium entering the scrubbers of Plant 2/3 and Plant 8 in the scrub 
liquor and the escape of the droplets to the atmosphere has resulted in distributions of large 
particles (physical diameters> about 30 /-Lm), which have been discussed in Appendix D. 
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Parametric Uncertainties in the Air Transport Model 

About 49% of the uranium released from FMPC facilities to the atmosphere during 1960

1962 is believed to have been in these large-size distributions. These distributions and the 
allocation fraction will be treated as uncertain quantities. Implementation of the uncertainty 
mechanisms has not yet been worked out. Quantitative treatment of these particles is essen
tial for total mass balance, and their deposition on crops and pasture introduces them into 
the ingestion dose pathway, but for inhalation dosimetry they are unimportant. 

We consider the configurations of particle-size distributions and allocation fractions to be 
systematic quantities, which are varied only at the beginning of each simulation .. 

Roughness Length 

The roughness length parameter, denoted by Zo (m) is characteristic of the deposition 
surface (Appendix G). As a nominal value, we have taken 0.22 m, which is the geometric 
mean of the values for uncut grass (0.05 m) and tree cover (1 m). This range is suitable 
for the treatment of uncertainty of this parameter, although it must be truncated below 1 m, 
because that height is used as the reference heightfor the wind speed in estimating deposition 
velocities, and the use of the same value for Zo creates a singularity in the formulas (the wind 
speed is taken to be zero at height zo). In the simulations, the uncertainty of Zo will be 
considered systematic, and the parameter will be varied only prior to each simulation of the 
38 year plant history. 

Parameters Influencing Plume Rise 

Figure K-1 indicates a dependence of predicted air concentrations on point-of-release 
parameters that influence the rise or sinkage of the plume. Appendix I sets forth a method
ology that was assembled primarily from the work of Briggs (1969, 1974, 1984). For buoyant 
plumes (the only ones with which we shall be concerned), Briggs (1969) suggests allowing for 
multiplicative deviations of ±10% from the estimates for a flat site and ±40% near a body of 
water or a prominent terrain irregularity, and we incorporate the latter estimate to account 
for terrain effects. 

Because of our application of the building wake effects model to all releases from rooftop 
stacks, plume rise calculations will be applied only to two sources: the old solid waste inciner
ator and the oil burner. These facilities generated high temperatures, which are themselves 
uncertain, and further work remains to be done to quantify these sources. Their combined 
airborne release of uranium, however, was a small fraction of the total, and relatively large 
ranges of uncertainty can be assigned to their parameters without having a large effect on 
the overall uncertainty. The old solid waste incinerator is believed to have contributed signif
icantly to contamination of the soil near it, but it is unclear how much of the contamination 
was spread by handling the ash during removal rather than from the stack itself. 
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Crosswind Building Area and Other Aspects of Wake Effects Modeling 

Appendix J develops our approach to accounting for distortion of the plume by building 
wake effects. If the building generating the wake is isolated, the prediction of air concentra
tion depends on the building's crosswind area. Simple models are not available for building 
complexes, but we also performed calculations based on the assumption that each building's 
width was approximately the longer dimension of the FMPC production area, thus treating 
the complex as a single large building. Calculations with these two extremes gives a range 
that tentatively serves as one component of uncertainty for the calculation. The range, gener
ally within a factor of ±50%, is shown as the vertical extent of the shaded areas in Figs. J-1 
through J-4. Other components of uncertainty associated with wake effects are more diffi
cult to quantify in terms of model parameters, and we leave them in the category of residual 
uncertainty, which is discussed in the next subsection. 

The validation simulations reported in Appendix J show a tendency of the wake effects 
model to overpredict the air concentrations at the perimeter stations. But the Gaussian plume, 
implemented in a form that ignored wake effects, produced comparable overpredictions, and 
thus one is not led to attribute the overpredictions to the particular treatment of building wake 
effects. As we pointed out at the end ofAppendix G, and as the deposition results presented in 
Appendix M seem to confirm, at least part of the overprediction of air concentration is likely 
due to underestimation of the removal oflarge particles from the plume by dry deposition. As 
we have previously noted, the effect is probably the result of an inefficiency of the deposition 
velocity model with source depletion of the plume for particles in this size range. 

Residual Uncertainty 

It is possible that some observations of air concentration will lie outside of the range of 
uncertainty estimates even after the parametric variations described above have been incorpo
rated into the Monte Carlo analysis. If this occurs to a significant extent, after the deposition 
models are given final adjustment and other fine-tuning is performed, similar comparisons to 
those depicted in Figs. J-1 through J-4 will be used as a basis for adding an uncertainty factor 
of such magnitude as is required to encompass the residual observed deviations of the model 
predictions from the measured values. The goal is that central values (means or medians) 
track observations as well as possible, minimizing bias in the predictions, and that necessary 
conservatism be put into the estimates of uncertainty. 

CONCLUSION 

We have summarized parametric uncertainties in the air transport models, together with 
existing or proposed methods of quantifying them for the final calculations. The result is a 
methodology that is designed to support different scenarios of exposure to airborne uranium 
and associated radionuclides, as well as to airborne radon and its daughters. The conceptual 
result of a Monte Carlo run of simulations is, for each period during the simulated plant 
operation (year or month), a correlated set of "observations" on air concentrations at receptor 
points in the assessment domain. These joint distributions, collectively, are our estimate of 
uncertainty in the air concentrations. The concentrations, however, are not the endpoint ofthe 
assessment. We qualified them as conceptual because there may not be an occasion to tabulate 

DRAFT 




r 
r 

f 

J 

I 

L 

[' 


Appendix K Page K-ll 
Parametric Uncertainties in the Air Transport Model 

them explicitly. Rather, any displayed tabulations would consist of estimates of incremental 
dose to several target organs for people residing near the receptor points (Appendix A). 
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APPENDIXL 

AIR MONITORING DATA FROM STATIONS NEAR THE FMPC 

INTRODUCTION 

Examination of historical air monitoring data is important to the development of 
methodology used in the Fernald Dosimetry Reconstruction Project for several reasons. The 
air monitoring data can provide measurements to compare with environmental transport 
model predictions, and can assist in choosing appropriate models (e.g. of building wake 
effects, Appendix J, this report). In conjunction with other environmental measurements 
such as gumpaper and precipitation, air monitoring data can be used to derive site-specific 
parameter values for use in the models. 

Although the environmental monitoring data are important to consider in developing 
methods for dose reconstruction, they are not complete enough, either temporally or 
spatially, to rely on exclusively for assessment of the exposure to surrounding populations 
from FMPC effluents. Rather, these data are used primarily to provide a quality check of 
the source term estimates and to calibrate or validate the transport models. 

The material presented in this Appendix focuses on the early 1960's, in support of the 
model simulations performed for this time period. The complete set of air monitoring data 
will be included in the Task 5 verification report. A brief description of the air monitoring 
program is presented first along with data for the 1960-1962 period. Finally, factors 
affecting the quality of the measurements made during that time are discussed. 

FMPC AIR MONITORING PROGRAM AND DATA FOR THE 1960-1962 PERIOD 

From the earliest years of operation, ambient environmental air around the FMPC was 
sampled and analyzed for uranium. The amount and quality of data available has improved 
over the years. The objectives of the early perimeter air sampling program, as gathered from 
examination of historical memos and monthly reports, were twofold: 1) to determine the 
amount of uranium dust leaving the plant and 2) to compare the U concentration in air with 
the maximum permissible concentration in NBS Handbook 69 (NBS 1959). The latter 
objective was met in quarterly and annual reports of the monitoring data. Assessment of the 
amount of U leaving the plant were made generally in a qualitative way and were normally 
stated to be "small". 

The basic air monitoring technique was to draw a known volume of air through a filter 
and to measure the amount of uranium collected by the filter. In the 1960-1962 period, 
samples of ambient air were obtained weekly from four locations located at the four corners 
of the production area (Figure L-1). In the first quarter of 1960, perimeter air sampling was 
not performed due to construction. Occasional samples of uranium in air at offsite locations 
were made during 1960-1962, but these offsite measurements are not complete enough to be 
useful for development of transport model methodology. Offsite air monitoring data for these 
and other years will be examined together in the Task 5 verification report. 
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For the dose reconstruction project, the measurements of uranium in air at the FMPC 
perimeter have been transcribed into computer spreadsheet format directly from the 
original Analytical Data Sheets from the Fernald site (NLCO 1960-1962). These data sheets 
record: 

• location of the air sample 
• sampling flow rate (m3 min-I) 
• sampling duration (min) 
• total volume of air sampled (m3) 

• total U on the filter (J,lg) 

• uranium concentration in air (!lCi mL-I) 
• alpha activity concentration in air (!lCi mL-I) 
• beta activity concentration in air (!lCi mL-l) 
• uncertainty on the alpha concentration at the 95% confidence level 

The U mass on the air filter was determined by the FMPC Analytical Department using 
the fluorimetric analytical method. Numerous methods have been used for uranium analysis 
(Minczewski 1963), but fluorimetry has been most frequently adopted for routine analysis of 
samples containing very small quantities of uranium (usually 0.001 to 10 micrograms U). 
The U measurements are much more useful for our purposes than the gross alpha or beta 
analyses, which are strongly influenced by global fallout contributions. 

A ratio of 6.8 x 10-7 Ci g-I U was used by the FMPC staff to compute the activity 
concentrations, which were recorded on the data sheets. In the 1960-1962 period, and 
earlier, the volumetric flow rate of the sampler was recorded as a constant 1.5 m3 min-I 

(NLCO 1960-1962). The total volume of air drawn was computed by the product of this 
constant flow rate and the sampling time. 

Although samples were taken generally at a frequency of one week, the air was not 
continuously sampled. A typical sampling was 3360 min (56 hours), or 33% of the week. One 
primary reason for the discontinuous sampling was that at these relatively high flow rates, 
the filters (approximately 4 inches in diameter) would load up with dust after several days, 
resulting in frequent pump failures. For two weeks in October 1960, a continuous air 
sampler (manufacturer: Unico, model 300) was tried along with the Staplex sampler at 
location PS-4 (SE corner). This test sampler had a flow rate of 15 cfm (0.47 m3 min-I), about 
113 the flow rate of the Staplex high volume air samplers. After these two weeks, the new 
sampler was pulled in for maintenance, and there is no indication that the Staplex samplers 
were replaced. No routine continuous air monitors were employed at the FMPC until the 
boundary air monitoring stations were established in 1972 (Figure L-l). Examination of the 
data from the boundary stations will be included in the Task 5 verification report. 

Until 1959 at the FMPC, the air samples were obtained in the open air at up to eight 
guard towers on the FMPC perimeter. Dodd (1958) indicated that protective covers were 
being constructed for the perimeter samplers and that "more frequent sampling and more 
reliable data will be available as soon as these are put in use". The perimeter guard towers 
were removed in late 1959, and permanent, wooden louvered-sided instrument shelters for 
the air samplers were completed by 22 April 1960 (Quigley 1960, 1961). 
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To summarize, from these written sources as well as personal communications with site 
personnel (Dugan 1992), we have deduced that the typical air sampler used at the FMPC 
perimeter during the 1960-1962 period was a Staplex high-volume air sampler inside a 
louvered weather shelter, drawing air at 1.5 m3 min-l through an MSA Type S pleated fIlter 
of approximately 4 inch (10 cm) diameter. The fIlter face was oriented perpendicular to the 
ground surface (Dugan 1992). The average inlet velocity through the sampler fIlter would 
have been 3.2 m s-l. 

A tabular presentation of the individual weekly measurements of uranium in air for 
1960-1962 is included in Tables L-1 through L-3 below. Some measurements were 
invalidated due to conditions such as the following, which were noted by the sampling or 
analytical technicians on the analytical data sheets: 

• defective pump 
• uncertain sample volume or time 
• partial loss of sample 
• fIlters came loose 

These invalidated data are indicated by "IV" in Tables L-1 through L-3. 

Table 1..-1. Uranium in Air at Perimeter Monitoring Stations in 1960 
fLCi U mL-1 (x 10-13) 

Sample Midpoint 
Date!I'ime Time ofSampling PS-I (SW) PS.2 (NW) PS.3(NE) PS.4 (SE) 

ofrl (min) Period 

512'60 9:00 3360 I-May-60 NAb 1.71 1.71 NA 
519/60 9:00 3360 ~May-60 NA 10.87 1.91 NA 

5116160 9:00 3360 15-May-60 NA 0.18 1.27 NA 
5123160 9:00 3360 22-May-60 NA 1.14 3.37 NA 

5130/60 12:00 3420 29-May-60 NA 1.64 1.23 NA 
616160 9:00 3300 5-Jun.&l NA 0.96 1.37 NA 

6113160 9:00 3360 12-Jun.&l NA 0.46 0.82 NA 
6120/60 9:00 3360 19-Jun.&l NA 0.5 1.77 NA 

6127/60 10:00 3360 26-Jun.&l NA 0.68 0.09 NA 
7/4/609:00 3360 3-Jul.&l NA 1.64 1.46 NA 

7/11160 9:00 3360 lO-Jul.&l NA 2.59 NA NA 
7/18160 9:00 3360 17-Jul.&l NA 2.05 1.09 NA 
7125160 9:00 Varies 24-Jul.&l 4.73 1.36 0.96 1.5 
811160 9:00 3360 31-Jul.&l 2.41 2.32 1.5 0.96 
8181609:00 3360 7-Aug-60 2.18 0.68 2.06 1.09 

8115160 9:00 3360 14-Aug-60 1.64 0.96 1.5 1.91 
8122'60 9:00 3360 21-Aug-60 4.19 1.5 0.96 1.22 
9/1160 9:00 4800 3O-Aug-60 2.09 0.68 1.32 1.05 
9/81609:00 3360 7-Sep-60 3.78 0.32 0.68 0.32 

(continued next page) 
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Table L-l. (continued) 
9/161GO 9:00 3840 15-Sep-GO 1.18 2.59 1.54 2.5 

9/221GO 9:00 2880 21-Sep-GO 1.09 2.46 0.3 0.55

9/30/GO 9:00 3360 29-Sep-GO 6.37 1.37 1.23 1.41 

10l7lGO 9:00 3360 6-0ct-GO 5.69 1.5 1.5 2.87 


10/141GO 9:00 3360 1S-0ct-GO 7.71 1.37 2.74 1.64 


1O/211GO 9:00 NA 19-0ct-GO 1.91 0.66 1.02 1.77 


10/181GO 12:30 3360 17-0ct-GO NA 0.61 1.64 0.68 


l1111GO 9:30 19~ 31-0ct-GO NA we IV 4.03 


11/8IG09:OO 3360 7-Nov-GO NA NA 9.06 4.1 


a If no time off is given, 9:00 AM is assumed, as this is a common recorded time. 


b NA = Not available. 


C IV= Invalid data. 
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Table L-2. Uranium in Air at Perimeter Monitoring Stations in 1961 

Date!l'ime 

offl 

Sample 

Time 

(min) 

Midpoint

ofSampling 

Period 

!-lCi U mL-1 ( x 10-13) 

PS-1 (SW) PS-2 (NW) PS-3 (NE) PS-4 (SE) 

111116114:00 

1127/6115:30 

2111619:00 

2181619:00 

211516114:00 

212216115:00 

3/11619:00 

3/3/619:00 

3/8/6114:30 

3/1516115:30 

312216114:30 

3/29/61 9:00 

41516114:30 

411216115:00 

4119/6114:30 

4127/619:00 

513/619:00 

51111619:00 

511816110:00 

51251619:00 

6111619:30 

6130/619:00 

71716119:00 

7171619:30 

7/14/619:00 

1~ 

3360 

2400 

3360 

3360 

3360 

3360 

1~ 

3360 

3360 

3360 

3360 

3360 

3360 

3360 

37~ 

2880 

3840 

3360 

3360 

3360 

3840 

1~ 

34~ 

3300 

11-Jan-61 

26-Jan-61 

31-Jan-61 

7-Feb-61 

14-Feb-61 

21-Feb-61 

28-Feb-61 

S-Mar-61 

7-Mar-61 

14-Mar-61 

21-Mar-61 

28-Mar-61 

4-Apr-61 

11-Apr-61 

IS-Apr-61 

26-Apr-61 

2-May-61 

10-May-61 

17-May-61 

24-May-61 

31-May-61 

29-Jun-61 

7-Jul-61 

6-Jul-61 

13-Jul-61 

NAb 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

2.04 

2.25 

0.54 

we 
2.32 

0.27 

0.75 

0.54 

3.68 

3.96 

8.1 

1.22 

0.53 

0.18 

1.43 

1.3 

NA 

2.39 

0.191 

0.15 

NA 

0.443 

0.539 

NA 

0.75 

0.88 

0.68 

0.68 

IV 

0.34 

1.64 

1.57 

0.22 

0.96 

1.23 

1.08 

0.31 

0.37 

11.4 

1.98 

0.96 

17.00 

1.21 

3.03 

0.80 

0.95 

1.07 

1.21 

5.11 

2.32 

2.11 

0.27 

1.22 

IV 

0.41 

0.61 

2.80 

0.40 

0.68 

0.61 

0.95 

2.58 

2.12 

0.14 

0.57 

2.18 

NA 

0.20 

0.70 

0.70 

2.43 

0.54 

0.95 

NA 

0.56 

2.52

1.56 

2.25 

IV 

3.89 

2.87 

0.61 

3.34 

1.09 

0.75

1.49 

2.18 

0.96 

0 .35 

IV 

0.44 

(continued next page) 
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Table L-2. (continued) 

7/211619:30 3300 2O-Jul-61 0.6 1.09 2.59 0.68 

7/311619:30 4800 29-Jul-61 0.68 0.4 1.02 0.61 

817/619:00 3360 6-Aug-61 0.61 0.54 0.38 4.98 

81141619:00 3360 13-Aug-61 1.09 1.63 IV 1.23 

81211619:30 3360 20-Aug-61 1.09 0.61 IV 1.09 

81281619:00 3360 27-Aug-61 0.41 0.96 2.05 1.09 

9/11619:00 1920 31-Aug-61 0.29 1.71 1.09 1.02 

9/81619:00 3360 7-Sep-61 0.03 0.89 2.73 0.40 

9/151619:00 3360 14-Sep-61 2.87 1.37 1.23 0.15 

9/221619:00 3360 21-Sep-61 5.94 0.68 0.89 NA 

10/21619:00 4800 30-Sep-61 0.34 0.75 0.89 NA 

10/9/619:00 3360 8-0ct-61 0.63 0.4 0.81 NA 

10/16161 9:00 3360 15-0ct-61 0.73 0.63 3.00 2.87 

10/23161 9:00 3360 22-0ct-61 1.64 0.75 1.64 2.18 

11111619:00 4320 30-0ct-61 0.24 1.37 2.18 0.13 

11181619:00 3360 7-Nov-61 1.64 IV 1.23 1.37 

11115161 13:00 3420 14-Nov-61 3.07 1.23 1.98 1.57 

111221619:00 3300 21-Nov-61 1.23 0.63 1.64 2.46 

11130/619:00 3840 29-Nov-61 1.09 2.05 0.82 0.66 

1217/619:30 3360 6-Dec-61 0.68 0.48 1.50 0.68 

a If no time ofT is given, 9:00 AM is assumed, as this is a common recorded time. 


b NA = Not available 


C IV= Invalid data. 


Table L-3. Uranium in Air at Perimeter Monitoring Stations in 1962 
!lCi U mL-1 (x 10-13) 

Sample Midpoint 

Date!I'ime Time of Sampling PS.1 (SW) PS.2 (NW) PS.3 (NE) PS.4 (SE) 

ofPl (min) Period 

115/629:00 3360 4-Jan-62 0.49 0.37 4.10 0.47 

11121629:30 3360 ll-Jan-62 0.39 0.68 1.64 0.53 

1119/629:00 3360 18-Jan-62 1.84 0.4 JVC 0.75 

112616212:00 3420 25-Jan-62 0.52 0.18 1.23 0.52 

2121629:00 3300 1-Feb-62 3.41 0.12 1.09 0.30 

215/62 10:00 1440 4-Feb-62 0.16 0.47 0.82 0.68 

21121629:00 3360 ll-Feb-62 2.87 0.31 2.05 2.05 

2119/62 9:00 3360 18-Feb-62 2.18 0.048 0.08 1.36 

2126/629:00 3360 25-Feb-62 1.23 0.96 0.88 1.09 

3111629:00 1440 28-Feb-62 4.71 0.06 0.18 5.66 

3181629:00 3360 7-Mar-62 3.55 0.12 0.18 0.89 

311516212:00 3420 14-Mar-62 1.36 1.23 0.82 1.57 

31221628:30 3300 21-Mar-62 0.51 0.31 1.23 2.87 

(continued next page) 
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Table L-3. (continued) 

I \ 

\ 
I 

0 
f1 

J 
fJ 

} 

3/29/628:30 3360 28-Mar-62 16.24 0.27 1.77 1.36 

4/4/628:30 2880 3-Apr-62 3.14 0.25 2.05 2.87 

4/111629:00 3360 10-Apr-62 0.57 0.96 1.23 0 .48 

4/181629:00 3360 17-Apr-62 4.23 0.2 0.26 1.91 

4/24/628:30 3360 23-Apr-62 1.43 1.23 1.84 7.37 

5121629:00 3360 1-May-62 0.89 3.28 3.28 1.09 

5181629:00 3360 7-May-62 0.46 1.77 1.16 1.71 

51161629:00 3360 15-May-62 3.82 0.82 1.57 2.18 

5/23/629:00 3360 22-May-62 1.84 1.77 1.3 1.91 

61151629:00 3360 14-Jun-62 3.21 IV 1.71 0.96

61221629:00 3360 21-Jun-62 2.05 IV 1.84 IV 

61281629:00 3360 27-Jun-62 4.84 0.54 0.61 IV 

7151629:00 3360 4-Jul-62 1.09 0.68 0.51 0.31 

7/121629:00 3360 ll-Jul-62 0.47 0.096 0.34 0 .29 

7/19/629:00 3360 18.Jul-62 0.54 IV IV 1.16 

7/26/629:00 3360 25-Jul-62 0.34 0.58 2.87 2.05 

8111629:00 2880 31-Jul-62 0.5 0 .55 0.55 1.84 

8181629:00 3360 7-Aug-62 1.57 0.96 1.50 1.43 

81151629:00 3360 14-Aug-62 4.1 1.09 0.68 3.68 

81221629:00 3360 21-Aug-62 1.84 0.58 1.77 0.68 

9/4/629:00 6240 2-Sep-62 1.57 IV 1.64 0 .89 

9/111629:00 3360 10-Sep-62 2.59 0.82 1.98 0.41 

9/20/629:00 4320 18-Sep-62 3.41 2.39 1.02 2.39 

9/24/6212:00 3420 23-Sep-62 2.25 0.96 1.16 1.77 

10/11629:00 2880 30-Sep-62 0.75 0.6 0.75 4.44 

10181629:00 3360 7-0ct-62 1.09 0.57 1.23 1.57 

10/151629:00 3360 14-0ct-62 1.57 0.34 3.07 0.82 

101221629:00 3360 21-0ct-62 0.68 0.89 2.46 0.63 

10/29/629:00 3360 28-0ct-62 0.68 0 .2 1.50 1.50 

1117/629:00 4320 5-Nov-62 1.36 0.61 1.02 1.57 

11114/629:00 3360 13-Nov-62 9.48 0.24 1.30 1.23 

111211629:00 3360 20-Nov-62 0.34 0.57 IV IV 

11130/629:00 4320 28-Nov-62 3.82 0.37 NAb 1.50 

1214/629:00 2040 3-Dee-62 2.52 0.82 NA 0.75 

1211116212:30 3420 10-Dee-62 0.89 0.14 1.91 NA 

121181629:00 3300 17-Dee-62 0.59 IV 4.16 IV 

121251629:00 3360 24-Dee-62 3.41 0 .68 0.64 0.96 

121311629:00 2940 3O-Dee-62 3.46 0 .58 1.85 .NA 

a If no time off is given, 9:00 AM is assumed, as this is a common recorded time. 


b NA = Not available. 


C IV= Invalid data. 
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EVALUATION OF QUALITY OF ENVIRONMENTAL MONITORING DATA FOR 
URANIUM IN AIR IN THE EARLY 1960s 

For environmental monitoring programs in operation today, there are a number of 
measures which are taken to assure data quality. For air monitoring programs, these might 
include: 

• maintenance of standard written procedures 
• calibration offlow rate of sampling pumps 
• collection of duplicate samples in the field 
• laboratory analysis of blanks, duplicates, and known reference standards 
• participation in interlaboratory comparison programs 

In the early years of FMPC operation, there was not as much emphasis on quality 
assurance (QA) as we know it today. Although there probably were similar procedures and 
policies established, particularly for the laboratory handling and analysis of samples, 
minimal written documentation has been located. A general discussion of sources of 
uncertainty in early air monitoring measurements at the FMPC is presented below. Then, 
the next section includes a quantitative assessment of the bias and precision of the 
measurements. 

Sources of Uncertainty in Measurements of Uranium in Air at the FMPC 
Perimeter 

Determination of sample volume. The sample volume was determined from the 
product of the flow rate and the sampling time. As mentioned previously, the flow rate of 
the air samplers was assumed to be constant throughout the sampling period, when in fact, 
the flow rate can both decrease over the sampling period due to particulate loading on the 
fIlter and fluctuate with line voltage variation. Also different pumps may have had different 
average flow rates, whereas a single flow rate was used. 

Collection efficiency of filter media. There are indications that different fIlter media 
were tested for use in the environmental air sampling program. The March 7, 1955 weekly 
report of the IH&R department discussed the newly established ambient air monitoring 
program for "obtaining information about fallout from atom bomb tests." This report 
indicated that Whatman 41 paper in high volume samplers proved unsatisfactory and that 
they changed to pleated fIlters in high volume samplers. Dugan (1992) indicated that the 
pleated fIlters were manufactured by MSA and were the same as those used for effluent 
sampling (Type S). These ,fIlters have been tested as 100% efficient for particles over 2.0 J.1.m, 
dropping to a minimum of 47% for particles in the 0.4-0.6 J.1.m range (Smith and Surprenant 
1953). The calculations of uranium concentration in air on the Analytical Data Sheets 
(NLCO 1960-1962) implicitly assume that 100% of the uranium in the air drawn through 
the fIlter was collected. 

Isokinetic sampling and particle size considerations. These factors can greatly 
affect what can be called the "inlet collection efficiency" as opposed to the fIlter collection 
efficiency. The inlet collection efficiency basically is concerned with how the particle size 
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distribution and concentrations in the air stream entering the fIlter compare with the 
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surrounding air. It is widely observed that true isokinetic sampling under field conditions is 
impossible due to changing wind velocities and directions. The nature of sampling errors 
which may arise due to the anisokinetic sampling of airborne particles has been discussed in 
many texts on aerosols (e.g. Green and Lane 1957; Fuchs 1964; Vincent 1989). Small 
particles tend to behave like molecules and follow the air streams in non-linear motion, but 
large particles have sufficient inertia that they tend to move in straight lines and not follow 
curved air trajectories. Uranium was emitted from the FMPC production processes in a wide 
variety of particle sizes, from relatively small particles from the dust collectors to quite large 
particles resulting from evaporation of mist emitted from the scrubbers (Appendix D). 

Garland and Nicholson (1991) summarize some important common features of studies of 
air sampler performance: 

" ... all the published tests show some common features: the sampling 
efficiency declines with particle size and also with ambient wind speed ..... o 

fJ 

Orientation may be important for non-symmetrical inlets. The dependence of 
efficiency with so many parameters makes it improbable that any correction 
can be successfully applied to filter samplers operating in field conditions. 
Few of the filter samplers investigated have had a satisfactory sampling 
efficiency for particles larger than 30 J,1m, and it is unlikely that any can 
sample particles larger than 100 J,1m." 

May et al. (1976) used a high volume air sampler positioned in a wind tunnel, as a 
standard for comparison with the collection characteristics of other air samplers. Results 
indicated negligible error in sampling of particles up to about 100 J,1m diameter for low 
ambient winds (2.5 m s-l) and the device pointing into the wind. Although the wind speeds 
at FMPC are low, the sampler orientation would not have been continuously oriented to the 
wind, and the effect of the sampler housing is unknown. It is therefore unreasonable to 
expect high collection efficiencies for the large particle sizes. 

The louvered sampler shelters could have acted as baffies in preventing the larger 
particles from entering the shelter. However, comparison of the data before and after 
installation of the shelters in early 1960 suggests that the louvered shelters did not result in 
a noticeable decrease in the concentration of uranium in sampled air. In fact, the 
concentrations in 1958-1959 appear lower (Figure L-2) even though the measurements 
were made in open air and the amounts of uranium released to air were reportly larger in 
1958-1960 compared with 1961-1962 (Clark et al. 1989). (Limited air monitoring data from 
the first half of 1958 are omitted from this figure due to short total sampling times. No 
samples were taken in late 1959 and early 1960 due to construction.) It appears that the 
sampler inlet collection efficiency may have been more important than any shelter effect. 

A summary of the direction of potential bias from these sources of error is presented in 
Table L-4. 
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Figure L-2. Monthly average concentrations of total uranium in air 
at the perimeter stations between 1958 and 1962. Louvered shelters 
to house the samplers were installed in early 1960, whereas in 1958
1959 the samples were taken in the open at perimeter guard towers. 
The high values in November 1960 were presumably associated with 
the episodic release from the Pilot Plant (see Appendix V). 
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Table L-4. Direction of Bias for Potential Sources of Error in Measurements of 

Uranium in Air in the 1960s 


Direction of 
Source of Error Bias 

Low collection efficiency for large particles 
Flow rate decrease due to particulate loading on filter 
Flow rate fluctuations due to line voltage 0 
Less t~an 100% collection efficiency within filter media 
Loss of particulate material from filter during collection or processing 

Inadequate contamination control during collectionlhandlinglanalysis + 


Indicates measurement would tend to underestimate true concentration. 
o Indicates no systematic bias. 
+ Indicates measurement would tend to overestimate true concentration. 
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Quantitative Assessment of Bias and Precision 

Bias. One important use of the air modeling data in methodology development for dose 
reconstruction is to compare measurements with model predictions. For this purpose, an 
estimate of the total uranium in air must be made, not just the concentration in the smaller, 
respirable size fractions. It is our judgment at this writing that the historical air monitoring 
data from the production area perimeter underestimate the total U in perimeter air, and 
that the largest bias is due to the low collection efficiency for large particles. The 
computation of large empirical deposition velocities to gumpaper (Appendix G) and an 
analysis of the particle sizes emitted by the scrubbers (Appendix D) point to the likelihood 
that a significant portion of airborne uranium at close distances is comprised of large 
particles. As discussed above, the collection efficiency for large particles declines with 
increasing particle size, because of inertial effects. 

rl 

J 
L_fJ

For these reasons, we have focused our assessment of the bias of the perimeter air 
samplers on the issue of collection efficiency of high volume air samplers as a function of 
particle size. Because there were no site-specific studies, we turned to the scientific 
literature for information. A number of literature sources on aerosol sampling of ambient air 
were reviewed (May et al. 1976, Pattenden and Wiffen 1977, Wedding et al. 1977, Agarwal 
and Liu 1980, Liu and Pui 1981, Vrins and Hofschreuder 1983, Vincent 1989, Garland and 
Nicholson 1991). The work of Wedding et al. proved most applicable to our situation, 
providing quantitative measurements of collection efficiency for the standard American 
High-Volume air sampler up to 50 ~m aerodynamic diameter (Table L-5). (The aerodynamic 
diameter is the diameter of a sphere of unit density that has the same gravitational settling 
velocity as the particle. The physical diameter of a particle is its aerodynamic diameter 
divided by the square root of the particle density. See Appendix D.) 

Table L-5. Sampling Effectiveness of Hi-Volume Air Sampler at 4.6 m s-1 
(Wedding et al. 1977) 

Particle aerodynamic diameter, ~m 
5 15 30 50 

Sampler orientationa 

97% 100% 35% 55% 18% 41% 7% 34% 

aSampler orientation of 0° is defined as the situation with the Hi-Volume roof ridge parallel to 
the air flow. The Hi-Volume is extremely sensitive to the angle of approaching wind as is more 
efficient at 45° than 0° (Wedding et al. 1977). 

In order to evaluate the Fernald sampler collection efficiency, we estimated the uranium 
particle size distributions at the locations of the perimeter air samplers. This calculation 
took into account the source term particle size characteristics, as well as the differential 
deposition of particles between the release points and the samplers according to particle 
diameters and densities. For Plants 213 and 8, the distances from the plant centers to each 
station were used, but the remainder of the release points were combined into a weighted 
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Table L-6. Distributions of Collection Efficiency Used in Uncertainty Analysis 
Collection Efficiency (%) 

Particle 
Size (!lm) Minimum Most Likely Maximum 

<5 97 98 100 
5-15 35 72 100 
15-30 18 37 55 
30-50 7 25 41 
>50 0 10 34 
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average coordinate pair, with the weights proportional to each plant's total release for the 
36-month period. Separate weighted coordinate pairs were computed for the group of plants 
producing U30 g and those producing VF4. These simplifications were necessary to reduce 
computational time and are believed to introduce only minor errors for the purpose of this 
exercise. 

The uranium particle size distribution was estimated on a monthly basis for each of the 
four perimeter sampler locations between 1960-1962. The distributions at the four stations 
were quite similar with an average of 30% of the total airborne U in the <5 Ilm fraction 
(aerodynamic diameter), 17% between 5 and 15 Ilm, 7% between 15 and 30 Ilm, 8% between 
30 and 50 Ilm, and 38% over 50 Ilm. This qualitatively bimodal distribution arises from the 
fact that scrubber effluents contribute to the largest size fractions and the dust collectors 
contribute to the relatively small size fractions. 

We used the Crystal Ball® software (Decisioneering 1992) to perform an uncertainty 
analysis of the collection efficiency of the perimeter air samplers, based on our estimates of 
the particle size distributions and the collection efficiencies published by Wedding et al. ~J 

1 

W 

J

J
} 

J 
J 

(Table 1.r-5). The efficiency distribution shape was assumed to be triangular with the 
minimum, maximum, and most likely values shown in Table 1.r-6. Minimum and maximum 
values for each interval were taken directly from Wedding et al., and the most likely value 
was obtained by averaging the sampler efficiencies bracketing that size range. For example, 
the most likely efficiency value for the 15-30 Ilm range was the average of 35, 55, 18, and 
41 % (Table 1.r-5), or 37% (Table 1.r-6). Monte Carlo sampling of the distributions was 
performed for 1000 trials. 

The result of the uncertainty analysis of sampler collection efficiency is included in 
Table 1.r-7 for the NE perimeter station. The results from the other three stations were quite 
similar and are not tabulated here. The estimated median collection efficiency for sampling 
of total uranium ranged from 40% (SW station, November 1961), when uranium emissions 
from the scrubbers made up over 90% of the source term, to 65% (NE and SW stations, 
January 1960), when emissions from the scrubbers comprised less than half of the total 
uranium source term. The monthly distributions of sampler efficiency at each perimeter 
station were used to determine confidence intervals for the total uranium concentrations in 
air for each month, which were then compared to model predictions (Figures J-l through J
4, Appendix J). 
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Table L-7. Collection Efficiency of Air Sampler for Total Airborne U at NE 

Perimeter Sampling Station During 1960-1962 


Jan-60 

Percentiles of Efficiency Distribution 

5% 25% 50% 75% 95% 

57 61 65 69 73 
Feb-60 44 47 50 53 56 
Mar-60 44 47 50 53 56 
Apr-60 42 45 47 50 53 
May-60 44 47 50 53 56 
Jun-60 40 43 46 49 52 
Jul-60 42 45 47 50 53 
Aug-60 42 45 47 50 53 
Sep-60 38 42 44 47 50
Oct-60 37 40 43 46 50 
Nov-60 53 58 62 65 70 
Dec-60 38 41 43 46 50 
Jan-61 38 41 43 46 50 
Feb-61 42 45 47 50 53 
Mar-61 40 43 46 49 52 
Apr-61 45 48 50 53 57 
May-61 42 45 48 50 54 
Jun-61 44 47 50 53 56 
Jul-61 47 50 53 56 60 
Aug-61 51 54 57 59 63 
Sep-61 46 50 53 55 59 
Oct-61 49 52 55 58 62 
Nov-61 35 38 41 44 48 
Dec-61 47 50 53 56 60 
Jan-62 52 55 58 60 63 
Feb-62 44 47 50 53 56 

Mar-62 55 59 62 66 70 

Apr-62 44 47 50 53 56 

May-62 46 49 51 54 57 

Jun-62 47 50 53 56 60 

Jul-62 46 50 53 55 59 

Aug-62 51 55 59 62 66 

Sep-62 49 53 56 59 63 

Oct-62 49 52 55 58 62 

Nov-62 51 55 59 62 66 

Dec-62 53 58 62 65 70 
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This analysis of bias was particularly important for comparison of model predictions 
with estimates of total uranium in air. However, it should be emphasized again that the 
negative bias (roughly a factor of 2, due to collection efficiency of the air samplers) is not as 
important from a radiation protection standpoint. The particle size range which is important 
for internal dose assessment should have been efficiently collected by the samplers. 

Precision. A site-specific data set was developed which allowed a quantitative analysis 
of the precision of measurements of uranium in ambient air in the early 1960's. This data 
set was obtained from the original analytical data sheets which recorded results of off'site air 
monitoring during 1963. At that time, it was standard procedure to take two air samples in 
the field at each off'site location. Prior to 1963, there were either too few measurements, 
there were no duplicate field measurements, or the duplicates appeared to be for the 
purpose of testing different filters or samplers, and thus were not true replicates. These 
data (there were a total of 87 pairs in 1963) provided a set of measurements which were 
used to assess the precision of the entire sampling procedure, including actual 
environmental variation, the field sampling method, sample preparation, and fluorimetric 
analysis. 

This field replicate data set was analyzed by examining the distribution of the ratios of 
the paired measurements. That is, 

(L-1) 

where C1and C2 are the replicate measurements of uranium in air at the same location and 
time, and C1 is the larger of the two measurements, so that R ~ 1. 

The cumulative frequency distribution of R is shown in Figure L-3. Half of the replicate 
measurements (cumulative frequency = 0.5) resulted in a ratio less than 1.2, which 
corresponds to an 18% difference between the two measurements. The 75th and 90th 
percentiles of the distribution are 1.81 and 2.82, respectively, which correspond to percent 
differences of 58% and 95%. This analysis applies to the probable uncertainty of a single 
measurement of uranium in air. As several measurements are combined to produce, e.g., a 
monthly average at a given location, the uncertainty on the central estimate is less. 

The concentration range encompassed by this data set is 0.04 to 14 x 10-13 ~Ci mL-1. 
There was no clear relationship between the U concentration being measured and the 
magnitude of R. Although the two highest R values (R =5) resulted from measurements of 
relatively low concentrations (0.3 and 0.6 x 10-13 JlCi mL-1) and the highest concentration 
had a low R value (1.13), the relationship between these extremes is not consistent. 
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Figure L-3. Cumulative frequency distribution of the ratio between field 
replicates of uranium in oft'site air in 1963. Perfect agreement between field 
replicates would result in a ratio of 1.00. 

It is difficult to determine what portion of the variation is due to the different steps of 
the sampling procedure. However, the scientific literature indicates that the fluorimetric 
analysis of uranium at the levels indicated on the analytical data sheets should have 
standard deviations in the range of 3 to 10% (Rodden and Warf 1950, Steele and Taverner 
1959, Price et al. 1953, Athavale et al. 1959, Hassialis and Musa 1956). 
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APPENDIX M 

DEPOSITION MEASUREMENTS USING GUMMED·FILM 

INTRODUCTION 

Gummed-film was used to measure fallout deposition at locations throughout the 
United States during the 1950s and 1960s (Eisenbud and Harley 1953, 1955, 1956, 1958; 
Harley et al. 1960). Deposition was measured daily at 40 to 95 locations during major 
periods of testing at the Nevada Test Site (Beck et al. 1990). Most of these data have been 
retrieved and compiled for use in an assessment of radioiodine doses to thyroids of persons 
in the continental United States from weapons testing at the NTS (Wachholz 1990). 

At the FMPC, measurements of deposition of particles at locations within the plant 
boundaries and at offsite locations were performed using gummed-film from 1952 until 
1965. Although the FMPC measurements were not part of the nationwide fallout 
monitoring effort, evidence indicates that the materials used were the same as in that 
program (Barry 1953, Yoder 1954). 

Gummed-films, with an exposed area of 0.093 m2 (1 ft2), were mounted on pedestals 
that were about 0.9 m above ground. Most of the samples were exchanged monthly, 
although biweekly sampling was more common during the earlier years of the program. 

At the FMPC, most samples were analyzed using the same fluorimetric technique that 
was employed for many other measurements of uranium. Gross beta and gross alpha 
analyses were also performed on most of the samples. The measurements of uranium 
deposition are of greatest interest for this project. The gross counting data are inherently 
of little interest, but were used when necessary to estimate the uranium depositions for 
some samples. Gross beta measurements reflected primarily the deposition of fallout from 
nuclear weapons testing that was underway at the NTS and subsequently in the South 
Pacific and in the Soviet Union. 

The data presented in this appendix have been obtained from files of data sheets that 
contain the results of the laboratory analyses of the gummed films. The monitoring 
locations around the FMPC are discussed in the next section. An important aspect of the 
evaluation of the data was estimation of the gummed-film collection efficiency. That issue 
is discussed in the third section. The fourth section contains the results of deposition 
measurements that have been retrieved from the files and evaluated. 

MONITORING LOCATIONS 

During 1960-1962, the period of interest for this report, routine monthly deposition 
samples were obtained at about thirty locations within and around the FMPC production 
area. The locations are listed in Table M-1, together with the approximate directions and 
distances from the center of the production area. The latter were determined from a hand 
drawn map that was found in the archives that showed the 25 nearby locations and from 
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Table M-l. Approximate Locations of Deposition Measurements 

Near the FMPC During 1960-1962 


Station Distance (m) Angle (deg) Station Distance (m) Angle (deg) 
Designation from Center from North Designation from Center from North 

N-1 337 6 A 217 201 
N-2 720 2 S-l 246 178 
N-3 1006 0 S-2 874 191 
N-4 7200 -0 S-3 1429 183 

NE-1 514 48 S-4 9500 188 
NE-2 994 36 SW-1 520 219 ·1 

J 
1 

·· 

I' 
"W 

J 

.J 

J

J 

NE-3 1200 26 SW-3 1223 224 
NE-48 4200 72 SW-4b 17000 148 

E-1 
E-2 

323 
732 

89 
89 

W-1 
W-2 

326 
623 

262 
260 

E-4 14000 114 W-3 1086 264 
B 

SE-1 
103 
509 

135 
142 

W-4 
C 

12200 
109 

250 
292 

SE-2 983 136 NW-1 514 319 
SE-3 1606 147 NW-3 1623 304 
SE-4 Unknown Unknown 

8 During 1960, this sampling station was located about 12500 m away at an angle of 
73°. 

b Actually located southeast of the facility center. 

descriptions of the locations of more distant stations. The angles and distances given are 

best estimates from measurements using the map and its accompanying scale. The tabled 
values are best estimates, which have uncertainties in position that are estimated to be 
±2-3 degrees and ±10-20 m. The positions of the 5 stations that were more than 2 km 
away from the plant center could not be shown on the small scale map and were estimated 
using another map of the Fernald area. Positional uncertainties for these locations are 
estimated to be ±5 degrees and ±500 m. 

The table shows that although the locations were numbered as though they were along 
the compass lines, this was not exactly the case. When considered in terms of the 16-point 
compass sectors usually employed for meteroloogical dispersion calculations, a few of the 
locations are in sectors adjacent to those indicated by the station designation. 

TABULATION OF REPORTED RESULTS 

Recovery of data from the gummed-film monitoring program was good. Some samples, 
particularly at the distant locations, were not obtained routinely. These were in populated 
areas, so there are several possible reasons for lost samples; however, particular reasons 
were not given on the analysis sheets. Specific analyses were performed to determine the 
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amounts of uranium collected on the gummed-films. A few analytical sheets indicate that 
the sample was "lost during analysis" but do not provide additional information. 

Table M-2 (in six parts) contains monitoring results taken from the analytical data 
sheets for the deposition samples. The fluorometric analyses for uranium were reported in 
units of ~g ft-2 . On some analytical data sheets, the results appear to have been rounded; 
others are given to many significant figures . 
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Table M-2. Reported Uranium Deposition Near the FMPC for Indicated Exposure 

Period 


(Part 1: 12·14·59 through 6·1·60) 


Reported Uranium Deposition (Ilg ft-2) for Indicated Period 

12-14-59 1-14-60 2-15-60 3-17-60 4-1-60 5-2-60 
Station 1-14-60 2-15-60 3-17 -60 4-1-60 5-2-60 6-1-60 

N-1 1033 1438 295 2570 3750 2250 
N-2 398 438 220 700 975 900 
N-3 238 385 145 675 650 575 
N-4 73 200 108 130 170 200 

NE-1 1545 1030 465 650 2000 1000 
NE-2 690 490 270 425 1000 800 
NE-3 265 388 270 275 575 450 
NE-4 157 32 23 18 
E-1 5150 15238 16250 2570 13750 5250 
E-2 1545 2013 1250 925 2500 1750 
E-4 33 29 15 13 34 27 

SE-1 1288 1438 785 675 7250 5750 
SE-2 293 490 220 425 375 825 
SE-3 318 283 418 275 175 475 
SE-4 
S-l 9595 11550 123 4500 9750 5000 
S-2 318 1313 8000 2250 500 275 
S-3 503 475 270 95 160 175 
S-4 62 220* 75 160 120 190 

SW-1 1113 1838 1750 225 2500 950 
SW-3 715 425* 370 88 1250 350 
SW-4 280 700 200 160 200 
W-1 1288 2100 1715 1025 3250 2500 
W-2 293 1313 1815 1100 2000 
W-3 105 400 343 200 250 625 
W-4 53 270 98 100 150 320 

NW-1 558 400 143 375 625 4250 
NW-3 198 225 195 98 225 300 

A 11868 15225 14500 9750 13500 17500 
B 20200 18900 11000 12000 19000 11250 
C 11868 6563 8500 65000 26000 18250 
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Table M-2. Reported Uranium Deposition Near the FMPC for Indicated Exposure 

Period 


(Part 2: 6-1-60 through 12-1-60) 


Reported Uranium Deposition (~g ft-2) for Indicated Period 

6-1-60 7-1-60 8-2-60 9-1-60 9-30-60 11-1-60 
Station 7-1-60 8-2-60 9-1-60 9-30-60 11-1-60 12-1-60 

N-1 2250 4250 2250 1500 1750 9250 
N-2 875 525 775 575 700 2250 
N-3 725 575 775 475 475 2500 
N-4 275 190 250 220 380 

NE-1 1500 1000 1750 650 4250 4500 
NE-2 875 750 1250 575 2250 2000 
NE-3 525 800 800 650 1000 1500 
NE-4 42 
E-1 12250 6750 7500 4750 6500 35000 
E-2 1500 1750 1250 1500 2750 4750 
E-4 43 23 14 51 

SE-1 1000 4250 2250 2250 4750 10250 
SE-2 325 2500 1075 1000 1750 4250 
SE-3 275 525 550 550 525 2250 
SE-4 
S-l 7750 19000 10750 13250 5250 20250 
S-2 700 1200 1250 1750 1250 2750 
S-3 375 625 525 725 6000 800
S-4 350 190 330 190 230 190 

SW-1 3750 3250 6750 4250 1750 6500 
SW-3 950 925 2250 1025 3750 750
SW-4 310 190 290 300 200 
W-1 3500 8250 3500 1025 1500 12250 
W-2 4500 10500 2500 7750 2250 2750
W-3 1250 927 775 2250 375 400 
W-4 300 260 330 190 220 540 

NW-1 775 2250 1250 950 1000 3000 
NW-3 275 325 275 350 250 825 

A 11250 26500 15500 18750 40000 43000 
B 11250 39000 14500 11750 8750 26000 
C 17500 30000 21000 9250 34000 46500 

v Cl 

~ 
r 

I 
tJ 
D 
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Table M-2. Reported Uranium Deposition Near the FMPC for Indicated Exposure 

Period 


(Part 3: 12-1-60 through 6-1-61) 


Reported Uranium Deposition (~g ft-2) for Indicated Period 

12-1-60 1-5-61 2-14-61 3-15-61 4-18-61 5-19-61 'J 

'-, 

~ 

~ 

'.1 

} 

~ 

J 
J 
J 
J 
J 
J 

Station 1-5-61 2-14-61 3-15-61 4-18-61 5-19-61 6-1-61 
N-1 2750 1250 4250 1075 1750 2250 
N-2 825 675 925 400 300 275 
N-3 900 575 600 425 325 375 
N-4 

NE-1 
250 

2750 
150 

1425 
190 
825 

120 
725 

330 
1075 

140 
475 

NE-2 2250 550 725 575 2500 725 
NE-3 1000 275 400 4002 250 475 
NE-4 700 270 
E-1 10000 19250 14750 9000 10000 225 
E-2 2500 1570 1025 1750 950 800 
E-4 45 33 51 

SE-1 1600 3500 1400 3750 2500 1250 
SE-2 2100 1375 600 1750 725 450 
SE-3 1700 675 300 525 325 275 
SE-4 170 
S-l 13500 20000 9250 17750 10500 4750 
8-2 1025 825 1025 750 775 475 
8-3 
8-4 

925 
588 

425 
230 

275 
190 

300 
120 

275 
270 

625 
210 

8W-1 3750 5000 2000 2750 1750 975 
SW-3 950 1250 375 725 425 425 
8W-4 463 230 170 170 170 210 
W-1 2750 2750 925 
W-2 2000 2500 1500 2250 2000 1575 
W-3 725 700 375 625 350 275 
W-4 363 170 210 150 130 240 

NW-1 
NW-3 

1250 
425 

475 
133 

450 
300 

450 
450 

850 
300 

625 
425 

A 24250 27500 13000 23250 14500 2750 
B 
C 

12750 
30000 

14350 
15750 

8750 
24250 

13500 
8000 

7500 
8250 

3250 
3000 
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Deposition Measurements Using Gummed Film 

Table M-2. Reported Uranium Deposition Near the FMPC for Indicated Exposure 

Period 


(Part 4: 6-1-61 through 12-1-61) 


Reported Uranium Deposition (Ilg ft-2) for Indicated Period 

6-1-61 6-30-61 7-31-61 9-1-61 10-1-61 11-1-61 
Station 6-30-61 7-31-61 9-1-61 10-1-61 11-1-61 12-1-61 

N-1 3250 2250 2250 425 2250 1600 
N-2 725 1750 600 1875 475 575 
N-3 600 825 600 475 475 400 
N-4 230 700 900 530 350 150 

NE-1 2000 1125 825 1475 1175 
NE-2 3500 1175 775 725 725 525 
NE-3 975 875 575 450 475 375 
NE-4 
E-1 23750 7750 9250 7000 8000 6250 
E-2 2250 1200 1500 1250 1250 1750 
E-4 

SE-1 1000 4750 400 1200 2000 
SE-2 825 475 875 825 475 625 
SE-3 725 450 425 5000 250 250 
SE-4 400 900 190 150 410 150 
S-l 6250 5250 19250 175 4750 13250 
S-2 525 1125 825 325 400 725 
S-3 475 450 550 225 175 325 
S-4 250 150 210 330 290 280 

SW-1 1175 2500 925 5750 1775 
SW-3 425 650 700 690 400 575 
SW-4 200 110 225 120 90 
W-1 1250 1750 2750 1525 1125 2250 
W-2 875 700 400 750 225 1225 
W-3 475 925 1025 225 70 375 

W-4 170 250 370 140 2600 130 
NW-1 675 1400 250 675 975 

NW-3 425 425 500 825 325 2250 
A 2750 5250 11750 7000 4250 16250 
B 3250 9250 13000 7250 6250 8750 
C 3000 15750 9750 11000 9250 9000 

1 

0 
l

I 

1 

d 
rJL 

1 

I 
1 
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Table M-2. Reported Uranium Deposition Near the FMPC for Indicated Exposure 

Period 


(Part 5: 12-1-61 through 6-1-62) 


Reported Uranium Deposition (Ilg ft-2) for Indicated Period 

12-1-61 12-29-61 2-5-62 3-1-62 4-4-62 5-2-62 
Station 12-29-61 2-5-62 3-1-62 4-4-62 5-2-62 6-1-62 

N-1 800 1150 750 325 6250 4250 
N-2 105 275 275 1450 1050 850 
N-3 325 250 275 1100 625 750 
N-4 220 180 450 130 175 

NE-1 400 1750 425 275 3000 2250 
NE-2 375 650 275 375 1175 825 
NE-3 325 425 1175 275 700 575 
NE-4 130 160 170 490 108 
E-1 2250 6000 2250 3500 6000 6250 
E-2 1025 1275 625 1575 3000 2000 
E-4 

SE-1 875 775 1400 3000 3500 2750 

SE-2 375 300 575 575 1500 425 

SE-3 225 275 225 700 750 9500 

SE-4 

S-l 6000 5500 6250 11750 12750 550 
S-2 275 625 400 650 375 575 
S-3 500 975 275 275 275 250 
S-4 140 150 138 130 225 

SW-1 625 1300 1525 6750 2500 3750 
SW-3 850 325 450 350 900 650 
SW-4 90 100 180 110 135 
W-1 1025 1050 4250 2000 2250 3750 
W-2 800 950 875 1050 3750 2500 
W-3 350 250 225 350 1000 475 
W-4 70 120 590 110 325 

NW-1 400 475 375 475 1375 1175 
NW-3 95 1225 225 85 325 625 

A 8750 7250 10000 24250 17000 42500 

B 5500 10250 6750 12750 11250 21000 

C 4750 8250 3000 14500 14375 17250 


1 

1 

} 
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1 
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Deposition Measurements Using Gummed Film 

Table M-2. Reported Uranium Deposition Near the FMPC for Indicated 

Exposure Period 


(Part 6: 6-1-62 through 12-31-62) 


Reported Uranium Deposition (J,lg ft-2) for Indicated Period 

6-1-62 6-27-62 8-1-62 9-4-62 10-1-62 11-1-62 12-3-62 
Station 6-27-62 8-1-62 9-4-62 10-1-62 11-1-62 12-3-62 12-31-62 

[ l 

1 

Ll 
[J 

. J 

N-1 4500 1150 6250 4375 3438 2063 2063 
N-2 825 240 1188 813 688 688 688 
N-3 1025 260 1000 875 563 750 750 
N-4 370 175 123 131 100 138 138 

NE-1 2250 850 2950 2150 2750 2050 2050 
NE-2 975 550 500 1563 1313 938 938 
NE-3 575 400 1000 1000 1188 625 625 
NE-4 460 16500 375 188 938 88 88 
E-1 5000 2900 5000 7500 12500 2938 2938 
E-2 4250 1400 2313 2875 2813 1250 1250 
E-4 

SE-1 3750 1300 3150 5000 1900 2950 2950 
8E-2 1450 500 1063 1563 813 1063 1063 
8E-3 1750 250 331 1063 369 563 563 
8E-4 
8-1 16500 6500 15000 28750 11875 13750 13750 
8-2 475 220 938 2188 688 1000 1000 
8-3 875 100 313 688 363 300 300 
8-4 410 145 123 163 106 69 69 

8W-1 8500 650 5500 12000 1850 12500 12500 
8W-3 1425 400 1000 2688 1250 1563 1563 
8W-4 240 120 68 231 231 131 131 
W-1 3000 1550 168750 8750 2063 3063 3063 
W-2 1350 850 51875 5625 1063 1125 1125
W-3 475 115 20625 938 375 325 325 
W-4 1400 190 160 75 125 119 119 

NW-1 1125 1250 2750 1400 1250 650 650 
NW-3 450 230 3938 294 875 163 163 

A 43750 1125 21875 50000 16250 27500 27500 
B 15000 7500 15000 30000 18125 57500 57500 
C 50000 338 25625 30000 14375 11875 11875 
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GUMMED-FILM COLLECTION EFFICIENCY 

The collection effliciency for gummed-film is defined to be the ratio of the fallout 
activity collected by the gummed-film to the total amount deposited on a comparable 
ground surface. At the time of the measurements, the gummed-film collection efficiency 
was estimated to be about 60% (Harley et al. 1960). However, recent evaluations (Beck 
1984; Beck et al. 1990) indicate that the efficiency varies with precipitation amount and is 
substantially lower than originally thought. Comparisons of gummed-film data against 
integrated deposition results from soil samples in relatively arid locations near the NTS 
yeilded an estimated efficiency of 20% for daily collections under dry conditions. 
Contemporary measurements of total deposition and deposition on gummed-film, including 
Chernobyl fallout and field experimental data, led Beck et al. (1990) to the following 
estimates of collection efficiencies for gummed-film as a function of daily precipitation 
amount. Beck et al. (1990) estimated that the I-sigma fractional uncertainty for each 
collection efficiency in Table M-3 was about ±25%. 

Table M-3. Estimated Collection Efficiencies 
for Gummed-Film Exchanged Daily 

Daily 
precipitation 

(mm) 

o (dry) 

0.01- 0.75 

0.75-2.5 

2.5-7.5 

7.5-25 


> 25 


Collection 
efficiency 

0.20 
0.30 
0 .25 
0 .15 
0.10 
0.07 

o 

1 


} 


J

J 
J 

J

.J 

1 

At the FMPC, gummed-film samples were exchanged biweekly or, more commonly, 
monthly. Direct application of the collection efficiencies for one-day sampling periods 
appeared inappropriate. Washoff of deposited material by subsequent precipitation or 
blowoff by wind would be expected to further reduce the amount retained at the end of the 
sampIing period. 

During a two-year period between March 1960 and March 1962, dailly, weekly, 
biweekly, and monthly measurements of uranium deposition on gummed-film were 
obtained for a location on the FMPC site, just north of the Health and Safety Building. 
This special study was undertaken by the Industrial Hygiene and Radiation Department 
at the FMPC to determine the collection efficiency of the gummed-film for various exposure 
times and weather conditions (Starkey 1960a, 1960b). No report describing the results of 
the study has been found; however, the FMPC data files contained the measurement 
results. We have analyzed these data to determine the gummed-film collection efficiencies 
for exposure periods longer than one day. The procedures used in the analysis and the 
results are described below. 
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National Weather Service daily precipitation measurements were obtained for both 
the Cincinnati airport, near Covington, Kentucky, and a downtown Cincinnati location 
(4th and Main Streets). Monthly precipitation totals at these two locations were compared 
with totals measured at the FMPC. From that comparison it appeared that the city 
location was more representative of the FMPC than the location at the airport. 

The precipitation amount measured in downtown Cincinnati for a particular day was 

used to estimate the gummed-film collection efficiency for that day (using Table M-3). The 

measured deposition at the Health and Safety Building for the day was divided by the 

estimated collection efficiency to estimate the true daily deposition at that location. Those 
estimates were then summed for weekly, biweekly, and monthly periods for comparison 
with the total depositions measured for those periods. Weekly collections were compared 
with the sum of seven daily collections during the exposure period when the set of daily 
samples was complete. If only one daily value was missing a comparison was also made. 
However, if two or more daily depositions were unavailable, the weekly collection was not 
compared with the sum of daily values. The same approach to missing data was used for 
the longer collection periods. Comparisons of biweekly deposition results were made with 
the sums of 12-14 daily values. For monthly comparisons, a maximum of four missing 
daily measurements was tolerated. 

The results of the comparisons of longer term deposition results with sums of the 
estimated true daily depositions are shown in Table M-4. Apparent mean collection 
efficiencies for the three longer exposure periods are comparable. The deposition-weighted 
average daily collection efficiency for the approximately three years of measurements was 
0.16. This suggests that most losses occur during the day of deposition or that subsequent 
small losses on later days are counterbalanced by gains due to local effects or are 
masked. 

Table M-4. Apparent Collection Efficiencies of 

Gummed-Film Exposed for Longer 


Collection Periods 


[J Exposure 
duration 

Number of 
comparisons 

Apparent 
collection efficiency 

Mean Std. Dev. 

1 Week 58 0.15 0.06 
2 Weeks 31 0.16 0 .06 

1 Month 15 0.14 0 .03 

The collection efficiency of greatest interest is that for monthly exposure periods 
because, as can be seen from Table M-2 , those were used most frequently in the 
gummed-film monitoring program during 1960-1962. However, biweekly sampling 
periods were used more frequently in the earlier years of monitoring. The distributions of 
the apparent collection efficiencies of gummed-film for these two exposure periods are 
shown in Fig. M-l, and M-2. As might be expected, the variability of the ratios is 

smallest for the longest averaging time. 
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If there are losses due to weathering of material deposited on the gummed film, these 
results suggest that there are approximately compensating depositions, presumably due 

to resuspension of material from the ground surface. An alternative explanation, which 
can not be excluded based on these results, is that the collection efficiency of the gummed
film depends primarily on the conditions at the time of deposition and that there is little 
removal of material fixed at that time. 

TABULATION OF REVISED URANIUM DEPOSITION ESTIMATES 

Table M-5 contains revised estimates of uranium deposition on gummed-film that were 
derived from the reported values (Table M-2) and the apparent collection efficiencies 
given in Table M-4. In Table M-5, which is in six parts, the revised deposition estimates 
have been converted to the metric units of mg m-2 for ease of presentation. 

Uncertainties in the revised uranium depositions are estimated to be in the range of 
20 to 30 percent of the tabulated values. Most of the uncertainty is associated with the 
estimates of the long term collection efficiencies (Table M-4). All values in Table M-5 
have been rounded to a maximum of two significant figures. 

COMPARISON OF DEPOSITION ESTIMATES WITH 
RESULTS OF SIMULATIONS 

Simulations of air transport of uranium released from the FMPC site have been 
reported in Appendices G and J. In these simulations, a model of deposition and plume 
depletion was usually included to adjust predicted air concentrations to show the effect of 
loss of uranium from the plume by deposition. Similar calculations were performed for the 
purpose of comparing simulated deposition with the gummed film estimates. For most of 
the stations listed in Table M-1, Figs. M-3 through M-25 (placed at the end of this 
appendix) show the compared estimates as time series for the 36-month period 1960
1962, with "measured" denoting the efficiency-corrected gummed film estimates and 
"simulated" identifying the model predictions. Table M-6, located after the plots, 
tabulates the comparisons in terms of a measure of bias and the coefficients of correlation 
between the log-transformed gummed film estimates and the simulated values. Locations 
outside the 8-km assessment domain were excluded from these comparisons. The time
dependent model (Appendix J) was applied to all releases from rooftop stacks, and the 
Gaussian plume was used to predict transport from the old solid waste incinerator and 

the oil burner. 
At nearly all locations, there is a tendency for the simulations to underpredict the 

gummed film estimates. A factor of two is a reasonable generalization of the degree of 
underprediction, although during 1962 a more pronounced divergence is apparent at 
some locations, and at station N-4, near the northern periphery of the assessment domain 
(Fig. M-6), the discrepancy is more than a factor of ten. 

There is also a tendency for the relative difference to increase with the distance of the 

.1 


1 


I 

J
J 

receptor from the source (Fig. M-26). This trend may be due to some combination of two 
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factors. The first is a possibly under-efficient deposition model, which would account for 

discrepancies near the source. The second is a model bias in predicting concentrations 
that tends increasingly toward underprediction with increasing distance. The second 
factor, if it is involved, could be caused by dispersion coefficients (O"Y' O"z) that increase too 
rapidly with distance . One needs to bear in mind, however, that absolute deposition 
values at greater distances are usually smaller than at locations nearer the source, and it 

is possible for a relative difference to increase by an order of magnitude, while its absolute 
value remains constant or decreases. For example, the overall accuracy of prediction at 
station N-1 is within a factor of two (Table M-6 lists the bias as 0.68), corresponding to 
absolute differences of 100 mg m-2, whereas at station N-4 (Fig. M-6), the underpre
diction by more than an order of magnitude (bias 0.05) corresponds to absolute differences 
of about 10 mg m-2, on average. 

The correlations between the log-transformed predicted and observed values that are 
given in Table M-6 (at the end of this appendix) are generally small in magnitude, and 
about half are negative. Much, but not all, of this effect is attributable to a tendency 
toward opposing secular trends in 1961 and 1962, but these are not observed uniformly in 
all plots. A peak in the simulated values near the end of 1961 corresponds, in many of the 
plots, to a dip in the gummed film data. In analyzing the air monitoring data at the 
perimeter stations for the 36-month period 1960-1962 (Appendix J), we have observed 
poor matching of the month-to-month fluctuations with those of the reconstructed source 
term (which the simulated values tend to follow closely), and it is not surprising to see 
similar effects in the comparison with deposition data. 

The pattern of underprediction of deposition, coupled with the factor-of-two overpre
dictions by the models of air concentration at the NE perimeter station, suggests that the 
deposition model may be under-efficient in its prediction of the removal of the larger 
particles from the plume. This question, and the related question of the trend of increasing 
underprediction with distance (Fig. M-26), will be studied further as we prepare for the 
final calculations. The overall result, however, is a positive validation of the modeling 
approach, and for locations near the site, the underprediction of deposition fits logically 
with the overprediction of air concentration. Above all, one must realize that the general 
factor-of-two accuracy is quite good for the application of relatively simple models to 
atmospheric phenomena. 
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Figure M-l. Distribution of apparent collection efficiencies 
of gummed film exposed for a period of two weeks. 

Monthly Gummed Film Collection at FMPC 
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Figure M-2. Distribution of apparent collection efficiencies 
of gummed film exposed for a period of one month. 
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Table M-5. Revised Estimates of Uranium Deposition Near the FMPC for 

Indicated Exposure Period 


(Part 1: 12-14-59 through 6-1-60) 


Revised Uranium Deposition (mg m-2) for Indicated Period 

12-14-59 1-14-60 2-15-60 3-17-60 4-1-60 5-2-60 

Station 1-14-60 2-15-60 3-17 -60 4-1-60 5-2-60 6-1-60 

N-1 78 110 22 200 280 170 

N-2 30 33 17 53 74 68 

N-3 18 22 II 51 49 44 

N-4 
NE-1 

6 
120 

15 
78 

8 
35 

10 
49 

13 
150 

15 
76 

NE-2 52 37 20 32 76 61 

NE-3 20 29 20 21 44 34 

NE-4 12 2 2 1 

E-1 390 1200 1200 200 1000 400 

E-2 
E-4 

120 
3 

150 
2 

95 
1 

70 
1 

190 
3 

130 
2 

SE-1 98 110 60 51 550 440 

SE-2 22 37 17 32 28 63 

SE-3 24 21 32 21 13 36 

SE-4 
S-l 730 880 9 340 740 380 

S-2 24 100 610 170 38 21 

S-3 38 36 20 7 12 13 

S-4 
SW-1 

5 
84 

17 
140 

6 
130 

12 
17 

9 
190 

14 
72 

SW-3 
SW-4 
W-1 

54 

98 

32 
21 
160 

28 
53 
130 

7 
15 
78 

95 
12 

250 

27 
15 
190 

W-2 
W-3 
W-4 

22 
8 
4 

100 
30 
20 

140 
26 
7 

15 
8 

83 
19 
11 

150 
47 
24 

NW-1 42 30 11 28 47 320 

NW-3 15 17 15 7 17 23 

A 900 1200 1100 740 1000 1300 

B 1500 1400 830 910 1400 850 

C 900 500 640 4900 2000 1400 
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Table M-5. Revised Estimates of Uranium Deposition Near the FMPc. for 

Indicated Exposure Period 


(Part 2: 6·1·60 through 12·1·60) 


Revised Uranium Deposition (mg m-2) for Indicated Period 

6-1-60 7-1-60 8-2-60 9-1-60 9-30-60 11-1-60 

Station 7-1-60 8-2-60 9-1-60 9-30-60 11-1-60 12-1-60 

N-1 
N-2 

170 
66 

320 
40 

170 
59 

110 
44 

130 
53 

700 
170 I 

- 1 

1 

1 

J 

,
,-. 

.J 
J 
J 
J 
J 
J 

N-3 55 44 59 36 36 190 

N-4 21 14 19 17 29 

NE-1 110 76 130 49 320 340 

NE-2 66 57 95 44 170 150 

NE-3 40 61 61 49 76 110 

NE-4 3 
E-1 
E-2 
E-4 

930 
110 

3 

510 
130 

2 

570 
95 
1 

360 
110 

490 
210 

2700 
360 

4 

SE-1 76 320 170 170 360 780 

SE-2 25 190 81 76 130 320 

SE-3 21 40 42 42 40 170 

SE-4 
S-l 
S-2 

590 
53 

1400 
91 

820 
95 

1000 
130 

400 
95 

1500 
210 

S-3 28 47 40 55 460 61 

S-4 27 14 25 14 17 14 

SW-1 280 250 510 320 130 490 

SW-3 72 70 170 78 280 57 

SW-4 23 14 22 23 15 

W-1 260 620 260 590 110 930 

W-2 340 800 190 170 170 210 

W-3 95 70 59 40 28 30 

W-4 23 20 25 14 17 41 

NW-1 
NW-3 

59 
21 

170 
25 

95 
21 

72 
27 

76 
19 

230 
63 

A 

B 
C 

850 
850 
1300 

2000 
3000 
2300 

1200 
1100 
1600 

1400 
890 
700 

3000 
660 
2600 

3300 
2000 
3500 

DRAFT 




Appendix M Page M-17 
Deposition Measurements Using Gummed Film 

Table M-S. Revised Estimates of Uranium Deposition Near the FMPC for 

Indicated Exposure Period 


(Part 3: 12·1·60 through 6·1·61) 


Revised Uranium Deposition (mg m-2) for Indicated Period 

12-1-60 1-5-61 2-14-61 3-15-61 4-18-61 5-19-61 
Station 1-5-61 2-14-61 3-15-61 4-18-61 5-19-61 6-1-61 

N-1 210 95 320 81 130 170 

N-2 63 51 70 30 23 21 

N-3 68 44 45 32 25 28 

N-4 19 11 14 9 25 11 

NE-1 210 110 63 55 81 36 

NE-2 170 42 55 44 190 55 

NE-3 76 21 30 30 19 36 
NE-4 53 20 13 
E-1 760 1500 1100 680 760 17 
E-2 190 120 78 130 72 61
E-4 3 3 4 

SE-1 120 260 110 280 190 95 

SE-2 160 100 45 133 55 34 

SE-3 130 51 23 40 25 21 

SE-4 
S-l 1000 1500 700 1300 800 360

S-2 78 63 78 57 59 36 

S-3 70 32 21 23 21 47

8-4 45 17 14 9 20 16

SW-1 280 380 150 210 130 74

8W-3 72 95 28 55 32 32 

8W-4 35 17 13 13 13 	 16

W-1 210 210 70

. W-2 
W-3 
W-4 

NW-1 
NW-3 

A 
B 
C 

150 
55 
28 
95 
32 

1800 
970 
2300 

190 
53 
13 
36 
10 

2100 
1100 
1200 

110 
28 
16 
34 	
23 

980 
660 
1800 

170 
47 
11 
34 
34 

1800 
1000 
610 

150 
27 
10 
64 
23 

1100 
570 
620 

120 
21
18
47
32
210
250 
230

~ 
~l 

I 

I 
l.j 	
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Table M-5. Revised Estimates of Uranium Deposition Near the FMPC for 

Indicated Exposure Period 


(Part 4: 6-1-61 through 12-1-61) 


Revised Uranium Deposition (mg m-2) for Indicated Period 

6-1-61 6-30-61 7-31-61 9-1-61 10-1-61 11-1-61 

Station 6-30-61 7-31-61 9-1-61 10-1-61 11-1-61 12-1-61 

N-1 250 170 170 32 170 120 

N-2 55 130 45 140 36 44 

N-3 45 63 45 36 36 30 

N-4 17 53 68 40 27 11 

NE-1 152 85 63 110 89 

NE-2 260 89 59 55 55 40 

NE-3 74 66 44 34 36 28 

NE-4 30 68 14 11 31 11 

E-1 1800 590 700 530 610 470 

E-2 170 91 110 95 95 130 

E-4 
SE-1 0 76 360 30 91 150 

SE-2 63 36 66 63 36 47 

SE-3 55 34 32 380 19 19 

SE-4 
S-l 470 400 780 13 360 1000 

S-2 40 85 63 25 30 55 

S-3 36 34 42 17 13 25 

S-4 19 11 16 25 22 21 

SW-1 89 190 70 440 140 

SW-3 32 49 53 52 30 51 

SW-4 15 8 11 17 9 7 

W-1 95 130 210 120 85 170 

W-2 66 53 30 57 17 93 

W-3 36 70 78 17 5 28 

W-4 13 19 28 11 200 10 

NW-1 51 110 19 51 74 

NW-3 32 32 38 63 25 170 

A 210 400 890 530 320 1200 

B 250 700 980 550 470 660 

C 230 1200 740 830 700 680 

I 
"1 

J 
J 
J 

j 

J 
J 
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Table M-5. Revised Estimates of Uranium Deposition Near the FMPC for 

Indicated Exposure Period 


(Part 5: 12-1-61 through 6-1-62) 


Revised Uranium Deposition (mg m-2) for Indicated Period 

12-1-61 12-29-61 2-5-62 3-1-62 4-4-62 5-2-62 
8tation 12-29-61 2-5-62 3-1-62 4-4-62 5-2-62 6-1-62 

N-l 61 87 57 25 470 320 
N-2 8 21 21 llO 80 64 
N-3 25 19 21 83 47 57 
N-4 17 0 14 34 10 13 

NE-l 30 130 32 21 230 170 
NE-2 28 49 21 28 89 63 
NE-3 25 32 89 21 53 44 
NE-4 10 12 13 37 8 
E-1 170 460 170 260 460 470 
E-2 78 97 47 120 230 150 
E-4 

8E-l 66 59 llO 230 260 210 
8E-2 28 23 44 44 llO 32 
8E-3 17 21 17 53 57 42 
8E-4 
8-1 460 420 470 890 970 720 
8-2 21 47 30 49 28 44 
8-3 38 74 21 21 21 19 

8-4 11 0 11 10 10 17 

8W-1 47 99 120 510 190 280 

8W-3 64 25 34 27 68 49 

8W-4 7 0 8 14 8 10 

W-1 78 80 320 150 170 280 

W-2 61 72 66 80 280 190 

W-3 27 19 17 27 76 36 

W-4 5 0 9 45 8 25 

NW-1 30 36 28 36 100 89 

NW-3 7 93 17 6 25 47 

A 660 550 760 1800 1300 3200 

B 420 780 510 970 850 1600 

C 360 620 230 1100 1100 1300 

Radiological Assessments Corporation 
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Table M-5. Revised Estimates of Uranium Deposition Near the FMPC for 

Indicated Exposure Period 


(Part 6: 6-1-62 through 12-31-62) 


Revised Uranium Deposition (mg m-2) for Indicated Period 

6-1-62 6-27-62 8-1-62 9-4-62 10-1-62 11-1-62 12-3-62 
Station 6-27-62 8-1-62 9-4-62 10-1-62 11-1-62 12-3-62 12-31-62 

N-1 
N-2 

340 
63 

87 
18 

470 
90 

330 
62 

260 
52 

160 
52 

240 
71 I 

- j 

0 
1 

I 
] 

r 

.) 

J 
J 

J 

J 

.J 


N-3 78 20 76 66 43 57 52 
N-4 28 13 9 10 8 10 4 

NE-1 170 64 220 160 210 160 190 
NE-2 74 42 38 120 100 71 62 
NE-3 
NE-4 

44 
35 

30 
13 

76 
28 

76 
14 

90 
71 

47 
7 

62 
11 

E-1 
E-2 
E-4 

380 
320 

220 
110 

380 
180 

570 
220 

950 
210 

220 
95 

900 
200 

8E-1 280 99 240 380 140 220 340 
8E-2 110 38 81 120 62 81 110 
8E-3 130 19 25 81 28 43 43 
SE-4 
8-1 1300 460 1100 2200 900 1000 1500 
8-2 36 17 71 170 52 76 95 
8-3 
8-4 

66 
31 

8 
11 

24 
9 

52 
12 

28 
8 

23 
5 

430 
4 

8W-1 640 49 420 910 140 950 45 
8W-3 110 30 76 200 95 120 140 
8W-4 18 9 5 18 18 10 5 
W-1 230 120 13000 660 160 230 290 
W-2 100 64 3900 430 81 85 190 

W-3 36 9 1600 71 28 25 71 

W-4 110 14 12 6 9 9 4 

NW-1 
NW-3 

85 
34 

95 
17 

210 
300 

110 
22 

95 
66 

49 
12 

130 
17 

A 3300 85 1700 3800 1200 2100 2000 

B 
C 

1100 
3800 

570 
26 

1100 
1900 

2300 
2300 

1400 
1100 

4400 
900 

4500 
1000 
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Figure M-3. Gummed film station N-l. Distance from the center of the production 
area was 337 m, and the direction was 6° from N. 
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Figure M-4. Gummed film station N-2. Distance from the center of the production 
area was 720 m, and the direction was 2° from N. 
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Figure M-5. Gummed film station N-3. Distance from the center of the production 
area was 1006 m, and the direction was N. 
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Figure M-6. Gummed film station N-4. Distance from the center of the production 
area was 7200 m , and the direction was N. 
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Figure M-7. Gummed film station NE-l. Distance from the center of the produc
tion area was 514 m, and the direction was 48° from N" 
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Figure M-S. Gummed film station NE-2. Distance from the center of the produc
tion area was 994 m, and the direction was 36° from N. 
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Figure M-9. Gummed film station NE-3. Distance from the center of the produc
tion area was 1200 m, and the direction was 26° from N. 
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Figure M-IO. Gummed film station NE-4. During 1960, the distance from the 
center of the production area was about 12,500 m, and the direction was 73° from 
N . For the remainder of the 36-month period, the station was located at a distance 
of 4200 m from the center of the production area, in the direction 72° from N. The 
simulation was based on the assumption that the longer distance was the correct 
one. 
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Figure M-ll. Gummed film station E-l. Distance from the center of the produc
tion area was 323 m, and the direction was 89° from N. 
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Figure M-12. Gummed film station E-2. Distance from the center of the produc
tion area was 732 m, and the direction was 89° from N. 

1000 

N
I 
E 
C'I 
E-c 
0.. 
·iii 100 
0 
Q. 
Q) 

C 
~ 
.c:... 
c 
0 
~ 

10 

DRAFT 


L 



r , 
Appendix M 
Deposition Measurements Using Gummed Film 

Page M-27 

Q 


Gummed Film Station SE-1 
1000 

N
I 
E 
Cl 

-E 
c: 
0 

:-2 100 
0 
en 
C. 
Q) 

c 

:?
J:-c: 
0 

:E 


10 

1-Jan-60 31-0ec-60 31 -0ec-61 31-0ec-62 

Date 

Figure M-13. Gummed film station SE-I. Distance from the center of the produc
tion area was 509 m, and the direction was 1420 from N. 
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Figure M-14. Gummed film station SE-2. Distance from the center of the produc
tion area was 983 m, and the direction was 1360 from N. 
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Figure M-15. Gummed film station SE-3. Distance from the center of the produc
tion area was 1606 m, and the direction was 1470 from N. 
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Figure M-16. Gummed film station S-1. Distance from the center of the produc
tion area was 246 m, and the direction was 1780 from N. 
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Gummed Film Station 5-2 
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Figure M-17. Gummed film station 8-2. Distance from the center of the produc
tion area was 874 m, and the direction was 19P from N. 



Gummed Film Station 5-3 
1000 

N 
I 
E 
en 
E 100-c 
0 
:;:

'iii 

0 
c. 
GI 
Q 10 
~ 
.c-c 
0 

== 

1-Jan-60 31-Dec-60 31-Dec-61 31-Dec-62 

Date 

Figure M-18. Gummed film station 8-3. Distance from the center of the produc
tion area was 1429 m, and the direction was 1830 from N. 
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Figure M-19. Gummed film station SW-l. Distance from the center of the produc
tion area was 520 m, and the direction was 2190 from N. 
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Figure M-20. Gummed film station SW-3. Distance from the center of the produc
tion area was 1223 m, and the direction was 2240 from N. 
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Figure M-21. Gummed film station W-l. Distance from the center of the produc
tion area was 326 m, and the direction was 2620 from N. 
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Figure M-22, Gummed film station W-2. Distance from the center of the produc
tion area was 623 m, and the direction was 2600 from N. 
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Figure M-23. Gummed film station W-3. Distance from the center of the produc
tion area was 1086 m, and the direction was 2640 from N. 
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Figure M-24. Gummed film station NW-l. Distance from the center of the produc
tion area was 514 m, and the direction was 3190 from N. 
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Figure M-25. Gummed film station NW-3. Distance from the center of the produc
tion area was 1623 m, and the direction was 3040 from N. 
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Figure M-26. Median predicted-to-observed ratios of monthly gummed-film mea
surements vs. distance from the site. There is a trend of increased underprediction 
of deposition with increasing distance, which may be due to some combination of 
an under-efficient deposition model and underprediction of air concentrations at 
greater distances. The station N-4 at distance 7,200 m was not plotted; its PIO 
ratio is 0.05. 
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Table M-6. Comparison of Simulated Deposition 
with Gummed Film Estimates 

' \\ 

I 


r 

r 

I 


f 

o 
L 

Station Bias8 Correlationb 	

N-1 
 0.68 -0.08 
N-2 
 0.57 -0.02 
N-3 
 0.34 0.06 
N-4 
 0.05 -0.25 
NE-1 
 0.88 0.00 
NE-2 
 0.58 0.05 
NE-3 
 0.54 -0.11 
NE-4 
 0.05 -0.33 
E-1 
 0.28 0.12 
E-2 
 0.45 -0.03 
SE-1 
 0.64 -0.03 
SE-2 
 0.59 0.11 
SE-3 
 0.38 0.05 
S-l 
 1.17 0.02 
S-2 
 0.50 0.21 
S-3 
 0.34 -0.15 
SW-1 
 0.77 -0.03 
SW-3 
 0.28 -0.27 
W-1 
 0.56 -0.22 
W-2 
 0.38 0.17 
W-3 
 0.42 -0.05 
NW-1 
 0.36 -0.08 
NW-3 
 0.12 0.04 

8 	 Bias is defined here as the geometric mean of 

the predicted-to-observed ratios, with the 

mean taken over all (P,O) pairs for the 36
month period 1960-1962. Exact agreement 

would correspond to Bias =1. Values <1 indi

cate underprediction. 


b 	 Correlation coefficients of the log-transirrrurl 
predictions and observations. 
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APPENDIXN 

son. DATA FOR LOCATIONS NEAR THE FMPC 

INTRODUCTION 

This appendix describes an approach to the interpretation of the variety of samples of 
uranium in soils near the FMPC that were available at the beginning of the study. Some 
samples had been taken at relatively few locations for much of the period of the plant's 
operation, some of which could be grouped as time series for particular locations. In the mid
1980s, considerable off-site soil sampling for uranium was undertaken over a wider area in 
the assessment domain of this study. These latter samples offer geographic extent but 
represent essentially a point in time. The challenge is to design an analysis that can make 
use of both spatial and ·temporal information and estimate critical parameters, including 
cumulative depostion of uranium over time in the area covered by the sampling. If we are 
prepared to make the assumption that nearly all of the uranium that was released to the 
atmosphere deposited within the assessment domain, then clearly an estimate of total 
cumulative deposition over the domain up to some specific time is an estimate of the total 
release up to that time. 

Soil uranium may be employed to estimate or validate other estimates of uranium 
deposition if an adequate characterization of uranium concentration in soil over a specific 
time period exists. This quantity is referred to as the soil "inventory." Once the levels of 
uranium present in the soil at specific times are characterized by measurement, a model 
must be developed to describe the deposition of uranium on the soil and its removal over time 
by leaching and runoff. An important component of the model that we will describe is the 
soil-water partition coefficient Kd, which is related to the rate of removal of uranium from the 
soil by water, and conversely to the degree to which dissolved uranium becomes bound to the 
soil. 

We estimated Kd by two methods. The first made use of observed inventories of uranium 
in the surface layer of the soil that had been taken at particular locations over a period of 
many years (time series) to estimate the rate of removal of uranium from the soil. The second 
method sought to estimate Kd directly from soil characteristics such as clay, organic content, 
and pH. The latter method is essentially derived from evaluations of Kd in the open 
literature. A third possible method, which has not been employed in this study, would 
attempt to determine Kd values for soil samples taken in the vicinity of the FMPC by a series 
of laboratory analyses. 

METHODOLOGY 

The Data Bases 

We used six soil uranium data bases to obtain the information in this study. Table N-l 
shows a list of these data bases and some information about each. The data were identified 
by sector, distance (within l-km annuli, centered at the plant), year collected, type of 
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Table N-l. Soil Uranium Data Bases Used for Uranium Deposition Study 

Database 
designation 

Organization 
collecting 

Date 
collected 

Depth of 
stratum Analysis 

Results 
presented in 

SOIL-13 

IT Corp. 

IT Corp. 

1988 

1986 

0-2 in 
2-4 in 
4-6 in 
0-6 in 
6-12 in 
12-18 in 
0-5cm 

U-238 

Total U 

Fig. N-3 

Fig. N-2 

FMPC NLO 
NLO 

NLOIWMCO 

1959 
1965 

1970-1988 0-5cm 
5-10 cm 

Total U Figs. N-4 
to N-I0; 

Table N-2 

ODH Ohio Dept. 
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analysis (total uranium or 238U), the resultant value, number of samples represented by the 
value, and depth of the stratum sampled. 

Initially, the data were organized into 16 sectors of 22.5° centered on the directions N, 
NNE, NE, etc. (the north sector was taken as the angular region 348.75° ~ e < 360° and 0° ~ e 
~ 11.25°). Coordinates in the data bases were either the Ohio State Plane or the UTM 
(Universal Transverse Mercator) system. All data were converted to UTM coordinates (with a 
margin of error of several meters). The coordinates for the FMPC Air Emission Center are 
shown in the following table: 

Ohio State Plane (ft) UTM(m) 

North 480,350 4,352,220 
East 1,380,840 699,370 
Deviation from North 1.5°W l.4°E 

Using Ohio State Plane or UTM coordinates, we arranged the data into sectors and specific 
distance intervals of 1 km. 

Geographic Distribution, Time Sequence, and Stratification 

Figure N-l shows a layout of the plant property and the locations of the seven boundary 
stations where some of the time-series data were sampled. Figure N-2, based on the average 
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Figure N-l. FMPC Plant and property layout, showing the locations of the seven 
boundary stations BS-l to BS-7_ 

results for "SOIL-13 1986 Total U," illustrates the geographic distribution of uranium in the 
soiL Of specific interest is evidence of uranium deposition in surface soil out to 6-7 km in the 
NNE and NE directions, directions toward which the prevailing winds blow_ Closer to the 
plant itself is evidence of high uranium contamination (0-1 km, E, ESE, SSE, and NNW 
sectors) and to a lesser extent in the 1-2 km sectors corresponding to the Sand NW 
directions_ 

These areas of high contamination near the plant could be due to spills of uranium
bearing materials or waste, or from airborne deposition_ If they are the former, they need to 
be excluded from the total soil inventory used to estimate the airborne uranium source term; 
if they are the latter, they need to be included_Therefore, these areas merit closer inspection_ 
Figure N-3 shows 238U concentrations for 1989 in the immediate vicinity of the FMPC and 
some details of the site_The area immediately to the east is characterized by the presence of 
the old solid waste incinerator (OSWI) and was definitely a receptor of airborne uranium 
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Figure N-2. Schematic map of total uranium concentration (pCi g-l) in SOIL-13 file by 
sector and 1-km distance increment. Concentration ranges are indicated by shading: 0-2 
(none), 2-4 (light shaded area), and ~4 (darker shaded area). 

from that source. Extension of the ground contamination in a NE direction lends credence to 
this assumption. Contamination in the ESE and SSE are not in the direction of the 
prevailing winds. These areas are likely affected by ground contamination incidents and not 
by airborne deposition. The NNW contamination is associated with the onsite storage area of 
Plant 1, the sampling plant. A metal scrap area, the tank farm, and an unidentified source 
NE of Plant 9 (the special products plant) all show high levels of contamination. Except for 
the incinerator area, it appears reasonable to attribute levels of uranium in soil above about 
100 pCi g-l to causes other than airborne deposition. 

Soil uranium concentrations from the early 1970s through 1988 were available at six of 
the seven FMPC boundary stations (see Figure N-1). The data collected at these stations 
over time are found in Table N-2. These data are employed later in this study as one method 
for determining the rate of removal of uranium from the soil. 

Both surface data and stratified profiles (2 or 3 layers, with few exceptions) were used as 
input to one of the models presented in the next subsection. 

Determination ofKd 

As noted previously, the soil-water partition coefficient Kd (mL g-l) can be estimated for 
a specified location from time series of uranium data in soil at that location, from the 
literature, or experimentally. 

The time-series data at the boundary stations (Table N-2) were employed, together with 
a nonlinear regression procedure, to calculate a rate coefficient A. (y-l) for removal of 
deposited uranium from the surface soil compartment. If such a rate coefficient can be 
obtained from regression on the uranium data, the value of Kd can be estimated from the rate 
coefficient. Conversely, given the value of Kd, an estimate of the removal rate coefficient A. 
can be calculated. The relationship between the two quantities is given by the equation 

I 


{ 

L 
, , 

DRAFT 




AppendixN PageN-5 
Soil Data for Locations Near the FMPC 

\ I 

I 

\ 

C)-' 
"

. 'I r'i 

_·""""""~':~~}'"·"·"'1~~~~~~~~~~B~~E~R~C~OU~~~~I~"·""'·_••~.".."." ... ""..~"'''••••."•••••••i__1 
~ HAMILTON COU~ 

0 
~ CJO 

2J3 

~ 
PILOT PlANT B 

> 1.000 pCi/g 

> 1.000 

D 
SEWAGE 

TREATMENT 

\ 

Legend 


c:::J > 20 pCi/g SOIL 


E!:lZI > 100 pCi/g SOIL 


_ > 1.000 pCi/g SOIL 


_ > 5.000 pCi/g SOIL 


_ > 10.000 pCi/g SOIL 


Figure N-3. Regions of higher radioactivity of uranium in the soil at the FMPC, based on 
plots from RIIFS measurements (Frazier 1990). The regions at the far right of the figure are 
associated with the old solid waste incinerator. 
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(N-l) 

where 

R = water removal from the surface-soil compartment, taken to be the sum of infiltration 
and runoff (em y-l), 

tlz = depth of surface layer (em), 

P = soil bulk density (taken as 1.6 g em-3), 

Kd = soil-water partition coefficient for uranium (mL g-l) 
9 = soil moisture content (assumed to be 0.1 mL cm-3). 

The regression depends on a simple one-box kinetic model given by the differential 
equation 

dy
-=-Ay+Mr(t) 
dt 

(N-2)

where y denotes the mass (mg) of uranium in a surface-soil compartment one meter square 
by depth tlz. The source function Mr(t) is the product of an undetermined multiplier M and a 
normalized function ret) whose shape is taken to represent the deposition of airborne 
uranium over time. By "normalized," we mean that that integral of ret) from 1951 to 1988 is 
1. We have estimated the shape of this function by normalizing the annual estimates of 
release of uranium to the atmosphere between 1951 and 1988 from the Addendum to FMPC
2082 (Clark et al. 1989). The multiplier M, together with the removal coefficient A., was 
determined by a nonlinear regression that incorporated the model ofEq. N-2. 

It must be emphasized that this procedure does not assume the magnitude of deposition 
over time, but only its relative variation from year to year. The parameter M, which 
represents the total cumulative deposition per unit area at the location in question, comes 
from the regression, i.e., from the soil uranium data. Another point that must be emphasized 
is that this regression method requires time-series data, such as those shown in Table N-2 
for the boundary stations. The procedure would not work if it were restricted to the spatially 
extensive data that were taken only in 1984 and 1986, for example. 

The results of the regression just described are shown in Figs. N-4 through N-10. From 
the regression estimates of A. and by solving Eq. N-1 for Kd, we obtained the estimates of the 
soil-water partition coefficient for each boundary station (Table N-3). The Kd values for 
stations BS-1, BS-2, BS-5, and BS-6 average 17.5 mL g-l, and the remaining stations are 
flagged because of special circumstances. BS-3 is near the old solid waste incinerator, and the 
data for BS-4 and BS-7 contained anomalous features. In the case of BS-4, the contrast of 
magnitudes between the 1959 observation and the data for all other years resulted in an 
anomalously high maximum and steep subsequent descent of the curve. An earlier regression 
that omitted the observations for 1959 and 1965 gave Kd = 18.3 mL g-l. The data for BS-7 
included no observations for the 1970s, and the curve appears to have been anomalously 
influenced by the relationship among the 1959, 1965, and remaining data points. 
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Figure N-6. Nonlinear regression curves for soil data taken as BS-3. This station is 
located near the old solid waste incinerator east of the production area. 
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Figure N-7. Nonlinear regression curves for soil data taken at BS-4. The high value 
for 1959 appears anomalous in relation to the remaining data. 
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Figure N-8. Nonlinear regression curves for soil data taken at BS-5. 
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Figure N-IO. Nonlinear regression curves for soil data taken at BS-7. The lack of data 
for the 1970s and the high value for 1959 contribute to a regression curve that is 
probably anomalous. 

Table N-2. Total Uranium at Boundary Stations (pCi g-l dry) 
De~th 0-10 em 

BS-l BS-2 BS-3 BS-4 BS-6 BS-6 BS-7 

Year FMPC Soil 13 FMPC Soil 13 FMPC Soil 13 FMPC Soil 13 FMPC Soil ODH FMPC Soil FMPC Soil 13 

13 13 

1959 

1965 

1970 

15.2 
6.8 

17.0 
6.4 

8.6 

76.3 

246.0 

18.1 

6.9 

3.9 

14.6 

7.1 

2.4 

14.9 

6.8 
12.7 

2.0 l 
0". j 

~ 

1971 6.8 13.5 65.0 6.0 11.5 12.2 

1972 1.8 8.1 29.8 3.0 4.6 6.0 

1973 

1974 

14.2 

10.2 

18.3 

12.2 

92.8 

63.6 

10.2 

3.1 

9.6 

8.1 

10.2 

9.5 

1975 17.6 17.6 79.2 8.1 13.5 14.9 

1976 12.2 14.9 79.2 6.4 10.2 11.5 

1977 14.9 14.9 90.0 6.4 10.8 10.8 

1978 15.6 14.2 69.1 7.6 10.8 7.6 

1979 8.1 11.5 74.5 7.5 7.5 9.5 

1980 9.5 14.2 42.0 6.1 10.2 12.9 

1981 5.7 7.8 45.0 2.0 8.1 1.0 

1982 3.7 3.7 21.0 1.5 2.7 3.1 1.3 

1983 9.5 13.0 53.0 4.7 6.1 8.8 2.7 

1984 6.4 8.2 9.0 7.2 54.2 16.6 7.5 5.4 9.1 11.2 4.5 U 3.4 8.1 

1985 4.4 2.0 35.9 3.1 2.9 1.3 0.4 

1986 4.7 7.2 10.2 8.7 46.4 59.1 5.4 3.7 6.2 2.1 6.8 8.5 3.4 

1987 4.9 11.0 56.0 5.2 8.4 10.4 4.1 

1988 5.1 9.4 73.0 5.4 5.1 6.9 5.7 
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The second approach employed was to search the literature for values of Kd for uranium 
in soils similar to those near the FMPC. Most of the information was relevant to geologic 
strata, rivers, or the marine environment. Only one set of data, the Multimedia 
Environmental Pollutant Assessment System (MEPAS), itself the result of an extensive 
literature review (Strenge and Peterson 1989), is applicable to surface soil. The MEPAS data 
for uranium isotopes, given in Table N-4, provide Kd values dependent on soil pH and 
composition. 

County soil surveys for Butler and Hamilton Counties (Lerch et al. 1980; Lerch et al. 
1982) provide the required information for use with the MEPAS data. Soil types were 
identified from these surveys at sixteen locations around the FMPC site. Table N-5 presents 
the locations of the sites, the soil types, and their characteristics. All of the pH values were 
between 5 and 9, with clay and organic matter between 10 and 30 percent. From the MEPAS 
values (Table N-4), 50 mL 151 is the appropriate uranium Kd for these soil types. 

Model for Estimation of Airborne Uranium Source Term 

Values of the removal-rate coefficient A. having been determined by two methods, it is 
possible to develop a general model that can use these values and the total soil uranium data 
base to estimate total deposition of airborne uranium throughout the region surrounding the 
FMPC. This model has structural features in common with the earlier nonlinear regression 
model that was used to estimate the removal rate coefficient from the time-series soil 
uranium data at the boundary stations, but it is important to distinguish between the two. In 
the more general model, the removal rate coefficient A. is known in advance, whereas the 
regression model determines an estimate of A.. Both models make use of a normalized 
function f(t) and determine a multiplier M such that Mf(t) estimates deposition per unit 
area. 

The general model works as follows. Given A. and the measured uranium mass Y (mg) in 
a square meter of surface soil, one solves the differential equation (Eq. N-2) with M = 1 to 
get y(T), where T is the time the sample was taken, and one computes M from the equation 

(N-3) 

where Yb is the background level of uranium in the compartment (mg). 
As described previously, the region is divided into cells by using angular sectors and 

Table N-3. Soil-Water Partition Coefficient Kd vs. Removal Coefficient A. 
Boundary 
Station 

Removal Coeffi
cient (y-1) Kd (mL 151) Other soil parameters 

BS-1 
BS-2 

0.077 
0.048 

14.5 
23.4 

Depth llz (cm) 
Bulk density (g cm-3) 

10 
1.6 

BS-3 0.10 11.2 b Moisture content (mL cm-3) 0.1 
BS-4 0.53 2.1 C Infiltration (cm y-1) 13a 

BS-5 0.065 17.2 Runoff(cmy-1) 5a 

BS-6 0.075 14.9 
BS-7 0.66 1.6 C 

a Infiltration and runoff parameters are from Voilleque et al. (1991). 
b Near the old solid waste incinerator. 
C Data questionable. 
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Table N-4 Values of Soil-Water Partition Coefficient.K<f from MEPAS Data as a Function of 
pH and Soil Composition (mL g-l)a,b 

pH Range and Soil Composition 

Isotope 
pH~9 pH 5-9 pH:;; 5 

<10% 10-30% ~30% <10% 10-30% ~30% <10% 10-30% ~30% 

U-233 0 5 50 0 50 500 0 5 50 
U-234 0 5 50 0 50 500 0 5 50 
U-235 0 5 50 0 50 500 0 5 50 
U-236 0 5 50 0 50 500 0 5 50 
U-238 0 5 50 0 50 500 0 5 50 
U-239 0 5 50 0 50 500 0 5 50 
a Excerpted from Table 4.1 ofStrenge et al. (1989). 
b 	 Soil composition is percent by total weight of clay, organic matter, and iron and aluminum 

oxyhydroxides. 

taking radial increments at intervals of 1 km. In each cell, for each observation Y, one 
computes the value of M as outlined above and then calculates cumulative deposition by 
integration ofM times the normalized source function: 

Cumulative deposition = M mg m-2 	 (N-4) 

Note that in Eq. N-4 the cumulative deposition applies to the total period of the study (1951
1988); integration does not stop at the time T when the sample was taken. The cumulative 
deposition is then weighted by the number of sample points that went into calculating it, 
multiplied by the area of the cell, and accumulated into an average for the cell. Carrying out 
this procedure for all surface-soil data for each cell leads us to a table of deposition estimates 
- one for each cell - that can be summed to give an estimate of the total release. Of course, 
there may be cells with no data. 

The approach summarized in Eqs. N-2, N-3, and N-4 works for surface-soil data but still 
does not provide a way of including soil-profile data. This is harder: it requires that Eq. N-2 
be replaced by s system of differential equations. Consider the following system for N layers: 

dYl 	
dt 	= -(AI + Aroff )YI + Mf(t) 

dy· 
_l =-A'Y' +A' IY ' I i=2, ... ,Ndt I I 1- 1-' 

(N-5)

where Yj is the uranium mass (mg) per m2 in soil layer i, Arofl' is the removal-rate coefficient 
attributed to surface runoff, and Aj is the removal-rate coefficient for material that moves 
from layer i to layer i+1. The procedure for estimating deposition at the location of the profile 
is the following: 

1. 	 Solve the system ofEq. N-5 with M =1 to obtain YI(T), ""YN(T) . 

2. 	 Compute 

M j =(Yj - Yb)1 Yj(T), i =l, ... ,N 	 (N~) 

3. 	 Compute the N cumulative deposition estimates Wj from the equation 

- M -2
Wj = i mgm 	 (N-7) 

4. 	 Multiply each Wi by the area of the cell and by the number of samples that the measure
ment represents, and accumulate the products into the average for the cell. 
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This procedure uses the measurement from each layer to compute a separate estimate of 
deposition for the location of the profile. For a given profile, these estimates are not inde
pendent, because each is the result of solving the same coupled system of differential 
equations. The more nearly equal the N estimates of Wi are, the more consistent are the 
measured data with the values of the Ai and AlOft'. Perfect consistency, of course, is 
impossible, but intuition suggests that a fair degree of consistency is a desirable property for 
the calculation to possess. Working against such consistency are factors such as 
inhomogeneous soils, stratified horizontal movement of material, and different mechanisms 
contributing to the source function (e.g., a large spill superimposed on deposition from stack 
releases). 

Estimating the Loss-Rate Coefficients 

Equation N-1 characterizes the standard approach to estimating the rate coefficients for 
leaching of material from the soil. The approach is refined slightly for calculating the rate 
coefficients Ai of Eq. N-5; this refinement is summarized by Eqs. N-8a and N-8b: 

R
).. = q y-l 

, &i(() + pKd ) 
(N-8a) 

where 

Rq = net infiltration rate (cm y-l) of water into the soil 

llzj = vertical distance from top to bottom oflayer i (cm) 

() = moisture content of soil (mL cm-3) 

p = bulk density of soil (g cm-3) 

Kd = soil-water partition coefficient (mL g-l). 

To account for surface runoff, the removal-rate coefficient for runoff, AlOft', is defined as 

A - R,. Y
-1 

lOft' - &i(()+pKd ) 
(N-8b)

where R,. = runoff rate from the surface layer (cm y-l). For the calculations in this study, a 
value of 5 cm y-l was used as the estimate of runoff {Voilleque et al. 1991). 

It is important to note that in the formulation represented by Eqs. N-8a and N-8b, the 
parameters (), p, and Kd do not vary from one soil layer to the next. In fact, in 
implementing the model, no allowance has been made for varying these parameters or the 
infiltration or the runoff from cell to cell. There is no logical reason that such variations 
cannot be accommodated, but it seems unlikely that sufficient information will be available 
to permit a credible calibration. Therefore, for now, soil parameters must be interpreted as 
representing average values for the entire region. The values of &i are fixed by the depth of 
the sampled surface layer or the profile stratification at each sampling location. 
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Conversion from Radioactivity to Mass 

Some of the data in the database measure total uranium; others measure 238U. This 
dichotomy introduces a bit more tedium into the analysis. 

The object is the calculation of the quantities Y - Yb in Eq. N-3 and Y i - Yb in Eq. N-6. 
In each case, one is considering the mass of either total uranium or 238U in a layer of soil 
(surface or subsurface) that is 1 meter square. Each quantity is the net mass (mg) above 
background. The data, however, are in activity concentration units (pCi g-1), and the 
conversion depends on the isotopic interpretation. By convention, background is in terms of 
total uranium. 

The specific activities and isotopic abundances for natural uranium are summarized in 
Table N-6. These data are used for converting the radioactivity concentration units (pCi g-l) 

of the data to mass units for computation. The conversion factors are shown in the last row of 
Table N-6. They are based on the formula 

Table N-5. Soil Characteristics Around the FMPC 
Surface First subsurface 

Soil Soil Organic Soil Organic 
sym- Depth Clay reaction matter Depth Clay reaction matter 
hoi N E (in) (%) (pH) (%) (in) (%) (pH) (%) 
Ra 438350 1380600 ~12 6.1-7.3 12-15 6.1-7.3 
Butler - Ragsdale Silty Clay 
Loam 
XeB 48400 1383500 ~10 6.6-7.3 1~1 5.1-6.0 
Butler - Xenia silt loam 
FdA 481000 1383000 ~ 11-22 5.1-6.5 1-3 8-33 20-35 5.1-6.0 
Hamilton - Fincastle silt 
loam bedrock substratum 
X1B2 477250 1382600 ~9 11-22 6.6-7.3 1-3 9-26 27-35 5.1-6.0 
Hamilton - Xenia silt loam 
bedrock substratum 
MeA 477500 1387700 
Hamilton - Martinsville silt 
loam 

~9 8-17 5.6-7.3 1-3 9-34 18-30 5.1-6.0 

MaB 480700 1377700 ~1O 28-40 5.6-7.3 1-3 1~3 4~55 5.1-6.5 
Hamilton - Martinsville silt 
loam 
Gm 483600 1377100 ~ 6.1-7.8 8-34 6.1-8.4 
Butler - Genessee loam 
XeB 483100 1382900 ~10 6.6-7.3 10-31 5.6-6.0 
Butler - Genessee loam 
FeA 48200 1381800 ~ 11-12 5.1-6.5 1-3 8-33 2~5 5.1-6.0 
Hamilton - Fincastle 
EpB2 473300 1380000 ~7 15-25 5.6-7.3 1-3 7-36 35-48 5.6-7.8 
Hamilton - Eldean loam 
MaB Off Grid ~10 28-40 5.6-7.3 1-3 1~3 4~5 5.1-6.5 
Hamilton - Eldean loam 
IW32 Off Grid ~7 5.1-6.0 7-22 5.1-5.5 
Butler  Russell silt loam 
EuA Off Grid 0-6 5.6-7.3 6-26 5.6-7.8 
Butler - Eldean loam 
EuA Off Grid 0-6 5.6-7.3 6-26 5.6-7.8 
Butler - Eldean loam 
RtC Off Grid ~12 13-27 4.5-7.3 1-3 12-26 22-35 4.5-5.5 
Hamilton - Rossmoyre 
Gm Off Grid ~9 18-27 6.1-7.8 1-3 9-35 18-27 6.1-8.4 
Hamilton - Rossmoyre 
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Table N-6. Activity·to·Mass Conversion of Natural Uranium and 238U 

Natural uranium U-238 

Specific 
activity Fractional Fractional Bq (g U)-l 

Isotope (Bq g-l iso.) abundancell Bq (gU)-l abundance (r =1) 

U-234 

U-235 

U-238 

2.3 x lOB 

8.0 x 104 

1.2 x 104 

0.000054 

0.0072 

0.99275 

1.2 x 104 

5.7 x 102 

1.2 x 104 1.0 1.2 X 104 

Total 2.5 x 104 1.2 X 104 

1.5 x 10-3 

a Based on data in a memorandum from Paul Voilleque dated March 10, 1991. 

(N-9) 

where the summation in the denominator represents the sum of the products of intrinsic 
specific activities (SA)i and fractional mass abundances (columns 2 and 3 of Table N-6). 

Coding the Database for Input to the Program 

The computer program that performs these calculations, which goes by the working name 
SOILCAL3, recognizes two categories of sample: surface soil only (code S) and profile (P). 
Each S entry requires a single line, which includes the code letter. A profile of N layers 
requires N lines of input, one for each layer, and these lines must be in the same order as the 
layers, top to bottom. The first line of a profile carries the code letter P and a number 
between 2 and 9 inclusive to indicate the number of layers. Each of the subsequent N-1 lines 
must contain the code letter L to indicate that it represents a subsurface layer. 

To convert the data expressed in pCi g-l to a mass (mg) of uranium in a soil layer, one 
may use the conversion factor CF ofEq. N-9 in the formula 

Y - = (C -Cb .r) .CF -p · 106 . & Yb 100 
(N-10)

where C and Cb are the measured and background activity concentrations of uranium in the 
soil, r is the uranium isotopic activity ratio in the sample (r =1 if C is the concentration of 
total uranium, and r = 0.5 was used for 23BU), p is the bulk density of the soil (g em-3), 106 is 
em3 per m3, and &/100 is the distance (m) from the top to the bottom of the soil layer. 

The eight fields in each line of the file may be summarized as follows: 

Sector An alphabetic code (N, NNE, NE, etc.) indicating one of 16 directional sectors, 
each of 22.5°, within which the sample was taken. These must agree for all 
layers of a profile sample. 
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Code A letter code (S, P, L) indicating the type of sample the line represents. In case 
of code P (the first layer of a profile), the letter must be followed immediately 
with a number (2-9) indicating the number oflayers in the profile (e.g., P3); no 	 r 
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spaces may intervene. For subsurface layers of a profile, the code L may 
optionally be followed by a digit that indicates which layer it is (this digit is 
ignored by the program, however). 

Annulus 	 This field indicates by a numeric code the radial distance interval from the 
center into which the sample location falls: 0-1,000 m, code 0; 1,000-2,000 m, 
code 1, etc. 

Year 	 The calendar year in which the sample was taken. This may include a decimal 
fraction (e.g., 1985.25) to indicate the time more accurately, but the current 
data file does not incorporate this refinement. 

Isotope This field must contain either "TOT" or "238" to indicate, respectively, that 
total uranium or the isotope 238U was measured. 

pCi/g The measured soil concentration of total uranium or 238U, as the case may be, 
expressed in those units. This may be a single sample or an average of multiple 
samples. 

Number The number of samples summarized by the previous field. This value is used to 
weight the averages for the various cells. 

Depth (cm) 	 The distance (cm) from the top to the bottom ofthe soil layer represented by the 
sample. 

The fields are separated by tab characters, and identifying comments (introduced by a tab 
after the eighth field) may be inserted. 

RESULTS AND DISCUSSION 

Estimated Airborne Uranium Source Terms 
The deposition function used in this study has the shape (but not the magnitude) of the 

airborne source term estimated by Clark et al. (1989). This normalized function provides a 
surrogate shape for the deposition rate at each sample point, with the magnitude being 
determined from the data and the removal rate coefficient calculated from the assumed value 
of the soil-water partition coefficient Kd. 

Earlier, we concluded that with the exception of the old solid waste incinerator, areas of 
high contamination were not likely to be due to an airborne source. Therefore, except for the 
effect of the incinerator, we excluded all total uranium values (or 238U equivalent) above 100 

Table N-7. Estimated Total Cumulative Deposition (1951-1988) 

vs. Soil-Water Partition Coefficient Kc:t 


Kd (mL g-l) Deposition (kg U) Sum of squares 

1 6.01 x 107 3.3 x 1014 

10 1.98 x 106 1.1 x 1012 

15 8.91 x 105 3.2 x 1011 
25 3.68 x 105 4.4 x 1010 

50 1.67 x 105 2.3 x 109 

100 1.10 x 105 2.6 x 108 

500 6.88 x 104 1.4 x 109 
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Table N-8. Estimated Deposition of Airborne Uranium 

For Various Cutoffs and Kd Values 


L 
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Cutoff Number of 
2! pCi g-l Kd=50 mLg-l Kd=15 mL g-l samples 

20 1.42 x 105 7.71 x 105 846 
100 1.67 x 105 8.91 x 105 906 
300 1.92 x 105 9.47 x 105 913 

1000 2.11 x 105 1.01 x 106 914 

pCi g-1 from the input to the computational model (906 data points were processed on the 
basis of this constraint). The program processed samples of two types: surface soil only and 
profiles consisting generally of two or three strata. Table N-7 presents the estimates of the 
total uranium deposition from airborne releases (estimated as the total of the estimated 
deposition in all cells of the polar grid described earlier) for different Kd values. 

The "Sum of squares" column in Table N-7 requires some explanation. When profile data 
are included in the analysis, Eqs. N-5 through N-7 are used to compute a deposition 
estimate from the data of each layer (stratum). When the resulting predicted concentrations 
for all of the layers are computed, they mayor may not be consistent with the relative 
measured concentrations. If the consistency were perfect, the estimated depositions would be 
the same for all layers. In general, they are not. But in some cases, the discrepancies are 
greater than for others. We have used the following sum of squares as a measure of the 
discrepancy: 

N 

"" - -S = £..J (Di D)2 

i=1 

(N-11)

where Di is the estimate of deposition based on the data in layer i, and D is the average of 
these estimates of deposition over all of the layers. A total of these sums of squares is 
accumulated over all profiles in the data base. The reader is cautioned that the absolute 
significance of this measure is unclear, and that it probably is useful only in a comparative 
sense. 

Varying Kd has a profound effect on the magnitude of the estimated total cumulative 
deposition A Kd of 15 mL g-l is internally consistent with other data obtained during the 
course of this project, namely the regression based on the time-series data at four of the 
seven FMPC boundary stations. The resultant total cumulative deposition for airborne 
uranium is about three times the total release estimated by Clark et al. (1989). A similar 
ratio between the source term estimate of this project for the years 1960, 1961, and 1962 and 
the that of Clark et al. (1989) for the same three years was noted in the Task 2 and 3 report 
(Voilleque et al. 1991). 

Table N-8 illustrates the effect of various cutoff levels for total uranium sample values 
on the estimate of the total cumulative deposition. For illustrative purposes, and because the 
Kd data were obtained either from this study or from the literature, we employed Kd values of 
15 and 50 mL g-l. Changing the cutoff level had a negligible effect compared to that of 
varyingKd· 
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Table N-9. Estimates of Total Deposition of 

Airborne Uranium, Adjusted for Levels of 

Non-Airborne Contamination Associated 


With the Old Solid Waste Incinerator 


Deposition (kg) 

15 8.96 X 105 

50 1.68 x 105 

Contribution of Incinerator to the Airborne Uranium Source Term 
With the same model described above (working name SOILCAL3) and Kd values of 15 

and 50 mL g-l, the entries in the uranium soil data base that were attributed to deposition 
from the incinerator were processed without cutoff for the quadrant consisting of the sectors 
E, ESE, SE, and SSE and for distances less than 1 km from the emission center. The 
respective estimates of deposition over the region were 4.4 x 107 and 1.2 x 107 kg. To correct 
for the approximate area contaminated by the incinerator, these numbers were adjusted by 
the ratio of that area (estimated to be 93 m2) to that for the entire quadrant (7.85 x 105 m2). 

The estimates of the possible additions to total deposition by the incinerator-related 
contamination are 5,200 and 1,400 kg of uranium for Kd values of 15 and 50 mL g-l, 
respectively. Adding these estimates to the corresponding estimates of total deposition from 
Table N-7 gives the adjusted estimates shown in Table N-9. The effect for the sector as a 
whole is seen to be minor. 

It is of interest to compare the values in Table N-9 with other estimates. The value 
corresponding to Kd =50 mL g-l underestimates the 178,000-kg source term given by Clark 
et al. (1989) by only about 11,000 kg (7%) and thus may be considered comparable to the 
earlier estimate. And the value corresponding to Kd =15 mL g-l exceeds the estimate of 
Clark et al. (1989) by a factor of five. 

The Institute for Energy and Environmental Research (lEER) estimated an airborne 
uranium source term of 273,000 to 1,400,000 kg, the upper range of which is considerably 
higher than the total cumulative deposition estimate in Table N-7 that corresponds to Kd = 
15 mL g-l (Makhijani 1988; Makhijani 1989). The methodology of the lEER was previously 
reviewed (Shleien 1991). Although the lEER discussion left some uncertainty about the 
assumptions and procedure, the results obtained did not appear to contain an adjustment to 
account for uranium contamination by mechanisms other than deposition from airborne 
releases. Thus, it is difficult to compare their results to those of the present study. 

We conclude that although the use of a Kd value from the literature leads to an estimate 
of total cumulative deposition and thus of the airborne source term that is approximately 
equal to the one given in the Addendum to FMPC-2082 (Clark et al. 1989), the higher 
estimate, which resulted from the use of a Kd that was derived from a subset of the uranium
in-soils data base of the present study, carries greater weight (both figuratively and literally). 
We caution, however, that there are factors that could introduce some degree of bias into 
both results: 
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1. 	 The application of a single Kd and other soil parameters uniformly to a wide area may 

cause some distortion. 
2. 	 The possibility of substantial variation of Kd with depth in the soils has not been taken 

into account in the profile calculations. 
3. 	 We believe the use of the normalized airborne uranium source term from FMPC-2082 

(Clark et al. 1989) is entirely reasonable for the long-term calculations described in this 
report. Nevertheless, it should be mentioned as a possible source of distortion. 

On the basis of the work in this study, we believe the range 1.68 x 105 to 8.96 x 105 kg is 
likely to contain the true value of the quantity of uranium released to the air from the FMPC 
from 1951 through 1988 that was deposited within the assessment domain. We are more 
confident of values falling toward the upper end of this range because of the correspondence 
of these larger values to Kd values determined from time-series data taken from the data 

base of this study. 
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APPENDIX 0 

RESUSPENSION OF PARTICULATES 

INTRODUCTION 

Airborne releases of uranium from the FMPC are eventually deposited on the ground 
surface through gravitational settling and wet and dry deposition processes. One 
subsequent transport process for this deposited material is RESUSPENSION, which refers to 
the reentry of previously deposited particles into the air. There are a number of approaches 
to estimating the magnitude of resuspension - Healy (1980) groups them into three basic 
types: (1) resuspension factor approach (2) resuspension rate approach and (3) mass loading 
approach. The mass loading approach was chosen for use in the reconstruction of pathways 
for airborne releases from the FMPC. 

The mass loading concept is attractive for this purpose because of its empirical nature 
and its lack of dependence on detailed knowledge of soil characteristics and the 
resuspension process. Two parameters, the mass loading of dust in surface air (ML, in g soil 
m-3 air) and the concentration of the contaminant in the surface layer of soil (Ca. in Ci g-l 

soil), are needed to provide an estimate of the air concentration of the contaminant (Ca, in Ci 
m-3 air), which is due to resuspension. That is: 

(0-1) 


For the FMPC Dose Reconstruction, the environmental transport model is providing 
estimates of the uranium concentrations in surface soil (C ) over time. This appendix s
examines the available data for the other variable in equation 0-1 ~ mass loading in air 
(ML). 

EXAMINATION OF SITE-SPECIFIC MASS LOADING DATA 

In order to characterize the variations in particulate concentrations in air around the 
Fernald facility, we thoroughly examined weekly measurements for three years (1989
1991), which were readily available in electronic spreadsheet format from Westinghouse 
Environmental Management Company of Ohio (Byrne 1992). These spreadsheets contained 
a copy of the Radiological Environmental Monitoring data files, and represented raw data 
(data were in no way censored). The particulates were collected by 8 x 10 inch Whatman 
EPM-2000 glass fiber filters in high-volume air samplers, which were located within 6 km (4 
mi) of the production center (Figure 0-1). The distant air monitoring stations in Cincinnati 
were excluded from our analysis, because they may not be representative of resuspension 
within the area of greatest uranium deposition. The analytical and sample collection 
procedures are described by Grant (1992) and Kraps (1991), respectively. 
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For each week and location, we computed the J,J.g particulate m-3 air from the measured 
total suspended particulate per sample and the volume of air sampled. Data for all locations 
were pooled into a monthly grand average and standard deviation. The monthly time scale 
was chosen to be consistent with that being used for the source term reconstruction. Tables 
0-1, 0-2, and 0-3 present the monthly averages and standard deviations for 1991, 1990, 
and 1989, respectively, and Table 0-4 presents the 3-yr average and uncertainty. 
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Figure 0-1. Locations of high volume air samplers. 

o 

L 
o

( 



L 

r 


L 

L; 


Appendix 0 Page 0-3 
Resuspension of Particulates 

Table 0-1. Total Suspended Particulates in Air (J.Lg' m-3) Surrounding the 

FMPC in 1991a 


Number of Standard 
Month Measurements Average Deviation Notes 
January 56 25.4 5.7 
February 56 26.8 10.7 
March 55 23.6 4.0 
April 56 25.0 7.5 One week missing. 

May 55 43.6 7.6 One outlier deieted.b 

June 56 50.8 16 
July 69 44.8 15.1 One missing datum. 

August 56 41.1 9.1 
September 56 45.4 19.6 
October 70 37.0 8.1 
November 56 33.2 12.1 
December 70 22.9 9.2 
All 711 35.1 14.7 

SCalculated from weekly measurements from high volume air samplers 
numbered 1-14 (Figure 0-1) in the spreadsheet "1991.wk1" from Byrne (1992). 
bSampler onl~ operated for two hours that week. 

Table 0-2. Total Suspended Particulates in Air (Jl.g m-3) Surrounding the 
FMPC in 199()8 

Number of Standard 
Month Measurements Average Deviation 

January 45 25.6 7.8 
February 36 21.3 3.1 
March 36 26.5 7.1 
April 36 23.0 4.1 
May 45 32.9 8.6 
June 36 34.6 11.4 
July 45 38.8 8.9 
August 36 41.4 4.0 
September 36 33.5 9.7 
October 45 27.6 7.2 
November 36 31.1 8.1 
December 36 22.2 6.3 
All 468 30.0 9.8 

aCalculated from weekly measurements from high volume air samplers 1-9 
(Fi~re 0-1) from the spreadsheet "ONAIR" received from B;ITne (1992). 
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Table 0-3. Total Suspended Particulates in Air (J,Lg m-3) Surrounding the 
FMPC in 19891' 

Number of Standard 
Month Measurements Average Deviation Notes 

January 45 27.7 6.1 
February 36 30.0 5.0 
March 36 43.4 14.6 
April 36 27.5 10.3 
May 45 35.0 6.2 
June 36 46.4 16.8 
July 
August 

36 
45 

41.5 
43.5 

10.8 
9.9 

September 36 32.0 6.9 
October 
November 

45 
36 

34.0 
25.4 

13.8 
6.4 

December 35 39.3 12.7 One outlier deleted. b 
All 467 35.4 12.6 

aCalculated from weekly measurements from high volume air samplers 1-9 
(Figure 0-1) in the spreadsheet "890NAIR" received from Byrne (1992). 

bSampler operated only one hour that week. 

Table 0-4. Summary of Total Suspended Particulates in Air (J.1g m-3) 
Surrounding the FMPC bl:: Monthz 198&-1991 

Standard 
Month 1989 1990 1991 3-yr Average Error 
January 27.7 25.6 25.4 26.2 0.7 
February 30.0 21.3 26.8 26.0 2.5 
March 43.5 26.5 23.6 31.2 6.2 
April 27.5 23.0 25.0 25.2 1.3 
May 35.0 32.9 43.6 37.2 3.3 
June 46.4 34.6 50.8 43.9 4.8 
July 41.5 38.8 44.8 41.7 1.7 
August 43.5 41.4 41.1 42.0 0.8 
September 32.0 33.5 45.4 37.0 4.2 
October 34.0 27.6 37.0 32.9 2.8 
November 25.4 31.1 33.2 29.9 2.3 
December 39.3 22.2 22.9 28.1 5.6 
All 35.4 30.0 35.1 33.5 1.8 

The data for these three years show a factor of two variation between the minimum 
monthly average dust loading and the maximum monthly average. The annual averages are 
quite consistent, and are in good agreement with the 1966 National Air Surveillance 
Network, which showed a mean for all non urban locations of 38 J.Lg m-3 (Healy 1980). The 
average for urban stations ranged from 33 to 254 J.Lg m-3. 
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USE OF 1989-1991 DATA FOR DOSE RECONSTRUCTION 

The 1989-1991 data may be used to reconstruct the probable seasonal variation in dust 
loading from historical annual averages, if desired. For this purpose, the RELATIVE MASS 

LOADING is defined as the ratio of the monthly average mass loading to the annual average 
mass loading (Table 0-5). The months May through September are relatively dustier than 
average, but are still within 30% of the annual average. 

Table 0-5. Relative Mass Loading& in Air Around the FMPC 

Dustier than average: Less dusty than average: 

May 1.11 October 0.98 
June 1.30 November 0.90 
July 1.25 December 0.83 
August 1.26 January 0.79 
September 1.10 February 0.77 

March 0.93 
April 0.75 

\' 


L 

l: 


a Ratio of monthly average to annual average mass loading. 

Several modifying factors to the basic mass loading model deserve consideration and are 
discussed in the concluding section. 

• 	 the distribution of the contaminant among different size soil particles, described by an 
enrichment factor, EF 

• 	 the fraction of airborne dust which comes from the contaminated areas, fc 
• 	 the fraction of the resuspended dust which is respirable, fr 

Equation 0-1 may be expanded, to represent the concentration of uranium in air which is 
in respirable size fractions, Ca,r , as: 

(0-2) 

Soil particles that are carried in suspension are the smaller ones, generally less than 30 
J.1m. Thus, if the concentration of the contaminant in the soil fraction less than 30 J.1ID is 
greatly different from that in the bulk soil, the airborne concentrations predicted by the 
mass-loading approach would not be a good estimate. The EPA proposed the use of an 
ENRICHMENT FACTOR to include these particle size considerations in resuspension 
calculations. The enrichment factor is defined as the summation of the products of gi' the 
ratio of the fraction of the total activity in soil contained within the size increment i to the 
fraction of the total mass in that size, and fi' the fraction of the airborne mass within each 
increment of particle size in the air. For the distribution of plutonium in soil sizes at Rocky 
Flats, CO, the EPA calculated an enrichment factor of 1.5 (Healy 1980). 
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The mass loading approach is most appropriate when applied to large areas of 
contamination. The smaller the contaminated area, the larger the fraction of the airborne 
dust which would not come from the contaminated area. Direct use of the mass loading 
equation 0-1 without modification implies fc =1.0. 

The measurements of total suspended particulates from the high-volume air samplers do 
not provide definitive information on the fraction of the particulate which is respirable, f ;r
however they do exclude the largest particle sizes. (See Appendix L for estimates of 
collection efficiencies of high volume air samplers for different particle sizes.) The high 
volume air samplers used ·at the FMPC since the early 1970's are fundamentally the same 
as those described in the Reference Method for Determination of Suspended Particulate 
Matter in the Atmosphere (CFR 1985); the sample flow rate and the geometry of the shelter 
favor the collection of particles only up to 25-50 Ilm aerodynamic diameter. 

For an initial analysis of the resuspension pathway at Fernald, it will be assumed that 
all of the measured particulate in air is respirable, and no enrichment factor will be used. If 
the resuspension pathway proves to be a relatively significant contributor to total exposure, 
quantification of these modifying factors in Equation 0-2 may be necessary, perhaps by 
examination of data from other sites with similar soils and climate. 

In addition to the above considerations for exposures to the general population, a higher 
mass loading would be used for specific assessments to individuals involved in particularly 
dusty activities, such as plowing. These special scenarios have not yet been defined. 
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APPENDlXP 


RADON, RADON DAUGHTERS, AND PENETRATING RADIATION 

FROM THE WASTE STORAGE Sn.OS: 


TRANSPORT MODELS AND MONITORING DATA 


INTRODUCTION 

In addition to the particulate releases from the FMPC stacks, there are two types of 
releases from the waste storage silos, located in the waste disposal area west of the FMPC 
production area, that must be considered. First, there is the release of 222Rn and its short
lived daughters from the K-65 Silos, Silos 1 and 2. This release was described in our 
previous source term report (Voilleque et al. 1991). Second, there is gamma radiation that is 
emitted from the K-65 Silos and the Metal Oxide Silo, Silo 3. This gamma radiation 
represents a potential source of direct radiation exposure to people living near the Silos (see, 
for example, Dugan et al. 1990). The Metal Oxide Silo is not considered an important source 
of Rn releases (Voilleque et al. 1991). However, because it contains high concentrations of 
radioactive materials, it does represent a potentially significant source of direct radiation 
exposure. 

In this appendix we discuss, for both the Rn releases and for the direct gamma 
exposures, (1) the methods and models used to estimate dispersion in the environment and 
doses to people, (2) the related environmental monitoring data, and (3) comparisons of our 
model predictions to the environmental measurements. Comparisons of the predicted and 
measured values were performed to evaluate the usefulness of our models. 

MODIFICATIONS TO A1R DISPERSION MODEL SPECIFIC TO RADON 

The general models for air dispersion of atmospheric releases, as described earlier in 
this report, particularly in Appendix J (Building Wake Effects), are also applied to Rn 
releases from the K-65 Silos. 

Our typical compilations of meteorology data have included the meteorology for all 
observation times, and are thus best suited for use in modeling continuous releases 
occurring at all times of the day. However, the Rn source term from the K-65 Silos, as 
developed, includes both a continuous release component and a daylight-only release 
component (Voilleque et al. 1991). It is well known that daylight meteorology generally 
consists of more unstable conditions and higher wind speeds than does night-time 
meteorology. Thus, we believe it is reasonable to generate a meteorology data set to 
represent the daylight conditions, to better model the daylight-only Rn release. 

A rule of thumb used in atmospheric dispersion modeling indicates that of the Pasquill
Gifford stability classes, classes A, B, and C occur primarily during daylight hours, classes E 
and F occur primarily during the night, and class D tends to occur equally during daylight 
and at night. Using this rule, a meteorology data set to approximate the daylight conditions 
was easily constructed. The joint frequency tables (JFTs) we use contain parameters that 
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designate the relative frequencies of each stability class. To construct the daylight JFT, we 
first set the relative frequencies of classes E and F to zero. We then set the frequency of 
class D to half of the value for 24-hour meteorology. We then renormalized, so that the sum 
of frequencies for classes A through D equals one. Table P-1 shows the result of this 
construction for an example case, using the composite FMPC meteorology, which was 
described in Appendix E. 

Table P-l. Example Construction of 

Approximate Daylight-Only Meteorology 


Data Set, for FMPC Composite DataC 


Relative frequency of class 	

Stability Normal (24- Daylight-only 
class hour) data approximation 

A 0.0647574 0.212059 
B 0.0304688 0.0997708 
C 0.0435183 0.142502 
D 0.333287 0.545678 
E 0.291138 0 
F 0.236831 0 

c 	 The FMPC composite dataset is described in 
AppendixE. 

MONITORING DATA FOR RADON CONCENTRATIONS IN AIR 

Data Obtained 

A number of sources of environmental monitoring data for 222Rn concentration in air 
have been located. The earliest monitoring in the FMPC environs appears to have been 
initiated in 1978 by the FMPC. A set of handwritten information (Boback circa 1984) 
indicates that these early measurements consisted primarily of grab samples, both of 
particulates to be analyzed for Rn daughters and of air to be analyzed for Rn. Some longer
term samples were taken using passive environmental radon monitors (PERMs). These 
early samples were taken at the FMPC site boundary air monitoring stations, primarily at 
boundary station 6, which was at the site boundary west of the K-65 Silos, and at locations 
very close to the K-65 Silos. The measurements continued into 1980. 

Environmental monitoring data for 222Rn concentrations in air are also provided in the 
site annual environmental reports, which present the results of environmental monitoring 
performed by FMPC staff. Radon monitoring is first mentioned in the 1979 environmental 
report (Boback and Ross 1980). This report provides maximum concentrations measured 
during "preliminary sampling," and indicates that the methods to be used for monitoring Rn 
were still under investigation at that time. We assume that this "preliminary sampling" and 
the early sampling described above are the same. 

The FMPC established a routine Rn monitoring program in July 1980 at the (then) six 
boundary air monitoring stations (Boback and Ross 1981). Alpha track detectors, configured 
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as passive Rn gas detectors and supplied by a commercial vendor, were used. The routine 
program was intended to provide quarterly monitoring (i.e., the detectors were to be exposed 
for three-month periods), although there were significant variations in actual exposure 
times. In 1981 the program was expanded to include sampling at the (new) seventh 
boundary station and two background locations (Fleming et al. 1982). The initial results of 
the routine Rn monitoring program are included in the 1980 report. However, this report 
provides only the ranges of the measured concentrations. The 1981-1985 reports (Fleming 
et al. 1982, Fleming and Ross 1983, Fleming and Ross 1984, Facemire et al. 1985, and Aas et 
al. 1986) tabulate the maximum, minimum, and average concentrations measured at the 
seven boundary stations and at the background stations. 

In 1986, the Rn monitoring program was expanded slightly to include sampling at two 
onsite air monitoring stations (AMS 8 and AMS 9) and three ofi'site locations (AMS 10, 11, 
and 13), in addition to the seven boundary stations (then called AMS 1-7) and two 
background stations (WMCO 1987). Maximum, minimum, and average concentrations were 
reported for each monitoring station. In 1987 the program was expanded greatly to include 
sampling at 16 locations on the site boundary, 16 locations on the fenceline around the K-65 
Silos, 2 other onsite locations on the west side of the production area, four background 
stations, a few residences near the FMPC site, and air monitoring stations AMS 1-13 
(WMCO 1988). The program continued with only minor changes through at least 1990 
(WMCO 1989a, Dugan et al. 1990, and Byrne et al. 1991). The 1987-1990 reports only give 
results for the air monitoring stations and the site boundary stations; results for the K-65 
Silos fenceline and the other two onsite locations were not reported (WMCO 1988, WMCO 
1989a, Dugan et al. 1990, and Byrne et al. 1991). The 1987-1990 reports provide average 
results only. 

Additional, more detailed results have been obtained for some periods of the FMPC Rn 
monitoring. A handwritten spreadsheet (Anonymous circa 1984) provides a compilation of 
the individual detector results of the routine FMPC monitoring for June 13, 1980, through 
December 27, 1983. We have also received computer file copies, directly from the site, of the 
FMPC alpha track monitoring data for 1987-1992 (only part of 1992) (Byrne 1992). These 
computer files include the individual measurements for locations reported in the 
environmental monitoring reports and also for the K-65 Silo fenceline locations. Starting in 
1988, continuous Rn gas monitoring has been performed on the K-65 Silos fenceline and at 
other locations using active, powered, flow-through instruments. We have also received 
computer file copies of the data for these continuous Rn monitors for 1988-1992 (again, only 
part of 1992) (Byrne 1992). 

Environmental Rn monitoring on and around the FMPC site has also been conducted by 
entities other than the FMPC operating contractor. The Mound facility, which is a DOE 
facility in Miamisburg, Ohio, established a Rn monitoring network at the FMPC in 
September 1984 (Hagee et al. 1985). Mound used Passive Environmental Radon Monitors 
(PERMs) with one- to two-week exposure periods. Mound initially monitored at six onsite 
locations, and later expanded to 17 onsite locations at varying distances from the K-65 Silos. 
The monitoring was performed through early October 1986. A Mound report summarized 
the results for September 20, 1984 through February 5, 1985 (Hagee et al. 1985). A letter 
with attached tables provides detailed results for July 2, 1985, through October 3, 1986 
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(Jenkins 1986). An Oak Ridge National Laboratory report (Berven and Cottrell 1987) 
summarizes results for the entire monitoring period. 

The Ohio Department of Health performed environmental Rn monitoring at 12 locations 
on the FMPC site boundary and at 4 control locations, from June 1985 to November 1987 
(Steva 1988). This monitoring used alpha track detectors that were changed after 3.5 to 8 
months of exposure. 

Data Chosen for Comparison to Model Predictions 

One of our purposes in this appendix is to compare measured concentrations of Rn to 
predictions of our models in order to evaluate the usefulness of our models. To accomplish 
this objective, a data set with concentrations at different distances from the Silos will 
provide the best basis for comparison. Most of the data sets discussed above provide Rn 
concentrations measured primarily at the FMPC site boundary, or at the K-65 Silos 
fenceline, or both. In such cases, we have close-in locations, with significantly elevated 
concentrations, and relatively distant locations, with concentrations likely to be around 
background levels, but no intermediate locations, with intermediate concentrations. 
However, the Mound monitoring data were collected at a greater variety of distances from 
the Silos, and include a more complete range of Rn concentrations than the other available 
data sets. Thus, we have chosen to use the Mound data for comparison to our model 
predictions in this Task 4 report. The other data sets will be examined in more detail in the 
Task 5 Report. 

The source terms for 222Rn releases from the K-65 Silos were developed for an annual 
time resolution (Voilleque et al. 1991). Therefore, we wish to use annual average 
concentrations for. our comparisons of models and measurements. From the Mound data we 
have obtained, the longest uninterrupted set of data is from July 2, 1985, through October 3, 
1986. Within this period, monitoring at one of the intermediate distance locations was 
terminated on June 4, 1986. Thus, in order to use all of the data from this location, we will 
use the data from July 2, 1985, through July 2, 1986. 

The results of the individual Mound measurements, from Jenkins (1986), are presented 
in Table PS-1, at the end of this Appendix. The monitoring locations are shown below in 
Figure P-1 (from Hagee et aI. 1985). The time-integrated measurements were made with 
Passive Environmental Radon Monitors (PERMs), exposed for one to two weeks at the 
monitoring location (Hagee et al. 1985 and Jenkins 1986). The operating principle of the 
PERM involves, first, diffusion of Rn from ambient air through a porous barrier into a 
sensitive volume of the instrument (George 1977). Inside the sensitive volume, the positively 
charged 218po ions, formed from the decay of 222Rn, are collected on a negative electrode. 
The cumulative alpha activity collected on the electrode is detected by an LiF 
thermoluminescent dosimeter (TLD) chip, which is very sensitive to alpha radiation, but 
relatively insensitive to beta and gamma radiation. After exposure, the TLD chip is removed 
and read in a TLD analyzer. The measured cumulative alpha activity is directly 
proportional to the time-integrated Rn concentration. 
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Figure P-l. Monitoring locations of the Mound Rn monitoring program on the 
FMPC site from September 1984 to October 1986 (from Hagee et al. 1985). 

The quality of the Mound monitoring results is difficult to assess. Results of quality 
assurance exposures, such as replicates or exposures in known atmospheres, were not 
reported or mentioned with the Mound monitoring results (Hagee et al. 1985, Jenkins 1986, 
and Berven and Cottrell 1987). However, we have obtained a report of a contemporary U.S. 
DOE Environmental Measurements Laboratory (EML) intercomparison study of passive Rn 
detectors, in which Mound participated with PERMs (George et al. 1985). We assume that 
the measurements for this study occurred in late 1984 or early 1985 (the dates were not 
specified). In the study, each participant exposed its detectors to low concentrations of Rn 
(about 4 pCi L-l) in a basement laboratory and to high concentrations (about 70 pCi L-l) in 
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a special, controlled Rn room. For application to the FMPC monitoring, the exposures to 
lower concentrations are more relevant. For the test exposures, the "reference" Rn 
concentration was determined by continuous monitoring with flow-through scintillation 
cells, verified with periodic measurements using pulse ionization chambers. The pulse 
ionization chambers were the primary calibration instruments of the EML for Rn in air, 
traceable directly to the U.S. Department of Commerce, National Bureau of Standards 
(NBS) through use of NBS standard reference material226Ra solutions (George et al. 1985). 

Results of the intercomparison study for PERMs at the low concentration, expressed as 
the ratio of the mean concentration measured by the participant to the reference 
concentration, are shown below in Table P-2. As given in the report, and in Table P-2, the 
results were listed by a random code assigned to each participant. From other information 
in the report, we were able to determine that Mound was either participant 5 or participant 
6. Results for these two participants indicate a small underbias, with fair precision (relative 
standard deviations around 10%). 

Table P-2. EML Intercompari80n Results 
for PERMs at 222R.n Concentrations 

About 4 pCi L-l 

Measured concentration 
normalized to referencetZ 

Participant Mean Standard 
random code concentration deviation 

5 0.59 0.06 
6 0.78 0.09 
7 2.00 1.10 
8 0.95 0.45 

a The values given are the mean and 
standard deviation of the concentrations 
measured by the participant, divided by the 
mean reference concentration. 

To use the Mound monitoring data we must first calculate the annual average 
concentrations. In Table ~1 it can be seen that from July 2, 1985, through July 2, 1986, 
there were a few cases when no measurement is recorded. In these cases no measurement 
was recorded in the source document (Jenkins 1986). We assume that, since there are only a 
small number of such occurrences, the lack of these data points does not contribute to any 
significant bias in an annual average concentration. Because individual measurements 
represent different exposure times, we calculated the annual averages as time-weighted 
averages of the individual measurements. Table P-3 presents the calculated annual average 
concentrations for July 2, 1985, through July 2, 1986. 

As we are interested in Rn concentrations due to releases from the K-65 Silos, we must 
subtract a background concentration from the gross measurements made by Mound. In the 
Mound monitoring network, there were not any locations chosen to represent background 

DRAFT 


L 



Appendix P Page P-7 
Radon, Radon Daughters, and Penetrating Radiation from the K-65 Silos 

Table P-3. Annual Average (Time-

Weighted) 222R.n Concentrations 


Calculated from Mound Monitoring of 

July 2, 1985, to July 2, 1986 (pCi L -1) 


Location Gross Net 

1 5.94 5.5 
2 2.29 1.8 
3 8.11 7.6 
4 4.78 4.3 
5 5.69 5.2 
6 1.79 1.3 
7 1.37 0.91 
8 1.34 0.88 
9 0.919 0.46 
10 0.817 0.36 
11 1.33 0.87 
12 1.62 1.2 
13 0.605 0.14 
14 0.364 
15 0.601 0.14 
17 0.471 
18 0.559 
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(Hagee et aI. 1985). The FMPC did perform background radon monitoring during this time. 
However, their measurements were made using alpha track detectors. We feel that it is 
inappropriate to use a background concentration measured with a different instrument to 
calculate the net concentrations for the Mound monitoring. The first Mound report (Hagee 
et al. 1985) indicated that the concentrations measured at locations 14, 17, and 18 were in 
the background range. These locations, all on the east boundary of the FMPC site, are the 
farthest from the K-65 Silos. We will use the average of concentrations measured at these 
three locations to represent the background Rn concentration. (Later in this section we 
briefly discuss the predicted impact of the K-65 Silos releases on Rn concentrations at these 
locations.) This average background concentration is thus 0.46 pCi L-1. For comparison we 
note that background concentrations measured by the FMPC program, at two locations, 
were 0.59 and 0.37 pCi L-l in 1985 (Aas et aI. 1986) and 0.60 and 0.57 pCi L-l in 1986 
(WMCO 1987). Table P-3 also shows the net Rn concentrations at each location, after 
background is subtracted. 

COMPARISON OF MODELED TO MEASURED RADON CONCENTRATIONS 

The Rn source term for releases from the K-65 Silos is described in the final report of 
Tasks 2 and 3 of this Project (in preparation). From the Tasks 2 and 3 work, estimated 
222Rn releases for 1980-1987 consist of two parts. First, a continuous release is estimated to 
occur at the uniform rate of 140 Ci y-l. Second, there are releases that are estimated to 
occur only during daylight hours, with an annual release rate of 810 Ci y-l (thus the 
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instantaneous release rate during daylight would be roughly twice as great, and the release 
rate during the night would be zero). [
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To use the Rn dispersion model, we must first determine the distances and directions of 
the monitoring locations from the release points. The Mound monitoring locations (Hagee et 
al. 1985) were plotted on larger scale drawings of the FMPC site that included the Ohio 
State Plane (OSP) coordinate system grid (Schwarzman 1992 and Woolpert circa 1988). The 
approximate OSP coordinates were then scaled from the drawings. The locations of the 
center of each K-65 Silo and the center of the two Silos (between the two) were determined 
similarly. Simple trigonometric relationships were used to calculate, from the coordinates, 
the distances and direction of the monitoring locations from the Silos. The Rn dispersion 
model requires as input the direction from which the wind would have to blow to expose the 
receptor to Rn from the Silos, expressed as one of the sixteen compass directions. The 
directions were translated into this format. (As an example, exposure of a receptor to the 
northeast of a Silo occurs with wind blowing from the southwest.) Table P-4 shows the 
results of these calculations. 

Table P-4. Estimated Coordinate Locations of Mound Rn Monitoring Stations, with 
Distances (m) and "Wind fromOllQ Directions from the K-65 Silos to the Monitoring Stations 

OSP Coordinates (ft) From Silo 1 From Silo 2 From center of Silos 

Location East North distance wind from distance wind from distance wind from 

Silo 1 1,378,484 480,400 
Silo 2 1,378,486 480,522 

Center of 1,378,485 480,461 
two Silos 

1 1,378,625 480,460 47 WSW 46 WNW 43 W 
2 1,378,480 480,255 44 N 81 N 63 N 
3 1,378,345 480,465 47 ESE 46 ENE 43 E 
4 1,378,490 480,660 79 S 42 S 60 S 
5 1,378,610 480,740 111 SSW 76 SSW 93 SSW 
6 1,378,890 480,480 126 W 124 W 124 W 
7 1,379,470 480,530 303 W 300 W 301 W 
8 1,379,460 479,850 341 WNW 361 NW 351 WNW 
9 1,379,810 481,140 463 WSW 445 WSW 454 WSW 
10 1,379,810 481,910 613 SW 585 SW 598 SW 
11 1,378,730 481,500 344 SSW 307 SSW 325 SSW 
12 1,377,870 481,060 275 SE 249 SE 261 SE 
13 1,378,300 480,110 105 NNE 138 NNE 121 NNE 
14 1,382,980 479,950 1377 W 1381 W 1379 W 
15 1,377,450 480,100 328 ENE 341 ENE 334 ENE 
17 1,382,920 476,800 1741 NW 1765 NW 1753 NW 
18 1,383,550 484,530 1992 SW 1968 SW 1980 SW 

a 	 The "wind from" direction is the direction from which the wind would have to blow to expose the 
receptor (the monitoring location) to Rn from the Silo(s). This direction format is used for 
consistency with our Rn dispersion model. 
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As discussed elsewhere, the Rn dispersion model evaluates concentrations at receptor 
points based on a point source release. We prefer to represent the Rn releases as single
point releases from a point centered between the two Silos. However, close in to the silos, 
the releases may be better represented as two point source releases from the centers of the 
two silos. Because some of the Mound monitoring points were located relatively close to the 
silos, preliminary calculations were performed to determine the difference between 
predicted X I Q values assuming a single release point and those assuming two release 
points. The results. of these calculations showed that this effect was only important relative 
to the Mound monitoring locations 1-5 and 8. In these cases, there was either a difference in 
direction or a significant difference in distance between the two approaches. For locations 6, 
7, and 9-18 the XI Q values based on a single release point, at the center of the two Silos, 
were not significantly different Oess than 5%) from the xlQ values based on two release 
points. Thus, for predictions for locations 1-5 and 8 we use two release points. For the other 
locations we use a single release point. 

The building wake effects module of the Rn dispersion model requires the input of the 
effective height and width of the obstacle. In this case the obstacle is the combination of the 
Silos and the surrounding berms. As discussed in the Tasks 2 and 3 report (in preparation), 
the height of the Silos is 11 m, and the average of the north-south and east-west vertical 
cross sections of the Silos and berms is 600 m2. We thus use an effective width of 55 m. 

Because we are comparing to annual average measured Rn concentrations, we use the 
composite annual meteorology data sets for our predictions. The composite meteorology 
adjusted to daylight only conditions, as discussed earlier in this Appendix, is used for 
predictions for daylight releases. 

Annual average values of xlQ were calculated for the Mound monitoring locations for 
conditions of continual release and daylight-only release. These values are tabulated below 
in Table P-5. 

The estimated Rn release rates are multiplied by the predicted X I Q values to predict the 
Rn concentrations due to releases from the K-65 Silos. We then ratio the predicted 
concentrations to the net measured concentrations to form predicted to observed (P/O) 

ratios. The measured and predicted concentrations, and P/O ratios, are given in Table P~, 
along with the distance of the monitoring location from the center of the two silos. 

As seen in Table P~, the geometric mean PIO ratio is 0.44 and there is a considerable 
range in P/O ratios (geometric standard deviation 2.9). To determine whether trends exist in 
these ratios, we plot the PIO ratios versus the distance of the monitoring location from the 
K-65 Silos, in Figure P-2 below. The plot shows that there is not a significant trend of PIO 
ratio with distance from the Silos. There also is not a significant trend of P/O ratio with Rn 
concentration, although there is much more scatter in the PIO values at lower 
concentrations. There does, however, appear to be some relationship between the PIO ratio 
and direction from the Silos. The only PIO ratios greater than 1 occur at locations 2, 13, and 
15, which are all in the quadrant between south and west (winds from the north to east). We 
also note that the predicted impact of releases from the K-65 Silos on the Rn concentrations 
at locations 14, 17, and 18, which we chose to represent background, is small- only 6% to 
14% of the measured concentrations (from Table P-3). This provides some additional 
support for the use of these locations as substitutes for background. 
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Table P-5. Predicted Annual Average 'X/Q for 

Mound Monitoring Locations 


From center between Silosa xJQ (pCi m-3 per Ci y-l) 

Wind from Continual Day light-only 

Location Distance (m) directionh release release 


1 43 W 4.38 3.79 
2 63 N 1.65 2.13 
3 43 E 2.23 ·2.49 
4 60 S 1.89 1.37 
5 93 SSW 1.88 1.48 
6 124 W 1.18 0.886 
7 301 W 0.456 0.259 
8 351 WNW 0.312 0.158 
9 454 WSW 0.325 0.146 
10 598 SW 0.312 0.131 
11 325 SSW 0.405 0.235 
12 261 SE 0.0871 0.0486 
13 121 NNE 0.486 0.608 
14 1379 W 0.142 0.0386 
15 334 ENE 0.281 0.241 
17 1753 NW 0.0939 0.0192 
18 1980 SW 0.122 0.0307 

a 	 Relative to a point centered between the two Silos. 

h 	 The direction from which the wind would have to blow to expose the 
receptor (the monitoring location) to Rn from the Silos. 

There are three monitoring locations, 12, 13, and 15, for which the PIO ratios deviate 
from the geometric mean PIO ratio by more than one geometric standard deviation. For 
location 12, the PIO ratio is extremely low, while the measured concentration was 
significantly above background. For locations 13 and 15, the PIO ratios are significantly 
greater than for other locations. At these two locations the measured concentrations were 
only slightly above background, so there is more uncertainty in the net concentrations. All 
of these locations are fairly close to Paddy's Run Creek, with location 12 upstream from the 
K-65 Silos and locations 13 and 15 downstream from the Silos (see Figure P-1). There may 
be localized, surface drainage air flow patterns along the creek channel, which may affect 
transport of releases from the Silos. The meteorological data we use was obtained at the 
FMPC meteorological tower, which is about 200 m south of the production area and 500 m 
northeast of Paddy's Run Creek. The Silos and monitoring locations 12, 13, and 15 are 
within about 100 m of Paddy's Run Creek. 

Based on these comparisons of predictions to measurements for the Mound monitoring 
data, with geometric mean PIO ratio 0.44, it appears that the predicted concentrations are, 
in general, somewhat underbiased. It is impossible, using the available data, to precisely 
determine the sources of this bias. However, contributing factors could include inaccuracies 
in the Rn dispersion model and the associated input, meteorological data that are not 
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Table P-6. Comparison of Measured and Predicted 222Rn Concentrations 
for Annual Average of Mound Monitoring for July 2, 1985, to July 2, 1986 

From center between Silosa Rn concentration (pCi L -1) 

Location Distance (m) Wind fromb Measuredc Predicted PIO ratiod 

, 1 43 W 5.5 3.7 0.67 
2 63 N 1.8 2.0 1.1 
3 43 E 7.6 2.3 0.30 
4 60 S 4.3 1.4 0.32 
5 93 SSW 5.2 1.5 0.28 
6 124 W 1.3 0.88 0.66 
7 301 W 0.91 0.27 0.30 

\ 

(' 

f" 

8 351 WNW 0.88 0.17 0.19 
9 454 WSW 0.46 0.16 0.36 
10 
11 

598 
325 

SW 
SSW 

0.36 
0.87 

0.15 
0.25 

0.42 
0.28 

12 261 SE 1.2 0.052 0.044 
13 121 NNE 0.14 0.56 3.9 
14 
15 

1379 
334 

W 
ENE 

e 

0.14 
0.051 
0.24 

e 

1.7 
17 1753 NW e 0.029 e 

18 1980 SW e 0.042 e 

GMt 0.44 
GSD' 2.9 

a Relative to a point centered between the two Silos. 

b The direction from which the wind would have to blow to expose the receptor (the 
monitoring location) to Rn from the Silos. 

C The net measured concentration, after subtraction of background. 

d 	The PIO ratio is the predicted concentration divided by the measured (net) 
concentration. 

e 	 Locations 14, 17, and 18 were considered representative of background. Net measured 
concentrations and PIO ratios are not meaningful. 

f 	 GM is the geometric mean, and GSD is the geometric standard deviation. 

properly representative of conditions around the Silos, or inaccurate source term estimates. 
We tentatively conclude that, relative to the measurements, and when the uncertainties 
involved are considered, the predicted concentrations are in a range considered acceptable. 
However, as mentioned earlier in this Appendix, additional environmental Rn monitoring 
data will be evaluated in the Task 5 Report. After analyzing those data, we will study 
further the agreement of predictions and measurements before making final conclusions 
about the performance of the Rn dispersion model. It should also be noted that these initial 
conclusions are based on comparisons for locations on the FMPC site, less than 1 km from 
the Silos, while the model will be used to predict offsite concentrations, generally at greater 
distances from the Silos. 
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Figure P-2. Comparison of predicted to measured 222Rn concentrations for Mound 
monitoring, annual average of data from July 2, 1985, through July 2, 1986. The PIO 
ratios are the predicted concentrations divided by the net measured concentrations. 
The geometric mean PIO ratio is 0.44, with geometric standard deviation 2.9. 

MODEL FOR DmECT EXPOSURE DUE TO Sn..OS SOURCES 

It has been recognized that the K-65 Silos also present a potential source of direct 
radiation exposure to people living near the Silos (see, for example, Dugan et al. 1990). The 
large inventory of 221iRa in the Silos produces a large inventory of 222Rn and Rn daughters 
in the silo head space and also a large inventory of Rn and Rn daughters in the waste 
material itself. Two of these daughters, 214Pb and 214Bi, along with other radionuclides 
present in the Silos, emit gamma radiations that are the source of potential exposures. 
While the Metal Oxide Silo, Silo 3, is not considered an important source of Rn releases 
(Voilleque et al. 1991), the concentrations of radioactivity in Silo 3 are high enough that it 
may be a significant source of direct radiation exposures. Thus, our models for direct 
exposures must account for exposures from the K-65 Silos and the Metal Oxide Silo. 

General Methodology 

For estimating direct exposures to people from gamma radiation emitted from the waste 
storage silos, we have chosen to use a model, rather than to rely on environmental 
monitoring data. One reason for this is that exposure rate monitoring was performed 
primarily at the site boundary air monitoring stations. Thus, exposure rates at nearby 
residences would have to be estimated using some type of model (perhaps simple), anyway. 
In addition, the monitoring data do not cover all periods of interest. 

We have chosen to use a readily available computer software package, MicroShield 4, to 
calculate exposure rates due to materials in the three Silos. MicroShield is designed to 
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perform shielding calculations and calculate exposure from gamma radiation sources (Negin 
and Worku 1992). The software was developed following standard verification and 
validation procedures, is used extensively in the radiation protection industry, and operates 
on mM PC-compatible microcomputers. For finite volume source geometries, MicroShield 
uses Gauss quadrature methods for point-kernel numerical integration. We use the most 
recently available version of MicroShield, version 4.00. 

Doses will be calculated using a simple model to incorporate factors describing the 
fractions of time the exposed person spends indoors, outdoors, and away from the exposure 
point (away from home). 

In order to run MicroShield, input parameters are required for the following: 
(1) geometrical description of the exposure conditions, including geometry of the source, 
shielding, and source to receptor distance, (2) descriptions of the source material and shield 
materials, including densities and constituents, (3) quantities of radionuclides in the source 
material, either a total activity or a concentration by volume, and (4) the quadrature order 
to be used for the numerical integration. 

Geometry Parameters for Micl'OShield 

Figure P-3 shows the general cross section of the K-65 and Metal Oxide Silos. As shown, 
each silo is 80 ft in diameter with an overall height of 36 ft, of which about 26 ft 8 in is the 
tank wall and about 9 ft 4 in is the domed roof of the silo (Preload 1951, Shanks and Vogel 
1988). The walls are 8 inch thick concrete and the domes are 4 inch thick concrete (Preload 
1951, Shanks and Vogel 1988). 

Head space air (in K-65 Silos) 

Figure P-3. General cross section of the K-65 and Metal Oxide Silos. 

In our source term report (Voilleque et al. 1991), we concluded, based on the available 
information, that the volume in the K-65 Silos occupied by head space air was between 
40,000 ft3 and 62,000 ft3 (average for the two Silos). For this work on direct exposures, we 
assume the head space volume is 51,000 ft3. The volume of the dome of the Silo was 
calculated to be 23,900 ft3 (Voilleque et al. 1991). This means that, on the average, the head 
space includes about 27,100 ft3 that is in the cylindrical part of the Silo, which would be the 
top 5.4 ft of the cylindrical section. This implies that the average height of the K-65 material 
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in the Silos would be 21.3 ft. A 1990 draft Remedial Investigation Report (DOE 1990), which 
reported on the then recent sampling of the K-65 and Metal Oxide Silos, indicated that the 
Metal Oxide Silo was essentially full of metal oxide material. In 1972 the Metal Oxide Silo 
was estimated to contain 150,000 ft3 of material <Nelson 1972). This is almost equal to the 
total volume of 158,000 ft3 (sum of the dome volume, 23,900 1\;3, and the cylindrical volume, [

f

L 
o


134,000 ft3). 
The MicroShield program can evaluate exposures for several different volume source 

geometries, including sphere, cylinder, rectangular volume, truncated cone, and infinite 
slab. Of these, the geometry that most closely approximates the geometries of the Silos and 
Silo domes is the cylinder. We must deal with two different types of source material, the air 
of the K-65 Silos' head space and the solid K-65 and metal oxide waste materials. In 1964 
earthen berms were constructed around the K-65 Silos (as indicated in Figure P-3), so two 
different configurations of the K-65 Silos must be considered: (1) without the surrounding 
berms, prior to 1964, and (2) with the berms, for 1964 and later. We thus envision three 
source and shield geometries, as shown in Figure P-4. 

K-65 Silos before 

addition of berms: 

Radiation from dome head 

space, rest of head space, 

and from K-65 material in 

Silo. 


Receptor.. 

K-65 Silos after addition 

of berms: 

Radiation from dome head 

space only. Radiation from 

rest of silo is totally 

shielded by berms. 


Receptor.. 

Metal Oxide Silo: 
Radiation from Metal 
Oxide material in silo only. 

c::J Radon and daughters in head space air. 

h:::::::::::::::::1 Radioactivity in K-65 or Metal Oxide material. 

II1II Earthen berms around K-65 Silos. 

I Shield material; silo dome or walls. 

Figure P-4. Source and shield geometry models used for estimation of direct 
exposures from the K-65 and Metal Oxide Silos. As described in the text, we model 
the two K-65 Silos as a single Silo, but with twice the actual height. 
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We first consider the distance from the center of the source to the receptor point. This 
information will be variable, based on the receptor location of concern. In this assessment, 
we are interested in doses to people outside of the FMPC site boundary. The closest point on 
the boundary to the three Silos is slightly farther than 1000 ft from the Silos. At this 
distance we hypothesize that the two K-65 Silos could be treated as a single Silo, at the 
midpoint between the two. We tested this by performing two sets of exposure calculations 
for the Paddy's Run Road survey locations which are discussed later in this Appendix. These 
locations were all along Paddy's Run Road, southwest to northwest from the Silos. 

The first set of calculations treated each of the two Silos separately, using the source 
activities and source to receptor distance applicable to each. The exposure rates due to each 
Silo were summed to give the total exposure rate at the receptor. The second set treated the 
two as a single Silo, using the average source activity concentrations and the distance from 
the midpoint between the two Silos to the receptor, but using a source height of twice the 
determined effective height. The use of a source height that is twice the actual source height 
effectively doubles the volume of the source and thus the total source activity, so that our 
effective source is equivalent to the two sources (the two Silos), stacked upon one another. 
The exposure rates for the two sets of calculations differed by less than 2% at all locations. 
Based on these results, we think it reasonable to treat the two K-65 Silos as a single Silo. 
Thus, we model the two K-65 Silos as a single Silo, using the average activity 
concentrations, the distance from the midpoint between the two Silos to the receptor, and a 
source height of twice the determined (based on physical heights) effective height. We note 
that we could accomplish the same result by using as the source activities for the single Silo 
the sum of the source activities for the two individual Silos. However, we actually will be 
using concentrations of radio nuclides, and we would rather utilize the average 
concentration, which retains physical meaning. The Metal Oxide Silo will still be treated as 
a single, separate source, because the relative concentrations of radionuclides in the metal 
oxide material differ from those in the K-65 material. 

Source geometry for K-65 Silos before addition of berms. The first geometry (see 
Figure P-4) is for the K-65 Silos before the berms were added. In this case, the source is 
modeled as three cylindrical sources. The bottom cylinder represents the K-65 material, and 
thus has a physical height of 21.3 ft, which we double for a modeled height of 42.6 ft. The 
second cylinder represents the head space that is in the cylindrical part of the Silo, and thus 
has a physical height of 5.4 ft, which we double for a modeled height of 10.8 ft. For both the 
bottom and second cylinders, the shield thickness is 8 in, as that is the thickness of the Silo 
walls. 

The top cylinder represents the head space that is in the dome part of the Silos. This 
cylinder is modeled with a height of 18.67 ft, twice the physical height of the actual dome 
above the Silo walls (9.33 ft), and with radius 28.5 ft, to provide the same total volume as 
the two actual domes. Determination of the shield thickness for this cylinder is more 
difficult. 

The prior source term work (Voilleque et al. 1991) concluded that the thickness of the 
concrete dome was between 3 and 4 in. We assume here a thickness of 3.5 in. However, the 
effective thickness in the horizontal direction is much greater, and varies with position on 
the dome, because the slope of the dome surface changes. To solve this, we wanted to 
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perform, once, a detailed exposure calculation for a complicated model of the dome, and use 
the results to determine an effective shield thickness value that could be used in a simpler 
model to provide the same results. The simpler model of the dome, that using the single, top 
cylinder discussed above, would then be used for further work. For the complicated model, 
we modeled the dome volume as broken into ten cylindrical volumes ("slices" of the dome), 
each of height 0.933 ft (one-tenth the total height), stacked on one another. The radii of 
these ten small cylinders were determined such that the overall shape of the stacked 
cylinders approximated the dome shape, and the total volume of the ten cylinders equalled 
the volume of the dome. The horizontal thickness of the dome material was determined 
based on standard trigonometric relationships. 

The sum of the exposure rates, for this ten cylinder model, was assumed to be the 
correct exposure rate. 

MicroShield was used to calculate the exposure rate due to each of the ten cylinder 
sources. For these calculations, we assumed a source concentration of 3 x 107 pCi L -1 in air 
(about the concentration measured in 1987) at a density of 0.001293 g em-3, assumed the 
shield (the dome material) to be normal concrete with density 2.35 g em-3, and assumed a 
receptor at 1000 ft from the source. The results of these calculations are shown below in 
Table P-7. We then made exposure calculations for the single cylinder model of the dome 
(9.33 ft height by 28.5 ft radius), and determined the shield thickness (horizontal dome 
material thickness) which resulted in an exposure rate equal to the sum of the exposure 
rates from the ten cylinder model. This equality occurred with a shield thickness of 9.805 in, 
which is thus considered the effective, horizontal thickness of the dome material. For 
further calculations we use our simple representation of the dome head space, the single 
cylinder model (9.33 ft height by 28.5 ft radius), with this effective shield thickness (9.805 
in) for the dome material. 

Table P-7. Calculations for Determining Effective Horizontal Thickness 
of Silo Dome for Modeling Dome Head Space as a Single Cylinder 

Cylinder Source Source Source Effective dome Exposure rate 
number thickness (ft) radius (ft) volume (ft3) thicknessc (in) (mRh-1) 

1 (top) 0.933 9.2 247 34.6 8.219 x 1()-8 
2 0.933 15.8 736 20.0 1.003 x 10-5 

3 0.933 20.4 1220 15.5 5.308 x 10-5 

4 0.933 24.1 1699 13.1 1.383 x 10-' 
5 0.933 27.2 2173 11.6 2.654 x 10-' 
6 0.933 30.0 2642 10.5 4.313 x 10-' 
7 0.933 32.6 3106 9.72 6.332 x 10-' 
8 0.933 34.9 3565 9.07 9.955 x 10-' 
9 0.933 37.0 4018 8.55 1.294 x 10-3 

10 (bottom) 0.933 39.0 4467 8.10 1.628 x 10-3 

sum 9.3 23870 5.449 x 10-3 

. f 
I 

L 

0 


C Thickness of the dome in the horizontal direction, away from the Silo center. 
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Source geometry for K-65 Silos with berms. The second source geometry (see 
Figure P~) is for the K-65 Silos after the berms are in place. The minimum horizontal 
thickness of the berms is eight ft. Screening level MicroShield calculations indicate that this 
thickness of earth would reduce the exposure rate due to radioactivity in the K-65 material 
by a factor of about 106. We thus assume that the berms provide total attenuation of 
radiation emitted through the Silo sides, so the K-65 material is neglected as a radiation 
source. Thus, the only source to consider is the dome head space. As for the previous 
geometry, we use a modeled height of 18.67 ft, a radius of 28.5 ft, and a shield thickness of 
9.805 in. 

Source geometry for Metal Oxide Silo. The third source geometry is for the Metal 
Oxide Silo, which has never had berms around it. Since this Silo is essentially full of metal 
oxide material, we model this Silo as a single cylinder, of radius 40 ft (as it actually exists) 
and with an effective height of 31.4 ft, to give the equivalent overall volume of 158,000 fta. 
Since the effective shield thickness calculated for the dome (9.805 in) is relatively close to 
the Silo wall thickness of 8 in, and since only about 15% of the material would be in the 
dome volume, we simply assume the wall thickness of 8 in can be applied to the whole 
cylinder. 

Material Properties Parameters for MicroShield 

The second type of information needed for input to MicroShield is the properties of the 
source and shield materials. For the Rn in the head space source, the basic source material 
is air. Air is also considered a shield material for all of our calculations, because air lies 
between the Silos and the receptor point. For the density of air we use the value for O°C and 
atmospheric pressure of 0.001293 g em-a (HEW 1970). MicroShield includes air as a 
standard material, and we accept the default selection of the constituents in air. 

For the K-65 and metal oxide materials, we found limited information about the 
constituents of the waste material in a Remedial Investigation Report (RIR) for restoration 
work on the Silos (DOE 1990). This RIR indicated that the K-65 material was primarily 
composed of silicates, carbonates, and sulfates. Other elements present at concentrations of 
at least 1% include Ca, Fe, Mg, and Pb. In particular, concentrations of Fe and Pb may be as 
high as 7% and 9% by weight, respectively. The major constituents present in the metal 
oxide material were similar, but also include AI and Na, and the relative concentrations 
differ from those in the K-65 material. The major constituents in concrete include silicates, 
AI, Ca, Na, K, and Fe (Negin and Worku 1992). The attenuation coefficients for many 
materials are similar when expressed on a per mass basis, although this does not hold for 
some of the heavier elements. In terms of gamma attenuation properties, the presence of 
very high concentrations of Fe and Pb appears to be the greatest difference between K-65 or 
metal oxide material and concrete. 

We performed some test calculations with MicroShield, to see what difference the 
concentrations of 7% Fe and 9% Pb would make to gamma attenuation. Our test case used a 
source geometry of 20 ft height and 40 ft radius, with an 8 in concrete shield to represent 
the Silo wall. The source was 1000 Ci 226Ra, 1000 Ci 222Rn and equilibrium quantities of the 
Rn daughters, and the receptor dose point was 1000 ft from the "Silo." Two cases were run, 
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one with the source material assumed to be concrete, and one with the source material 
assumed to concrete, but with the addition of 7% Fe and 9% Pb. The calculated exposure 
rates differed by only about 0.2%. This difference is considered negligible, and so we assume 
that the K-65 and metal oxide materials are adequately represented, for shielding 
calculation purposes, by concrete. 

The description of the source and shield materials also includes the density, and may 
include a water content, for the source material. For calculations of exposure and dose due 
to the K-65 and metal oxide materials, we will use the density and moisture content. 
provided in the source term report (Tasks 2 and 3 Report, in preparation). 

For the shield materials, which represent the concrete walls and dome of the Silo, we 
will use the default MicroShield density of 2.35 g em-a for concrete, and the default 
constituent makeup of concrete. We assume no additional water content. 

Source Activities for MicroShield 

The third type of information needed for input to MicroShield is the quantities of 
radionuclides present in the source materials. MicroShield allows the use of either total 
activity or activity concentrations. For our calculations, we use activity concentrations. The 
basic information will be provided in the final source term report (the Tasks 2 and 3 Report), 
although we will also make the assumption that the daughter products of source term 
radionuclides are also present at equilibrium concentrations. We have determined that 
210Pb, 210Bi, and 210po, which are later daughters of 222Rn, do not contribute to the 
calculated exposure rates, so these radionuclides will be neglected. For the case of the head 
space source, we only consider 222Rn and its short-lived daughters. We assume that the 
daughters are uniformly distributed in the head space gas, although some of the daughters 
may plate out on the Silo walls and dome. However, since the source media in this case is 
air, which will provide little attenuation, the exact distribution of the radionuclides should 
not be important. 

For the cases ofK-65 or metal oxide materials, there are many radionuclides to consider. 
We consider those radionuclides that have been determined present in the waste materials, 
and daughter products. Table P-8 lists the radionuclides to be considered for these sources, 
along with the decay fractions for the daughters. More information about radionuclides 
considered will be provided in the final report of Tasks 2 and 3 (in preparation). 

Integration Quadrature Order for Numerical Integration in MicroShield 

The final input information needed for MicroShield is the integration quadrature order, 
which describes the number of increments into which the source is divided for the numerical 
integrations. For cylindrical sources, we must specify quadrature order for radial, 
circumferential, and axial directions. As recommended by the MicroShield manual (Negin 
and Worku 1992), we have made test calculations using a range of quadrature orders. The 
tests indicate that for both the head space source and a metal oxide source, the exposure 
rate results obtained with quadrature orders of 10 for the three parameters were within 1% 
of the results for higher quadrature order (finer "mesh" size). Thus, for all calculations we 
will use a quadrature order of 10 for the radial, circumferential, and axial directions. 
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Table P-8. Radionuclides Considered for K-65 and Metal Oxide Material 

Source Terms for MicroSbield Direct Exposure Calculations 


Decay Decay 
Radionuclide Determination fraction Radionuclide Determination fraction 

r ; 
-' 

, :1 

l. 

r 

22:1Ac 
228Ac 
212Bi 
214Bi 
231Pa 

234Pa 
234mpa 
212pb 
214Pb 
212po 
214po 
216po 
218po 

measurements 
daughter of 232Th 
daughter of 22BTh 
daughter of 226Ra 
measurementsa or 
parent of 22:1Ac b 

daughter of 238lJ 
daughter of 238lJ 
daughter of 22BTh 
daughter of 226Ra 
daughter of 22BTh 
daughter of 226Ra 
daughter of 22BTh 
daughter of 226Ra 

1.00 
1.00 
1.00 

1.00 
0.0013 
1.00 
1.00 
1.00 
0.640 
1.00 
1.00 
1.00 

224Ra 
226Ra 
228Ra 
~ 
222Rn 
22BTh 
230Th 
231Th 
232Th 
234Th 
208T} 

234U 
235U 
238U 

daughter of 22BTh 
measurements 
daughter of 232Th 
daughter of 228Th 
daughter of 226Ra 
daughter of 232Th 
measurements 
daughter of 235U 
measurements 
daughter of 238U 
daughter of 228Th 
measurements 
measurements 
measurements 

1.00 

1.00 
1.00 
1.00 
1.00 

1.00 

1.00 
0.360 

a For the metal oxide material, measurements are used. 
b For the K-65 material, 231Pa is assumed in equilibrium with its daughter, 22:1Ac. 

Summary of MicroShield Input Parameters 

Table P-9 summarizes the input parameters that will be used in all the MicroShield 
calculations. In addition to those parameters, we also must input the source activity 
concentrations, densities, and moisture content, which will be taken from the final source 
term report (Tasks 2 and 3), and the source to receptor distances. 

Table P-9. Summary of Input Parameters for MicroShield Exposure Rate Calculations 

Cylinder geometry Source properties Shield properties 

height radius density thickness density quadrature 
designation (ft) (ft) material (gcm-3) material (in) (gcm-3) ordeJ"l

K-65 Silos before Berms Added 

dome head space 18.67b 28.5 air 0.001293 concrete 9.805 2.35 10, 10, 10 
cylinder air space 10.8b 40 air 0.001293 concrete 8 2.35 10,10,10 
waste 42.6b 40 concrete variable concrete 8 2.35 10, 10, 10 

K-65 Silos with Berms 

dome head space 18.67b 28.5 air 0.001293 concrete 9.805 2.35 10, 10, 10 

Metal Oxide Silo 

waste 31.4 40 concrete variable concrete 8 2.35 10, 10, 10 

a Integration quadrature orders for radial, circumferential, and axial directions. 

b As mentioned in the text, this height is twice the physical height, to allow the.treatment of the two 
K-65 Silos as a single Silo. This does not apply to the Metal Oxide Silo. 
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Calculation of Dose from Exposure Rates 

For the calculations of dose to a receptor based on the exposure rate, we first estimate 
the total exposure with a simple model that incorporates factors for the fractions of time 
spent in the radiation field and for shielding provided by a home or other structure. Thus, 

CP-l) 

where 

X = total exposure to the exposed person (mR) 


x = 	 exposure rate at the receptor, obtained from the MicroShield calculation (mR h-1) 

= fraction of time a person spends outdoors at the exposure point (generally at theirfout 
home) (unitless) 

fin = 	 fraction of time the person spends indoors at the exposure point (unitless) 

fR = 	 exposure rate reduction factor, to account for the shielding provided by the structure 
(such as a home) (unitless) 

T = 	 time that the person is exposed to the conditions (years or fraction of year converted 
to hours) 

The usage factors, {out and fin' and the exposure reduction factor for structures, fR' have 
been reviewed by others (NCRP 1984 and Kocher 1983). For applications to generic 
exposure scenarios, we will use values recommended by the NCRP review. 

For the conversion of total exposure to dose, external dose conversion factors are utilized 
in the following: 

He=X·{DCF) 	 CP-2) 

where 

He = effective dose equivalent to the exposed person (Sv) 


DCF = external dose conversion factor, to convert exposure rate in air to effective dose 
equivalent (Sv mR-1). 

Dose conversion factors from exposure to effective dose equivalent are tabulated in the 
International Commission on Radiological Protection's (lCRP) Publication 51 (lCRP 1987). 
Publication 51 provides calculated factors for five irradiation geometries that used 
anthropomorphic male and female phantoms. Of the five irradiation geometries, the 
rotational geometry (abbreviated ROT) .....may be seen as an approximation to the 
irradiation pattern of a person moving around unsystematically relative to the location of 
the source" (ICRP 1987). Because the orientation of exposed persons around the FMPC vary 
considerably and are not known, the ROT geometry is considered the most applicable to our 
calculations. 

Some of the dose conversion factors for the ROT geometry are shown in Table P-lO. 
Preliminary MicroShield calculations indicate that roughly 90% of the exposure rates due to 
direct exposures from the waste storage silos are from photons of energy between 1 and 2 
MeV. At these energies the dose conversion factors vary slowly with energy, so we use the 
average dose conversion factor for these energies, 0.0075 Sv R-l (7.5 x 10~ Sv mR-1), to 
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represent the dose conversion factor for all energies. It is noted that the effective dose 
equivalent factors from Publication 51 (ICRP 1987) were based on the tissue weighting 
factors wT of ICRP Publication 26 (ICRP 1977), which differ from the weighting factors of 
ICRP Publication 60 (ICRP 1991) which we generally use (see also Appendix T). The 
effective dose equivalent using the wT from Publication 26 is expected to be very close to the 
effective dose using the wT from Publication 60. 

Table P-IO. ExternalDose Conversion 

Factors: Effective Dose Equivalent per Unit 

Exposure for Rotational Geometry (Rona 


Photon energy (MeV) DCF (10-2 Sv R-l)

0.1 0.840 
0.2 0.746 
0.3 0.720
0.4 0.715 
0.5 0.717 
0.6 0.719 
0.8 0.725 
1.0 0.732 
1.5 0.748 
2.0 0.762 
3.0 0.783 

I 

C! 

a Ref. ICRP 1987. Dose conversion factors based 
on calculations for male and female phantoms. 
Units are those of the ICRP report. 

It is anticipated that, for people near the FMPC, doses from direct exposure from the 
waste storage silos will be small relative to the total doses due to FMPC emissions. Thus, 
the simplifying assumptions made for calculations of effective dose equivalent are thought to 
be adequate. If the relative importance of this exposure pathway is more significant than 
anticipated, it may be necessary to estimate organ doses. In that case, the method of 
equation P-2 would be applied, but with dose conversion factors for individual organs, and 
perhaps for individual photon energies, used to calculate organ doses H T• Two sources of the 
kinds of additional details that would be required are ICRP Publication 51 (ICRP 1987) and 
an Oak Ridge National Laboratory report (Kerr et al. 1985). 

PENETRATING RADIATION MONITORING DATA 

Data Obtained 

Only a few sources of environmental monitoring of penetrating radiation have been 
located. The most obvious source is exposure rate monitoring reported in FMPC 
environmental reports. External radiation monitoring was initiated in late 1975, using 
thermoluminescent dosimeters (TLDs) at locations along the FMPC site boundary (NLCO 
1976). The first results of this penetrating radiation monitoring were presented in the 1976 
annual report (Boback et al. 1977), which reported the minimum, maximum, and annual 
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average exposure rate for each of the six boundary air monitoring stations, BS-1 to BS-6, 
based on quarterly TLD measurements. The monitoring continued at the same locations 
through 1980 (Boback et al. 1978, Boback and Ross 1979, Boback and Ross 1980, and 
Boback and Ross 1981). In 1981, a new air monitoring station was added, BS-7, and 
exposure rate monitoring was also extended to this location (Fleming et al. 1982). This 
boundary monitoring continued unchanged through 1990, although four offsite locations 
were added in 1985, background measurements were added in 1986, and measurements at 
two additional onsite air monitoring stations, AMS 8 and AMS 9, were added in 1987 f

r 

L
o

(Fleming and Ross 1983, Fleming and Ross 1984, Facemire et al. 1985, Aas et al. 1986, 
WMCO 1987, WMCO 1988, WMCO 1989a, Dugan et al. 1990, and Byrne et al. 1991). 

In 1957 a survey of gamma exposure rates around the K-65 Silos was performed, to 
provide background information about potential personnel exposures that might result from 
the construction of an additional waste storage tank in the K-65 area (Ross 1957). 
Measurements were made at regular intervals in eight compass directions from each of the 
K-65 Silos, but only out to maximum distances of 320 ft or less. 

In 1986 and 1987, exposure rate surveys were performed along Paddy's Run Road, along 
the west side of the FMPC site, near the K-65 Silos. We have obtained daily survey forms for 
the June 1987 measurements (FMPC 1987) and monthly spreadsheet summaries of the 
daily measurements for all of 1987 (Anonymous circa 1987). As far as we could determine, 
these data have not been published by FMPC. 

Data Chosen for Comparison to Model Predictions 

One of the purposes of this Appendix is to compare measurements of penetrating 
radiation to predicted exposure rates based on our model, to try to evaluate the performance 
of our model. For this purpose, a data set with measurements at a variety of distances from 
the Silos is desired. The 1957 survey around the K-65 Silos consisted only of measurements 
fairly close to the Silos, which would not be representative of the exposures expected offsite. 
The boundary air monitoring station measurements, reported in the annual environmental 
reports, show exposure rates clearly elevated above background at only one location, AMS 6 
(or BS-6), with the other boundary station exposure rates indistinguishable from 
background and showing no trend with distance from the Silos (see, for example, Dugan et 
al. 1990 and Byrne et al. 1991). One of the onsite locations also showed an exposure rate 
above background, but this location was on the east side of the site, near production areas, 
and is likely due to production area radiation sources. 

The data from the Paddy's Run Road surveys are also not ideal, as only five locations 
were monitored. However, these monitoring locations were close enough to the Silos that we 
expect to see exposure rates elevated above background. Unfortunately, the surveys 
apparently did not include measurements at a background location. Even with these 
problems, we think the Paddy's Run Road surveys are the best data available for 
comparisons with our modeled exposure rates, and we will use them for these comparisons. 
The other data sets will be examined in more detail in the Task 5 Report. 

The locations of the Paddy's Run Road survey stations were obtained from the daily 
monitoring forms (FMPC 1987), and are shown in Figure P-5. We have tabulated the 
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monthly average exposure rates from these surveys (Anonymous circa 1987) below in Table 
P-ll. We found that the daily results for June 1987 (FMPC 1987) agreed with the monthly 
summary data (Anonymous circa 1987). The daily monitoring forms (FMPC 1987) indicate 
that a Ludlum Model 19 Micro R Meter, a type of exposure rate survey meter, was used for 
the June 1987 measurements. The instruments used for the other measurements are not 
known to us. 
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Figure P-5. Survey locations for Paddy's Run Road exposure rate surveys of 1986 
and 1987, performed by the FMPC. 

In Table P-ll, there can be seen a significant change in recorded exposure rate between 
July and August, when the average exposure rates at all monitoring locations increased by 2 
to 4 J,1R h-1. We do not know of any change to the Silos, other significant change in radiation 
sources in this area, or seasonal effect that might have caused the change. One possible 
explanation is that the radiation survey instruments being used may have been changed 
(i.e., to a different type) or recalibrated at that time. It is well known that different types of 
radiation survey instruments have different energy response curves, and thus can produce 
different responses in a given condition, even when a calibration (which is usually only for a 
certain range of energies) has been performed. Since we did not obtain the daily survey 
forms for July and August 1987, we can only conjecture about the reasons for the change. 
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Table P-ll. Monthly Average Exposure 
Rates (JJ.R h-1) from Paddy's Run Road 

Surveys of 1987 

Survey location 

Month 4 5 6 7 8 

January 7 11 14 10 6 
February 
March 

7 
7 

12 
12 

14 
15 

10 
10 

7 
7 

April 7 12 15 10 7 
May 
June 

7 
7 

12 
13 

15 
16 

11 
11 

7 
7 

July 7 13 16 11 7 
August 9 16 20 14 9 
September 
October 

9 
10 

17 
17 

21 
21 

14 
14 

9 
10 

November 9 17 21 14 9 
December 

1987 Average 

9 

8 

16 

14 

19 

17 

13 

12 

8 

8 

COMPARISONS OF MODELED TO MEASURED PENETRATING RADIATION 
EXPOSURE RATES 

In 1987, the existence of the berms around the K-65 Silos means that Rn and daughters 
in the dome head space is the only source to be considered for the K-65 Silos (second 
geometry in Figure P-4), The Metal Oxide material is also a source (third geometry in 
Figure P-4). 

The source activity concentrations, density, and moisture content data are compiled in 
the Tasks 2 and 3 report (in preparation). From that work, the average 22'lRn concentration 
in the K-65 Silos head space, for the 1980-1987 period, was estimated to be 2.62 X 107 pCi 
L-1, or 0.0262 IlCi em-3 (the units required for MicroShield) (this was also previously 
developed in Voilleque et al. 1991). For the Metal Oxide Silo, the source term work (Tasks 2 
and 3) compiles concentration measurement data for samples of the metal oxide. The density 
was determined to be 0.64 g em-3, and volume concentrations were calculated. Those 
concentrations are shown in Table P-12, along with the concentrations of daughter product 
radionuclides, that we assumed to be present at equilibrium concentrations. The moisture 
content was considered low enough to be negligible. 

We determined the distances from the Silos to the monitoring locations by first plotting 
the monitoring locations on a detailed engineering drawing of the FMPC site (WMCO 
1989b). We then scaled the distances between the monitoring location and Silo 3, and the 
midpoint between Silos 1 and 2 (see also Figure P-5). The results are given in Table P-13. 

Using the source term and distance information, exposure rate calculations were 
performed using MicroShield. The results of these calculations are shown in Table P-14. 

The Paddy's Run Road surveys did not include measurements of the background 
exposure rate, and no other background measurements using the same instruments are 
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Table P-12. Radionuclide Concentrations for Metal Oxide Material 

Radionuclide 
Concentration 
(~Ci em-3) Basis Radionuclide 

Concentration 
(~Ci em-3) Basis 

2ZlAt; 
228At; 
212Bi 
214Bi 
231Pa 
234Pa 

234mpa 
212Pb 
214Pb 
212po 
214po 
216po 
218po 
224Ra 

3.72 X 10-4 
5.01 x 10-' 
5.01 x 10-4 
1.90 x 10-3 

3.57 x 10-' 
1.25 x 1~ 
9.60 x 10-' 
5.01 x 10-' 
1.90 x 10-3 

3.21 x 10-' 
1.90 x 10-3 

5.01 x 10-' 
1.90 x 10-3 

5.01 x 10-4 

measured 
equilibrium 
equilibrium 
equilibrium 
measured 
equilibrium 
equilibrium 
equilibrium 
equilibrium 
equilibrium 
equilibrium 
equilibrium 
equilibrium 
equilibrium 

226Ra 
228Ra 
~Rn 
222R.n 
22BTh 
230Th 
231Th 
232Th 
234Th 
208TI 
234U 
235U 
238U 

1.90 x 10-3 
5.01 x 10-' 
5.01 x 10-' 
1.90 x 10-3 
5.01 x 10-' 
3.28 x 10-2 

6.39 x 10-5 

5.01 x 10-' 
9.60 x 10-4 
1.80 X 10-4 
9.46 x 10-' 
6.39 x 10-5 

9.60 x 10-' 

measured 
equilibrium 
equilibrium 
equilibrium 
equilibrium 
measured 
equilibrium 
measured 
equilibrium 
equilibrium 
measured 
measured 
measured 

Table P-13. Distance between Paddy's 

Run Road Survey Locations and Silos 


Distance from monitoring 
location (ft) to: 

Monitoring Point between Center of 
location Silos 1 and 2 Silo 3 

4 1490 1520 
5 1190 1210 
6 1100 1090 
7 1290 1250 
8 1630 1580 

known to us. Thus, for comparison purposes we used the measured and predicted values at 
location 8, in lieu of background data. We thus subtracted the values for location 8 from the 
other values before making comparisons. The predicted exposure rates, in excess of the 
prediction for location 8, are compared with the average measured exposure rates, in excess 
of the measured value for location 8, in Table P-15. For this survey data, the predicted 
excess exposure rates are roughly one half the measured excess exposure rates. 

Based on these limited comparisons of predictions to measurements for the Paddy's Run 
Road surveys, it appears that our predicted exposure rates may be somewhat underbiased. 
With the available data, we cannot determine the sources of this bias. Contributing factors 
may include inaccuracies in the measurements, in the MicroShield model, or in parameter 
values used to describe the sources and shields (derived primarily from our source term). We 
tentatively conclude that, relative to the measurements, and when the uncertainties 
involved are considered, the predicted exposure rates are in a range considered acceptable. 
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Table P-14. Predicted Exposure Rates at 

Paddy's Run Road Survey Locations 


Predicted Exposure rate (J,LR h-1) due to: 

Location Silos 1 and 2 Silo 3 Total 

4 1.68 0.0284 1.7 
5 4.30 0.0523 4.4 
6 5.83 0.0490 5.9 
7 3.11 0.0212 3.1 
8 1.12 0.00768 1.1 

Table P-15. Comparison of Predicted 

and Measured Exposure Rates for 


Paddy's Run Road Survey Locations 


Excess exposure rate relative 

to location 8 (J,LR h-1) 


Monitoring Measured 1987 
location Predicted average 

4 0.6 0 
5 3.3 6 
6 4.8 9 
7 2.0 4 

However, as mentioned earlier in this Appendix, additional enVironmental exposure rate 
data will be evaluated in the Task 5 Report. After analyzing those data, we will study 
further the agreement of predictions and measurements before making final conclusions 
about the performance of the MicroShield model for direct exposure calculations. 
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Table PS-1. Concentrati0D8 of liaRD Measured by Mound MonitorinC Propam at the FMPC 

from July 2, 1986 throup October 3, 1986 (pCI L-l)G 


Monitoring period Monitoring location 

From: To: 1 2 3 4 5 6 7 8 9 10 

07102185 07/18185 4.7 1.7 2.8 2.7 6.4 1.6 1.9 0.80 1.1 0.69 
07/18185 Q&I02185 4.0 1.8 5.8 2.2 3.2 1.8 1.5 0.71 0.73 0.87 
0&'02185 0&'08185 1.4 1.1 8.0 6.8 2.5 0.74 1.6 0.76 0.93 0.78 
08108185 08115185 5.0 1.7 8.1 3.9 5.2 1.2 0.87 0.88 0.97 0.28 
08115185 08129185 4.2 1.6 5.7 4.2 3.8 1.2 1.2 0.57 1.2 0.79 
08129185 09105185 8.0 1.7 5.1 3.9 8.2 1.4 1.4 0.67. 0.56 0.61 
09105185 O9Il2185 5.4 1.9 2.1 4.0 7.0 1.4 1.9 1.1 1.8 0.69 
O9Il2185 09119185 3.8 2.1 25 5.5 5.9 2.4 3.9 2.7 2.1 1.1 
09119185 10101185 6.4 2.7 9.9 11 8.8 2.8 3.2 1.7 2.1 2.8 
10101185 10109185 8.4 2.0 14 4.8 6.5 3.4 4.2 2.5 1.4 1.0 
10109185 10J2&185 3.7 2.9 9.8 5.6 5.7 1.2 1.9 1.4 1.6 1.8 
10123185 llJ06185 1.6 2.0 19 1.7 1.8 0.88 0.55 0.75 0.38 
11106185 11113185 2.9 2.0 7.1 6.1 5.5 1.8 0.85 0.69 0.57 1.2 
11113185 11127185 4.1 1.8 14 4.5 5.2 1.8 0.80 0.94 0.44 0.88 
11127185 12104185 1.5 2.1 9.5 3.1 0.99 0.53 0.19 0.28 0.12 0.82 
12104185 12111185 7.8 8.9 14 14 11 3.5 1.8 2.8 1.1 0.69 
12111185 12119185 3.3 2.1 3.6 3.8 3.8 0.94 0.56 0.64 0.69 0.85 
12119185 01102186 7.3 1.4 2.8 3.1 8.5 2.5 0.88 1.2 0.63 0.70 
01102186 01108186 3.1 1.7 6.1 6.0 2.9 0.86 0.74 0.96 0.61 0.96 
01108186 01115186 7.9 2.5 3.6 2.0 5.8 2.9 1.5 1.8 0.48 0.77 
01115186 01122/86 4.1 1.5 5.2 11 5.2 0.95 1.1 1.4 0.68 1.0 
01122/86 01129186 4.8 1.1 7 3.2 1.6 1.2 0.85 0.99 0.15 0.31 
0Vl9186 02105186 2.5 1.6 12 4.3 3.4 1.3 0.76 0.98 0.51 1.1 
02105186 02ll2'86 4.8 1.6 2.1 0.99 1.1 1.2 0.43 0.62 0.45 0.25 
02ll2'86 02119186 8.4 6.9 22 12 6.2 1.1 1.8 4.2 0.72 0.72 
02119186 02t'27186 8.8 3.0 7.1 4.9 4.0 1.7 0.48 0.96 0.51 0.30 
02t'27186 03105186 7.0 2.8 1.2 4.0 2.7 2.9 1.0 1.1 0.43 0.82 
03105186 03ll2'86 4.6 1.7 4.7 6.7 5.3 0.94 0.24 0.40 0.49 0.67 
03ll2'86 03119186 5.1 3.3 10. 4.4 4.8 2.4 0.56 0.93 0.56 0.48 
03119186 03126186 7.8 2.7 3.4 5.2 6.1 2.2 0.47 1.1 0.69 0.67 
03126186 04102186 7.5 2.7 4.1 3.3 15 3.5 1.5 2.6 0.97 1.8 
04102186 04109186 9.7 2.2 12 3.8 9.2 1.8 1.5 1.5 1.2 
04109186 04I161B6 8.6 1.2 6.8 3.0 2.7 2.6 1.9 1.5 0.86 0.74 
04I161B6 04129186 12 4.4 6.3 5.1 5.1 2.0 1.9 2.4 1.2 1.2 
04129186 
05107186 
05114186 

05107186 
05114186 
05121186 

7.6 
7.0 
4.5 

5.3 
1.9 
0.61 

2.4 
18 

1.5 

5.2 
2.2 
5.5 

7.4 
4.6 
6.7 

2.7 
1.6 
1.4 

1.6 
0.97 
0.54 

2.5 
1.2 
1.1 

0.54 
0.97 
0.83 

1.2 
0.67 
0.48 

05121186 0512&'86 7.2 1.8 9.9 5.4 5.2 2.3 1.5 1.8 1.1 1.1 
0512&'86 06104186 9.1 11 7.4 2.9 1.6 2.6 1.2 0.91 
06104186 06111186 7.4 0.97 5.8 5.5 9.5 1.1 1.1 0.76 0.60 
06111186 06118186 1.9 3.1 4.8 13 2.0 1.4 1.6 0.79 
06118186 06125186 12 1.7 9.3 3.8 7.7 2.9 1.6 1.4 1.1 
06125186 07/02186 11 1.6 7.1 5.1 6.8 2.5 1.7 1.6 0.76 
07102186 07/08186 8.0 2.7 1.4 5.4 10. 2.0 1.6 1.1 1.1 
07/08186 07/161B6 7.5 1.1 3.4 2.8 7.4 1.8 0.96 0.91 0.55 
07/161B6 07123186 15 1.1 3.3 2.9 6.2 3.1 1.4 1.8 0.88 
07123186 07/30186 8.2 2.0 7.8 2.9 5.1 2.2 2.1 1.2 1.8 
07/30/86 O&'~ 10. 1.5 6.2 3.0 3.8 2.6 2.2 2.0 1.4 
O&'~ 08113186 8.4 1.9 3.4 2.8 5.2 2.9 2.2 1.1 1.1 
0&'13186 08120186 5.5 1.3 4.9 3.0 5.5 1.7 1.8 1.5 0.93 
08120186 08127186 4.2 1.9 7.3 2.6 4.7 1.4 1.4 1.6 1.1 
08127186 09103186 2.3 2.5 11 3.0 2.2 1.8 2.4 2.0 1.2 
09103186 09/10/86 7.5 1.8 5.7 4.4 5.5 2.8 1.8 1.7 1.2 
09/10/86 09117186 4.0 0.77 5.6 3.7 5.2 0.67 0.74 0.36 1.1 
09117186 09124186 4.2 6.3 2.7 6.1 1.7 1.1 1.0 0.78 
09124186 10/03186 4.8 0.85 3.2 4.3 9.5 1.3 1.2 1.2 0.85 

a Ref: Jenkins 1986. 
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AppendixP Page P-31 
Radon, Radon Daughters, and Penetrating Radiation from the K-65 Silos 

Table PS-l. ConcAmtraticma of IIIBn Measured by MoUDd MoDitoriq Prop-am at the FMPC from 

July 2, 1986 through October 3,1986 (pCI L-l)4 (continued) 


Monitoring period Monitoring location 

From: To: 11 12 13 14 15 17 18 19 ID 21 

07102185 07/18185 0.89 0.95 0.41 0.31 0.42 0.47 0.44 
07/18185 08102185 0.72 0.95 0.45 0.65 0.51 0.68 
08102185 0&'08185 1.7 1.5 0.36 0.36 0.80 0.50 0.67 
08lO8I85 0&'15185 0.59 0.73 0.58 0.35 0.67 0.58 0.47 
0&'15185 08129185 1.1 0.99 0.33 0.39 0.56 0.52 0.65 
08129185 09105185 0.93 1.5 0.39 0.56 0.73 0.59 
09105185 09112185 1.2 1.3 0.61 0.3 0.52 0.53 0.61 
09112185 09119185 2.1 2.5 1.1 1.1 2.1 1.0 2.2 
09/19185 10101185 2.9 3.4 1.1 0.99 1.9 1.0 1.3 
10101185 10109185 2.6 2.7 1.2 1.1 1.5 1.1 1.4 1.1 1.1 2.1 
10/09185 10123185 2.2 2.1 0.84 0.43 0.82 0.58 0.83 0.96 0.86 1.6 
10123185 11106185 0.86 1.1 O . .w 0.28 0.82 0.35 0.37 0.50 0.30 0.56 
11106185 11113185 0.94 1.7 0.47 0.2 0.43 0.19 0.30 0.32 0.19 0.41 
11113185 11127J85 0.49 0.81 0.57 on 0.58 0.24 0.33 0.54 0.82 0.55 
11127185 12I04J85 0.31 0.30 0.17 0.25 0.57 0.16 0.18 0.19 0.14 
12I04J85 12111185 1.3 2.2 2.4 0.69 0.67 0.98 0.59 0.85 0.63 1.2 
12111185 12119185 0.84 0.87 0.51 0.18 0.21 0.22 0.23 0.35 0.15 0.29 
12119185 01102186 0.73 0.70 0.48 0.29 0.34 0.34 0.29 0.42 0.24 0.29 
01102186 01108186 0.85 1.6 0.66 0.23 0.28 0.25 0.39 0.44 0.84 0.25 
01108186 01115186 0.70 1.4 0.69 0.42 0.39 0.44 0.39 0.63 0.32 0.60 
01115186 01122186 1.2 2.2 0.38 0.38 0.44 0.36 on 0.72 0.44 O . .w 
01122186 01/29186 0.44 1.1 on 0.26 0.43 0.25 0.32 0.41 0.25 0.41 
01129186 02105186 0.74 1.2 0.51 0.34 0.65 0.30 0.81 0.41 0.38 0.26 
02105186 02112186 0.24 0.36 0.26 0.11 0.15 0.15 0.18 0.26 0.17 0.17 
02112186 02119186 2.6 4.7 0.83 0.29 0.54 0.38 0.37 0.67 0.43 0.88 
02119186 02127186 0.89 1.2 0.38 0.18 0.22 0.21 0.24 0.35 0.23 0.32 
02127186 03105186 0.66 1.0 on 0.30 0.20 on 0.15 on 0.29 
03105186 03112186 0.80 1.3 0.14 0.10 0.12 0.19 0.23 O . .w 0.81 0.20 
03112186 03119186 0.63 1.9 0.33 0.17 0.45 0.29 0.19 0.43 0.47 0.63 
03119186 03126186 1.0 1.2 0.35 0.13 0.24 0.22 0.81 0.47 0.28 0.53 
03126186 04102186 1.4 2.5 0.81 0.42 0.74 0.51 0.56 0.72 0.69 1.3 
04102186 04109186 1.6 2.6 0.69 0.23 0.56 0.47 0.50 0.81 0.67 1.2 
04109186 04116186 1.2 1.8 0.48 0.39 0.53 0.48 0.39 0.52 0.49 0.90 
04116186 04/29186 1.8 1.8 0.88 0.24 0.47 0.55 0.66 0.77 0.78 1.1 
04129186 05107186 1.7 2.1 1.0 0.48 0.65 0.73 0.61 0.53 1.2 
05107186 05114186 1.0 1.4 0.46 0.16 0.51 0.37 0.47 0.49 0.52 0.75 
05114186 05121186 1.3 0.49 0.23 0.23 0.23 0.21 0.46 0.25 0.25 0.50 
05121186 05128186 2.4 2.3 0.72 0.30 0.54 0.48 0.46 0.58 0.54 0.84 
05128186 06104186 3.4 1.9 0.68 0.44 0.65 0.59 0.91 0.54 0.62 1.1 
06104186 06111186 2.1 2.5 0.30 0.13 0.30 0.26 0.38 0.50 0.35 0.64 
06111186 06118186 2.7 1.6 0.83 O • .w 0.49 0.55 0.89 0.65 0.63 1.0 
06118186 06125186 2.7 1.9 0.73 0.31 0.52 0.57 0.88 0.86 0.83 1.1 
06125186 07/02186 1.4 2.2 0.69 0.47 0.70 0.64 1.1 0.75 0.68 1.1 
07102186 07/08186 1.4 1.0 0.65 0.23 0.51 0.74 1.0 0.75 0.69 1.4 
07/08186 07/16186 0.68 1.2 0.84 0.17 0.51 0.32 0.47 0.41 0.41 0.71 
07/16186 07123186 1.2 1.4 0.35 0.25 O • .w 0.44 0.17 0.65 0.66 
07123186 07/30/86 1.4 2.0 0.78 0.41 1.1 0.84 0.99 0.86 0.83 1.7 
07/30/86 0&'06186 3.1 2.1 0.63 0.32 1.0 1.0 1.4 1.2 1.3 2.1 
0&'06186 0&'13186 2.2 2.8 0.66 0.41 1.1 0.77 0.64 0.73 0.70 1.5 
0&'13186 08120186 1.9 2.3 0.77 0.30 0.73 0.85 0.76 0.80 1.1 1.4 
08l2OI86 0&'27186 2.1 2.0 0.95 0.68 1.3 0.82 0.86 1.2 0.69 1.5 
0&'27186 09/03186 2.6 2.3 1.5 0.51 0.79 0.92 1.3 1.1 1.2 1.5 
09/03186 09/10186 3.6 2.7 1.2 0.70 1.5 0.74 1.4 1.2 1.2 1.8 
09/10186 09/17186 1.5 1.6 0.36 0.29 0.61 0.46 0.95 0.53 0.74 0.91 
09117186 09/24/86 2.4 2.7 0.56 0.53 0.54 0.62 0.75 0.80 0.43 1.3 
09/24/86 10/03186 1.2 0.53 0.82 0.16 0.38 0.37 0.65 0.62 0.43 0.82 

a Ref: Jenkins 1986. 
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APPENDIXQ 

THE RAGTIME AGRICULTURAL MODEL 

INTRODUCTION 

Agricultural products (both commercial and those produced by individuals for their own 
consumption) constitute a node in a pathway for transport of released radionuclides to users 
of the products. In the context of the FMPC assessment domain, we consider radionuclide 
contamination offood crops and animal forage by deposition of airborne material and irrigation 
with water from contaminated sources. By these mechanisms, contamination is applied to 
plant surfaces and is also taken up through the roots from the soil. Translocation from the 
surface to interior plant tissues may also occur. The radioactivity may reach people who eat 
the vegetable matter or the products of animals that have consumed contaminated forage or 
water. 

The RAGTIME model (Radionuclides in AGricultural systems, a TIME dependent model) 
was developed in the late 1970s and implemented on mainframe computers (Pleasant et al. 
1980). The original goal was to provide a comprehensive agricultural model that would be 
useful for studying dynamic effects (e.g., time-dependent parameters, demographics of dairy 
and beef herds). In 1987, RAGTIME was revised and reprogrammed for participation in the 
international BIOMOVS model validation, in which data from the Chernobyl reactor accident 
were available from a number of sites for providing model inputs (air concentration data) and 
also resultant concentrations on crops for comparison with the model simulations. RAGTIME 
fared well in the validation exercise, where 131 I and 137CS were the radionuclides considered 
(Kohler et a1. 1991). 

This appendix gives background information on the RAGTIME approach and describes 
its proposed application to the FMPC region. Details of the implementation will depend, in 
some degree, on the relative contribution of ingestion pathways to the total dose to individuals 
living near the FMPC (including dose from inhalation, which is expected to dominate). 

Much of this discussion is freely adapted from the reports Pleasant et a1. (1980) and 
Pleasant et a1. (1982), and we do not make further attributions to these sources. Inasmuch as 
one of us (G.G.K) was one of the authors of these reports, we have made no particular effort 
to avoid identical or very similar phrasing where it best serves the purpose of our exposition. 

ORIGINS OF RAGTIME 

RAGTIME began as an adaptation of the earlier TERMOD (Booth and Kaye 1971), which 
treated response variables as dynamic quantities (i.e., the system was represented by a system 
of ordinary differential equations, in contrast to quasi-steady-state models based on trans
fer ratios). But TERMOD required a formulation for which the differential equations could 
be solved in closed fonn and therefore was unable to incorporate temporal refinements such 
as seasonal effects and time-varying parameters; nonlinearities were also precluded. To cir
cumvent such limitations, the RAGTIME differential equations were solved numerically by a 
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discrete-variable technique. Ingrowth of radioactive daughters was also treated explicitly in 
the original RAGTIME. 

In 1987, RAGTIME was revised and reprogrammed and, under the name RAGTIME87, 
participated, along with 20 other models, in the BIOMOVS program (BIOspheric MOdel Vali
dation Study), an international cooperative study that was initiated by the Swedish National 
Institute of Radiation Protection. In Scenario A4 of the study, the models were tested using 
Chernobyl fallout data at 13 sites for 131 I and 137Cs in forage, milk, beef, and grain. Predicted
to-observed ratios based on the RAGTIME87 simulations of resultant concentrations of ra
dioactivity, based on daily records of radioactivity in the air, were extensively tabulated and 
plotted for all of the models (Kohler et al. 1991). When all predictions and observations are 
considered, we believe it is fair to say that RAGTIME87 was among the most successful of 
the models. 

OVERVIEW OF RAGTIME 

RAGTIME estimates radionuclide concentrations in food crops, pasture grass, beef, and 
milk, which are contaminated directly or indirectly by radionuclide deposition and irrigation 
with contaminated water. In the present structure, root crops are not explicitly represented 
and must be included by ad hoc methods. The model assumes a known rate of deposition of 
radioactivity (pCi m-2 S-I) at a given location and uses interception fractions SI, S2, S3, and S4 

to calculate radioactivity input rates to the model compartments representing above-ground 
food crops, the soil surface below the food crop, pasture grass, and pasture soil or root mat, 
respectively, at that location. 

The model is shown schematically in Fig. Q-l. Although for the current dose reconstruc
tion project it may not be necessary to represent explicitly the dynamics of daughter ingrowth, 
we retain the mechanisms in the formulas. Accordingly, the subscript i associated with the 
model compartments (Ei, Si, ~, etc.) refers to the ith nuclide of a decay chain (i =1, ... , N). 
Alternatively, i can refer to the ith of a list of radionuclides that are not related by decay-chain 
relationships. Certain of the transfer coefficients are nuclide-, or element-, dependent; this 
dependence is also signified by the use of the subscript i (e.g., (7"p,t)i). The deposition source 
Fi (pCi m-2 S-I) represents the input source of radioactivity corresponding to the ith nuclide 
in a decay chain. This source strength may vary with time according to a step function that 
is specified with the input. The interception fractions SI, ... ,S4 may also be time-dependent 
with respect to growth dynamics of the crop land or pasture. Models for time-dependent 
interception fractions are discussed in a later section. 

An outline of the terrestrial pathways considered in RAGTIME follows, along with brief 
descriptions of the parameters. 

Transfer of Radioactivity to Food Crops 

Radioactivity deposited on the surface of the above-ground food crop passes to the soil 
surface below the plants with an environmental half-time of usually less than 30 days (With
erspoon and Taylor 1970). We typically use 14 days for this parameter (Booth and Kaye 1971, 
Zimbrick and Voilleque 1968). For transfer from the soil surface below the food crop to the 
subsurface soil pool (root zone), we have assumed a I,OOO-day environmental half-time. The 
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Appendix Q Page Q-3 
The RAGTIME Agricultural Model 

~-!, 
v 

r"} 

J 

DEPosmON SOURCE Fj (pCj m-2 day-1) 

~ Washoff, weathering ~ ~ Washoff, weathering ~ 
SURFACE OF "'crop SOIL SURFACE 

ABOVE GROUND "'e,s BELOW 
FOOD CROP FOOD CROP 

EI (pCl m-2) Sj (pCl m2) 

Trans
location 'te ,1 

PLANT INTERIOR 

TI (pCl) 

Harvesl 

Rooluptake 

("'p,ll! 

'ts,p 

ROOT ZONE FOR 
FOOD CROP 

PI (pCl) 

'tp,h 

CROP SOIL 
SINK 

HI (pCIm-2) 

,, 

...----"------, "'pasture ...--_---.,;L-_--, 
"'g,r 

PASTURE GRASS 

GI (pClm-2) 

Grazing 'tg,. 

.... 
'tr,g 

Rooluptake 

,. 

PASTURE SOIL 

RI (pCl m2) 

'tr,d 

PASTURE SOIL 
SINK 

01 (pC1 m-2) 

: Slaughter : Milking, , 
CROP HOLDUP BEEF HOLDUP MILK HOLDUP 
COMPARTMENT 

, 

COMPARTMENT COMPARTMENT 

(BH)I (pCI kg-1) (CH)I (pCI L-1)(EH)I (pCI kg-1) 

Figure Q-l. The RAGTIME schematic compartment diagram, Some details of the 
transfer mechanisms for food crops and pasture grass are elaborated in subsequent 
figures. Stored feed for beef and dairy cattle are not shown in the figure. 

plant interior compartment To simulates radioactivity that is transferred to the edible parts 
of crops as a result of root uptake and translocation from the plant surface, 

The rate coefficient (Tp,t)i representing uptake to r. through the roots of radioactivity 
from the root zone (p.) is treated as a time-dependent quantity, The functional relationship is 
described in a subsequent section, For the loss of radioactivity from the root zone to the soil 
compartment below the roots Hi (soil sink), we have assumed a loss rate of 4% per year (Booth 
and Kaye 1971, Menzel 1963), The dotted lines in Fig, Q-1 from compartments Ei (surface of 
the above-ground food crop, expressed as the sum of components (EW)i and (Ed)i, as explained 
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DEPosmON SOURCE Fi (pCi m-2 day-l) 

cp Washoff, weathering cr Washoff, weathering ~ ~ 

~p,h 

CROP SOIL 
SINK 

Hi (pCIm-2) 

~pasture 
~g,r 

PASTURE GRASS PASTURE SOIL 

GI (pCim-2) 

Grazing 

(~g,b)i 

1 

BEEF 

BI (pCl kg-l) 

· ·: Slaughter ·• 
BEEF HOLDUP 

COMPARTMENT 

(BH)I (pCi kg-1) 

~ .. 

RI (pCl m-2) 
~r,g 

Root uptake 
~r ,d 

PASTURE SOIL 

(~g , cli 

MILK 

Ci(pCiL-1) 

. 

SINK 

OI(pOm-2) 

SURFACE OF 
ABOVE GROUND 

FOOD CROP 

EI (pClm-2) 

Trans-
location ~,t 

PLAm' INTERIOR 

TI (pCl) 

~crop 

~e,s 

Root uptake 

(~p ,tll 

SOIL SURFACE 
BELOW 

FOOD CROP 

5i (pClm-2) 

~s,p 

ROOT ZONE FOR 
FOOD CROP 

PI (pCl) 

Harvest 

• 
. 
: Milking 

CROP HOLDUP MILK HOLDUP 
COMPARTMENT COMPARTMENT 

(CH)i (pCI L-1)(EH)i (pCI kg-1)

Figure Q-l. The RAGTIME schematic compartment diagram. Some details of the 
transfer mechanisms for food crops and pasture grass are elaborated in subsequent 
figures. Stored feed for beef and dairy cattle are not shown in the figure. 

plant interior compartment r. simulates radioactivity that is transferred to the edible parts 
of crops as a result of root uptake and translocation from the plant surface. 

The rate coefficient (rp,t)i representing uptake to r. through the roots of radioactivity 
from the root zone (p.) is treated as a time-dependent quantity. The functional relationship is 
described in a subsequent section. For the loss of radioactivity from the root zone to the soil 
compartment below the roots Hi (soil sink), we have assumed a loss rate of 4% per year (Booth 
and Kaye 1971, Menzel 1963). The dotted lines in Fig. Q-1 from compartments Ei (surface of 
the above-ground food crop, expressed as the sum of components (Ew)i and (Ed)i, as explained 
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below) and To (plant interior) to compartment (EH), (crop holdup) represent harvesting of 
crops. 

The level of radioactivity in all compartments associated with crops at a given time is 
dependent on the histories of both the deposition source strength and on the growth of the 
crops. The effect of crop growth on the radioactivity level on the plant surfaces (compartment 1 


1 


J 

. I 

U


J 

. J 

J 

J 


E,) is simulated through the use of the time-dependent interception fraction Sl. The time
dependent transfer coefficient (7p ,t), plays a similar role as the principal source for the plant 
interior To. (The translocation coefficient (7e,t), is not currently parameterized.) Before the 
emergence of plants, the value of Sl is zero, as is that for (7p,t)'. At harvest time, the entire 
food crop is assumed to be stored in a holdup compartment (EH'h, after which time the 
radioactivity concentration level in this food is assumed to be affected only by the dynamics 
of radioactive decay. Thus, the activity level in the compartments representing crops in the 
field (compartments E, and To) is zero except at times between the emergence and harvest of 
crops. 

Transfer of Radioactivity to Beef and Milk 

As in the case of transfer from the surface of the above-ground food crop to the soil surface, 
we have assumed a 14-day environmental half-time for the loss of radioactivity from pasture 
grass to pasture soil (Booth and Kaye 1971, Zimbrick and Voilleque 1968). To account for 
uptake of radioactivity by pasture grass from soil, we have used a transfer rate of 1 % per 
year from R; to C, (Booth and Kaye 1971, Menzel 1963). As in the determination of 7 p ,h, a 
transfer rate of 4% per year from the pasture soil compartment R; to the soil below the roots 
D, was assumed (Booth and Kaye 1971, Menzel 1963). 

The rate coefficient for loss of radioactivity from pasture grass resulting from grass con
sumption by a cow is denoted by 7g ,•. This coefficient is calculated as Vc/(AgDg), where Vc is 
the average ingestion rate of grazing cows (kg day-1 ), Dg is the dry-weight areal grass density 
(kg m-2), and Ag is the pasture area required to graze one cow (m2). 

The beef compartment B, represents the concentration of radioactivity in the muscle of 
a steer, and e, simulates the concentration of radioactivity in the milk in a cow's udder. It 
is not assumed that the total loss from the pasture grass compartment, C" due to a cow's 
grass consumption is accounted for by gains to the beef and milk compartments B, and e,. 
Rather, the transfer coefficients (7g,b), and (7g,c), account for only the portions of the total 
activity transferred to the cow through consumption of grass, those portions being the activity 
transferred to beef (B,) and milk (e,), respectively. 

The dotted lines in Fig. Q-1 from the beef and milk compartments B, and e, to the 
holdup compartments (BH), and (eR)" respectively, represent the effect of storage on the 
radionuclide concentration in these foods. 

Refinements 

In the foregoing summary, we passed over certain details in order to avoid unnecessarily 
intricate exposition. Two of these refinements are summarized here. 

The plant-surface compartments of food crops and grass have been subdivided to account 
for the different dynamics of retention and loss for the components of wet and dry deposition. 
Material deposited in the wet deposition compartment during rain is fractionally subject to 
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52 Deposition 51 Wet deposition 51 Dry deposition 
on soil 

,r Superficial 
Translocationassimilation 'r 

NWET" COMPONENT uDRY" COMPONENT 

SURFACE OF 'tf,s SURFACE OF 'te,t 


PLANT INTERIOR 
FOOOCROP .. FOOD CROP .. 


(FAST REMOVAL) ... (SLOW REMOVAL) 
 - Ti(pCi) 
(Ew)i (pCi m-2) (Ed)i (pCi m-2) 

Weathering 'te,s 

Washoff 'taop 

.. 
 SOIL SURFACE 

BELOW 

FOOD CROP .. 
RootSi (pCi m-2) 

uptake 'tp,t-

l' 
ROOT ZONE FOR 

FOOD CROP 

Pi (pCi) 

'tp,h 

l' 
CROP SOIL 

SINK 

Figure Q-2. Detail of the RAGTIME above-ground food crop model. The plant 
surface compartment E i is subdivided into "fast" and "slow" components, associated 
with wet and dry deposition, respectively. 

rapid washoff, and the remaining fraction of the compartment's content transfers to the sur
face compartment associated with dry deposition, which is depleted by weathering that occurs 
more slowly than washoff. Notation for these compartments for food crops are (Ew)i and (Ed)i 

for wet and dry, respectively (Fig. Q-2). For pasture grass, they are (Gw)i and (Gd)i (Fig. Q-3). 
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S4 Deposition .53 Wet deposition .53 Dry depo sition 
on soil 

l' Assimilation " 
"WET" COMPONENT MDRY" COMPONENT 

PASTURE GRASS 'rf,s PASTURE GRASS 
(FAST REMOVAL) 

~-
(SLOW REMOVAL) .. 

(Gw)i (pCi m 2) (Gd)i (pCi m-2) 

Weathering 
h 

Root 

'tg,r uptake 
Washoff "Cpasture 'fr,g 

" 
PASTURE SOIL..... AND 

ROOT MAT.. 
Ri (pCim-2)p 

'tr,d 

" 
PASTURE 
SOIL SINK 

Di (pCim-2) 

Figure Q-3. Detail of the RAGTIME pasture grass model. The grass compartment 

G, is subdivided into "fast" and "slow" components, associated with wet and dry 

deposition, respectively. 
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Resuspension was incorporated into RAGTIME as an explicit mechanism, but the capa
bility will not be used for the dose reconstruction project, and we are omitting it from the 
discussion in order to simplify the equations and parameter lists. Appendix 0 describes the 
approach to resuspension that is planned for this project. 

The first of the foregoing modifications is discussed in more detail in subsequent sections. 

Differential Equations and Glossary of Symbols 

The following system of equations describes the transfer of deposited radioactivity to food 
crops, pasture grass, beef, and milk as depicted in Figs. Q-l through Q-3. Definitions of the 
compartments used in the RAGTIME model follow the system of equations. Each equation 
includes a summation term that accounts for buildup of the current radionuclide from decay 
of precursors in a decay chain; the quantity /3'j represents the branching ratio from nuclide j 
to nuclide i. Descriptions of all quantities used in these equations, along with default values 
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used for certain of those that currently represent constants, are given in the next section in 
a glossary. 

Crop surface: wet deposition 

(Q-l) 

Crop surface: dry deposition 

deEd), 
~ =S1 (Vd(Xair), + ('Tr,s);{Ew), -

,-1
(CXr), + 'Te,s)(Ed), + (Ar ), 'Lf3,j(Ew)j 

j=1 

Crop surface soil 

(Q-2) 

~ 
di =~(Vd + f ...v ...)(Xair)' + 'Ti!iEd), + fw'Tc:rop(Ew), -

~ 
(Ar), + Ts,p)S, + (Ar), L AjBj 

j=1 

(Q-3) 

Crop root soil 

(Q-4) 

Pasture grass: wet deposition 

d(C ), w ,-1
~ =SaVw(Xair), - (Ar), + 'Tputure + 'Tr,8 + Tg ,.) (C... ). + (Ar), L A;CC"')j 

j=1 

(Q-5) 

Pasture grass: dry deposition 

d(Gd), ,-1 
~ =SaVd(Xair), + 'Tr,s(C... ), - (Ar ), + Tg,r + Tg,. ) (Gd), + 'Tr,gR. + (Ar), L f3,j(Cd )j (Q-6) 

j=1 

Pasture soil 

dR. ' ,-1 
dt =S4(Vd + fwVw)(Xair), + Tg,r(Gd), + Tpasture(G...), - (Ar), + 'Tr,g + 'Tr,d)R. + (Ar ). L f3,jRj (Q-7) 

j=1 

Pasture soil sink 

dD ,-1

-' =T d D . - (A \ D + (A \ , ~ (3 ,D, dt r, Hoi rJi, rJi ~ ') ) 

j=1 
(Q-8)


1 

I 
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Milk 

d~. .-1 
dt' =(Tg,c)' Pc(t) (Cd). + (GW)i») - (Ar ). + Tmilk)C, + (Ar ). L f3'jCj 

j=l 

(Q-9) 

Beef 

(Q-IO) 

Interior of crops 

(Q-ll) 

Crop soil sink 

(Q-12) 


Stored crops 

(Q-13) 


A summary of the RAGTIME compartments follows. 

"Wet" component of radioactivity present on the surface of the above-ground 
food crop per unit land surface (pCi m-2). This component receives deposition 
only during rain and is subject to rapid removal by washoff, but its content is 
also transferred fractionally to the "dry" surface component, which weathers 
more slowly. Translocation to compartment 7j can occur. 

"Dry" component of radioactivity present on the surface of the above-ground 
food crop per unit land surface (pCi m-2 ). This component receives deposition 
at all times and is subject to slow removal by weathering. Translocation to 
compartment T. can occur. 

The sum of the compartments (Ew )' and (Ed). (pCi m-2 ). 

Radioactivity present at the soil surface below food crops (pCi m-2). 

Radioactivity present in the subsurface soil pool (root zone) associated with 

one person's food supply (pCi). 

"Wet" component of radioactivity present on pasture grass (pCi m-2). This 
component receives deposition only during rain and is subject to rapid re
moval by washoff, but its content is also transferred fractionally to the "dry" 
component, which weathers more slowly. 
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"Dry" component of radioactivity present on pasture grass (pCi m-2 ). This 
component receives deposition at all times and is subject to slow removal by 
weathering. 

G, 	 The sum of the compartments (Gw), and (Gd ), (pCi m-2 ). 

R. 	 Radioactivity present in pasture soil from ground surface to the root depth of 
the grass (pCi m-2). 

Di 	 Radioactivity present in pasture soil beneath the root depth (pasture soil sink) 
(pCi m-3). 

C, Concentration of radioactivity in milk (pCi L -1 ). 

B, Concentration of radioactivity in beef (pCi kg-1). 

r. 	 Radioactivity present in the interior tissue of plants produced for human con
sumption (pCi). 

Hi 	 Radioactivity present in the crop soil below the root depth (crop soil sink) (pCi 
m-2 ). 

(EH), Concentration of radioactivity in food that is stored following harvest of crops 
(pCi kg-I). 

(BH), Concentration of radioactivity in the beef holdup compartment (pCi kg-I). 

(CH), Concentration of radioactivity in the milk holdup compartment (pCi L -1 ). 

Glossary of RAGTIME Symbols 

The following list contains symbols (other than those for compartments) that occur in the 
differential equations (Eqs. Q-l through Q-13), as well as others required in the definitions. 

Surface area (m2 ) required to furnish the food crop for one person. 


Pasture area per cow (m2). 


Radioactive branching ratio from nuclide j to nuclide i (j < i). 


Concentration of nuclide i per unit wet weight of vegetables and fruits and 

dry weight of pasture grass (pCi kg-I) divided by concentration of nuclide per 
unit dry weight in soil (pCi kg- I). 

d Depth of plow layer (cm). 

Dry-weight areal grass density (kg m-2). 


Fraction of the daily intake of nuclide i by a beef cow that appears per kg of 

flesh at time of slaughter (day kg-i). 


Fraction of the daily intake of nuclide i by a dairy cow that appears per liter 

of milk at equilibrium (day L -1). 


fw 	 In dynamic mode, a coefficient that equals 1 during rain and 0 otherwise. 
When a specific rainfall schedule is not available, f w can be taken as the 
fraction of time that rain falls during the period under study. 

Radioactive decay-rate coefficient for the ith radionuclide (day-i). 

Muscle mass of a steer at the time of slaughter (kg). 
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Fraction of a beef cow's feed that is contaminated pasture grass at time t. 

Fraction of a dairy cow's feed that is contaminated pasture grass at time t. 

Bulk density of the soil (g cm-3). 

Interception fraction for surface of above-ground food crop (dimensionless). 

Interception fraction for soil surface below food crop (= 1 - S1). 

Interception fraction for pasture grass (taken as 0.25). 

Interception fraction for soil surface or root mat below pasture grass (taken 
as 0.75). 

7beef Fractional rate of slaughter of the beef herd (day-1). 

'Tcrop Washoffrate coefficient for material that is wet-deposited on food crops during 
rainfall (day-1). Expressed as S1r/(Kw(r)Y), where r is rainfall rate (mm 
day-1 =L day-1 m-2 ), Y is the crop yield (kg m-2), and Kw(r) =arb L kg-1 

for experimentally determined regression coefficients a and b; for particulates, 
a = 2.574, b = -0.457 have been used. For elemental iodine and other reactive 
gases, we have used the constant value Kw =2.5 L kg-I. 

'Te ,8 	 Transfer rate coefficient from (Ed), to S, (day-1). 

Excretion rate of stable isotope of the nuclide from the muscle of a steer (i.e., 
radioactive decay is not counted in the removal). 

'Tf,s 	 Rate coefficient (day-I) for removal of wet-deposited material from the "wet" 
component of above-ground food crop and pasture grass surface to the "dry" 
component. For elemental iodine and other reactive gases, we have used 
4 day-1; for particulates, 2 day-1 is suggested. J 

]


J

J 


. J 

J 


.1 

Rate coefficient representing loss of radioactivity from pasture grass due to 
cow's consumption of grass (day-1); defined to be 'Vc:/(AgDg). 

( 'Tg,b), 	 Transfer rate coefficient from (Cd), + (Gw), to B, (m2 kg-1 day-1). 

( 'Tg,c), 	 Transfer rate coefficient from (Cd), + (Cw ), to C, (m2 L-1 day-1). 

'Tg,r 	 Transfer rate coefficient from (Cd), to R.; (day-1). 

'Tmilk 	 Transfer rate of milk from the udder (day-1). 

'Tpasture 	 Washoff rate coefficient for material that is wet-deposited on pasture grass 
during rainfall (day-1). Expressed as S3r/(Kw(r )Dg), where r is rainfall rate 
(mm day-l = L day-1 m-2 ) and Kw(r) = arb for experimentally determined 
regression coefficients a and b; for particulates, a = 2.574, b = -0.457 have 
been used. For elemental iodine and other reactive gases, we have used the 
constant value Kw =2.5 L kg-1. 

Transfer rate coefficient from Po to H, (day-1). 

Transfer coefficient from P, to Ti (day-1). 

Transfer rate coefficient from R.; to D, (day-I) (day-I). 

Transfer rate coefficient from R.; to (Cd),) (day-I). 

'Ta,p 	 Transfer rate coefficient from S, to Po (day-1). 

u 	 Milk capacity of the udder (L). 

Dry weight consumption per day by a cow (kg day-1). 
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PARAMETERS DESCRmING TRANSFER TO CROPS 

Modes of contamination of edible portions of crop plants include the interception and re
tention ofaerially depositing radionuclides by crops as well as root uptake following deposition 
onto crop soils. In addition, interception and retention by crops of radionuclides resuspended 
from soil may contribute to the contamination of foodstuffs, although, as previously noted, 
this pathway is not included in the model for purposes of the dose reconstruction. 

In describing these pathways of contamination, RAGTIME considers seasonal cycles of 
crops (i.e., when the crops are and are not present during the year), as well as time dependency 
of parameters describing contamination. Much of this time dependency is due to physical 
and morphological changes in plants due to growth and maturation. Time dependency of 
the interception parameters S1 and 52 and of the root uptake parameter (Tp,t)i have been 
incorporated into the model. Both parameters are based on a curve adapted from Miller 
(1967): 

o 
I 

.l 

_t 

. J 

M =MF (1 - exp(_a,.(t2 
- t5») (Q-14) 

describing the mass M of edible crop per plant (g) at time t ~ to, where M~ is the final 
mass of grain at harvest (g per plant), to is the time of emergence of the grain (day), and a,. 

is the growth coefficient (day-2). The use of this function in the representation of the crop 
interception fraction and the parameter (Tp,t)i is described in the next two subsections. 

Time-Dependent Aerosol Interception (S1 and 52) 

The interception of airborne radionuclides by edible portions of crop plants depends on 
the following major factors: 

1. the surface area exposed to depositing particles, 

2. the shape of the edible portion and its orientation to depositing particles, and 

3. the particle density of the depositing material. 

The form of time-dependent interception fraction for food crops is 

(Q-15) 


where M is from Eq. Q-14, s~ and nL are empirical constants and w is the number of plants 
per square meter of land. For grains, values of the parameters used were the following: M~
=1 g plant-1 , a,. =1.24 x 10-4 day-2, s~ =0.00075, nL =0.455, and w =250 plants m-2 . 
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Time-Dependent Root Uptake (Tp,t)i 

Literature reviewed indicates a paucity of data regarding time-dependent root uptake of 
most elements. What is available indicates that the shape of the uptake curve, however, is 
similar to that of the growth curve for some elements and crop species studied (Belcher and 
Ragland 1972, Brewster et a1. 1975, Pacques et a1. 1975, Jones and Handreck 1977, Miller 
et a1. 1977, Page et a1. 1977, and Parks et a1. 1970). The approach followed in RAGTIME is 
either to characterize uptake rates by edible portions of crops on the basis of any empirical 
data available, or to assume that the uptake rate follows the growth curve for the edible 
portion in the absence of empirical uptake data. 

The time-dependent formulation of the root-uptake parameter is 

MBiV) 
(Tp,t i =10 OOOAd , p 

(Q-16) o 
1 

.J 

.J 

.1 


.J 


where M is the time derivative of the growth curve (Eq. Q-14), where Biv is the concentration 
ratio for fresh weight of plant divided by dry weight of soil (dimensionless), A is the soil 
surface area required to furnish food crops for one person (m2), d is the depth of the plow 

3layer (em), p is the soil bulk density (g em- ), and 10,000 converts m2 to cm2 • The value for 
Biv is obtained from empirical studies that measure the final crop concentration with respect 
to a soil concentration believed to be approximately constant throughout the growth cycle. 

Time-Independent Parameters (Te ,., Ta,p. and Tp,h) 

Retention, both initial and long-term, of intercepted radionuclides depends on 

1. the surface characteristics of the edible portion, 

2. the particle size, 

3. the wind speed, and 

4. the relative humidity and amount of rainfall 

(Miller and Lee 1966). The effect of each of these factors on retention varies from site to 
site, and thus the value of Te,a, the retention coefficient, may vary greatly. We have assumed 
an average, time-independent value of Te,a of 0.0495 day-I, consistent with that provided in 
TERMOD (Booth and Kaye 1971). 

The movement of radionuclides deposited on surface soil to the root zone has been char
acterized by TERMOD as T.,p' The definition and value of this parameter has been carried 
over to RAGTIME. 

The downward movement of radionuclides out of the root zone into the soil sink is again 
characterized by a time- and nuclide-independent parameter, Tp,h, adopted from TERMOD. 
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PARAMETERS DESCRmING TRANSFER TO BEEF AND MILK 

Contamination of beef and milk may occur as a result of the interception or root uptake 
of depositing radionuclides by forage crops, and the subsequent ingestion by beef or dairy 
cattle. RAGTIME considers direct consumption by cattle of pasture grass as well as stored 
feeds and hay. The previous versions of RAGTIME do not account directly for the ingestion 
of contaminated soil by cattle, but it may be possible to add this mechanism for the final 
calculations in this study. Inhalation of radioactivity by cattle has not been treated explicitly 
in past versions, but BIOMOVS experience indicated that this mechanism may require further 
study. 

Contamination of Pasture Grasses 

As with food crops, discussed in the previous section, pasture grass «Cw ), + (Cd),) may 
be contaminated through interception of depositing radionuclides, including resuspended par
ticulates, and through root uptake of nuclides deposited on the soil or root mat (R.) beneath 
the pasture grass. In the present version of the model, we assume that a pasture exposed 
to depositing radionuclides maintains a constant biomass throughout the year, and that the 
interception fraction for grasses, S3, remains constant. The assumed value S3 =0.25 is equal 
to the value originally used in TERMOn (Booth and Kaye 1971) and falls in the range of em
pirical measurements reported by Chamberlain (1970) for initial retention (where sampling 
is done immediately after contamination) of grasslands. This parameter would be expected 
to vary with plant density and other environmental factors and thus represents an average 
value as it is used in RAGTIME. The fraction S3 is applied directly to the total aerosol de
position rate, and thus the model does not explicitly account for interception of radionuclides 
resuspended from the soil or root mat beneath the pasture grass. 

The fraction S4 represents the fraction of depQsiting radioactivity that is not initially 
intercepted by grass leaves, and thus it is the fraction deposited on the surface soil or root 
mat beneath the leaves. Therefore, this fraction is assigned the value S4 =1 - S3 =0.75. 

The value of the parameter 'Tr,g, representing additional input into the pasture grass 
compartment from surface soil, is consistent with the TERMon value adopted from a paper 
by Menzel (1963), which indicates that an upper limit for uptake of radionuclides in the 
surface soil by a single crop is 1 %. Considered on an annual basis, 'Tr,g becomes 2.74 x 10-5 

day-l. 

Three aspects of root uptake by pasture grasses have not been considered at present. 
First, the element dependency of the parameter 'Tr,g has been neglected; yet it may be im
portant when root uptake is significant in comparison with foliar contamination. Second, an 
additional mode ofroot absorption of radio nuclides that has not been considered involves their 
availability for uptake from the root mat, which is a "thatch" of dead and decomposing tis
sues around the plant-base region in which grasses may root. This mode could be significant. 
Finally, the time dependency Of'Tr,g has not been investigated. 

Loss of radionuclides from the grass compartments (Cw ), and (Cd), may occur through 
ingestion of grass by grazing cattle ('Tg,.), radioactive decay «Ar),), by washoff of recently de
posited material during rain ('Tpaature applied to (Gw),), and by weathering of surface-deposited 
radionuclides ('Tg,r applied to (Cd),). The value of'Tg,r is assumed to be equivalent to the weath-
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ering coefficient 'Te,8 for food crops, discussed in a previous section, and thus represents a 
14-day half-time for retention of intercepted materials. This value is consistent with data re
ported by Chamberlain (1970) for grasslands, although it may vary with seasons and climatic 
factors. In particular, this weathering coefficient, when measured, incorporates loss of sur
face material due to shedding of the protective leaf cuticle during plant growth (Chamberlain 
1970), thus suggesting a seasonal and species dependency Of'Tg,r. As with 'Te,a, 'Tg,r is assumed 
to be time independent until further research dictates that a different approach should be 
taken. 

The value of 'Tg,. (day-I) is the coefficient of loss of radionuclides from pasture grass 
through consumption by grazing beef and dairy cattle. For the RAGTIME model, an average 
ingestion rate, Ve, of 10 kg day-l dry matter is assumed, consistent with the value used in 
TERMOD (Booth and Kaye 1971). The coefficient is computed as 'Tg,. =Ve/(AgDg), where Dg is 
the dry-weight areal grass density, for which 0.15 kg m-2 is used (Booth and Kaye 1971), and 
Ag is the pasture area per cow (m2). At present, it is assumed that 'Tg,. is constant throughout 
the year. 

The rate of loss of radionuclides from the surface soil (~) beneath pasture grass is rep
resented by the parameter 'Tr,d. As for the similarly defined parameter 'Tp,h for crop soil, an 
element-independent rate of 1.1 x 10-1 day-l is used, as given in TERMOD documentation 
(Booth and Kaye 1971). Future research may indicate a more appropriate value or represen
tation for this process. 

Contamination of Beef and Milk 

Transfer of radio nuclides from pasture grass to beef or milk is parameterized by ('Tg,b)" in 
m2 kg-1 day-I, or ('Tg,c)" in m2 L-1 day-I, respectively (Fig. Q-l). These parameters represent 
transfer rates and are provisionally assumed to be time-independent. Element-specific values 
of ('Tg,b), and ('Tg,c), were calculated from the empirically-derived transfer coefficients (Fe), and 
(Fm ), , which characterize the ratios between beef or milk concentrations of an element and 
the equilibrium concentration of that element in pasture grass or feed (Moore et a1. 1979, Ng 
et a1. 1977). By definition 

Fe =	the fraction of the daily intake of an element by a beef cow which appears per kg of flesh 
at time of slaughter (day kg-1) 

Fm =	the fraction of the daily intake of an element by a dairy cow which appears per liter of 
milk at equilibrium (day L -1 ). 

Therefore, the empirical coefficients represent the theoretical coefficients only if pasture grass 
(or feed) is the only source of the element in question in the cow's diet. The parameter ('Tg,b), 
was derived by assuming that the concentration in beef at the time of slaughter approximates 
an equilibrium concentration with a steady-state concentration in pasture grass. Thus, if 
(B~~w), is taken to represent the equilibrium concentration of element i in the muscle of a 

2single cow (pCi kg-I), and c:q is the steady-state concentration in grass (pCi m- ), then from 
the equilibrium equation 
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it follows that 
(B~\), (7"g,b), 
--q-=-a: (7"exc), 

where (7"exc), is the loss rate of the element i from the muscle of a steer (day-I), and thus 

(Q-17) 

We also have 

(Q-18) 

where 

Vc =dry-weight grass consumption per day by a cow (10 kg day-I)

1 
rr 

I 

d 
o 

Dg =dry-weight areal grass density (0.15 kg m-2). 

It follows from Eqs. Q-17 and Q-i8 that (7"g,b), is related to (Fe), by the equation

(Q-19) 

If one assumes that the animal's diet consists solely of pasture grass, the loss rate of the 
element from the muscle of a steer, (7"ac)" may be interpreted to represent both the element
specific metabolic turnover and the element-independent dilution of the concentration due to 
increase in muscle mass during growth. Dilution due to growth is handled explicitly in the 
RAGBEEF model (Pleasant et a1. 1982) but has not been implemented in RAGTIME. 

In a manner similar to the foregoing, we obtain 

( ) _ (Fm),7"milkVc 
7"g,c, - D 

g 
(Q-20) 

where 7"milk is the element-independent loss rate from the udder (2 day-I). Derivation of 
Eq. Q-20 was based on the equilibrium equation 

and the relationship 
(~w),

()Fm , =a:qVc/Dg 

where (~\), is the equilibrium concentration of element i in milk. Again, dynamics related 
to maturation and milking practices for a single cow have been neglected at this time, though 
they have been considered in the RAGBEEF model (Pleasant et a1. 1982). 

As in TERMOD, the compartmental equation (Eq. Q-10) considers losses from beef in the 
herd as a whole by including the term 7beer to account for slaughter of contaminated cattle. 
This interpretation then implies instantaneous replacement of the slaughtered portion with 
uncontaminated cattle and a subsequent reduction or loss of radioactivity from the compart
ment. The uncontaminated cattle then begin to accumulate radioactivity at a rate determined 
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by (Tg,b)i. If, however, the radionuclide concentration in the beef compartment is to be used 
as an indication of radiation exposure by ingestion of beef, the present methodology could 
underestimate concentrations in beef cattle being slaughtered. That is, this latter portion of 
the herd will likely be the more mature segment, which has been exposed to contaminated 
pasture for the greatest length of time, although the concentration calculated will be an av
erage of all members of the herd. The RAGBEEF model (Pleasant et a1. 1982) addressed this 
problem. 

The milk compartment may also be interpreted to represent concentrations in milk ob
tained from the dairy herd as a whole. In this case, however, instantaneous replacement 
of milk removed from the udder by uncontaminated milk does not result in a reduction in 
concentration below that to which people might be exposed, because each lactating cow, as 
well as the herd, is subject to this same removal process. That is, while slaughtering will 
not affect the radionuclide concentration in beef of any particular cow, milking will affect the 
concentration in milk of each individual lactating cow in the herd, and thus can be considered 
as applying to the herd as a whole. 

For both milk and beef compartments, radionuclide loss and buildup of daughters due to 
radioactive decay during storage prior to human consumption is considered. Compartments 
(CH)i and (BH)i, representing concentrations of each nuclide in milk and beef, respectively, 
following storage were devised to provide this information. 

RADIONUCLIDE-SPECIFIC PARAMETERS FOR RAGTIME 

In this section we summarize parameter values for RAGTIME that are specific to the 
elements for which radioisotopes are considered in the source term. The parameters are 
distribution coefficients for pasture and garden produce (BM and B iv2 ) and transfer coefficients 
for beef and other animal products (Fr) and milk (Fm). 

PlanUSoil Distribution Coefficients for Pasture and Garden Produce 

Most listings of plant/soil distribution coefficients for root uptake found in the literature 
apply to dry pasture grass (BM ) and wet weight of garden vegetables or orchard fruits (BM ). 

These listings are neither site-specific nor plant-specific, but they apply to average garden 
consumption of a variety of vegetables grown in an average garden soil. It would be preferable, 
of course, to be able to use site-specific values for specific types of plants grown in gardens 
near the FMPC. In lieu of site-specific information, however, an attempt was made to locate 
values in the literature obtained from growing plants in similar types of soils. 

The soil in Hamilton and Butler counties in southwestern Ohio where the FMPC is lo
cated consists mainly of Fincastle and Henshaw silt loam (Appendix N). A summary report by 
Ng et al. (1982a) of a comprehensive review of measured distribution coefficients was found 
to contain data for only three of the elements (Sr, Cs, Ru) released as radionuclides from the 
FMPC for loam or silt loam soils, and these data applied only to a few vegetables. Because 
of the sparsity of soil-specific and plant-specific information, it was concluded that the best 
available values are probably those values recently certified by the u.s. Environmental Pro
tection Agency for administration of the Clean Air Act (Parks 1991). The computer program, 
CAPP88-PC, described in this reference contains computer files of Eivl and EM for nearly all 
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elements. Table Q-1 lists distribution coefficients from this source for the most important 
radionuclide elements discharged to the atmosphere from the FMPC. These values apply to 
average pasture grass and garden or orchard produce grown in average U.s. soil. 

Table Q-l. PlantlSoil Distribution Coefficients B iv1 and Biv2 


for Pasture and Produce for Elements 

Released as Radionuclides from the FMPC 


Element Bivl a Biv2 
b 

U 
Pu 
Th 
Np 
Pa 
Ra 
Po 
Pb 
Bi 
Cs 
Ru 
Sr 
Tc 

8.50x10-3 

4.50x10-4 

8.50x10-4 

1.00x10-1 

2.50x10-3 

1.50x10-2 

2.50x10-3 

4.50x10-2 

3.50x10-2 

8.00x10-2 

7.50x10-2 

2.50 
9.50 

1.71 x10-3 

1.93x10-6 

3.64x10-6 

4.28x10-3 

1.07x10-' 
6.42x10-' 
1.71 x10-' 
3.85x10-3 

2.14x10-3 

1.28x10-2 

8.56x10-3 

1.07x10-1 

6.42x10-1 

8 

'l 


I J 

J 


. J 


I 

a Relative to dry pasture grass. 

b Relative to wet weight of garden vegetables or orchard fruits. 


Transfer Coefficients for Milk and Beef 

Element-specific feed-to-milk transfer coefficients for dairy cattle (d L -1) were computed 
by Ng et al. 1977. Table Q-2 lists their values for elements released from the FMPC as 
radionuclides. These milk transfer values are nearly identical to recent U.S. EPA-eertified 
values in the computer code CAP88-PC (Parks 1991). The beeftransfer coefficients (day kg-1) 

listed in the table are also U.S. EPA~ertified values from CAP88-PC. 

Transfer Coefficients for Other Animal Products 

Besides beef and milk, other animal products that may have been produced and consumed 
in the immediate area surrounding the FMPC include pork, lamb, chicken, and eggs. Transfer 
coefficients for some of the elements released as radionuclides at the FMPC are listed in 
Table Q-3. 

The RAGTIME model, as described, does not accommodate these food'items, but is being 
extended to consider them. 
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Table Q-2. Feed-to-Milk and Feed-to-Beef Transfer Coefficients 

Milk Transfer Beef Transfer 
CoefficientC b Coefficient

Element (day L-l) (day kg-I) 

U 6.1 x10-4 2.0x10-4 

Pu 1.0x10-7 5.0xlO-7 

Th 5.0x10-6 6.0x10-6 

Np 5.0x10-6 5.5x10-6 

Pa 5.0x10-6 1.0x10-6 

Ra 4.5x10-4 2.5x10-4 

Po 1.4 x 10-4 9.5x10-6 

Pb 2.6x10-' 3.0xlO-4 

Bi 5.0x10-' 4.0xlO-4 

Cs 7.1x10-3 2.0xlO-2 

Ru 6.1x10-7 2.0xlO-3 

Sr 1.4x10-3 3.0xlO-4 

Tc 9.9x10-3 8.5x10-3 

1 


I 

',';. 

] 

J 
. J 

Sr 2.9x10-3 1.9x10-3 3.2x10-2 2.2x10-1 

Ru 6.8x10-3 1.3x10-2 2.4x10-1 4.0x10-3 


Cs 3.0x10-1 1.2x10-1 4.4 4.3x10-1 


Ce 2.5x10-3 5.0xlO-3 9.0xlO-2 3.1 xlO-3 


Pu 3.4xlO-6 6.7xlO-6 2.0xlO-5 3.3x10-5 


Am 1.2x10-5 2.4xlO-6 7.2x10-5 3.9x10-3 

Ub 1.4x10-3 2.7x10-3 8.0x10-3 1.3x10-2 

c From Ng (1982) unless otherwise noted. 


b Uranium values were estimated from the listed plutonium values 

by using an assumed U/Pu ratio of 400, calculated from coefficients 

derived from computer code CAP88-PC Parks (1991). 

Interception Fractions 

The interception fraction (SI and S3 for food crops and pasture grass, respectively, in the 
notation of the RAGTIME model) is defined as the fraction of the total deposit of an airborne 
pollutant on ground surfaces that is initially intercepted by vegetation. Baes et a1. (1984) 

DRAFT 

c Ng et a1.1977. 
b Values are from the computer code CAP88-PC (Parks 1991). 

Table Q-3. Transfer Coefficients for Other Animal ProductsC 

Transfer Coefficient (day kg-I) 

Element Pork Lamb Chicken Eggs 



Interception Fraction Interception Fraction 
Crop (mature crop) (average during season) 

Leafy vegetables 
(lettuce, cabbage, 
greens, etc.) 0.30 0.15 

Exposed Produce 

Apples 0.045 0.034 
Snap beans 0.097 0.073 
Tomatoes 0.091 0.068 
Peaches 0.048 0.036 
Cherries 0.036 0.027 

• I~J 
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estimated interception fractions for leafy vegetables and exposed produce from theoretical 
considerations. Their values are listed in Table Q-i. A single interception fraction was 
calculated for all leafy vegetables as a class, while values for five typical examples of exposed 
produce were calculated separately. These interception fractions could possibly be used to 
approximate fractions for other garden or orchard crops with similar characteristics. The 
values in Table Q-4 are used to calibrate the time dependence of interception fraction S1 
(Eqs. Q-14 and Q-15). 

Table Q-4. Interception Fractions for Gardens and Orchards" 

.. Baes et a1. 1984. 

AGRICULTURAL PRODUCTION AND GROWING PERIODS 
FOR CROPS IN AREAS NEAR THE FMPC 

We give some specific agricultural data for Butler and Hamilton Counties in southwestern 
Ohio. Table Q-5lists agricultural products of the two counties with annual yields. Table Q-6 
lists the approximate planting dates and growing seasons of principal crops grown in gardens 
in Butler County. 

POSsmLE AGRICULTURAL SCENARIOS FOR THE FMPC AREA 

A comparison of inhalation doses with food ingestion doses in the FMPC area using RAG
TIME will indicate the extent of detail that will be necessary in treating the food-chain path
way. Such a comparison will require the adoption of scenarios for production and consumption 
of various agricultural products by individuals living in various parts of the FMPC assessment 
domain. One comparison could use a hypothetical individual living near the FMPC boundary, 
who only eats beef, milk, pork, lamb, chicken, and eggs produced on his property, and who 
only eats vegetables produced in his own garden. This scenario, described in detail below, 
may serve as a starting point, which may be subject to later refinement and modification. 
It is reasonable, for purposes of the comparison, first to use assumptions that would tend to 

Radiological Assessments Corporation 
"Setting the .tandard in radiation health"DRAFT 

1 



Page Q-20 The Fernald Dosimetry Reconstruction Project 
Task 4 

Table Q-5. Agricultural Production in Butler and Hamilton 

Counties of Southwestern Ohio in 1987a 


Product 	 Butler County Hamilton County 

Corn (bushels) 
Wheat (bushels) 
Oats (bushels) 
Soybeans (bushels) 

Apples (acres) 
Vegetables for 

sale (acres) 

Cattle sold 
Hogs sold 
Sheep sold 
Chickens sold 

Number of 
milk cows 

Eggs 

4.458x106 

3.61 x105 

2.5x104 
9.2x105 

114 

236 

11,008 
48,950 

1,514 
1,020 

3,426 

not avail. 

5.12x105 
2.1x104 
not avail. 
1.83x105 

93 

562 

1,365 
2,344 

279 
not avail. 

454 

not avail. 

a 	 Data taken from 1987 Census ofAgriculture, VoU, Geographic Area 
Series, Part 35, Ohio, State and County Data, 1989, U.S. Department 
of Commerce, Bureau of the Census, AC87-A-35. { 

J 

1 

J 
1 

J
J 

.1 

maximize the estimate of dose to such an individual. If the resulting estimates of dose by 
ingestion are small in comparison with those for inhalation, one could justify allocating fewer 
resources to the agricultural pathway. 

The food pathway offers considerable practical difficulties for the assessment. If commer
cial food products are produced within the domain, it is very difficult (perhaps impossible) to 
trace food produced at different locations, with different levels of contamination, to consumers 
within the domain. It is usually the case that commercially produced food products are much 
more widely distributed than in such a small and sparsely-populated area as the assess
ment domain. Traditional practice in radiation protection assessments is to focus attention 
on individual gardens that would provide the local source of radioactive food contamination. 
Few families live entirely from their own gardens and livestock, and the conservatism of this 
scenario for a garden and pasture near the source of radioactivity has been considered appro
priate for radiation protection assessments. Such an approach is, of course, at variance with 
the philosophy of dose reconstruction, in which it is desirable to minimize the bias in esti
mating dose and risk. But it can be justified for the purpose of determining which pathways 
contribute negligibly to total dose and risk, and it is in this spirit that we consider it here. 
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Table Q~. Growing Periods and Usual Planting Times for 

Garden Crops in Butler County, Ohio" 


Usual Planting Period Growing Period 
Garden Crop From To (days) 

Lettuce 411 8/1 40 to 50 
Onions 4/1 110 to 150 
Winter onions 9/1 10/1 110 to 150 
Peas 4/1 50 to 60 
Potatoes 4/1 5/15 90 to 140 
Radishes 4/1 8/1 25 to 35 
Carrots 4/1 7/15 55 to 75 

J 
1 

Sweet com 
Snap beans 

4/15 
5/15 

7/1 65 to 90 
50 to 60 

Lima beans 5/20 6/10 65 to 85 
Pole beans 
Beets 

5/15 
4/15 

6/1 
7/15 

65 to 90 
50 to 70 

Cucumbers 5/10 6/1 50 to 70 
Squash 5/1 6/1 50 to 65 
Winter squash later 60 to 110 
Cauliflower 7/15 about 100 
Tomatoes 5/15 about 50 

" Information presented in this table is derived from telephone discus
sions on September 22, 1992, with Steve Bartell, Agricultural Agent 
for Butler County, Ohio. 

Animal Products 

Table Q-2 listed feed-to-animal transfer coefficients for various animal products and 
plant/soil distribution coefficients for produce and pasture. To maximize the radiation dose 
from consuming beef, pork, lamb, chicken, and eggs, it should be assumed that all food in
gested by animals, except for commercial food supplements, was produced on the property of 
the hypothetical individual. 

Beef and milk cattle, and sheep, eat pasture grass primarily, and therefore plant/soil 
distribution coefficients for pasture should be used for calculation of radiation doses from 
consumption of beef, lamb, and milk. 

Com is the basic feed for hogs, but a high-protein supplement is required for maximum 
meat production. This supplement usually consists of soybean meal, meat scraps, fish meal, 
and other inexpensive high-protein substances. It is reasonable to assume that an individual 
may grow his own com for feeding a few hogs, but that any high-protein supplementary feed 
would come from a non-local commercial source. 

Commercial chicken feed containing mainly corn and wheat, with meat scraps and fish 
meal added to increase the protein content to 20%, is used for commercial production of 
chicken meat and eggs. To maximize the radiation dose to a hypothetical individual from 
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chicken and egg consumption, it can be assumed that he grows his own corn for chicken 
feed, but that any protein supplement would be obtained from a non-local commercial source. 
PlanVsoil distribution coefficients for com ideally should be used in the calculation of radiation 
doses for ingestion of pork, chicken, and eggs. Distribution coefficients for corn have been 
reported for only a few elements, however, and these values are not greatly different from 
those certified by the U.S. EPA for produce from a typical garden. Therefore, these U.S. EPA
certified distribution coefficients for produce as listed in Table Q-2 will be used in the dose 
calculations. 

Garden Vegetables 

Table Q-6 lists the usual planting and growing periods for 17 vegetables typically grown 
in gardens in Butler County, Ohio. Information is not available on average percentages by 
weight of these vegetables grown in gardens in the area. A strict monthly resolution of 
the radiation dose calculations, however, would require a specific knowledge of percentage 
contributions by weight of each of the vegetables. 

An approximate solution to the problem is to assume that six vegetables contribute the 
bulk of the garden consumption of the hypothetical individual and that each of these six veg
etables contributes about equally. Table Q-7lists six vegetables that possibly contribute most 
of the average garden production, and it also lists the earliest planting date, the approximate 
last harvest date, and average the growing period for each of the vegetables. 

Table Q-7. Planting and Harv~st Information 
for Garden Crops in Butler County, Ohio \ 

r 

} 


J 

J 


Average 
Earliest Last Growing Period 

Garden Crop Planting date Harvest date (days) 

Lettuce 4/1 9/15 45 
Onions 411 8/10 130 
Potatoes 411 9/10 115 
Sweet corn 
Beans 

4115 
5115 

9/15 
8/20 

75 
70 

Tomatoes 5115 7/20 50 

The information listed in Table Q-7 may be used to construct a distribution of vegetable 
planting times that would maximize the aerial deposition on edible parts of garden plants 
and root uptake from contaminated soil. The only leafy vegetable listed in the table is lettuce .. 
which has an average interception fraction of 0.15 during its growing period. The average 
interception fractions of beans and tomatoes are 0.073 and 0.068, respectively. The edible 
portion of sweet corn is covered with a husk, and the edible parts of onions and potatoes grow 
mostly underground. Accordingly, zero interception should probably be assumed for these 
vegetables, and contamination should be attributed to root uptake and direct absorption from 
the soil. The latter mechanism has not yet been incorporated into RAGTIME but requires 
attention for root vegetables. 

J 
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ADDENDUM: UNCERTAINTIES IN AGRICULTURAL TRANSFER PARAMETERS 

This section provides a compilation of uncertainty estimates for agricultural transfer 
parameters tabulated elsewhere in this appendix. 

PlanUSoil Distribution Coefficients 

Most listings of plant/soil distribution coefficients for root uptake found in the literature 
apply to dry pasture grass (Biv1 ) and wet weight of garden vegetables or orchard fruits (BM ). 

The definitions of these distribution coefficients are as follows: 

Biv1 =pCi radionuclidelkg dry pasture grass per pCi radionuclidelkg dry soil 

Biv2 =pCi radionuclidelkg wet weight edible parts of crops per pCi radionuclidelkg dry soil. 

Because of the sparsity of soil-specific and plant-specific information, it was concluded that the 
best available values are probably those values recently certified by the U.S. Environmental 
Protection Agency for administration of the Clean Air Act (Parks 1991). The computer code 
(CAP88-PC) described in the reference contains computer files of Biv1 and Biv2 for nearly all 
elements. 

Table Q-8 lists the uncertainties in the distribution coefficients. The footnotes in the 
table refer to the references to the values upon which the uncertainty calculations were based 
or explain how the uncertainties were calculated. In some cases, where the distribution 
coefficients were calculated by averaging two values from other elements with close atomic 
numbers, the uncertainties were calculated by averaging the uncertainties of these other 
elements. 

Transfer Coefficients for Milk and Beef 

Element-specific feed-to-misk transfer coefficients (Fm) for dairy cattle (days L-1) were 
computed by Ng et al. (1977). The beef transfer coefficients Fr (days kg-I) are EPA-certified 
values from CAP88-PC (Parks 1991). Table Q-9 contains uncertainties in some of these trans
fer coefficients based on ranges of observed values given in references in the table footnotes. 
An average of these calculated uncertainties is listed as a default value for each element for 
which no information could be found. 

Transfer Coefficients for Other Animal Products 

Besides beef and milk, other animal products that may have been produced and con
sumed in the immediate area surrounding the FMPC include pork, lamb, chicken, and eggs. 
Strontium and cesium are the only radionuclides for which there is any information from 
which uncertainties may be calculated for transfer coefficients for these animal products. Ta
ble Q-10 lists these uncertainties based on ranges of observed values taken from Ng (1982). 
Average values for strontium and cesium listed in the table could possibly be used as default 
uncertainties for other radionuclides . 
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Table Q-8. Uncertainties in Plant/Soil Distribution 
Coefficients 

Element Uncertainty Footnote 

U +70, -90 a 
Pu +600, -90 b 
Th +50, -95 a 
Np +200, -65 c 
Pa +60, -95 d 
Ra +300, -50 b 
Po +30, -30 e 
Pb +140, -90 f 
Bi +85, -60 g 
Cs +150, -65 b 
Ru +300, -80 b 
Sr +250, -75 b 
Tc +120, -70 b 

'-1 


. . 

n 


J
J 
.J 
J 
J

a Estimated from data presented in Garten (1978). 

b From GSD value in Baes et a1. (1984). 
C From GSD value in Ng et a1. (1982a). 

d An average of U and Th uncertainties. 

e From standard deviation in Watters et al. (1969). 

r A geometric mean of 0.045 was reported by Baes et a1. (1984) 


based on values ranging from 0.13 to 0.9. A close examina
tion of original references (Dedolph et a1. 1970, Ter Haar 
1970), however, revealed that a pertinent range of experi
mental values corresponding to the listed uncertainties was 
much smaller (0.006 to 0.110). 

g An average of Po and Pb uncertainties. 

DISCUSSION AND CONCLUSIONS 

This appendix has set out the principal features of the RAGTIME agricultural model 
in moderate detail. In addition, a review of parameter values and uncertainties has been 
undertaken, and the results have been added to the database. The reader should bear several 
points in mind in reviewing the features of the model. 

First is that RAGTIME is still an evolving methodology. It is not defined by a computer 
program that cannot be altered because its author is no longer available and no one under
stands it. Rather, RAGTIME consists of an approach that grew out of .earlier experiences 
(e.g., TERMOD) and was developed further while preserving a useful inheritance from the 
earlier work. In each modification, the model has grown to accommodate features that new 
experience has shown to be desirable or necessary. 

Second, the valuable BIOMOVS experience in 1987 gave us confidence in some parameters 
and pathways of RAGTIME, but at the same time it pointed to some refinements that were 
needed. It must be remembered that BIOMOVS tested RAGTIME with only two radionuclides. 
The model has not yet accumulated an extensive data base. 
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Table Q-9. Uncertainties in Feed-to-Milk (Fm) 

and Feed-to-Beef (Fr) Transfer Coefficients 

Element Uncertainty in Fm Uncertainty in Fc 

U +95, -70 a +230, -80 r 
Pu +75, -90 a +480, -80 d 

Th +85, -80 b +230, -80 r 
Np +110, -75 e +230, -80 r 
Pa +110, -75 e +230, -80 r 
Ra +95, -75 c +230, -80 r 
Po +110, -75 e +230, -80 r 
Pb +110, -75 e +75, -75 g 

Bi +110, -75 e +230, -80 r 
Cs +185, -75 c +255, -70 g 

Ru +110, -75 e +230, -80 r 
Sr +130, -60 c +120, -90 g 

Tc +110, -75 e +230, -80 r 

a Garten (1978). 

b Average of U and Pu uncertainties. 
C Based on overall range of observed values for which aver

ages were calculated. From Ng et al. (1977). 
d From the range of observed values in Ng (1982). 
e An average of uncertainties in Fm for U, Pu, Th, Ra, Cs, and 

Sr. 
r An average of uncertainties in Fr for Pu, Pb, Cs, and Sr.. 
g From range of observed values in Ng et al. (1982b). 

Table Q-IO. Uncertainties (%) in Transfer Coefficients 
for Other Animal Products 

Element Pork Lamb Chicken Eggs 

Sr +40, -60 +95, -40 +150, -45 +20, -30 
Cs +30, -15 +110, -50 +2, -2 +25, -20 

Average +35, -40 +100, -45 +75, -25 +25, -25 

Third, for each major application, it is our practice to do extensive revising and repro
gramming of RAGTIME for the specific problems at hand. In this way, the model is given a 
thorough review, any errors that surface are corrected, and innovations that grow out of the 
new application are incorporated. For example, in the present study, it is possible that we 
will add an explicit module for root crops, which is not present in the existing structure. 

RAGTIME, as its acronym advertises, is a time-dependent or dynamic model. Thus the 
system evolves gradually in small time steps (at substantial computational cost) and is capa
ble of giving information at various times. The other principal class of compartment models 
consists of quasi-steady-state models that depend on transfer factors and generally can de-
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liver only time-integrated quantities to be converted into consumption and dose. There is 
nothing inherently superior about the time-dependent models if the quasi-steady-state mod
els deliver the information that is needed. For long-term estimates of the consequences of 
low-level releases of radionuclides, these models may be entirely adequate. But in applying 
such a model to a dose reconstruction, one must examine its structure and parameterization 
to determine how much conservatism is inherent in the implementation. For the analysis 
of episodic events, however, dynamic models have the advantage of being able to simulate 
the transfer of the radioactivity through the environmental compartments over time, and the 
more complete picture enables the investigator to have more (or sometimes less) confidence 
in the conclusions reached. 
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APPENDIXR 


SURFACE WATER TRANSPORT 


INTRODUCTION 


This appendix describes important environmental exposure pathways for the surface 
water transport of radionuclides from the FMPC, and the methods that will be used to 

determine radiation doses to individuals in the vicinity of the FMPC from these pathways. 
Source term estimates for 1960-1962, which were reported earlier, are used in this appendix 
to illustrate the methodology (Voilleque et al. 1991). Figure R-1 shows that there are two 
distinct points of release ofradionuclides to surface water from the FMPC: 

• 	 The main effluent line to the Great Miami River 
• 	 Runoff and spills that enter Paddy's Run Creek. 

Basic hydrologic characteristics of the surface water receiving the discharge effiuent 
from the site must be known for this pathway analysis. With this information, we can 
determine the environmental concentrations of the radionuclides (for the 1960-1962 period 
only uranium is considered) in surface water from both the Great Miami River and Paddy's 
Run Creek. Our methodology involves applying the 1960-1962 source term to several 
surface water pathway models to evaluate the magnitude of doses from the surface water 
pathway, and the relative contribution of various pathways to dose. The three approaches 
we used are: 

• 	 National Council on Radiation Protection and Measurements (NCRP) Screening Model 
for releases to surface water (NCRP 1991); 

• 	 The GENII model developed by Battelle for the Hanford Environmental Project (Napier 
et al. 1988); and finally, 

• 	 A basic surface water monthly dilution (MD) model combining our monthly estimates of 
source term with uncertainty estimates using a statistical risk management program 
(Crystal BallT"'). 

Initially, we used the NCRP Screening Model and the GENII Model to determine the 
key surface water exposure pathways on an annual basis. Once the major pathways were 
identified based on annual source term estimates, more refined calculations were made 
using our ,monthly source term and uncertainty estimates for 1960, 1961, and 1962. 

With these three approaches to surface water dosimetry for the Fernald Dosimetry 
Reconstruction Project, the modeling is simple, environmental radionuclide concentrations 
and ultimately, radiation doses are being checked three different ways, and estimates of 
uncertainties are being included. We list several tables of original data of river flow 
characteristics and uranium measurements in water and sediment near the FMPC. These 
tables of data are presented in Tables RS-1 through RS-1O ("S" for "Special") at the end of 

the appendix. 
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Figure R-l. Diagram of the FMPC showing the liquid effluent release points and 
the main water sampling locations in the early years of operations. 
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HYDROLOGIC CHARACTERISTICS OF SURFACE WATER FLOW 

Since the most important factor for dispersion of radioactivity released to surface 
water is dilution in a receiving body of water, site-specific hydrologic parameters are utilized 
as much as possible to determine radionuclide concentrations after mixing has occurred. 
The major water flow near the Feed Materials Production Center (FMPC) is the Great 
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Miami River which enters the Ohio River approximately 18 miles (29 km) downstream of 
Cincinnati. The river, located about a half mile east and south of the FMPC, runs in a 
southerly direction. Upstream of the FMPC on the Great Miami River lie the communities of 
Fairfield, Hamilton, Middletown, and Dayton. Downstream areas are sparsely populated 
and have a few small industries. The Great Miami River is not a source of public drinking 
water between the FMPC and its confluence with the Ohio River. It is considered unsafe for 
swimming due to turbulence, but some people do fish the river. 

The main effluent line from the FMPC discharges into the Great Miami River 
through a 4650-foot-Iong, 16 inch diameter cast-iron pipe, constructed in 1952 (Catalytic 
1953). Seven concrete manholes are located along the line for access and maintenance 
purposes. Various physical characteristics of the Great Miami River have been studied 
extensively over the years (IT 1988; USGS 1991; Starkey 1955-1962). 

The U.S. Geological Survey has measured river flow parameters such as flow rates and 
drainage areas on a daily basis since 1910 at several stations along the river, and all records 
are available for this project (USGS 1991). For flow estimates in the vicinity of the FMPC 
effluent discharge point, the Miami Conservancy District has routinely adjusted the USGS 
flow measurements of the Great Miami River for the contribution from the intervening 
drainage area between Hamilton, Ohio and Ross or New Baltimore. These adjustments are 
necessary because wastewater, from the Champion Papers Company and the Fairfield 
Wastewater Treatment Plant, is returned to the river below the Hamilton gauge. In 
addition, groundwater pumped by the City of Cincinnati and the Southwestern Ohio Water 
Company (SOWC) is diverted out of the drainage basin. The diversion by Cincinnati is above 
Ross and the diversion by SOWC was installed in 1952 below Ross. When these adjustments 
are made, the mean discharge for the FMPC vicinity is approximately 5% higher than that 
measured at the Hamilton gauge (Rozelle 1991). 

The cyclical nature of the river flow rate is shown clearly in Figure R-2 for 1959 
through 1963 with higher flows during the first half of the year, and lower rates during the 
fall months. Table RS-1 at the end of this appendix lists the high, average and low monthly 
discharge rates for 1960-1962. The flow of the river at the Hamilton gauge averages 3300 

m3cubic feet per second (cfs) (93.4 m3 s-l) with a maximum of 352,000 cfs (9970 s-l) 
measured in March 1913 and a minimum of 100 cfs (2.8 m3 s-l) measured .in September 
1941. Five retarding basins were constructed on the river in 1922, and the maximum 
discharge since that time was 108,000 cfs (3058 m3 s-l) on January 21, 1959 (USGS 1991). 

Figure R-3 shows the relative magnitude of the river flow rate compared to the liquid 
effluent flow rate from the FMPC from January 1960 through December 1962. Whereas the 
river flow rate varies seasonally between 300 and 30,000 million gallons per day (MGD), the 
effluent discharge rate in the early sixties was fairly constant month to month at about one 
million gallons per day. Data were not located to determine maximum and minimum 
effluent flow rates for all months in 1962; nevertheless, the difference in magnitude between 
the river and the effluent flow is clear. As the flow rate decreases the dilution of the 
radioactive material decreases and, consequently, the concentration of the radionuclides 
increases. 

Natural drainage from the FMPC to the Great Miami River is primarily by way of 
Paddy's Run, a small creek which begins north of the FMPC and flows southward along the 
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Figure R-2. Monthly high, average and low flow rates for the Great Miami River 

in the vicinity of the FMPC. The daily USGS discharge is measured in cubic feet per 

second (cfs), and adjusted for the FMPC area by the Miami Conservancy District. 
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Figure R-3. The relative magnitude of the flow rates of the Great Miami River and 
the liquid effluent from the FMPC. The average flow is shown as the center black 
line, with the high and low flow shown above and below, respectively. The effluent 
discharge was routinely measured in gallons, or million gallons per day (MGD). 
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western edge of the site. This intermittent stream begins losing flow to the underlying sand 
and gravel aquifer south of the waste pit area (Dames and Moore 1985). Its flow is erratic 
and seasonal, and serves principally to catch runoff from the west area of the site during 
heavy rains. The flow in Paddy's Run Creek is not gauged. Water movement is generally 
slow in the frequent riffles and pools in this area, which range in depth from 5 to 15 inches 
(Facemire et a1., 1990). The mean drainage discharge of gauged streams in Butler and 
Hamilton counties ranged between 11.7 and 13.3 inches per year through the sixties 
(ODNR, 1968). 

Occasionally, when there is water flow above and below the FMPC, Paddy's Run can be 
dry from the K-65 storage area to a point below the Willey Road Bridge (Facemire et a1., 
1990). Consequently, determining an average flow rate and volume through Paddy's Run 
Creek is quite uncertain. However, estimates of flow rate and volume were made 
occasionally over the operating history of the FMPC (For example, NLCO 1961-1962, Klein 
1965) and the average uranium concentration in water moving through the creek could be 
estimated. The flow in Paddy's Run Creek, which generally exists only during January to 

m3May, averaged 2 to 4 cfs (0.065 to 0.1 S-I). These values for Paddy's Run are 
approximately 0.1% of the flow in the Great Miami River. Since flow in Paddy's Run is 
dependent upon rainfall, discharges from the site to Paddy's Run generally occurred during 
periods of heavy rain and runoff when the storm sewer outfall overflowed, or when runoff 
from the west side the of site flowed into the Paddy's Run Creek. 

SURFACE WATER EXPOSURE PATHWAYS 

Environmental pathway analysis addresses the movement of radionuclides from their 
release from a facility, their movement through air, water and soil, and eventual uptake by 
plants, animals and humans. Mathematical models of aquatic radionuclide transport 
quantify these pathways and estimate concentrations of radioactivity in food and drinking 
water by simulating the movement of the released radioactivity through the water, its 
transfer to aquatic organisms, and its uptake by crops, garden produce or farm animals. 

From releases of radionuclides in liquid effluent, two modes of radiation exposures can 
occur: external and internal. External exposure can occur from ground contamination, 
shoreline activities or swimming. Internal exposures can occur when the radionuclides are 
ingested into the body, either directly in water, or indirectly through ingestion of fish, 
agricultural or garden produce, animal products or through inadvertent ingestion of soil. 
River or creek water used for irrigation or for watering animals may introduce radionuclides 
into food crops and animal products such as milk or eggs that people ultimately consume. 
We have considered a variety of potential exposure pathways from materials released from 
the FMPC to surface water, and discuss them in the following sections. 

Drinking Water Ingestion 
Although the Great Miami River is not used as a drinking water source, this pathway 

was considered in the initial radiation dose analysis for an individual who may drink water 
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from the river. The dose from the ingestion of water is calculated from the water 
concentrations and water ingestion rate. For our purposes, no correction was made for 
transport through the water distribution system (which adjusts for removal of radionuclides 
during treatment in municipal water supply facilities), because no water treatment facilities 
are located along the Great Miami River from the FMPC to the Ohio River 18 miles (30 km) 
to the south. 

Ingestion of Fish 
Ingestion of fish is a potential surface water exposure pathway. Although the river is 

turbulent, some people do fish the river. A variety of fish species live in the Great Miami 
River including river carpsucker, drum, long nose gar, gizzard shad, large mouth bass, 
longear sunfish, and channel catfish (Miller 1989). Paddy's Run is home to over 20 taxa of 
fish, with three species, creek chubs, central stoneroller minnows, and bluntnose minnow 
most common both upstream and downstream of the FMPC (Facemire et al., 1990). A 1973 
survey by the Miami Conservancy District (Conn 1976) indicated that aquatic invertebrate 
populations in the Great Miami River from approximately Dayton, Ohio (upriver) to the 
confluence with the Ohio River were characteristic of those of stressed streams. In 1969, fish 
PQPulations in the lower portions of the Great Miami River contained low proportions of 
sport and pollution intolerant species (MCD 1969). Sport fish are principally sunfish species 
while the forage fish, characteristic of the Great Miami River in the FMPC area, are mainly 
carp, goldfish and shiners. An ecological study done by Battelle Columbus Laboratories in 
1977 supported the Miami Conservancy District's conclusions about species composition. In 
the same study, they also found a large number of fish and a variety of species in Paddy's 
Run, indicating a "fairly clean water stream" (Battelle 1977). 

Animal Product and Crop Ingestion 
Human exposure to radionuclides in surface water can also occur when contaminated 

water is used to irrigate crops or garden products. Farming has been one of the m8jor 
economic activities of Hamilton and Butler counties, especially in the rural area 
surrounding the plant site (Battelle 1981). Dairy farming, raising beef cattle, and crops such 
as sweet corn, grain corn, soybeans, and wheat predominate in the area. Garden produce is 
grown in the area and sold at local produce stands. The animal product exposure pathway 
assumes that animals are fed contaminated crops or contaminated water. With the GENII 
and NCRP models, we considered four animal products in the initial surface water pathway 
assessment: beef, poultry, cow's milk and eggs. 

The State of Ohio records irrigation usage information for all counties in Ohio. They 
record the location of use by latitude and longitude, the volume withdrawn, and whether 
water is drawn from wells, from the river, or from a combination. Some crops and garden 
produce are irrigated in this area; however, most irrigation water comes from wells (Luczyk 
1992). Site-specific information, which is incorporated into our surface water pathway 
analysis, is described more fully in the GENII MODEL section of this appendix. 
Furthermore, Appendix Q summarizes agricultural parameters such as vegetable planting 
times and growing periods, for Butler and Hamilton counties. 
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Battelle Columbus Laboratories conducted environmental assessments at several 
different times at the FMPC that provide insights on the environs of the FMPC (Battelle 
1977; Battelle 1981). Generally, four major vegetation communities occur in the FMPC area: 
grazed pasture along the east, south and north sides, mowed area (pasture) along the 
northeast portions, wooded areas along the stream beds and on the north side and forb
shrub area near Paddy's Run and in the northwest portion (Battelle 1977). Portions of the 
mowed areas outside the inner fence were planted with approximately 131,000 pine and 
spruce tree seedlings in 1972. 

Inadvertent Ingestion of Soil and Water 
Uptake of radionuclides may result from inadvertent ingestion of soil with foods or of 

water during recreational swimming. The GENII model used conservative estimates of 
average soil ingestion over the lifetime of an individual of approximately 400 mg per day. 
Inadvertent ingestion of water may occur during recreational swimming. In the GENII 
model, the amount ingested is assumed to be 10 mL per hour of swimming. The length of 
time of swimming is used to estimate the dose to an individual from this pathway. 

Aquatic Recreational Activities 
Recreational activities near water include boating, swimming and external exposure 

from shoreline activities. Environmental pathway analysis considers concentrations of the 
radionuclides in water, the time spent in each of these activities, as well as the sediment 
concentration deposited on shoreline from contaminated water following a long period of 
deposition. 

The next major sections provide details of the methods and key conclusions reached 
from our three approaches to surface water dosimetry: the NCRP Screening Method, the. 
GENII model, and our estimates based on our MD model using monthly source terms and 
uncertainties. 

NCRP SCREENING MODEL 

The screening techniques developed by the National Council on Radiation Protection 
and Measurements (NCRP 1991) represent an approach that combines important transport 
mechanisms, exposure pathways, and dosimetry methods to a few calculation steps that 
require a minimum amount of site-specific data. 

We used the NCRP Level II screening methods for surface water releases in which 
some site-specific data are used to account for dispersion in surface waters and to estimate 
annual average radionuclide concentrations in the river, and important exposure pathways. 
Table R-1 lists the annual low, average, and high river flow rates for 1960 to 1962 in the 
vicinity of the FMPC (USGS 1991; Rozelle 1991). The annual average low river flow rate for 
each year is used in the screening calculations as a conservative assumption, since dilution 
of the radioactive material is minimized. 
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Table R-l. Average River Flow for the Great Miami River 
Average River Discharge (m3 s-l) 

Year 
1960 
1961 

Low Flow 
25 
33 

Average Flow 
53 
95 

High Flow 
157 
384 

1962 32 146 224 

The IT Corporation (1988) determined representative values for the river in the vicinity 
of the FMPC for water depth, velocity, and channel width using the HEC-2 computer model 
developed by the Hydrological Engineering Center of the U.S. Army Corps of Engineers. 
These values, listed below, are used as site-specific parameters for the screening Level IT 
calculations: 

• channel width =345 feet (105 m) 
• water depth =5.4 feet (1.65 m) 
• flow velocity = 2.1 feet per second (0.64 m s-I). 

Table R-2 presents the annual surface water source terms and data on effluent 
volumes calculated previously (Voilleque et a1. 1991). The source terms to the river were 
5600 kg uranium (U) for 1960, 7300 kg U for 1961 and 6200 kg U for 1962, with a total for 
the three-year period of 19,000 kg uranium. For Paddy's Run the source terms were 1300, 
1400, and 1500 kg U for 1960, 1961 and 1962, respectively. Using a conversion factor of 6.8 x 
10-7 Ci U per g V, Table R-2 lists the source term in curies (Ci). Similarly, the effluent 
volume, recorded by the FMPC in gallons is converted to liters using the conversion factor of 
3.785 L per gallon. Vsing these values for the NCRP screening, we obtained the annual 
average concentration at the point of release and downstream in the Great Miami River and 
in Paddy's Run Creek. 

Results of the NCRP screening methods are presented in Table R-3. This methodology 
showed that the important exposure pathways for uranium releases to the river are 
drinking water (26%), consuming vegetables from a garden that has been irrigated with 
contaminated water from the river (33%), and from external exposure to garden soil and 
shoreline deposits (31%). These calculations are based on a 30-year buildup time for the 
uranium daughter products. 

The high contribution from ground and shoreline contamination does not appear to be a 
major exposure pathway, however, when one considers the sediment sampling data from the 
Great Miami River. Figure R-4 shows the analyses for total uranium that were done on 
sediment samples from the Great Miami River from 1974 through 1986 (NLCO 1974-1986). 
These data are listed in Table RS-2 at the end of this appendix as total uranium (pCi g-1 dry 
weight) in sediment, where samples were generally taken from near shore and midstream 

locations, and the results averaged. The top two inches (5.1 cm) of sediment were scraped; 

only that portion passing a 50-mesh screen was analyzed for uranium (NLCO 1976; NLCO 
1975). The minimum detection level was 0.5 j.1g V g-l. 
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Table R-2. Calculated Uranium Concentrations in the 
Great Miami River and in Paddy's Run Creek Based Upon 

the NCRP Screening Methods 
Source Term Effluent Average Concentration (pCi L-l) 

Year (Ci U) Volume (L) At discharge point After mixingS 
Great Miami River 

1960 3.8 1.5 x 109 2500 4.9 
1961 4.9 1.8 x 109 2700 4.6 
1962 4.1 1.3 x 109 3200 4.1 
3-yr. 12.8 4.6 x 109 2700 4.6 

Paddis Run 
1960 0.86 1.1 x 108 7800 600 
1961 0.92 1.6 x 108 5700 440 
1962 1.08 2.3 x 108 4600 350 
3-yr. 2.70 4.9 x 108 5400 420 
a Based on average low flow rate for year. 

Table R-3. Relative Importance of Exposure Pathways for Uranium Releases to 
the Great Miami River for 1960 to 1962 Based Upon the NCRP Screening Model a 

Surface Water Screening Value Relative 
Pathwa,ys 

External 
Boat & Swim 
Ground & Shore b 

Internal 
Drinking Water 
Fish Consumption 
Irrigated garden c 
Milk 
Meat 

Total 

Sv 

3.1 x 10-12 

1.1 x 10-5 

9.1 x 10-6 
1.1x10-6 
1.2 x 10-5 

1.7 x 10-6 
8.6 x 10-7 

3.6 x 10-5 

mrem Contribution (%) 

3.1 x 10-7 

1.1 x 100 
<0.001 
31 

9.1 x 10-1 

1.1 x 10-1 

1.2 x 100 

1.7 x 10-1 

8.6 x 10-2 

3.6 x 100 

26 
3 

33 
5 
2 

100 
a Based on uranium surface water source term from Voilleque et al. 1991. 
b Contributions from ground irradiation from garden soil and shoreline deposits; 

assumes a 30-year build-up time. 
c Assumes consumption of vegetables irrigated only with contaminated river water. 
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Figure R-4. Average uranium concentrations in sediment samples taken upstream, 
at the main eftluent outfall, and downstream where Paddy's Run enters the river. 

The data indicate no clear difference between uranium in sediment measured 
upstream, just downstream of the eftluent discharge point, or further downstream below the 
point where Paddy's Run Creek flows into the Great Miami River. The results from 1974 
onward indicate no build-up of uranium in the sediments where settling might be expected 
to occur. Most of the uranium present in the site eftluent is soluble, probably existing as a 
carbonate complex, and remains soluble, probably after mixing in the river. Furthermore, 
periodic flooding may scour the river bed and banks, preventing any long-term sediment 
accumulation (NLCO 1974, 1978; USGS 1991). Consequently, for our methodology, we do 
not consider a 30-year build-up factor for uranium in the sediments. 

GENII MODEL 

The GENII model was also used to evaluate the importance of various exposure 
pathways. In addition, the GENII code allows one to calculate, at selected locations 
downstream, the concentration of radionuclides in water, as well as, radiation doses 
resulting from releases of radionuclides to nontidal rivers and near-shore lake environment. 
GENII incorporates the internal dosimetry models recommended by the International 
Commission on Radiological Protection (lCRP) in updated versions of the environmental 
pathway analysis models used at the Hanford Laboratories in Richland, Washington 
(Napier 1988). The surface water program in GENII solves for radionuclide concentrations 
in a river under the following assumptions: 
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• constant flow depth 
• constant downstream longshore velocity 
• straight river channel 
• constant lateral dispersion coefficient 
• continuous point discharge release of effluent 
• constant river width. 

For the initial runs of the GENII model, we used the uranium source term estimates for 
calendar years 1960, 1961 and 1962 (Table R-2) (Voilleque et al . 1991). Radiation doses were 

calculated for a hypothetical individual who was assumed to be exposed through the various 
pathways to maximum or average exposure levels. Table R-4 lists the exposure scenario 
parameters that differ for the hypothetical "average" individual and the "maximum" 

lJ 

J 

individual that were utilized in the GENII model calculations. For internal exposure 
pathways, ingestion of drinking water, fish, agricultural products, meat, milk, eggs, and 
inadvertent soil ingestion were considered. The external exposure pathways considered 
were: ground contamination from irrigation, recreation such as swimming, boating and 
shoreline activities. Irrigation is assumed to occur over a 6 month period at a rate of 40 
inches per year. 

Table R-4. Exposure Pathway Parameters Used in the GENII Model For 
HyPothetical Individuals 

"Average" "Maximum" 
Exposure Pathway Individual Individual 

External Hours of exposure per year 
To ground contamination 2900 4400 
For swimming 10 100 
For boating 5 100 
For shoreline activities 17 500 

Internal Consumption Consumption rate (kg y-l) 
Fish 6.9 40 
Leafy vegetables 15 30 
Other vegetables 140 220 
Fruit 64 330 
M~ W ~ 
Poultry 8.5 18 
Eggs 20 30 
Cow's milk 230 L y-l 270 L y-l 
Drinkjng~w~a~te~r________________~44~0~L~y~-_1__________~73~0~L~y~-_l_____ 

For comparison, the NCRP method assumes values that are similar to those assigned to 
the maximum individual listed in Table R-4. An exception to this is the assumed 8000 hours 
of exposure per year to ground contamination, compared to 4400 hours in the GENII model. 
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In addition, the NCRP screening model combines the consumption of fruits, vegetables and 
grains (200 kg y-l), and assumes 10 kg per year of freshwater fish are consumed, which 
represents approximately the 99th percentile of adult consumption in the U.S. (Rupp et al. 
1980). 

Results of the GENII model calculations are listed in Table R-5. Drinking river water, 
and consuming garden produce and fish from the river each contribute approximately 25 to 
30% of the radiation dose to an individual. The total dose to a maximally-exposed individual, 
calculated with the GENII model (0.2 mrem), is roughly 20 times less than the NCRP 
screening value of 3.6 mrem. 

Table R-5. Relative Importance of Exposure Pathways for Uranium 

Releases to the River Based on the GENII Model a 


]

J 

J
J
J 

Surface Water Annual Maximum Radiation Relative 
Dose 

Pathways Sv mrem Contribution(%) 
Externalb 4 x 10-9 4 xlO-4 <0.01 
Internal 2x 10~ 2 x 10-1 

Drinking Water 25 
Fish Consumption 24 
Vegetablesc 30 

Fruit 5 

Milk 10 

Meat 5 

Inadvertent Soil & <0.05 

Water Ingestion 

Total 2x 10~ 2 x 10-1 100 
a Based on uranium surface water source term for 1960, 1961 and 1962 from 


Voilleque et al. 1991. 

b Contributions from ground irradiation from garden soil and shoreline deposits; 


assumes no build-up time. 

c Assumes consumption of vegetables and fruit irrigated with 40 inches (102 cm) 


of contaminated river water per year. 


Based upon the information obtained from the NCRP Screening Model and the GENII 
code, we concluded that the major pathways contributing to radiation dose from uranium in 
the surface water would be from the consumption of drinking water, the ingestion of fish 
and local garden produce. The importance of the consumption of garden produce depends 
greatly on the extent of irrigation with river water. Accordingly, to determine the extent of 
irrigation with river water in this area, we obtained County water usage information for 
Butler and Hamilton Counties from the Ohio Department of Natural Resources, Division of 
Water (Luczyk 1992). In April 1990 they began a water withdrawal registration program in 
which facilities and individuals were required to register with the State of Ohio if over 
100,000 gallons per day (70 gallons per minute) were withdrawn from surface and 
groundwater. In addition, the relative contribution by category is tabulated. The categories 
include industrial, power generation, public water supply, miscellaneous as well as 
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agriculturaVirrigation. The agriculturaVirrigation category includes not only crop and 
livestock production, but also landscaping, fish and waterfowl propagation, and golf course 
irrigation. For 1991, large quantities of water were withdrawn in both Butler and Hamilton 
Counties for industry (greater than 25 MGD) and for public water supplies (greater than 25 
MGD) (Luczyk 1992). Most of the water withdrawn in Hamilton County is for power 
generation (greater than 250 MGD). However, Butler and Hamilton Counties withdrew less 
than one million gallons per day (MGD) from surface water for agriculture and irrigation, 
and from 1 to 5 MGD from groundwater for these purposes. 

Even if we assume that the 1 MGD withdrawn from surface water in Butler and 
Hamilton counties is used only for irrigation purposes, this is an extremely small volume of 
water for irrigation in comparison to the forty inches of irrigation per year assumed in the 
GENII model. An assumed irrigation rate of 40 inches of river water per year for Butler (471 
square miles) and Hamilton (413 square miles) Counties represents a volume of water at 
least three orders of magnitude greater than the 0 to 1 MGD actually recorded by the state 
for these counties in 1991. Clearly, the model assumption is orders of magnitude greater 
than the actual quantity of river water used for irrigation, and we conclude that this 
pathway is not one of the major pathways of exposure for this area. 

MONTHLY SURFACE WATER DOSIMETRY METHODOLOGY 

The NCRP and GENII models allowed us to do initial screening of surface water 
exposure pathways on annual source term estimates. Based upon these models along with 
site-specific irrigation and sediment sampling data, we concluded that the ingestion of 
drinking water and fish were key pathways for exposure to uranium from the FMPC during 
the early sixties. Consequently, we calculated monthly estimates of uranium concentrations 
and intake of uranium by individuals via these pathway using a basic monthly dilution 
model (MD) 

This approach requires that we account for dilution and transport of the material in the 
receiving body of water, i.e., either the Great Miami River or Paddy's Run Creek. These 
aquatic transport calculations assume that the radio nuclide concentration at the 
downstream receptor of interest in a receiving surface water (Cm) is equal to the 
radionuclide concentration at the point of radionuclides release, i.e., the radionuclide 
concentration at the discharge point into the Great Miami River (Co) divided by the dilution 
factor (S ): 

(R-1) 

where, 
Cm = radio nuclide concentration in the receiving surface water (Bq m-3), 

Co = radio nuclide concentration of an effluent at the point of release (Bq m-3) 

S = the dilution factor, a ratio of the flow rate of the receiving body of water to the 
flow rate of the waste effluent. 
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The effluent concentration (Co) is the radionuc1ide release rate divided by the effluent flow 
rate: 

Co = WolQo (R-2) 

where, 
Wo = radionuc1ide release rate at the point of release (Bq s-l), and 

Qo = flow rate of the effluent discharge at the point of release (m3 s-l). 

The dilution factor, S, is based upon the river flow characteristics of the Great Miami River, 
and FMPC discharge volumes for the site. When the quantity of effluent is small relative to 
the receiving water body (i.e., dilution on the order of 10 to 100), initial mixing is relatively 
rapid, and reduces the radionuc1ide concentration (Jirka et a1., 1983). 

The MD model incorporated a statistical uncertainty analysis computer program 
(CrystalBall™) to provide bounds around our central estimates. We assumed a distribution 
of values for monthly discharge of uranium and monthly discharge volume based upon the 
source term values reported in Task 2 and 3. For the monthly dilution factors, we assume a 
distribution of values based upon the daily flow measurements made by USGS (Table R-1). 

Figure R-5 compares the median uranium concentrations in the river from the MD 
model, with the surface water source terms for January 1960 through December 1962. In 
addition, the figure compares the calculated uranium concentrations to reported background 
levels in domestic drinking water in the U.S. of 0.8 to about 3 pCi U L -1 (NCRP 1984b). The 
river has not been used as a drinking water source but this is a convenient measure to show 
the relative contribution of the FMPC effluents to uranium in the river. The background 
concentrations of uranium in drinking water are taken from an extensive study by the 
National Uranium Resource Evaluation (NURE) program plus data prepared for the US 
EPA, in which over 90,000 drinking water samples were evaluated. 

For this time period, the highest uranium concentrations in the river occurred from 
August 1960 through January 1961 and in September 1962 when it exceeded 20 pCi L -1. 

There is good agreement for these times between the source term and concentration 
estimates. However, in mid-1961 the higher source term estimates are not reflected in 
higher uranium concentrations in the river. Generally, the highest uranium concentrations 
in the river were calculated for 1960, although the lowest quantity of uranium was 
discharged that year, compared to 1961 and 1962. These observations emphasize the 
importance of the river flow rate on the dilution of the uranium in estimating 
environmental concentrations in the river. The average river flow in 1960 was less than half 
(1650 cfs) that measured in 1961 (3570 cfs). Consequently, the uranium concentrations were 
lower in 1961 because the river flow rate was high. Table RS-3 summarizes the monthly 
uranium concentrations in river water and in fish, with the standard deviations calculated 
with CrystalBal1™ shown in parentheses. 
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Figure R-5. Comparison of the quantity of uranium discarded from the FMPC to 
the Great Miami River with the uranium concentration measured in the river after 
dilution during 1960-1962. The dotted lines indicate the approximate average range 
of background uranium concentrations in U.S. drinking water. 

The concentration of a particular radio nuclide in fish is related to the radionuclide 
concentration in the water through concentration ratios. The concentration ratio (CR) is a 
ratio of the concentration of the radio nuclide in the fish to that in the water. It is based 
upon the intake rate and biological elimination of the radio nuclide by the fish, and the mass 
of the fish. The CR assumes that equilibrium has been reached between the organism and 
its environment. Neither freshwater nor marine fish accumulate uranium to a great degree 
(Poston and Klopfer 1986), and it appears that very little uranium is accumulated in muscle 
tissue. Published CR values for uranium in freshwater fish range from less than 1 to almost 
100 depending upon the type of fish and its environment (NCRP 1984; Peterson 1983; 
Wahlgren et al. 1976; Poston and Klopfer 1986). The NCRP and GENII models assume a CR 
of 10. However, in a literature review on the uptake and distribution of selected 
radionuclides in fish, Poston and Klopfer recommended a CF of 50 for uranium in 
freshwater fish. They based their recommendation on several experimental studies, and on 
the observation that omnivorous fish such as carp and catfish, had higher CR values than 
piscivorous species such as trout for which more studies have been done. Since the 
predominant species of fish from the Great Miami River include carp, shad and catfish, we 
assumed a distribution of CR from 1 to 100, with a mean of 50 for our monthly estimates of 
uranium concentrations in fish. 
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The intake of uranium in drinking water by individuals is given by the product of the 
concentration of uranium in river water and the ingestion rate of water. For our purposes, 
no correction was made for transport through the water distribution system (which adjusts 
for removal of radionuc1ides during treatment in municipal water supply facilities), because 
no water treatment facilities are located along the Great Miami River from the FMPC to the 
Ohio River 18 miles (30 km) to the south. We assumed a normal distribution of ingestion 
rates for river water of 0 to 2 L per day with a mean of 1 L, to determine a monthly intake of 
uranium for this period. Similarly, the intake of uranium via fish consumption is given by 
the product of the uranium concentration in fish and the intake rate of fish for a particular 
time period. We assumed a lognormal distribution offish consumption rates of 1 to 10 kg per 
year with a mean of 5 kg for this area. The resulting monthly intake of uranium from the 
ingestion of river water and from the consumption of fish from the river is compiled in Table 
RS-4, along with the results of the uncertainty analysis using the CrystalBalp"M program. 

COMPARISON OF MODELED TO MEASURED URANIUM CONCENTRATIONS IN 
SURFACE WATER FOR 1960-1962 

The validation process involves comparing model-calculated uranium concentrations 
with actual environmental sampling measurements that were done in the Great Miami 
River and in Paddy's Run Creek. This procedure provides a measure of proof that our 
models of calculating environmental concentrations and ultimately radiation doses are 
reasonable. It should be emphasized that the actual environmental measurements were not 
used in our model development. The sources of information for the sampling measurements 
are the original analytical data sheets from the Analytical Department of National Lead 
Company of Ohio (NLCO 1960-1962). For the early sixties, water samples were collected 
upstream and downstream in Paddy's Run, and analyzed routinely for total uranium (mg U 
L-1), gross alpha and beta activity, total suspended solids, some chemical constituents, and 
occasionally for radium. Three-day composite samples were analyzed from the New Haven 
Road Bridge and the Willey Road Bridge south of the FMPC, while weekly samples were 
taken at the Paddy's Run bridge north of Route 126. Figure R-1 shows the locations of 

water sampling points in Paddy's Run Creek and the Great Miami River during this time. 
In the Great Miami River, weekly water samples were taken upstream at the Venice 

Bridge in Rqss, about a mile (1.6 km) north of the effluent discharge point, and at the New 
Baltimore Bridge, about 2 miles (3.2 km) downstream. There was no reported minimum 
detectable concentration for uranium although the minimum reported value in the data 
sheets is . approximately 0.001 mg U L -1. Tables RS-5, RS-6, and RS-7 at the end of this 
appendix list the original results in units ofmg U L -1 from analytical data sheets located for 
this time period. These tables show the large amount of water sampling data that were 
collected, and still available for our study. For the Great Miami River, there is not a 
consistent difference between upriver and downriver locations. Although there is much 
scatter of data points, especially in 1962, the majority of measurements cluster around the 
0.015 mg L-1 (10 pCi U L -1) level. Figure R-6 displays the data as monthly averages in units 

of pCi U L -1, to compare with our MD model results. We can compare the model-predicted 
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(P) to observed (0) concentrations by calculating the PIO ratio as a measure of bias. A ratio 
of 1 indicates no bias. The median PIO ratio for this period is approximately 0.70, indicating 
that the model underpredicts the concentrations measured in the river somewhat. The 
sources of this slight bias can be attributed to lack of knowledge about the sampling and 
analytical protocol, and to missing data for some time periods. However, the reasonable 
agreement between the measured uranium concentrations in the river and those calculated 
with our model using monthly source term estimates supports our dosimetric methods. 

Ic::=::J Calculated Average ---- Measured Average 
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Figure R-6. Comparison of calculated and measured average monthly uranium 
concentrations downstream of the FMPC in the Great Miami River during 1960, 
1961 and 1962. 

In a similar fashion, Figure R-7 shows monthly averages in pCi U L -1 for Paddy's Run 

I [ 	
i r 	

Creek sampling locations downstream of the FMPC for 1960, 1961 and 1962. The original 
data, recorded in mg U L -1 on the analytical data sheets, are tabulated in Tables RS-8, RS- . 
9, and RS-10 at the end of the appendix. For Paddy's Run Creek water samples, there is 
much more scatter in uranium measurements than with those from the Great Miami River, 
but the upriver samples from north of Route 126 tend to be lower than the Willey Road and 
the New Haven Road measurements. The median PIO ratio for Paddy's Run is 
approximately 3, indicating that our model overpredicts the measured uranium . 
concentration values in Paddy's Run Creek during this time. This overprediction is probably 
due to the extreme seasonal variation in flow, causing difficulty in estimating an average 
flow in the creek over an extended period of time. However, the relative contribution of 
Paddy's Run to surface water pathway exposures is relatively small compared to the river. If 
Paddy's Run Creek is a key source of exposure relative to other pathways, these methods 
will be further refined. Nevertheless, Figure R-7 shows that the general pattern between 
calculated and measured concentrations is quite similar. 
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Figure R-7. Comparison of calculated and measured average monthly uranium 
concentrations in Paddy's Run Creek downstream of the FMPC during 1960, 1961, 
and 1962. Uranium concentration measurements were not located for all months. 

While Figures R-6 and R-7 compare monthly averages, Tables R-6 and R-7 provide 
comparisons between the annual averages of measured concentrations and calculated 
uranium concentrations in the river and in Paddy's Run based on the GENII model and on 
our MD model. For the river, there is good agreement between measured and calculated 
uranium concentrations for this three-year period, although the standard deviation about 
the mean is rather broad. For the Paddy's Run Creek the range of concentrations is much 
greater, most likely due to erratic water flow in the creek much of the year. Because of the 
large seasonal fluctuations in Paddy's Run, computation of an annual average results in a 
large standard deviation about the mean. Nevertheless, the calculated concentrations of 
uranium in Paddy's Run, based on high and low flow rates for the creek do encompass the 
range of concentrations measured in Paddy's Run during 1960-1962. This agreement 
suggests that the methods we have developed to determine environmental concentrations of 
uranium and other radionuclides based on our monthly source term data are acceptable. 

CONCLUSIONS 

Our three approaches to surface water dosimetry have provided an efficient process to 
evaluate the importance of environmental transport pathways for discharges from the 
FMPC to surface water. The NCRP screening approach and the GENII model allowed us to 
examine all possible pathways, including some that had been suggested to us by local 
residents. In addition, the GENII model provided radionuclide concentrations in river water 
from radionuclides discharged from the site. The initial analysis using the NCRP Screening 
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Table R-6. Measured vs. Calculated Uranium Concentrations (pCi L-1) in the 
Great Miami River (standard deviation) 
Average Measured Concentration Calculated FMPC 

Contribution 
Year # Upstreama Downstream b FMPC GENII MD 

Samples Contributionc Model d Model e 
1960 76 12.8 15.5 5.0 2.3 5.3 

(18.5) (14.3) (12.5) (4.8) 

1961 53 10.9 11.3 0.1 1.6 2.9 
(9.2) (5.7) (9.9) (2.6) 

1962 64 10.3 14.0 3.6 1.7 4.4 
(9.2) (13.9) (12.6) (5.9) 

a Average concentration in water at Venice Bridge in Ross. 
b Average concentration in water at New Baltimore Bridge south of the FMPC. 
c Average difference between individual downstream and upstream measurements. 
d Expected concentrations using GENII model based on annual source term to river and 

average river flow rate for that year. 
e Calculated uranium concentrations from our monthly dilution model with monthly 

source term estimates and CrystalBaWM uncertainty analysis. 

, , "j. 

Table R-7 . Measured vs. Calculated Uranium Concentrations (pCi L-l) in Paddy's 
Run Creek Downstream of the FMPC (standard deviation) 

Measured Uranium Concentration FMPC Calculated Contribution 
Year # of Samples Average a GENII b MD c 
1960 106 770(1300) (225-1030) 1040(1700) 

1961 103 350 (630) (160-1000) 690 (1600) 

1962 162 350 (740) (200-1300) 640 (1900) 

a Average concentration of samples taken at Willey Road and at the New Haven Bridge. 
Upstream uranium concentrations, taken just north of Route 126, were subtracted. 
Upstream concentrations ranged from 10 to 15 pCi L-1. 

b Paddy's Run is an ungauged stream, but flow was occasionally measured. The values in 
parentheses represent calculated concentrations from the GENII model based on the 
annual source term to Paddy's Run, and high and low flow rates, respectively. 

c Calculated uranium concentrations from our monthly dilution model with monthly 
source term estimates and CrystalBall™ uncertainty analysis. 
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and the GENII models identified drinking water from the river, the consumption of produce 
from gardens irrigated with river water, and fish consumption as the key internal exposure 
pathways. We concluded that consumption of produce irrigated with river water was not a 
key pathway based on recorded irrigation rates for Hamilton and Butler Counties obtained 
from the State of Ohio. 

We determined that the inadvertent ingestion of soil is a very minor pathway with 
respect to potential human exposure. External exposure to contaminated ground near the 
river shoreline contributed about 25% to the total dose if a 30-year buildup factor for 
uranium was assumed, or less than 0.01% of the dose when buildup was not included in the 
calculations. The buildup of uranium in sediments in the river is not supported by sampling 
data from the mid-seventies onward. 

Although the calculation of radiation doses for all years of operation will be reported in 
the Task 6 report, this initial analysis indicated that the annual effective dose equivalent to 
a maximally-exposed individual from all pathways is approximately 2 x 10-6 Sv (0.2 mrem) 
based on the conservative assumptions of the GENII model. This initial analysis shows that 
the radiation dose to a maximally-exposed individual is quite low even with this 
conservative approach. Our final dose estimates for surface water pathways will be "best 
estimates" with uncertainties, based on the MD dilution model. 

Our third approach appears to be a good one. We incorporated uncertainty analysis 
using CrystalBall™ to establish bounds around our median estimates. The results showed 
that the calculated average uranium concentration in river water and in Paddy's Run 
during this period agree well with that measured in the early sixties. Clearly, our simple 
MD model which utilizes our monthly source term data and site-specific parameters is 
adequate for calculating radiation doses from radio nuclide releases to surface water for all 
years of operation. 
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Table RS-l. Dilution Factor Determination for Surface Water Transport 
Calculations Based on Liguid Effluent and the Great Miami River Flow Rates 

FMPC Discharges a Great Miami River 
Flow Rate b 

Source Flow Dilution 
Term Volume Rate High Average Low FactorC 

Date (kgU) (MG) (MGD) (MGD) (MGD) (MGD) (S) 

J 

:- -I 

J 
;~~ 	

Jan 60 286 35.2 1.14 8820 2510 945 2201 

Feb 60 343 32.3 1.11 11865 3507 1491 3149 

Mar 60 295 31.5 1.02 4791 2325 1179 2288 

Apr 60 544 28.8 0.96 3465 1523 620 1586 

May 60 629 30.1 0.97 4410 987 546 1017 

Jun60 528 31.1 1.04 3119 1355 567 1307 

Jul60 334 28.2 0.91 4610 882 357 970 

Aug 60 466 29.0 0.94 420 322 258 344 

Sep 60 381 30.3 1.01 322 248 204 245 
Oct 60 530 40.7 1.31 278 242 204 184
Nov 60 544 38.1 1.27 523 350 245 275 
Dec 60 720 42.2 1.36 343 298 234 219 
Jan 61 629 47.0 1.52 1260 356 255 235 
Feb 61 727 41.9 1.40 10185 1701 217 1218 
Mar61 728 45.9 1.48 15225 4820 2783 3255 
Apr 61 1018 45.1 1.50 25515 7140 1292 4755 
May 61 845 43.2 1.39 20055 4032 1050 2895 
Jun 61 644 39.1 1.30 17010 2090 621 1603 
Jul61 533 47.6 1.54 2342 746 445 485 
Aug 61 927 46.0 1.48 4820 1155 309 778 
Sep 61 481 28.1 0.94 1486 706 399 754 
Oct 61 205 24.3 0.78 706 532 372 679 
Nov 61 307 28.3 0.94 2090 866 544 919 
Dec 61 297 29.9 0.97 4500 1797 669 1860 
Jan 62 480 33.5 1.08 12557 4846 1127 4487 
Feb 62 535 31.9 1.14 21584 4040 1398 3550 
Mar 62 
Apr 62 
May 62 

407 
572 
478 

31.0 
25.2 
24.6 

1.00 
0.84 
0.79 

12353 
2871 
3265 

5544 
1522 
1210 

2389 
842 
634 

5535
1811
1524 

Jun 62 
Jul62 
Aug 62 
Sep 62 

325 
315 
387 
1481 

28.5 
28.6 	
30.9 
28.4 

0.95 
0.92 
1.00 
0.95 

1744 
2973 
552 
675 

717 
1049 
383 
393 

404 
367 
274 
267 

755
1138
385
416 

a 

Oct 62 
Nov 62 
Dec 62 

390 
365 
465 

23.2 
23.9 
30.1 

0.75 
0.80 
0.97 

634 
1398 
652 	

375 
758 
514 	

235 
326 
367

501
953
530

From Voilleque et al. 1991. 
b From USGS 1991; river flow rates are based on Hamilton, OR discharge adjusted for 


the river in the vicinity of the FMPC by the Miami Conservancy District. 

The Dilution Factor, S, is the average river flow rate divided by the average effluent 

flow rate. 
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Table RB-2. Sediment Sampling in the Great Miami River 
Total Uranium (ECi g--1 dr'y wt)a 

Upstream of Downstream of Downstream of 
Year the FMPC Discharge Point PaddysRun 
1974 1.30 0.80 1.10 
1975 1.80 0.60 0.90 
1976 0.70 0.40 0.70 
1977 0.85 0.50 1.20 
1978 0.90 0.50 2.10 
1979 0.80 0.60 0.90 
1980 0.84 0.47 0.68 
1981 0.44 0.68 0.54 
1982 0.90 0.87 1.00 
1983 1.70 1.60 2.10 
1984 1.30 1.90 2.20 
1985 0.90 1.80 0.70 
1986 0.80 0.70 0.70 

Average 1.02 0.88 1.14 
Stdev 0.39 0.53 0.60 

a The FMPC Environmental Reports stated that "the 95% CI was ±25%" 
for all samEles. 
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Surface Water Transport Dosimetry 

Table RS-3. Calculated Median Estimates of Uranium Concentration for 1960
1962 <Standard Deviation) a 

Great Miami River After Dilution 
(pCi L -1) 

Month 1960 1961 1962 1960 1961 1962 

Jan 0.65 10 0.56 0.033 0.50 0.027 

W.09) (1.4) (0.07) (0.006) (0.08) (0.005) 

Feb 0.59 2.5 0.83 0.030 0.120 0.042 

(0.08) (0.32) (0.11) (0.005) (0.021) (0.007) 

Mar 0.72 0.86 0.42 0.036 0.042 0.021 

(0.10) (0.11) (0.06) (0.006) (0.007) (0.004) 

Apr 2.1 0.83 2.1 0.104 0.042 0.110 

(0.28) (0.1) (0.3) (0.018) (0.006) (0.015) 

May 3.6 1.2 2.2 0.18 0.060 0.110 

(0.46) (0.15) (0.34) (0.031) (0.016) (0.019) 

Jun 2.3 1.8 2.60 0.12 0.090 0.130 

(0.32) (0.24) (0.34) (0.022) (0.015) (0.022) 

Jul 2.1 4.1 1.7 0.11 0.20 0.085 

(0.28) (0.52) (0.24) (0.018) (0.033) (0.014) 

Aug 8.2 4.5 5.7 0.41 0.220 0.280 

(1.1) (0.66) (0.74) (0.069) (0.039) (0.048) 

Sep 9.1 4.1 22 0.45 0.20 1.10 

(1.2) (0.53) (4.6) (0.081) (0.030) (0.25) 

Oct 12 2.2 5.9 0.62 0.11 0.290 

(1.6) (0.3) (0.8) (0.091) (0.018) (0.05) 

Nov 8.6 2.1 2.8 0.43 0.10 0.140 

(1.1) (0.29) (0.39) (0.072) (0.018) (0.025) 

Dec 14 0.93 5.1 0.68 0.050 0.260 

(0.8) (0.13) (0.007) (0.053) 

\--I 
,~·l 

Il 

'tJ 
" j 
!J 

(1. 7) (0.12) 

Fish From The River 
(pCig---1) 

a Estimates based on monthly source term data from Voilleque et a1. 1991, with 
uncertaint,Y anal,Ysis using Cr,YstalBall™. 
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Table RS-4. Ingestion of Uranium (pCi per month) in Water and Fish From the 
Great Miami River During 1960-1962 (Standard Deviation)a ) 

. I 


1


"1 

g

1


J 
. J 


' I 
U 

J 
' 1 

J 

J 
J
J 
J 


Waterb Fishc Waterb Fishc 
Jan 60 19 13 
 Jul61 120 81 


(3.2) (2.3) (20) (15) 
Feb 60 17 12 
 Aug 61 136 91 


(2.9) (2.3) (25) (17) 
Mar 60 22 14 
 Sep61 120 80 


(3.5) (2.8) (20) (16) 
Apr 60 63 42 
 Oct 61 65 44 


(11) (8.2) (11) (8.3) 
May 60 108 72 
 Nov 61 62 41 


(17) (15) (10) (8.5) 
Jun60 68 46 
 Dec 61 28 19 


(11) (10) (4.1) (3.5) 
Jul60 64 43 
 Jan 62 17 11 


(11) (8.2) (2.9) (2.3) 
Aug 60 245 164 
 Feb 62 25 17 


(45) (32) (4.4) (3.4) 
Sep 60 270 180 
 Mar 62 12 8 


(43) (41) (2.1) (1.5) 
Oct 60 372 248 
 Apr 62 66 44 


(57) (48) (10) (6.5) 
Nov 60 273 182 
 May 62 67 45 


(44) (32) (12) (9.2) 
Dec 60 410 270 
 Jun62 80 53 

(68) (50) (13) (10) 
Jan 61 300 200 
 Jul62 51 34 

(50) (41) (9.2) (6.4) 
Feb 61 75 50 
 Aug 62 170 110 


(13) (11) 28) (21) 
Mar 61 26 17 
 Sep62 660 440 


(4.1) (3.4) (149) (106) 
Apr 61 25 17 
 Oct 62 177 120 


(4.1) (3.0) (29) (26) 
May 61 36 24 
 Nov 62 84 56 


(6.0) (4.3) (14) (12) 
Jun 61 54 36 
 Dec 62 153 100 


(8.2) (6.9) (31) (22)

a Estimates based on monthly source term data from Voilleque et at 1991, with 

uncertainty analysis using CrystaIBall™. 


b Assumed a lognormal distribution of ingestion of river water from 0 to 60 L, with 

mean of 30 L (8 gal) per month. 


c Assumed a lognormal distribution offish ingestion from the river of 0 to 800 g, 
with a mean of 400 g W.9Ib), per month. 800 g per month approximates the 99th 

percentile of adult consumption in the U.S. (Rupp et at 1980). 
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Surface Water Transport Dosimetry 

Table RS-5. Measured Uranium Concentrations (mg L-1) in Miami River Water 

in 1960 
1960 Venice New 1960 Venice New 

Collection Bridge Baltimore Collection Bridge Baltimore 
Date (V river) (Downriver) Date (V river) (Downriver) 
6-Jan 0.05 0.03 17-Aug 0.04 0.01 
13-Jan 0.004 0.006 25-Aug 0.022 0.031 
20-Jan 0.038 0.015 30-Aug 0.018 0.03 
27-Jan 0.026 0.016 l-Sep 0.015 0.012 
I-Feb 0.018 0.028 8-Sep 0.003 0.021 
3-Feb 0.016 0.03 15-Sep 0.019 0.028 
11-Feb 0.064 0.066 16-Sep 0.006 0.011 
18-Feb 0.002 0.004 20-Sep 0.018 0.021 
25-Feb 0.002 0.005 21-Sep 0.019 0.022 
26-Feb 0.003 0.01 22-Sep 0.007 0.034 
29-Feb 0.006 0.003 22-Sep 0.028 0.02 
4-Mar 0.01 0.04 23-Sep 0.013 0.08 
lO-Mar 0.006 0.01 26-Sep 0.014 0.018 
17-Mar O.OOB 0.006 27-Sep O.OOB 0.021 
24-Mar 0.014 0.014 2B-Sep 0.016 0.026 
2B-Mar 0.006 O.OOB 29-Sep 0.026 0.012 
31-Mar 0.03 0.02 29-Sep 0.027 0.023 
7-Apr 
14-Apr 
21-Apr 
25-Apr 
28-Apr 
6-May 
12-May 
19-May 
31-May 
2-Jun 
9-Jun 
16-Jun 
23-Jun 
30-Jun 
27-Jun 
29-Jun 
7-Jul 
14-Jul 
21-Jul 
26-Jul 
2B-Jul 
4-Aug 
ll-Aug 
10 Aug 

0.01 
0.016 
0.008 
0.01 
0.013 
0.029 
0.008 
0.006 
0.008 
0.008 
0.016 
0.005 
0.009 
0.013 
0.016 
0.009 
0.009 
0.017 
0.017 
0.012 
0.011 
0.031 
0.001 
0.04 

0.02 
0.018 
0.021 
0.011 

0.1 
0.017 
O.OOB 
0.011 
0.008 
0.008 
0.011 
0.011 
0.028

0.01
0.015
0.013
0.037 
0.019 
0.049 
0.016
0.02 
0.019
0.012 
0.015

6-0ct 
6-0ct 
11-0ct 
13-0ct 
19-0ct 
20-0ct 
24-0ct 
25-0ct
27-0ct 
31-0ct 
3-Nov 
10-Nov 
17-Nov 
24-Nov 
28-Nov 
8-Dec 
15-Dec 
22-Dec 
27-Dec
29-Dec

Avg (mg L-l) 

Stdev (mg L-l) 

Avg (pCi L-l)

Stdev ( Ci L-1)

0.003 
0.005 
0.011 
0.016 
0.017 
0.008 
0.019

0.008 
0.006 
0.014 
0.007
0.014
0.21
0.014
0.024
0.09
0.014
0.008
0.008
0.018
0.030
12.5
17.8 

0.002 
0.013 
0.012 
0.024 
0.11 
0.016 
0.025
0.07
0.009
0.047
0.014
0.024
0.025
0.15
0.015
0.022
0.014
0.057
0.024
0.014
0.024
0.024
16.7 
16.7

Radiological Assessments Corporation
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Table RS--6. Measured Uranium Concentrations (mg L-1) in Miami River Water 
in 1961 

1961 
Collection 

Date 

Venice 
Bridge 

(U river) 

New 
Baltimore 

(Downriver) 

1961 
Collection 

Date 

Venice 
Bridge 

(U river) 

New 
Baltimore 

(Downriver) 
5-Jan 
12-Jan 
19-Jan 
26-Jan 
31-Jan 
2-Feb 
9-Feb 
16-Feb 
23-Feb 
27-Feb 
2-Mar 
9-Mar 
15-Mar 
23-Mar 
24-Mar 
27-Mar 
30-Mar 
6-Apr 
13-Apr 
20-Apr 
24-Apr 
27-Apr 
18-May 
22-May 
25-May 
1-Jun 
8-Jun 
15-Jun 

0.019 
0.027 
0.09 

0.009 
0.023 
0.013 
0.004 
0.009 
0.017 
0.022 
0.009 
0.013 
0.011 
0.007 
0.012 
0.015 
0.006 
0.042 
0.02 
0.01 
0.017 
0.016 
0.014 
0.01 
0.02 
0.04 
0.015 
0.01 

0.022 
0.013 
0.011 
O.OlB 
0.027 
0.026 
0.014 
0.013 
0.016 
0.042 
0.017 
0.015 
0.013 
0.012 
0.007 
0.013 
0.012 
0.012 
0.016 
0.013 
0.01 
0.014 
0.002 
0.02 
0.02 
0.04 
0.017 
0.013 

22-Jun 
29-Jun 
6-Jul 
13-Jul 
20-Jul 
25-Jul 
10-Aug 
17-Aug 
24-Aug 
2B-Aug 
31-Aug 
7-Sep 
14-Sep 
21-Sep 
2B-Sep 
5-0ct 
12-0ct 
19-0ct 
26-0ct 
30-0ct 
2-Nov 
9-Nov 
16-Nov 
23-Nov 
30-Nov 

Avg (mgL-1) 
Stdev (mg L- 1) 
Avg (pCi L-1) 
Stdev ( Ci L-1) 

0.015 
O.OOB 
0.013 
0.005 
O.OOB 
O.OOB 
0.01 

0.006 
0.02 

0.012 
0.03 

0.002 
O.OOB 
0.04 
0.013 
0.007 
0.007 
0.022 
0.01 

O.OOB 
0.016 
0.014 
0.014 
0.016 
0.02 
0.016 
0.013 
10.9 
9.2 

0.011 
0.01 

0.027 
0.017 
0.007 
0.006 
0.01 

0.015 
0.03 

0.019 
0.01 
0.01 

0.027 
0.02 

O.OOB 
0.007 
0.012 
0.024 
0.01 
0.01 
0.01 
0.012 
0.035 
0.023 
0.02 
0.016 
O.OOB 
11.0 
5.6 
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Surface Water Transport Dosimetry 

Table RS-7. Measured Uranium Concentrations (mg L-l) in Miami River Water 
in 1962 

~l 

~' l 

n 


1962 Venice New 1962 Venice New 
Collection Bridge Baltimore Collection Bridge Baltimore 

Date (U river) (Downriver) Date (U river) (Downriver) 
1-Jan 0.008 0.011 26-Jul 0.004 0.005 

11-Jan 0.003 0.002 2-Aug 0.007 0.011 
18-Jan 0.02 0.01 9-Aug 0.007 0.014 
25-Jan 0.02 0.04 16-Aug 0.006 0.008 
2-Feb 0.05 0.04 23-Aug 0.004 0.014 
8-Feb 0.008 0.006 30-Aug 0.005 0.021 
15-Feb 0.01 0.011 6-Sep 0.005 0.012 
22-Feb 0.004 0.007 13-Sep 0.027 0.135 
I-Mar 0.024 0.006 20-Sep 0.03 0.01 
9-Mar 0.005 0.003 27-Sep 0.006 0.021 
15-Mar 0.009 0.008 4-0ct 0.003 0.014 
22-Mar 0.02 0.03 11-0ct 0.006 0.012 
29-Mar 0.01 0.03 18-0ct 0.03 0.034 
5-Apr 0.05 0.03 25-0ct 0.02 0.017 
12-Apr 0.014 0.008 I-Nov 0.01 0.026 
19-Apr 0.06 0.04 8-Nov 0.005 0.011 
26-Apr 0.04 0.04 15-Nov 0.028 0.035 
4-May 0.005 0.007 22-Nov 0.031 0.045 
10-May 0.008 0.025 29-Nov 0.02 0.02 
17-May 0.007 0.01 6-Dec 0.01 0.01 
24-May 0.008 0.008 13-Dec 0.02 0.02 

31-May 0.01 0.01 27-Dec 0.007 0.03 

7-Jun 0.02 0.01 Avg (mg L-l) 0.02 0.02 

14-Jun 0.01 0.03 Stdev (mg L-l) 0.01 0.02 

21-Jun 0.015 0.017 Avg (pCi L-l) 10.3 14.0 

19-Jul 0.001 0.022 Stdev ( Ci L-l) 9.2 13.9 

Radiological Assessments Corporation
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Table RS-S. Measured U Concentrations (mg L-l) in Paddy's Run in 1960 
1960 North of Willey New 1960 North of Willey New 

Collection Rte 126 Road Haven Collection Rte 126 Road Haven 
Date Road Date Road 
2-Jan 0.12 14-Apr 
5-Jan 0.07 21-Apr 
6-Jan 0.007 0.011 28·Apr 
S-Jan 0.117 6-May 
11-Jan 0.191 12-May 
13-Jan 0.005 0.31 13·May 4.90 

0.04 14-Jan 0.46 19·May 
17-Jan 0.042 20·May 6.00 

20-Jan 0.007 26·May 0.008 
2.70 IS-Jan 0.074 27-May 
O.SO 21-Jan 0.11 30·May 
2.10 26-Jan 0.14 2-Jun 0.003 
0.23 	27-Jan 0.009 0.02 5-Jun 

0.03 	29-Jan 0.089 6-Jun 0.007 
I-Feb 0.04 9-Jun 0.02 

1.20 0.15 3-Feb 0.015 0.019 15·Jun 0.015 

4-Feb 0.22 16-Jun 0.01 
0.50 7-Feb 0.24 18·Jun 

lO-Feb O. lS 23-Jun 0.02 
1.30 11-Feb 0.009 0.007 24-Jun 
0.70 13-Feb 0.08 27·Jun 

0.01 0.40 IS-Feb 0.005 0.007 0.05 
 29-Jun 
0.01 0.27 19-Feb 0.13 30-Jun 
0.02 22-Feb 0.09 I-Jul 

0.5 	25-Feb 0.029 0.02 3-Jul 
1 26-Feb 0.08 6-Jul 

0.01 2S-Feb 0.07 7-Jul 
0.6 2-Mar 0.07 9-Jul 
1.1 4-Mar 0.01 0.007 13-Jul 
0.3 10-Mar O.OOS 0.007 16·Jul 

15-Jul 0.013 0.15 15-Mar 0.2 
19·Jul 1.9 16-Mar 0.08 
21·Jul 0.011 17-Mar 0.006 
28-Jul 0.005 18-Mar 0.07 
4·Aug 0.015 22-Mar 0.04 
12-Aug 0.08 24-Mar 0.01 
18-Aug 0.014 25-Mar 0.04 
30-Aug 23.00 2S-Mar 0.04 
I-Sep 0.015 31-Mar 0.03 0.03 
15-Sep 0.04 3-Apr 0.27 

0.023 6-Apr 0.07 15·Sep 
21·Sep 0.014 0.019 7·Apr 0.02 

0.07 0.11 
9-Apr 0.16 22·Sep 
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Surface Water Transport Dosimetry 
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Table RS-S. Measured Uranium Concentrations (mg L-1) in Paddy's Run Water 
in 1960 (continued) 

1960 North of Willey New 1960 Collection North of Willey New 
Collection Rte 126 Road Haven Date Rte 126 Road Haven 

Date Road Road 
25-Sep 0.016 13-Nov 
23-Sep 0.017 0.13 16-Nov 
28-Sep 0.009 17-Nov 0.019 
29-Sep 0.01 0.015 19-Nov 0.036 
I-Oct 22-Nov 0.031 
4-0ct 24-Nov 0.14 
6-0ct 0.012 3.50 0.012 25-Nov 7.30 0.12 
7-0ct 28-Nov 8.5 0.019 
10-0ct I-Dec 0.007 0.029 
13-0ct 0.045 0.045 4-Dec 0.042 
16-0ct 7-Dec 0.028 
19-0ct 6.60 8-Dec 0.058 
20-0ct 0.01 0.01 10-Dec 0.008 

20-0ct 14-Dec 0.031 

23-0ct 15-Dec 0.034 
26-0ct 17-Dec 0.025 

27-0ct 0.007 0.007 20-Dec 0.09 

29-0ct 26-Dec 4.20 0.13 

I-Nov 28-Dec 1.9 

3-Nov 0.017 0.017 Avg (mg L-l) 0.02 1.6 0.14 

4-Nov Stdev (mg L -1) 0.02 3.3 0.33 

7-Nov Avg (pCi L-l) 14 1050 95 

10-Nov 0.017 8.00 0.017 Stdev (pCi L-l) 14 2200 224 

Radiological Assessments Corporation
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Page R-32 The Fernald Dosimetry Reconstruction Project 
Task 4 

Table RS-9. Measured U Concentrations (mg L-l) in Paddy's Run in 1961 

1961 North of Willey New 
 1960 Collection North of Willey New 

Collection Rte 126 Road Haven Date Rte 126 Road Haven
Date Road Road
1-Jan 0.17 15-Jul 0.23 
4-Jan 0.019 0.043 18-Jul 0.33 0.24 
7-Jan 0.11 21-Jul 0.014 0.51 0.4 
10-Jan 0.04 24-Jul 0.17 0.16 
13-Jan 0.018 0.022 27-Jul 0.007 0.11 
l6-Jan 0.18 30-Jul 0.35 
19-Jan 0.037 0.2 I-Aug 0.18 0.5 
17-Jan 1.2 2-Aug 0.02 0.7 
20-Jan 0.31 4-Aug 0.14 0.14 
22-Jan 0.072 7-Aug 0.3 0.11 
25-Jan 0.09 10-Aug 0.02 0.09 
28-Jan 0.041 13-Aug 0.12 
31-Jan 0.018 16-Aug 0.06 
3-Feb 0.08 17-Aug 0.09 
6-Feb 0.017 20-Aug 0.06 
9-Feb 0.09 22-Aug 0.08 
l8-Feb 0.11 24-Aug 0.04 
28-Feb 0.21 28-Aug 0.17 
2-Mar 0.005 1.4 l-Sep 0.06 
3-Mar 0.11 7-0ct 0.11 
5-Mar 0.31 0.19 10-0ct 0.09 

8-Mar 0.008 0.046 0.034 12-0ct 0.008 
ll-Mar 0.06 0.06 13-0ct 0.11 

l4-Mar 0.031 0.33 0.08 16-0ct 0.11 

18-Mar 1.1 0.13 19-0ct 0.028 0.06 

20-Mar 0.19 0.2 22-0ct 0.05 

23-Mar 0.005 0.062 0.07 25-0ct 0.009 0.03 

26-Mar 0.11 0.11 26-0ct 0.09 

29-Mar 
I-Apr 
4-Apr 
7-Apr 
10-Apr 
l3-Apr 
16-Apr 
19-Apr 
22-Apr 
25-Apr 
30-Jun 
3-Ju] 
6-Jul 
9-Jul 

0.005 

0.026 

0.002 

0.023 

0.25 

0.23 
0.23 
0.3 

0.7 
0.21 
0.34 
0.14 
0.11 
0.09 

4 
0.29 

0.1 
0.1 
0.09 
0.08 
0.11 
0.25 
0.09 
0.044 
0.14 
0.09 
0.016 
0.047 

2.9 
0.17 

31-0ct 
3-Nov 
9-Nov 
12-Nov 
15-Nov 
17-Nov 
.21-Nov 
24-Nov 
27-Nov 
30-Nov 

Avg (mg L-l) 

Stdev(mg L-l) 

Avg (pCi L-l) 

Stdev ( Ci L-l) 

0.02 
0.012 

0.007 

0.018 

0.03 
0.03 
0.05 
20 
33 

6.8 

1.1 
0.53 

0.69 
1.31 
470 
890 

0.02 
0.021 
0.09 
0.044 

1
2.5 
0.23 
0.27 
0.27 
0.08
0.20
0.45 
140 

300 
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Surface Water Transport Dosimetry 

Table RS-I0. Measured Uranium Concentrations (mg L-l) in Paddy's Run Water 
in 1962 

r.~1 	

t':> 	

~ 1, 

d 
; 
- ~ 

) 

1962 North of Willey New 1962 Collection North of Willey New 
Collection Rte 126 Rd. Haven Date Rte 126 Rd. Haven 

Date 
2-Jan 0.05 5-Apr 
4-Jan O.OOB 6-Apr 0.002 0.02 0.03 

5-Jan 0.1 9-Apr 0.15 0.09 

B-Jan 0.09 0.09 12-Apr 0.032 0.09 

11-Jan 0.002 0.11 0.05 15-Apr 0.007 0.06 0.1 

14-Jan 0.05 19-Apr 0.09 0.11 

17-Jan 0.07 0.05 21-Apr 0.3 0.11 

1B-Jan 0.02 24-Apr 0.11 

20-Jan 0.07 0.11 27-Apr 0.05 

23-Jan 0.07 0.06 30-Apr 0.002 0.09 

25-Jan 0.02 2-May 0.42 

26-Jan 0.44 0.09 2-May 0.9 
29-Jan 
 0.07 0.09 3-May 0.01 5 0.27 

31-Jan 
 O.B 0.09 6-May 0.04 

2-Feb 
 0.018 9-May 0.01 0.06 

4-Feb 
 0.11 0.1 12-May 0.09 

7-Feb 
 0.03 0.05 15-May 0.05 

8-Feb 
 0.003 18-May nd 0.04 

10-Feb 
 0.13 0.12 21-May 0.04 

14-Feb 
 0.04 0.1 24-May 0.005 0.04 

15-Feb 
 0.011 27-May 3.5 1 

17-Feb 
 0.04 0.06 31-May 0.006 0.23 0.18 

20-Feb 
 0.1 0.1 2-Jun 0.1 

22-Feb
 0.008 5-Jun 0.05 

25-Feb 
 0.035 0.031 7-Jun 0.01 0.09 

26-Feb 0.018 0.039 11-Jun 0.03 

I-Mar 0.006 0.18 0.037 14-Jun 0.02 0.09 

4-Mar 0.05 0.04 17-Jun 0.13 

7-Mar 0.02 0.03 20-Jun 0.003 0.034 

8-Mar 0.005 23-Jun 0.018 

10-Mar 0.04 0.03 26-Jun 0.02 

11-Mar 0.023 0.034 28-Jun 0.006 

15-Mar 0.013 29-Jun 0.03 

16-Mar 0.013 0.017 0.48 2-Jul 0.03 

19-Mar 0.03 0.19 7-Jul 0.27 

22-Mar 0.09 0.05 11-Jul 0.12 

25-Mar 0.02 0.03 0.03 12-Jul 0.004 

2B-Mar 0.03 0.04 13-Jul 

29-Mar 14-Jul 1.3 

31-Mar 0.03 
 0.32 0.7 17-Jul 1.4 0.53 

3-Apr 0.11 0.09 19-Jul 0.002 0.06 
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Table RS-IO. Measured Uranium Concentrations (mg L-l) in Paddy's Run Water 
in 1962 (continued) 

·1 

!
~ \ 

~. 
~ 

~ 

1 

J
J 
J 

J 

J 


1962 North of Willey New 1962 Collection North of Willey New 
Collection Rte 126 Rd. Haven Date Rte 126 Rd. Haven 

Date 
23-Jul 0.1 15-0ct 0.024 
26-Jul 0.003 0.016 IS-Oct 0.013 0.014 
29-Jul 0.056 21-0ct 0.013 
I-Aug 0.006 25-0ct O.OOS O.OS 
2-Aug 0.002 2S-0ct 0.23 
4-Aug 0.11 31-0ct O.OIS 0.055 
7-Aug 0.17 3-Nov 0.051 
lO-Aug 0.002 0.041 6-Nov 0.017 
13-Aug 0.8 9-Nov 0.018 0.012 
16-Aug 0.014 0.031 8-Nov 
29-Aug 0.021 12-Nov 0.57 0.41 

23-Aug 0.005 0.016 15-Nov 0.001 0.022 
25-Aug 0.02 18-Nov 0.019 
28-Aug 0.055 21-Nov 0.009 0.38 0.032 

30-Aug 0.003 24-Nov 0.16 

31-Aug 0.024 27-Nov 0.14 

3-Sep 7.1 0.09 30-Nov 0.031 0.02 

6-Sep 0.015 0.25 3-Dec 0.03 


9-Sep 0.13 6-Dec 0.01 0.06 


13-Sep 0.019 0.04 9-Dec 0.1 


15-Sep 
18-Sep 
21-Sep 
24-Sep 
27-Sep 
30-Sep 
4-0ct 
6-0ct 
9-0ct 
ll-Oct 

0.001 

O.OOS 

0.018 

0.009 

0.02 
0.027 
0.018 
0.08 
0.036 
0.02 
0.019 
0.042
0.19
0.031 

12-Dec 
15-Dec 
18-Dec 

21-Dec 
24-Dec 
27-Dec 
30-Dec 


Avg (mg L-l) 
Stdev (mg VI) 
Avg (ugVl) 
Avg (pCi L -1) 

0.01 

0.01 


0.02 
0.04 
10.8 
28.6 

0.03 


0.54 
1.38 
364.4 
937.9 

0.15 

0.11 

0.02 
0.04 
0.04 
0.11
0.11 

0.18 

74.8
122.4 
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APPENDIXS 

GROUNDWATER TRANSPORT 

INTRODUCTION 

In our previous source term report (Voilleque et al. 1991), we concluded that uranium 
contamination in the groundwater had not migrated outside the FMPC boundary by 1962. 
Byrne et al. (1991) provides a brief history of the measurement of offsite U contamination of 
groundwater. Significant U contamination in groundwater south of the site, due to releases 
from the FMPC, was discovered in late 1981, and concentrations in these locations remain 
elevated. Thus, for an undetermined length of time, which could be as long as about three 
decades, V from the FMPC in groundwater south of the site was a source of potential 
radiation exposures to nearby residents.. The contaminated groundwater of this South 
Plume remains an important issue to local residents. 

In this Appendix, we discuss the reasons for applying simple methods to estimate 
concentrations of U in groundwater wells for times when no measurements are available. 
We then describe the exposure pathways considered, and describe the dosimetry methods. 
Because we will not apply detailed transport models to estimate concentrations of V in the 
groundwater, we consider the source term to include the calculation of V concentrations in 
groundwater at receptor wells. Those calculations and estimated concentrations will be 
described in the report of Tasks 2 and 3 of this Project. 

JUSTIFICATION FOR SIMPLE APPROACH TO U CONCENTRATIONS 

Since the discovery of the V contamination of the South Plume, groundwater samples 
have been taken from existing, private wells and specifically-installed monitoring wells. 
Sampling of private wells has been performed by the FMPC, the Ohio Department of Health 
(ODH), and the V.S. Geological Survey (USGS). 

The FMPC site has maintained a program of monitoring V concentrations in water from 
private wells around the site, particularly south of the site, since early 1982, after the V 
contamination in groundwater was disc~vered (Byrne et al. 1991). In addition, many 
monitoring wells were installed around the site to assist in characterizing the South Plume. 
Figure S-1 shows the locations of these monitored private wells (from Schwarzman 1992a), 
along with the approximate boundary of the South Plume V contamination at the end of 
1991 (Schwarzman 1992b). The area of the South Plume V contamination has been 
estimated by the FMPC based on monitoring of the private wells and the recently-installed 
monitoring wells, which are not shown in Figure S-1. There are additional known areas of 
groundwater contamination on the FMPC site, but only the South Plume area extends 
outside the site boundary at this time (Byrne et al. 1991). Since this Project is concerned 
only with past doses to people around the site, the groundwater contamination to be 
considered in the Project is limited to the South Plume. 

Radiological Assessments Corporation 
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LEGEND 

Private well, and FMPC monitoring number 

South Plume: approximate area of uranium
contaminated groundwater 

· · · · · t-
t 

7@ 

(i) 
9 

Figure 8-1. Locations of the private wells around the FMPC that are monitored by 

the FMPC, and the approximate area of U contamination in the South Plume. 

Although well 26 is within the area of groundwater contamination, the U 

concentrations from this well are at background levels (Byrne et al. 1991). 


Of the private wells that have been monitored by the FMPC through 1990, only three, 
numbers 12, 15, and 17, have shown U concentrations above the range of background 
(Fleming and Ross 1984, Facemire et al. 1985, Aas et al. 1986, WMCO 1987, WMCO 1988, 
WMCO 1989, Dugan et al. 1990, and Byrne et al. 1991). These wells are within the South 
Plume, as shown in Figure 8-1. Note that well 26, which is also within the areal extent of 
the South Plume, has had U concentrations at background levels (Aas et al. 1986, WMCO 
1987, WMCO 1988, WMCO 1989, Dugan et al. 1990, and Byrne et al. 1991). This well was 
installed in 1985 much deeper in the aquifer than the nearby well 12 (Dames and Moore 

1985). 
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The ODR and USGS studies (Steva 1988 and Sedam 1984) included water sampling 
from many of the same wells as those monitored by the FMPC, as well as additional wells. 
The results of analyses from these two studies showed U contamination in the same three 
wells as indicated by the FMPC sampling. 

Because only three wells have been impacted by elevated U concentrations of the South 
Plume, the number of people potentially receiving radiation doses from contaminated 
groundwater is extremely limited. Thus, these doses would have negligible importance 
toward the main objective of this Project, the determination of the feasibility of an 
epidemiological study. For this reason, we believe that a detailed assessment of the 
transport of radionuclides in the groundwater and detailed assessments of doses to 
potentially exposed individuals, through groundwater pathways, are not warranted. 
Instead, simple methods will be used to estimate the likely concentrations of U in wells 
within the South Plume at different times between 1962 and 1988. The analyses of exposure 
pathways and potential doses will also be relatively simple. 

URANIUM CONCENTRATIONS IN GROUNDWATER AT RECEPTOR WELLS 

The source term work of Tasks 2 and 3 of this Project (in progress) will develop 
estimates of the U concentrations in wells in the South Plume, as a function of time. That 
work will use two major types of information, measured U concentrations in the plume, and 
information about the source of the contamination. For perspective, Table 8-1 shows annual 
average concentrations of U in the three contaminated private wells, as measured by the 
FMPC (Fleming and Ross 1984, Facemire et al. 1985, Aas et al. 1986, WMCO 1987, WMCO 
1988, WMCO 1989, Dugan et al. 1990, and Byrne et al. 1991). Those concentrations can be 
compared to the background U concentration in groundwater, which has been estimated by 
the FMPC to be between 0.068 and 2.2 pCi L-l (Byrne et al. 1991). More detailed sampling 
results (individual samples, rather than just average values) are available from the FMPC. 
As mentioned earlier, some additional data are available from the ODR and USGS studies. 
The Tasks 2 and 3 work will use the available measured concentrations, including the 
details of the individual measurements, to determine whether any significant trends exist in 
the data that might be helpful in estimating concentrations for earlier time periods. If a 
reasonable trend cannot be identified, a maximum annual average U concentration may be 
used for the dose assessment, ~ith large uncertainty bounds applied. 

Recent studies of the groundwater around the FMPC site (Dames and Moore 1985, and 
DOE 1990) have concluded that the primary source of the U contamination in the 
groundwater is U in waters released to the storm sewer outfall ditch and to Paddy's Run 
Creek (see Figure 8-1). The soils in parts of the outfall ditch and Paddy's Run Creek are 
very permeable, and apparently allow contaminated water to move directly downward into 
the aquifer. The Tasks 2 and 3 work will also develop estimates of the concentrations of U in 
water released to the storm sewer outfall ditch and to Paddy's Run Creek. Trends in the 
estimated discharges will be examined. This information will be combined with the U 
concentrations measured in the plume to help determine estimated concentrations in the 

plume for other time periods. 
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Table S-l. Concentrations of Uranium 

Measured in the Wells within the 


Contaminated Area of the South Plume'l 
 ~ ) 
Average V concentration (pCi L -1) 

Year Well 12 Well 15 Well 17 

1983 141 293 39 

1984 165 219 36 

1985 140 204 31 

1986 147 193 31 

1987 201 201 40 

1988 170 190 38 

1989 170 190 27 

1990 130 190 30 


a Ref: Fleming and Ross 1984, Facemire et al. 
1985, Aas et a!. 1986, WMCO 1987, WMCO 
1988, WMCO 1989, Dugan et al. 1990, and 
Byrne et al. 1991 

EXPOSURE PATHWAYS AND DOSIMETRY 

Our assessment of potential exposure pathways and doses to people around the FMPC 
begins with concentrations of V in the groundwater (which will be provided in the Tasks 2 
and 3 report). For this reasoit, the considerations of exposure pathways and dosimetry are 
similar to those of the surface water releases, discussed in Appendix R, and so we use, in 
general, the same methods used for surface water releases. We next briefly summarize the 
methods utilized for surface water releases, and describe differences required for the 
releases to groundwater. 

In Appendix R we discussed the potential exposure pathways relevant to doses 
originating from radioactivity in surface water. These pathways included ingestion of 
contaminated drinking water, ingestion of fish from the contaminated water source, 
ingestion of vegetables and animal products grown using contaminated irrigation water, 
inadvertent ingestion of contaminated soil or water, and external exposures from 
recreational swimming and boating in or on the contaminated water or from radioactivity 
deposited on soils. Because the use of groundwater does not involve a large, accessible 
source of the contaminated water, some of these pathways are not reasonable for a J 

J 

J 
J
.J
J 

groundwater source. These pathways, ingestion of fish and external exposures from boating 
activities, are eliminated from consideration as potential exposure pathways for the 
groundwater sources. The remaining pathways are plausible, based on conceivable uses of 
groundwater. 

The analyses in Appendix R, using the NCRP screening model approach and using the 
GENII model, resulted in the conclusion that the important exposure pathways for surface 
water discharges were ingestion of contaminated drinking water, ingestion of fish from the 
contaminated water source, and ingestion of produce from gardens irrigated with the 
contaminated water. With elimination of the fish ingestion pathway, these analyses apply 
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equally well to the assessment of important exposure pathways for radioactivity in 
groundwater. The ingestion of produce from gardens irrigated with contaminated water was 
later eliminated as a plausible pathway for exposure to surface water releases, based on 
very limited use of surface water for irrigation in the two counties around the FMPC (see 
Appendix R). For the small number of groundwater users within the South Plume area, 
however, irrigation of gardens with well water is plausible, so this exposure pathway is 
retained. We thus conclude that the important exposure pathways for releases of 
radioactivity to the groundwater from the FMPC are ingestion of drinking water and 
ingestion of produce from irrigated gardens. 

The dosimetry for these two exposure pathways will be performed using the same 
methods used for surface water releases, although the calculations will start with the 
concentrations of radionuclides in the groundwater. The transfer factors and usage factors 
used for assessments of doses to generic individuals will be the same as for surface water 
releases. However, for calculation of dose to a specific individual using contaminated 
groundwater, usage factors, such as the quantities of well water used for drinking and 
irrigation, can be based on the individual's habits and lifestyle. Doses, for generic or specific 
individuals, will only be calculated for people who used contaminated groundwater. 

REFERENCES 

Aas C.A, D.L. Jones, and R.W. Keys. 1986. Feed Materials Production Center 
Environmental Monitoring Annual Report for 1985. Rep. FMPC-2047, Special, UC-41, 
Westinghouse Materials Company of Ohio, Cincinnati, Ohio. 

Byrne J.M., T.A Dugan, and J.S. Oberjohn. 1991. Feed Materials Production Center Annual 
Environmental Report for Calendar Year 1990. Rep. FMPC-2245, Special, UC-707, 
Westinghouse Materials Company of Ohio, Cincinnati, Ohio. 

Dames and Moore. 1985. Department of Energy, Feed Materials Production Center, 
Groundwater Study, Task C Report. Dames and Moore, White Plains, New York. 

DOE (U.S. Department of Energy). 1990. Engineering Evaluation/Cost Analysis, South 
Plume, Feed Materials Production Center, Fernald, Ohio. Rep. FMPC-0003-6, Oak Ridge 
Operations Office, DOE. 

Dugan T.A, G.L. Gels, J.S. Oberjobn, and L.K Rogers. 1990. Feed Materials Production 
Center Annual Environmental Report for Calendar Year 1989. Rep. FMPC-2200, 
Special, UC-707, Westinghouse Materials Company of Ohio, Cincinnati, Ohio. 

. C F D L Jones and R.W. Keys. 1985. Feed Materials Production CenterFacemlre .., .. , S ·al UC 41
Environmental Monitoring Annual Report for 1984. Rep. NLCO-2028, pecl, -, 
NLO, Inc., Cincinnati, Ohio. 

Fleming D A and KN. Ross. 1984. Feed Materials Production Center Environmental 
Monito;ing Annual Report for 1983. Rep. NLCO-2018, Special, UC-41, NLO, Inc., 

Cincinnati, Ohio. 
Schwarzman G.E. 1992a. Quarterly Groundwater Sampling Locations and Pri~ate wellsiFMPC drawing index code OOX-5500-G-02006, Westinghouse EnVlronmenta 

Management Company of Ohio, Cincinnati, Ohio. 

Radiological Assessments Corporation 
"Setting the .tandard in radiation health"DRAFT 



Page 8--6 The Fernald Dosimetry Reconstruction Project 
Task 4 

Schwarzman G. 1992b. Contour Area 2:: 20 ppb Total Uranium, 4th Quarter 1991. Drawing, 
preliminary. Westinghouse Environmental Management Company of Ohio, Cincinnati, 
Ohio. 

Sedam AC. 1984. Occurrence of Uranium in Ground Water in the Vicinity of the U.S. 
Department of Energy Feed Materials Production Center, Fernald, Ohio. Open-File 
Report 85-099, U.S. Geological Survey, Columbus, Ohio. 

Steva D.P. 1988. Ohio Department of Health Study of Radioactivity in Drinking Water and 
Other Environmental Media in the Vicinity of the U.S. Department of Energy's Feed 
Materials Production Center and Portsmouth Gaseous Diffusion Plant. Ohio 
Department of Health, Columbus, Ohio. 

WMCO (Westinghouse Materials Company of Ohio). 1987. Feed Materials Production 
Center Environmental Monitoring Annual Report for 1986. Rep. FMPC-2076, Special, 
UC-41, WMCO, Cincinnati, Ohio. 

WMCO (Westinghouse Materials Company of Ohio). 1988. Feed Materials Production 
Center Environmental Monitoring Annual Report for 1987. Rep. FMPC-2135, Special, 
UC-41, WMCO, Cincinnati, Ohio. 

WMCO (Westinghouse Materials Company of Ohio). 1989. Feed Materials Production 
Center Environmental Monitoring Annual Report for 1988. Rep. FMPC-2173, Special, 
UC-707, WMCO, Cincinnati, Ohio. 

1 

:J 

J 

J 

J 

.1 

J
.J 

DRAFT 



J 

~ J 

APPENDIXT 

DOSE CONVERSION FACTORS 

INTRODUCTION 

This appendix is a reference for the dosimetric factors and related information that will be 
used to convert predicted exposure of individuals to radionuclides into dose. Such quantities 
are often generically called DOSE CONVERSION FACTORS, and it is this usage that we have 
adopted for this report (an alternative usage is DOSE COEFFICIENT). Typical units are mrem 
pCi-1 or Sv Bq-l (internal dose per unit activity inhaled or ingested; factors of this form 
are frequently called DOSE RATE CONVERSION FACTORS) and mrem S-1 (pCi m-3 )-1 or Sv 8-1 

(Bq m-3 )-1 (external dose rate per unit concentration in air or water). We have chosen not 
to convert all units to a single system, but rather to present reference tabulations in their 
original form; accordingly, we include a conversion table (Table T-1) to assist the reader. 

Dose conversion factors are specific to numerous dependencies, which include the radionu
clide and its physical and chemical form, exposure mode, target organ or tissue, and the age 
(and possibly sex) of the exposed individual. Exposure modes vary according to whether the 
source of the radiation is internal or external to the body. Examples of exposure modes for 
internal dose are ingestion of contaminated food or water and inhalation of contaminated air. 
For external dose resulting from proximity to sources of penetrating radiations, we consider 
immersion in contaminated air and water and direct exposure to radionuclides in the soil. In 
the case of internal exposure by inhalation of particulate matter, the dose conversion factor 
also depends on the distribution of particle diameters. 

Historically, the dosimetry of 222Rn (usually called radon in this appendix) and its decay 
progeny (daughters) has been separated from the treatment of other internal emitters. We 
maintain that separation in this discussion, although final reported doses (Task 6) mayor not 
maintain it. 

Dose conversion factors summarize extensive dynamic calculations with complex physico
chemical, anatomical, and metabolic models. This appendix cannot be a textbook of the mod
els and methodology. We refer readers to our specific citations to reports of the International 
Commission on Radiological Protection (ICRP) and the National Council on Radiation Protec
tion and Measurements (NCRP), and to Killough and Eckerman (1983) and Kocher (1983) for 

genera] background. 

DECAY CHAINS 

Computation of dose requires that the dynamics of decay and formation of radioactive 
progeny (or "daughters") of radionuclides be considered. In the case of internal dose, the 
dose conversion factor accounts for the formation and decay of radioactive daughters after the 
radionuclide has entered the body. Daughters formed during transport must be accounted for 
by the transport model, and those formed while the radioactive progenitors are resident in 

the production facility must be included in the source term. 
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Table T-l. Useful Multipliers for Converting Dose and Activity Units 

To 

From Sv mSv rem mrem Ci J.lCi pCi Bq Sv Bq-l mrem pCi-1 

Sy 1 103 1()2 105 '1 

]

J 
.J 
J 
J
J 

.1 

mSy 10-3 1 10-1 1()2 
rem 10-2 10 1 103 

mrem 10-5 10-2 10-3 1 
Ci 1 106 1012 3.7x1010 

J.lCi 10-6 1 106 3.7x104 

pCi 
Bq 
Sy Bq-l 

10-12 

2.7x10-11 
10-6 

2.7x10 5 
1 
27 

3.7x10-2 

1 
1 3.7x10s 

mrem pCi-1 2.7x10-4 1 

For purposes of reference, we show all decay chains that include radionuclides shown by 
the analysis of Appendix C to be relevant to estimation of dose from FMPC releases. These 
chains are presented as Figures T-1, T-2, and T--3. In general, the subchains actually used in 
the calculations are the result oftruncation of the chain at a point beyond which the inclusion 
of further daughter species would not affect the dose estimate. 

INTERPRETATION OF DOSE CONVERSION FACI'ORS 

It is anticipated that most risk resulting from radionuclides released from the FMPC will 
be associated with internal dose. Accordingly, internal dose conversion factors are developed 
in somewhat more detail than those for external dose. 

Internal Dose 

The internal dosimetry chosen for this project is based principally on the methodology of 
the International Commission on Radiological Protection (ICRP) as described in ICRP Pub
lication 30 (ICRP 1979), with some anatomical and physiological data based on data from 
ICRP Publication 23 (the "Reference Man" document, ICRP 1975). This methodology specifies 
models for estimating 50-year COMMITTED DOSE EQUIVALENT (CDE) to each of a list of organs 
and tissues of the body and refers to ICRP Publication 26 (ICRP 1977) for the definition of 
a risk-weighted average of these organ CDEs, called the EFFECTIVE DOSE EQUIVALENT (ED E). 
This concept has been superseded by a different set of organs and risk-proportional weights 
specified in ICRP Publication 60 (ICRP 1991), and the new risk-weighted dose is called simply 
EFFECTIVE DOSE (ED). Table T-2 shows the organs and weighting factors for the effective dose, 
which is defined by the equation 

(T-1) 

where T denotes each irradiated organ or tissue and HT is the dose equivalent to the organ 
or tissue (truncated after 50 years for the dose conversion factors in this appendix). 

The units of dose equivalent to specific organs and tissues and of the ED are Sv Bq-l 
or the equivalent in conventional units. The interpretation is the dose equivalent to the 
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23BU (4.468E9 y) 238pu(87.75 y) 

a/I y234pa (1.17 m) ~' aI/.u. -~8.t~ .u. 
234Th (24.10 d) IT J0.160% 234U (2.445E5 y)0 

""Po(670h) ~ ~ 

·1

230rh (7.7E4 y) 

.~ 

226Ra (1600 y) 

222Rn (3.8235 d) 

.~ 
21BpO (3.05 m) 

• ~99980% 
214Pb (26.8 m) IJ.. 214Si (19.9 m) IJ. 214po (163 .7~) 

99.979% 

1
210Pb (22.26 y) IJ. 210Si (5.013 d) IJ. 210po (138.378 d) 

206Pb 

Figure T-l. Radioactive decay chains including 234U, 238U, 230Th, and 234Th. (Source: 
Kocher 1981). 

irradiated tissue per unit intake ofradioactivity into the body. The dose equivalent is generally 
averaged over the target tissue (i.e., is proportional to the emitted energy absorbed by the 
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240pU (6569 y) 

a II ~236NP (22.5 h)-.........!

J.t. /4' 4e~ 
236U (2 .3415E7Y)~ : 236pu(2.851 y) 

a ~ 9,.,% Zl6NP(1.1SESY)¥ a~ 
232Th (1 .405E10 y) 232U (72 y) 

a~ a~ 
228Ra(5.75~) If .. 228Ac(6.13 h) If .. 228Th (1.9132y) 

a~ 
(0 

a~ 
224Ra (3.62 d) 

220Rn (55.61 s) 

a~ 
216po (0.146 s) 

a~ 
212Pb (10.643 h) 212Bi (60.55 m) ~- ... 212pO (0.298 11S) 

" 64.07% " 
a J.t.35.93% a .u. 

2°BrI (3.053 m)_.:..J[_......_ 208pb 

Figure T-2. Radioactive decay chains including 228Th and 232Th. (Source: Kocher 
1981). 
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tissue and divided by the tissue mass). The factors are calculated on the basis of a model for 
an individual who is a young adult at the time of an acute or instantaneous intake, and the 
dose is accumulated for a period of 50 years after the intake. 

The fundamental dose conversion factors for adults that we have selected for this study 
are listed in Tables T-1S through T-12S at the end of this appendix. Based on the methodology 
of ICRP Publication 30, with some corrections and enhancements, these tables were prepared 
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239pU (24131 y) 

.~ 
235U (7.038E8 y) 

.~ 
23 elTh (25.52 h) _.__...~231Pa (3.276E4 y) 

0) 

.~ 
227Ac(21 .773y) ~ !C .. 227Th(18.718d) 

• ~138O% 9862"" • ~ 
223Fr (21.8 m) !C.. 223Ra (11 .434 d) 

99.994% 

219Rn (3.96 s) 

.~ 
21Spo (1 .778 ms) 

.~ 
o o 
·R 

211Pb(36.1 m) "'" W O.2~': Po lit'6 
'J13 mJ '" 

a: ~99 727% a: ~ 

207T1 (4 .77~) ""'" .. 207Pb 

Figure T-3. Radioactive decay chains including 235U and 239pu. (Source: Kocher 
1981). 

\.: !I 
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from the same data base that supplied the corresponding factors given by Eckennan et a1. 
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Table T-2. ICRP Tissue Weighting FactorsB 

Tissue or Organ Weighting factor roT 

Gonads 
Bone marrow (red) 
Colon 
Lung 
Stomach 
Bladder 
Breast 
Liver 
Esophagus 
Thyroid 
Skin 
Bone surface 
Remainder 

0.20 
0.12 
0.12 
0.12 
0.12 
0.05 
0.05 
0.05 
0.05 
0.05 
0.01 
0.01 
0.05 

a 	From ICRP Publication 60 (lCRP 1991). These weighting 

factors apply to "a reference population of equal numbers of 

both sexes and a wide range of ages. In the defmition of 

effective dose, they apply to workers, to the whole pop

ulation, and to either sex.~ 


(1988). The factors require modification for application to younger age groups., as we discuss 
next. 

Age and sex dependence. The dosimetric methodology of ICRP Publication 30 
(lCRP 1979) is based on models for a hypothetical young male, although gonadal dose to 
males and females is separated according to dose to testes and ovaries. Breast and uterus 
are also included as target tissues. With ICRP Publication 56 Part 1 (ICRP 1990) the 
Commission has begun the publication of dose conversion factors with dependence on age at 
the time of intake, broken down into six groups represented by the ages 3 months, 1, 5, 10, 
and 15 years, and adult. The newer factors do not further distinguish sexes, except as 
mentioned previously. 

For this study, a complication that arises in connection with age dependence is the 
limited set of radionuclides treated by Part 1 of ICRP Publication 56 (ICRP 1990). These 
radionuclides do not include uranium or thorium isotopes, although the necessary isotopes 
of plutonium, neptunium, and americium are included. For the uranium and thorium J

J
J
J
.)

J 

isotopes pertinent to our study, it is necessary to resort to other sources of information if age 
dependence is to be considered. It is fortunate that some tabulations of age-dependent 
factors were prepared at the Oak Ridge National Laboratory for the U.S. Nuclear 
Regulatory Commission (Cristy et al. 1986). These tabulations include age-specific factors 
for the uranium isotopes 234U, 235U, 238U, 228Th, 230Th, and 232Th, but not 234Th. The 
factors are presented as ratios for conversion of the adult dose to that of the desired juvenile 
group. In the case of the effective dose, however, the earlier definition was used, and we 
accept this limitation, which we do not consider serious in the ratios. The relevant age
specific factors are shown in Tables T-13S through T-20S. 

Inhalation. It is anticipated that the respiratory model of ICRP Publication 30 (ICRP 
1979) will be replaced by a more elaborate age-specific version that is currently under de vel
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~J 

Clearance Class 

Region 
Compart

ment 

D 

T 
(day) F 

W 

T 
(day) F 

Y 

T 
(day) F 

N-P a 0.01 0.5 0.01 0.1 0.01 0.01 
(DN-P =0.30) b 0.01 0.5 0.40 0.9 0.40 0.99 

T-B c 0.01 0.95 0.01 0.5 0.01 0.01 
(Dr-B =0.08) d 0.2 0.05 0.2 0.5 0.2 0.99 

e 0.5 0.8 50 0.15 500 0.05 
P f n.a. n.a. 1.0 0.4 1.0 0.4 
(Dp =0.25) 9 n.a. n.a. 50 0.4 500 0.4 

h 0.5 0.2 50 0.05 500 0.15 

L 0.5 1.0 50 1.0 1000 0.9 
n.a. n.a n.a. n.a. infinite 0.1 

e 

h 9 

G 

I 


T 
R 

A 

c 
T 

Lymph 
nodes 

Figure T-4. The lung model of ICRP Publication 30. The columns 0, W, and Y correspond 
respec.tively, to rapid (days), intermediate (weeks), and slow (months) clearance of inspired 
matenal. The symbols T and F denote the biological half-time (days) and the fractional coeffi
cient, .r~spectiv~ly, corresponding to the compartment indicated by the subscript. The regional 
depOSItion fractions DN- P, DT - B , and Dp correspond to the nasal pharynx, tracheobronchial 
tree, and pulmonary regions, respectively, of the respiratory tract, and the values shown in 
the table are for particulate activity median aerodynamic diameter (AMAD) of 1 J1-m. Corre
sponding fractions for other values of the AMAD may be read from the graphs in Fig. T-5. 
The notation "n.a." means "not applicable." 

opment (Bair 1991). The dose conversion factors of ICRP Publication 56 Part 1, however, are 
based on the current lung model, which is not age-specific, and all dose conversion factors for 
inhalation that are listed in this appendix (except, to some degree, those for radon) suffer the 
same limitation. It is not possible, within the schedule of the current project, to incorporate 

the newer lung model. 
The ICRP lung model of ICRP Publication 30 (ICRP 1979) is defined schematically by 

the table and diagram in Fig. T-4. The model separates the respiratory tract into four major 
regions: the nasal pharynx (N-P), the tracheobronchial tree (T-B), the pulmonary region (P), 
and the respiratory lymph nodes (L). Each of the major regions is subdivided into two or more 
dynamic compartments, labelled by the letters a through j. Deposition is allocated first to the 
three major regions exposed to the airways by the three fractions Dr.-P, DT- B , and Dp. Within 
each region, allocation to the compartments is specified by the tabular fractions F indicated 
in the table in Fig. T-4. For example, fractional deposition in compartments a and b would be 
given by DN-pF and DN-pFb , respectively. Removal from these two compartments over time a 
(without radioactive decay) is represented by the exponential functions exp(-(ln2ITa )t) and 
exp(-On 21T ) t). The values shown in the table for the major deposition fractions correspond 

b 
to particulate distributions with activity median aerodynamic diameter (AMAD) 1 J1-m. Sets 
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of regional deposition fractions corresponding to other values of the AMAD may be read from 
the curves shown in Fig. T-5, and some sets of deposition fractions are given in Table T-3. 
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Figure T-5. Particulate deposition in the respiratory tract for the lung model of 

ICRP Publication 30 (lCRP 1979). The three curves are labelled to correspond to the 

three regional deposition fractions, for nasal pharynx (N-P), tracheobronchial tree (T

B), and pulmonary region (P). The model is defined for activity median aerodynamic 

diameters (AMAD) in the range from 0.2 to 10 f1.m, but the dashed segments of the 

curves indicate "provisional" extensions. The model is not recommended for use for 

distributions with AMAD less than 0.1 f1.m. The model assumes that each distribution 

is lognormal with geometric standard deviation less than 4.5. 


'1 


.J

J
J 

.1 Just as regional deposition within the respiratory tract is a function of median aero
dynamic particle diameter, the dose conversion factors for inhalation also depend on this 
parameter. To avoid the necessity of huge tabulations, dose conversion factors have been 
computed for AMAD = 1 f1.m, together with fractions FN- P, FT - B , and Fp that correspond to 
the respiratory regions indicated by the subscripts. Using the regional deposition fractions 
~_p, DT-B, and Dp for the desired AMAD, the correction factor 

DN-P Fi Dr-B F' Dp P,CF = 0.30 N-P + 0.08 T-B + 0.25 p, 
(T-2)

which adjusts the tabulated dose conversion factor to its counterpart for the desired AMAD. 
For example, in Table T-1S, the entries for bone surface under Class Y are 1.01 x 10-6 (7, 
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2, 91). (The parenthesized fractions are expressed as percentages.) If we wish to estimate 
the dose equivalent to bone following the intake by inhalation of 1 Bq of Class-Y 238U as an 
aerosol with AMAD = 5 J-Lm, we may consult Table T-3 and find Dr.-P = 0.74, Dr-B = 0.08, 
and Dp =0.088. Substitution in Eq. T-2 gives 

0.74 0.08 2 0.088 
CF = 0.30 x 0.07 + 0.08 x 0.0 + 0.25 x 0.91 = 0.513 

so that the adjusted dose conversion factor for bone surface is 

0.513 x 1.01 x 10-6 =5.18 X 10-7 • 

The deposition model that is part of the ICRP lung model applies to an aerosol with parti
cle equivalent aerodynamic diameters assumed to be lognormally distributed with geometric 
standard deviation less than 4.5. "Equivalent aerodynamic diameter" refers to the diameter 
of a sphere of unit density (1 g cm-3 ) with the same gravitational settling velocity as the 
particle of interest. The term "equivalent" refers to the spherical reference geometry and is 
frequently omitted. Distributions of aerodynamic particle diameters can be tabulated with 
respect to particle count, mass, radioactivity, or other properties. The ICRP respiratory depo
sition model is based on distribution of aerodynamic diameters with respect to radioactivity, 
and the median or geometric mean of such a distribution is the activity median aerodynamic 
diameter (AMAD). 

Table T-3. Regional Deposition 

Fractions vs. Aerosol AMAD 


AMAD (~m) 

Deposition 
fractionsB 

N-P P 

0.2 
0 .3 
0.4 
0 .5 
0 .6 
0.7 
0.9 
1.0 
2.0 
3.0 
4.0 
5.0 
6 .0 
7.0 
B.O 
9.0 

10.0 

0.050 
0.088 
0.13 
0 .16 
0.19 
0.23 
0.26 
0.30 
0.50 
0.61 
0 .69 
0.74 
0.78 
0.81 
0.84 
0.86 
0.87 

0.50 
0.43 
0.39 
0.35 
0.32 
0.30 
0.28 
0.25 
0.17 
0 .13 
0.10 
0.088 
0.076 
0.067 
0.060 
0.055 
0.050 

B 	 The deposition fraction D,--B 
for all AMAD. 

= 0.08 

Measurements of particle diameter distributions at inlet and outlet ducts of selected 
dust collectors by Northern Kentucky Environmental Services (NKES) in 1985 revealed some 
distributions that did not appear to be lognormal (Appendix D). We have chosen to generalize 
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our methodology for inhalation dosimetry in order to admit distributions that are not restricted 
to lognormality. 

Our approach is to partition the given distribution into a number N of subpopulations, 
based on the aerodynamic diameter intervals 0 < d $ d1, d1 $ d $ ~, ... ,dN - 1 $ d. In 
each interval, we use the median aerodynamic diameter (i.e., the number d~ in the interval 
~-l < d $ ~ that divides the mass or activity for that interval in half) to represent the interval 
and assume that all particles of this ith subpopulation have the aerodynamic diameter d~. This 
assumption can be interpreted as a degenerate lognormal distribution with geometric mean 
d~ and geometric standard deviation 1. Let Pi denote the fraction of activity (or mass) in the 
ith interval (~l Pi =1), and let (DCF)i denote the inhalation dose conversion factor for the 
desired organ corresponding to median aerodynamic diameter d~. Then the composite factor 
representing the given distribution of aerodynamic particle diameters is 

DCF =Pi (DCF)l +P2(DCF)2 + . .. + PN(DCF)N . (T--3) 

The values of the (DCF)i are computed from the application of Eq. T-2 to the I-I'm factors 
given in Tables T-IS through T-12S. Generally, we have chosen the interval boundaries ~ to 
partition the distribution into equal mass fractions (Pl = ... = PN = lin). Note that DCF, as 
given by Eq. T--3, has units like Sv Bq-l, so that it still must be multiplied by the quantity 
of activity that was inhaled to give the estimate of dose to the organ. 

The numbers labelled as f1 in Tables T-1S through T-12S are fractional uptakes from 
the gastrointestinal (GI) tract (the mathematical notation h has been used in ICRP publica
tions for many years to denote this fraction). They apply both to material that is ingested 
directly and to material that is brought up from the pulmonary airways by ciliary action (from 
compartments f and g in the diagram in Fig. T-l) and swallowed. 

It is unlikely that a meaningful discrimination among transuranic radionuclides in the 
source term can be accomplished (Appendix C). Accordingly, for purposes of transport and 
dosimetry, we are treating the transuranic group generically. For internal dose, it is reason
able to choose the dose conversion factors for 239Pu as representative of the group because of 
the similarity of these factors among the transuranic radionuclides that are indicated in the 
source term (compare Tables T-BS through T-12S). 

Dose to the lungs from the radon decay chain is handled in a manner different from that 
just described for inhaled particulates. Radon dosimetry has been worked out for the radon 
daughters 218pO (radium A), 214Pb (radium B), and 214Bi (radium C) for tissue at a depth of 
22 I'm below the surface of the bronchial epithelium, which is believed to be the shallowest 
locus of bronchial cell nuclei associated with bronchiogenic cancer (NCRP 1984). The NCRP 
dose conversion factors are given for the adult male and female and the ten-year-old child. 
Other ages are not given explicit treatment, but a calculation is reported that supports using 
the dose for the adult female as a surrogate for that ofthe one-year-old infant (NCRP 1984). 
The factors are expressed as follows: 

Male Adult: 

Light activity: DRF =O.98RaA" + O.029RaA + O.16RaB + O.14RaC (T-4) 

Resting: DRF =O.32RaA· + O.022RaA + O.12RaB + O.10RaC (T-5) 

DRAFT 

1 


1 


J 

J 


J 

.J 

'J 




Appendix T Page T-ll 
Dose Conversion Factors 

Female Adult: 

Light activity: DRF =0.82RaA* + 0.029RaA + 0.16RaB + 0.14RaC (T-B) 

Resting: DRF =0.29RaA· + 0.019RaA + 0.10RaB + O.09RaC (T-7) 

Child (ten-year-old): 

Light activity: DRF =2.36RaA * + 0.06RaA + O.26RaB + 0.28RaC (T-8) 

Resting: DRF = O.54RaA* + 0.04RaA + O.17RaB + O.18RaC (T-9) 

In Eqs. T-4 through T-9, the dose-rate factors (DRF) are in mrad y-l, and RaB, and RaC 
denote concentrations of radium A, radium B, and radium C, respectively, in pCi m-3 . The 
notations RaA and RaA· denote the fractional concentrations of radium A that are unattached 

..1 and attached, respectively, to airborne particles; the units are pCi m-3 • To convert these doses 
to mrem (dose equivalent), it is necessary to multiply by the quality factor 20 that is associated 
with alpha decay (lCRP 1991). 

As the coefficients of RaA and RaA* in Eqs. T-4 through T-9 indicate, a given activity 
concentration of unattached radium A can be considerably more effective in depositing energy 
in the tracheobronchial epithelium than the same concentration of its attached counterpart. 
Estimation of the concentration of unattached radium A (the unattached fraction) is tied into 
the more general problem of estimating dynamically the concentrations of radon and each 
daughter as the decay and buildup progresses. For the unattached fraction, we have adapted 
a model of Raabe (1969) for incorporation into our air transport model. The mechanisms 
expressed by the model are summarized as follows. Radon gas decays to radium A, which 
initially is unattached, but becomes attached (i.e., is removed from the "unattached" compart
ment) by a first-order process governed by a rate coefficient As that depends on properties 
of the ambient aerosol. The attached ions undergo alpha decay and a fraction aa are de
tached from their aerosol particles by the recoil; this fraction of the transformed ions become 
unattached radium B. Further transformations are similar. The following equations express 
the model: 

f 1 
(T-10) 

(T-ll) 

(T-12) 

(T-13) 

(T-14) 

(T-15) 

where Ar, Aa, Ab , and Ac are the total radioactivities of radon, radium A, radium B, and 
radium C, respectively (pCi), and Aaf and Abf are the unattached radioactivities of radium A 
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and radium B, respectively. The quantities Ar, Aa, Ab, and Ac are the corresponding radioactive 
decay-rate coefficients (S-I). The terms such as v[Aa - AarJ are estimates of environmental 
deposition rates (air-to-ground), where v is a deposition velocity appropriate to the species 
(m S-I) and the bracketed quantity is the concentration of the species in air (pCi m-3). This 
concentration must be estimated by an air dispersion model. In practice, the depositions have 
proved to have a negligible effect on the concentrations, and without them, the equations may 
be solved in closed form. NCRP Publication 78 (NCRP 1984) cites other sources for the value 
aa = 0.81 ± 0.07, and we have adopted this value for both recoil fractions aa and abo The 
attachment coefficient As is given by 

Sv
As = - S-1 

4 
(T-16)

where 

S = mrD = particle surface area per unit volume (cm2 cm-3), 


[) =diameter corresponding to the mean surface area of aerosol particles (cm), 


n = number concentration of aerosol particles (cm-3), 


4 = ratio of spherical surface area to area of plane circular projection, 


1) = average velocity of unattached radon daughters = 1.38 x 104 cm S-I. 


These parameter values were taken from NCRP (1984). 
Initial conditions for the differential equations of Eq. T-10 through T-15 specify the rel

ative state of equilibrium of radon and its daughters near the release source (the K-65 silos 
in the present study). The initial conditions also set the initial state of the attached and 
unattached fractions of radium A and radium B. (We note that although Raabe's model con
siders this partitioning for radium B, the NCRP dose model applies it only to radium A.) 
As the radon and daughter products move downwind, the differential equations govern the 
evolution of the decay of radon and the buildup of the daughters. 

Dose to the embryo/fetus. Dose to the embryo/fetus from radionuclides taken into the 
body of a pregnant woman is based on methods and data given in Regulatory Guide 8.36 of 
the Nuclear Regulatory Commission (USNRC 1992). Tables in Appendix C of this reference 
list monthly incremental estimates of dose to the embryo/fetus from an introduction of ra
dioactivity into maternal blood at the beginning of each gestational month. Such tables have 
been computed for the uranium and transuranic isotopes of interest to this study but not for 
the thorium isotopes. A cruder method based on the 9-month gestation dose equivalent to 
the embryo/fetus is outlined in the reference, and we provisionally adopt this method for the 
thorium isotopes pertinent to this study. This method can be expected to overestimate the 
dose to the embryo/fetus, and this inconsistency with the more refined methodology used for 
the other radionuclides will be reviewed if dose from thorium turns out to be of significant 
magnitude relative to the other radionuclides. 

Tables T-38S through T-41S display the incremental dose numbers to the embryo/fetus 
by gestational month for the isotopes 234U, 235U, 238U, and 239pU (which is treated as the 
transuranic surrogate). Factors for the 9-month gestation dose equivalent are given in Ta
ble T-42S for 228Th, 230Th, 232Th, and 234Th. 
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External Dose 

Our treatment of external dose from immersion in contaminated air and water is based 
on dose-rate conversion factors developed at the Oak Ridge National Laboratory and tabu
lated in U.S. Department of Energy report DOElEH-0070 (USDOE 1988). External dose-rate 
conversion factors documented in this reference are shown in Tables T-27S through T-36S. 
To estimate dose from exposure to contaminated soil, we have adopted the method of Kocher 
and Sjoreen (1985). This methodology is based on dose-rate conversion factors at 1 m above 
the ground surface from monoenergetic sources uniformly distributed in horizontally infinite 
slabs of soil from the surface to various depths. The relevant numbers from their paper are 
reproduced in Table T-37S. Tables T-27S through T-36S also present dose-rate conversion 
factors for concentrations of radionuclides on the ground surface, and such factors would be 
appropriate for pavement and other ground surfaces where radionuclides would have little 
opportunity to migrate downward. For soils, the model of Kocher and Sjoreen (1985) is appli
cable to any predicted vertical profile of radioactivity at a particular time. Their factors are 
stated in tenns of a range of discrete monoenergetic photon energies and consequently must 
be interpolated and folded into the photon spectrum for each radionuclide of interest. 

Age-dependent external dose-rate conversion factors are not available to us at this time. 
It is anticipated that external dose will constitute a minor component of the total dose to resi
dents near the FMPC, and therefore the model for adults will serve. If subsequent experience 
proves this assumption incorrect, refinements will have to be undertaken at the appropriate 
time. 

Plutonium-239 was selected as the surrogate for transuranic radionuclides for internal 
dosimetry. An examination ofTables T-34S through T-36S indicates, however, that this choice 
is not appropriate for external dose. The higher effective dose rates of 237Np make it the more 
suitable choice for a generic transuranic emitter until the question of negligible magnitude of 
the external dose component is settled. 

Dose rate from an external source to an embryo/fetus will be estimated by the dose rate 
to the uterus of the pregnant woman (lCRP 1990). For purposes of radiation protection, a 
more conservative approach is called for in USNRC (1992). 

DYNAMIC CONSIDERATIONS FOR DOSE CONVERSION FACTORS 

The internal dose conversion factor can be interpreted as committed dose equivalent 
(truncated to 50 years) per unit acute intake of radioactivity at time zero (i.e., the varying 
dose rate to the organ is integrated from 0 to 50 years). What is sometimes wanted, for a 
strict interpretation, is dose rate over time, but such numbers are seldom published because 
of the resulting bulk of the tabulations and the infrequent demand for them in radiological 
assessments. 

A common interpretation of the DCF is dose rate per unit intake rate (e.g., Sv year-1 per 
Bq year-I). This interpretation is an approximation, but it is reasonable for many applications 
if one bears in mind that for radionuclides that are persistently retained in the body, the 
realization of the dose from a given year's intake may be completed long after the passing 
of that year, and in some instances we may be taking credit for dose that is never delivered 
because of the death of the individual. On the other hand, the 50-year truncation of the 
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dose can potentially underestimate the committed dose equivalent from persistently retained 
materials, but as we shall see, the tendency toward overestimation likely predominates. We 
present a brief analysis that gives some sense of the possible misprediction of the internal 
dose as a result of using the 50-year DCFs. 

A simplified prototype of the dose model represents dose rate to an organ as 

Dacute(t) =k exp(-AefTt) (T-17) 

where t is time after intake (days), and k is a constant with units such as Sv day-l , and which 
we also assume to contain the necessary uptake fraction of ingested or inhaled material that 
reaches the organ. The effective rate coefficient AefT (day-l) combines removal by radioactive 
decay and biological processes in terms of the respective half-lives, Tr and Tb (days): 

(T-18) 

The dose rate after exposure from time 0 to time t resulting from a continuous intake rate 
(chronic exposure), J(t) (Bq day-l), that may vary over time is given by the convolution integral 

(T-19) 

If the intake rate in Eq. T-19 is constant, (= I) the dose rate can be expressed as 

. Ik ( )D(t) =~ 1 - exp(-AefTt)
"efT 

. (T-20) 

Integration of Eq. T-20 gives the dose delivered from time 0 to time t: 

D(t) = ~: (t _1 - eX~~AefTt») . (T-21) 

On the other hand, if an acute intake at time zero is r Bq and no further radioactivity is 
taken into the body, the dose after t days is 

J*k 
Dacute(t) = AefT (1 - exp(-AefT t») . (T-22) 

Note that we have an equivalence between dose rate from chronic exposure at a constant 
rate (Eq. T-20) and dose from a single acute exposure (Eq. T-22) for this simple dose model, 
provided the chronic intake rate (Bq day-l) is numerically equal to the acute intake (Bq). 
Because the chronic dose rate increases with the time t, this result indicates that the 50-year 
DCF estimates the maximum dose rate for a chronic intake that is constant over time. 

The DCF corresponding to our model is Eq. T-22 with t = 18,250 days (50 years) and 
r = 1. The dose estimate corresponding to a particular intake is given with r = total intake. 
But if the intake occurs over an extended period, it is clear that the use of the acute-intake 
model may introduce some degree of distortion, depending on the desired interpretation. For 
example, if an individual is exposed for 5 years and dies at the end of that period, the DCF 
method would include a component of dose for a period of 45 years after the individual's death. 
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How this distortion varies with the parameters >'elf and the length t of the intake period is 
what we propose to investigate. 

We revert to the notation I for the constant intake rate; the total intake is It, and the 
DCF estimate of dose, E, is 

Itk 
E = It · (DCF) =~ (1 - exp(->'elftoo))

elf 
(T-23) 

where too represents 50 years in whatever units are being used. The quantity that we are 
estimating is given by D(t) in Eq. T-21. We use the ratio 

E 1 - exp( ->'elft50) 
r = D(t) = 1 - (1 - exp(-Aelft)) (Aelf t)-l 

(T-24) 

to investigate the degree of approximation of the DCF -computed estimate to the more realistic 
dynamic quantity. 

Table T-4 shows values of the ratio r =E/D(t) of Eq. T-24 for a range of values of the 
intake period and the effective half-life Telf = In 2/>'elf, each shown in years. Ratios larger 
than 1 indicate overestimation by the DCF method. It is necessary to bear in mind that DCFs 
are based on a variety of effective half-lives; for uranium, for example, the single-exponential 
model was not used in ICRP Publication 30 (ICRP 1979). Thus Table T-4 by itself cannot be 
expected to give a realistic sense of the overprediction that could result from the DCF method. 

I 
._. J 

Table T-4. Ratios of DCF-Estimated Dose to Time-Integrated Dose for Various Effective Half-Lives 
and Exposure (Intake) Periods: Single-Exponential Model 

Intake EITective half-life (years) 
period 
(years) 0.125 0 .5 1 2 3 4 5 10 20 30 40 50 60 70 80 

0 .125 3.59 12.22 23.75 46.84 69.92 92.98115.97224.26380.60474.83535.50577.41607.98 631.23 649.48 
0 .5 1.51 3.59 6.46 12.22 17.99 23.75 29.50 56.55 95.56119.05134.17144.60152.22158.00162.55 
1 1.22 2.18 3.59 6.46 9 .34 12.22 15.09 28.60 48.06 59.75 67.28 72.47 76.25 79.13 81.39 
2 1.10 1.51 2.18 3.59 5.02 6.46 7.89 14.63 24.31 30.11 33.83 36.40 38.27 39.70 40.81 
3 1.06 1.31 1.73 2.64 3.59 4.54 5.49 9.97 16.39 20.22 22.68 24.38 25.61 26.55 27.29 
4 1.05 1.22 1.51 2.18 2.88 3.59 4.30 7.65 12.43 15.28 17.11 18.37 19.28 19.98 20.52 
5 1.04 1.17 1.39 1.90 2.46 3.02 3.59 6 .25 10.06 12.32 13.77 14.76 15.49 16.04 16.47 

10 1.02 1.08 1.17 1.39 1.64 1.90 2.18 3.48 5.31 6.39 7.08 7.55 7.89 8 .15 8.35 
20 1.01 1.04 1.08 1.17 1.27 1.39 1.51 2.11 2.95 3.44 3.74 3.95 4.10 4.21 4.30 
30 1.01 1.02 1.05 1.11 1.17 1.24 1.31 1.67 2.18 2.46 2.63 2.75 2.83 2.90 2.94 
40 1.00 1.02 1.04 1.08 1.12 1.17 1.22 1.46 1.79 1.97 2.08 2.15 2.20 2.24 2.27 
50 1.00 1.01 1.03 1.06 1.09 1.13 1.17 1.34 1.57 1.68 1.75 1.79 1.83 1.85 1.87 
60 1.00 1.01 1.02 1.05 1.08 1.11 . 1.14 1.27 1.42 1.49 1.53 1.56 1.57 1.59 1.60 
70 1.00 1.01 1.02 1.04 1.07 1.09 1.11 1.22 1.32 1.36 1.38 1.39 lAO 1.40 1.41 
80 1.00 1.01 1.02 1.04 1.06 1.08 1.10 1.18 1.24 1.26 1.26 1.26 1.26 1.26 1.26 

To improve our perspective on the question, we consider specific retention functions for 
uranium in bone and kidneys (for present purposes, a retention function is analogous to a 
normalized version of Eq. T-17). DCFs for uranium given in this appendix (other than for 
lungs and gastrointestinal tract) were based on these retention functions (ICRP 1979): 

RBONE(t) =0.897e- (1n2)t/20 + 0.103e-(1n2)t/OOOO 

RKIDNEY =O.996e-(ln2)t/6 + O.004e-(ln2)t/1OOO 

(T-25) 


(T-26) 
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where time units are expressed in days. (Note that the coefficients of the exponential terms 
are normalized to sum to 1, so that RCO) =1.) The function for the kidney is used for other soft 
tissues, apart from the exceptions noted above. The EjD(t) ratio for such two-term models 
has the form 

(T-27) 

where 
.( ) _ 1 - exp( -A;t)

R• t - .A, 

Table T-5 shows the EjD(t) ratios for these two organ models for uranium, tabulated over the 
same range of exposure (or intake) periods. Note that for the earlier example of an individual 
who died at the end of a five-year exposure, the overestimation of dose to the bone from 
uranium by the DCF method would be by a factor of more than six. If the individual were 
one of the cases in an epidemiological study, the error could bias the results by taking credit 
for a component of dose that could not have contributed to the condition. Similar remarks 
would apply to a component of dose delivered after the onset of the disease for which the 
relationship to the radiation is being investigated. Note that for the kidney and most other 
soft tissues, the overestimation is by only 55 percent. 

Table T~. Ratio. of DCF·E.timated Uranium Do_ 
to Time-Intep-ated Do.e for Bone and Kidney 

Intake Organ 
period 
(years) . Bone Kidney 

0.125 -«>.67 2.53 
0.5 22.83 2.09 
1 16.78 1.96 
2 11 .60 1.81 
3 9.00 1.70 
4 7.42 1.62 
5 6.34 1.55 

10 3.82 1.34 
20 2.35 1.18 
30 1.84 1.11 
40 1.58 1.08 
50 1.42 1.07 
60 1.32 1.05 
70 1.26 1.05 
80 1.21 1.04 

One would avoid this problem by using dosimetric data in the form of dose-rate tables, 
but as we have mentioned, such tables are not systematically available. Our present plan 
is to estimate approximate adjustments only to those factors that involve effective half-lives 
that would lead to error ratios above an acceptable limit. The need for application of such 
methods depends on the exact use made of the dosimetric results. For example, in the case 
of estimating the average chronic dose over a lifetime to a population of all ages, the error 
would likely be less than a factor of two. 
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Table T-IS. Internal Dose Conversion Factors for 238U (Sv Bq-l) 

U-238 Tl/2 ~ 4 . 468E9y 
Inhalation Oral 

Class D fl • 5. 0E-02 Class \I f1 • 5. OE-02 Class Y fl • 2 . 0E-03 f1 • 5.0E-02 f1 • 2 . 0E-03 
Adrenals 2.24E-08 (33 16 51) 6 .77E-09 (30 29 41) 3 .22E-09 ( 5 1 94) 2 .31E-09 9 .28E-11 
BId vall 2.22E-08 (33 16 51) 6 .70E-09 (30 29 41) 2 .38E-09 ( 7 2 91) 2 . 30E-09 9.46E-11 
BSurface 9 .78E- 06 (33 16 51) 2 .94E-06 (30 29 41) 1.01E-06 ( 7 2 91) 1.01E-06 4 . 04E-08 
Breast 2.23E-08 (33 16 51) 6 .74E-09 (30 29 41) 2.91E-09 ( 6 2 92) 2 .31E-09 9.33E- 11 
ST vall 2 .24E-08 (33 16 51) 7 .30E-09 (31 27 42) 3.74E- 09 (12 3 8S) 3 .28E-09 1.07E-09 
SI vall 2 .26E-08 (34 16 50) 8.09E-09 (33 25 42) 4 . 14E-09 (22 6 72) 4 . 65E-09 2 . 56E-09 
ULI vall 2 . 44E-08 (38 15 47) 1.48E-08 (39 17 44) 1. 24E-08 (37 10 53) 1. 61E-08 1. 46E-08 
LLI vall 2.90E-08 (47 13 40) 3.20E-08 (43 12 4S) 3 .32E-08 (42 11 47) 4 . 57E-08 4 . 57E-08 
Kidneys 4.01E-06 (33 16 51) 1. 21E-06 (30 29 41) 4 .27E-07 ( 7 2 91) 4. 15E-07 1. 66E-08 
Liver 2.22E- 08 (33 16 51) 6.73E-09 (30 29 41) 3 . 13E-09 ( 5 1 94) 2.30E-09 9 .26E-11 
Lungs 2.80E-07 ( 3 2 95) 1.42E-OS ( 0 o 100) 2 .66E-04 ( 0 o 100) 2 .30E-09 9.22E-11 
Ovaries 2.23E-08 (33 16 51) 6.71E-09 (30 29 41) 2.42E-09 ( 7 2 91) 2.31E- 09 1.02E-l0 
Pancreas 2 .23E-08 (33 16 51) 6 .74E-09 (30 29 41) 3 . 18E-09 ( 5 1 94) 2.30E-09 9 .30E-11 
R Harrov 6.58E-07 (33 16 51) 1. 98E -07 (30 29 41) 6.88E-08 ( 7 2 91) 6 .80E-08 2.72£-09 
Skin 2 . 23E-08 (33 16 51) 6 .71E-09 (30 29 41) 2 . 58E-09 ( 6 2 92) 2 .30E-09 9.24E- 11 
Spleen 2 .23E-08 (33 16 51) 6 .74E-09 (30 29 41) 3 . 12E-09 ( 5 1 94) 2.30E-09 9.27E-11 
Testes 2.22E-08 (33 16 51) 6 .70E-09 (30 29 41) 2.37E-09 ( 7 2 91) 2.30E-09 9.39E-11 
Thymus 2.22E-08 (33 16 51) 6 .76E-09 (30 29 41) 3 .78E-09 ( 4 1 9S) 2 .30E-09 9.20E-11 
Thyroid 2 . 22E-08 (33 16 51) 6.71E-09 (30 29 41) 2.73E-09 ( 6 2 92) 2.30E-09 9.20E-11 
Uterus 2 .22E-08 (33 16 51) 6.70E-09 (3029 41) 2 .4OE-09 ( 7 2 91) 2 .30E-09 9 . 51E- 11 
Effective 
(ICRP60) 2.30E-07 (29 14 57) 1 .77E-06 ( 1 1 98) 3 . 19E-05 ( 0 o 100) 2 . 58E-08 6 .42E-09 

------------------------------------------------------------------

Table T-2S. Internal Dose Conversion Factors for 235U (Sv Bq-l) 

U-235 Tl/2· 703 .8E6y 

Inhalation Oral 


Claas D f1 • 5. OE-02 Class \I fl • 6 . 0E-02 Class Y fl • 2.0E-03 f1 • 6 .0E- 02 11 - 2 . 0E-03 

Adrenals 2 . 41E- 08 (33 16 61) 7 . 50£-09 (29 28 43) 7 .42E-09 ( 2 1 97) 2 . 50E-09 1.09E-l0 

BId vall 2 .3SE-08 (33 16 51) 7 . 10E-09 (30 29 41) 2 . 60E- 09 ( 7 2 91) 2.49E-09 1. 66E-l0 

BSurface 1 .01E-05 (33 16 51) 3 .05E-06 (30 29 41) 1.0SE-06 ( 7 2 91) 1.05E-06 4 .20E-08 

Breast 2 .38E-08 (33 16 51) 7.33E-09 (29 28 43) 5.37E-09 ( 3 1 96) 2 .49E-09 1.21E- l0 

ST wall 2 .31£-08 (33 16 51) 7 . 90E-09 (31 26 43) 6.76E-09 ( 8 2 90) 3. 56E-09 1. 23E-09 

SI wall 2.41E- 08 (34 16 50) 8.67E-09 (34 25 41) 4 . 66E- 09 (23 6 71) 5 .24E-09 3 . 03E-09 

ULI wall 2 . 61E-08 (39 16 46) 1. 67E-08 (42 17 41) 1.31E-08 (41 11 48) 1.84E-08 1. 69E-08 

LLI wall 3.11£-08 (48 13 39) 3 . 38E-08 (48 12 40) 3.42E-08 (47 13 40) 5 . 31E-08 5 .33E-08 

Kidneys 4.19E- 06 (33 16 51) 1. 26E-06 (30 29 41) 4 .45E-07 ( 7 2 91) 4.33E- 07 1 .73E-08 

Liver 2 . 36E-08 (33 16 51) 7 . 37E-09 (29 28 43) 7 . 36E-09 ( 2 1 97) 2'46E-09 1 . 14E-l0 

Lungs 2 . 95E-07 ( 3 2 9S) 1.48E-05 ( 0 o 100) 2 .76E-04 ( 0 o 100) 2.46E-09 1. 01E-l 0 

Ovaries 2.31£-08 (33 16 51) 7. 24E-09 (3028 42) 2 .84E-09 ( 9 2 89) 2 . 67E-09 3 . 34E-l0 

Pancreas 2.39E-08 (33 16 51) 7.44E-09 (29 28 43) 7 .34E-09 ( 3 1 96) 2 . 49E-09 1. 23E-l0 

R Harrow 6 . 68E- 07 (33 16 51) 1. 98E- 07 (30 29 41) 7 . 15E-08 ( 7 2 91) 6.81E-08 2.78E-09 

Skin 2. 36E-08 (33 16 51) 7 . 17E-09 (30 29 41) 3.56E-09 ( 5 1 94) 2.4SE-09 1 .04E- l0 

Spl een 2 .31£-08 (33 16 61) 7 . 36E-09 (29 28 43) 6.97E-09 ( 3 1 96) 2 .46E-09 1. 15E-l0 

Testes 2 .36E-08 (33 16 Sl) 7 . 10E-09 (30 29 41) 2 . 52E-09 ( 7 2 91) 2 .45E-09 1.15E-l0 

Thymus 2 .3SE-08 (33 16 51) 7.49E-09 (28 27 45) 1.04E-08 ( 2 0 98) 2 .43E-09 9 .81E-11 

Thyroid 2 . 31£-08 (33 16 51) 7 . 22E-09 (30 29 41) 4 . 11E-09 ( 4 1 9S) 2.4SE-09 9 . 82E-11 

Uterus 2 .36E-08 (33 16 . 51) 7 . 14E-09 (30 29 41) 2 .71E-09 ( 7 2 91) 2. 52E-09 1.89E-l0 

Effective 

(ICRP60) 2.36E-07 (29 14 57) 1. 84E-06 ( 1 1 98) 3 . 31E-OS ( 0 0 100) 2 . 73E-08 7.43E-09 
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Table T-3S. Internal Dose Conversion Factors for 234U (Sv Bq-l) 

U-234 Tl/2 - 2. 445E5y 
Inhalation Oral 

------------------------------------------------------------------ ---------------------------
Class D fl - 6.0E-02 Class Wfl - 6. 0E-02 Class Y fl - 2.0E-03 f1 - 6 .0E-02 f1 - 2 . 0E-03 

Adrenals 2.60E-08 (33 16 61) 1.52E-09 (30 29 41) 2 . 66E-09 ( 1 2 91) 2. 68E-09 1.03E-l0 
BId vall 2 . 60E-08 (33 16 61) 1.52E-09 (30 29 41) 2 . 65E-09 ( 1 2 91) 2 . 68£-09 1.03E-l0 
BSurface 1 .09E-05 (33 16 51) 3. 29E-06 (30 29 41) 1.13E-06 ( 1 2 91) 1 . 13E-06 4 . 62E-08 
Breast 2 .50E-08 (33 16 61) 1.52E-09 (30 29 41) 2 . 68E- 09 ( 1 2 91) 2.68£- 09 1.03E-l0 
ST vall 2 .62£-08 (33 16 61) 8 . 09E-09 (32 21 41) 3 .30E-09 (16 4 80) 3 .10£-09 1.22E-09 
51 vall 2.64£-08 (34 16 60) 8 . 81E-09 (33 26 41) 4 .25E-09 (24 6 10) 6.23E-09 2.88E-09 
ULI vall 2 .14£-08 (38 15 41) 1. 63E-08 (42 18 40) 1.19E-08 (42 11 41) 1.19E-08 1. 62E-08 
LLI vall 3.22£-08 (41 13 40) 3.16E-08 (41 13 40) 3.11E-08 (41 13 40) 4 . 96E-08 4.94£-08 
Kidneys 4 . 62£-06 (33 16 61) 1. 36E-06 (30 29 41) 4.19E-01 ( 1 2 91) 4.68£-07 1.87£-08 
Liver 2.60E-08 (33 16 61) 7.52E-09 (30 29 41) 2.61E-09 ( 1 2 91) 2 . 68E-09 1.03E-l0 
Lungs 3.18E-01 ( 3 2 96) 1.60E-05 ( 0 o 100) 2 . 98E-04 ( 0 o 100) 2 . 68E-09 1.03£-10 
Ovaries 2.60E-08 (33 16 61) 1 .62E-09 (30 29 41) 2 . 66E-09 ( 1 2 91) 2.69£-09 1.06E-l0 
Pancreas 2.60E-08 (33 16 61) 1 . 62E-09 (30 29 41) 2.65E-09 ( 1 2 91) 2 . 68E-09 1.03E-l0 
R Harrov 6 . 98E-01 (33 16 61) 2 .10E-07 (30 29 41) 1.22E-08 ( 7 2 91) 1 . 21£-08 2.88E-09 
Skin 2 . 60E-08 (33 16 61) 1.52E-09 (30 29 41) 2.65E-09 ( 7 2 91) 2 . 68E-09 1.03E- l0 
Spleen 2 .60E-08 (33 16 51) 1 .62E-09 (30 29 41) 2 .66E-09 ( 1 2 91) . 2 . 68E-09 1.03E-l0 
Testes 2 . 60E-08 (33 16 61) 1 . 62E-09 (30 29 41) 2.65E-09 ( 1 2 91) 2 . 68E-09 1.03E-l0 
Thymus 2.50E-08 (33 16 61) 7 . 62E-09 (30 29 41) 2 . 66E-09 ( 7 2 91) 2. 68E-09 1.03E-l0 
Thyroid 2.60E-08 (33 16 61) 1 . 62E-09 (3029 41) 2.65E-09 ( 1 2 91) 2. 68E-09 1 .03E-l0 
Uterus 2 . 60E-08 (33 16 61) 7 .62E-09 (30 29 41) 2.65E-09 ( 1 2 91) 2. 68E-09 1.04E-l0 
Effective 
(ICRP60) 2 . 63E-07 (29 14 67) 1. 99E-06 ( 1 1 98) 3.68E-05 ( 0 o 100) 2.82E-08 6 . 96E-09 

------------------------------------------- ------------

Table T4S. Internal Dose Conversion Factors 
for 234Th (Sv Bq-l) 

Th-234 Tl/2 - 24.10d 
Inhalation Oral 

Class Wfl - 2 .0E-04 Class Y fl - 2.0E-04 f1 - 2 . 0E- 04 
Adrenal.. 1 . 14£-10 (32 43 26) 2 .24£-11 (18 6 71) 1.64£-12 
BId vall 1.02£-10 (37 46 17) 1.00E-ll (62 11 21) 9. 16E-12 
BSurface 7 .83E-09 (35 47 18) 6.29E-10 (44 12 44) 2.08E-ll 
Breast 1.08E-l0 (34 44 22) 1. 66E-ll (28 8 64) 3.61E-12 
ST vall 6 .60E-l0 (66 16 28) 4.99E-l0 (61 16 23) 9.95E-l0 
51 vall 1.21E-09 (60 12 28) 1.21E-09 (62 17 21) 2. 65E-09 
ULI vall 6.48E-09 (61 10 29) 6.94E-09 (62 17 21) 1.47£-08 
LLI vall 1.81E-08 (62 9 29) 2 . 03E-08 (62 17 21) 4.30E-08 
Kidneys 1 . 06E-l0 (36 45 20) 1. 31E-11 (36 10 64) 3 .11E-12 
Liver 1.11£-10 (36 41 18) 6.91E-11 (48 13 39) 4. 17E-12 
Lungs 4. 66E-08 ( 0 o 100) 6.39E-08 ( 0 o 100) 7 . 06E-13 
Ovaries 1. 13E-10 (39 43 18) 2.11E-11 (61 16 23) 3. 12E-11 
Pancreas 1.13E-l0 (33 42 26) 2 . 33E-11 (20 6 14) 3.49E-12 
R Harrov 4. 18E-09 (36 47 11) 2 . 56E-l0 (60 16 24) 1. 84E-ll 
Skin 1.01E-l0 (35 46 19) 9. 93E-12 (39 11 60) 1. 31E-12 
Spleen 1. llE-l0 (33 42 25) 2.15E-ll (21 6 13) 2.90E-12 
Testes 9.93E-11 (36 48 16) 6.58E-12 (65 17 18) 2 . 53E-12 
Thymus 1. 19E-l0 (30 39 31) 3 .36E-11 (11 3 86) 4.16E-13 
Thyroid 1. 03E-l0 (34 45 21) 1. 21E-l1 (28 8 64) 2 .88E-13 
Uterus 1.05E-l0 (31 46 17) 1.21E-11 (61 16 23) 1. 26E-ll 
Effective 
(ICRP60) 8 . 61£-09 (19 1 74) 1. 02E-08 (15 6 80) 6.30E-09 

lJ 
rl 

J 
U 

Radiological Assessments Corporation 
"Setting the .tandard in radiation health"DRAFT 



Th-232 Tl/2 - 1.405E1Oy 
Inhalation Oral 

Class \I f1 - 2.0E-04 Class Y f1 - 2.0E-04 f1 - 2.0E-04 
Adrenals S. 02E-07 (25 33 42) 6.34E-07 (3 1 96) 1. 31E-09 
Bld vall 7.41E-07 (2633 42) 5. SSE-07 (3 1 96) 1. 21E-09 
BSurface 2) 4 . 99E-03 (6 2 92) 1.S6E-05 
Breast 2) 6. 14E-07 (3 1 96) 1.26E-09 
ST vall 2) 6.06E-07 (3 1 96) 2 . 14E-09 
SI vall 2) 6 .9SE-07 (3 1 96) 3 . 66E-09 
ULI val 3) 6.05E-07 ( 4 96) l.47E-DS 
LLI vall 7 . S7E-07 (2632 43) 6 .27E-D7 ( 6 94) 4.27E-OS 
Kidneys 7.65E-07 (2533 42) 6.07E-07 ( 3 96) 1.26E-09 
Liver 6.23E-06 (26 33 42) 5.04E-06 (3 1 96) 1.02E-OS 
Lungs 1. 44E-06 (1 2 97) 9 .40E-04 (0 0 100) 1. 25E-09 
Ovaries 7. 62E-07 (26 33 42) 6.9SE-07 (3 1 96) 1. 26E-09 
Pancreas 7 . 66E-07 (25 33 
R Marrov S.93E-04 (25 33 

42) 
42) 

6.21E-07 (3 
4.01E-04 (6 

1 
2 

96) 
92) 

1. 26E-09 
1.4SE-06 

Skin 7. 67E-07 (25 33 42) 6.01E-07 (3 1 96) 1. 24E-D9 
Spleen 7.62E-07 (25 33 42) 6.12E-07 (3 1 96) 1. 23E-09 
Testes 7.65E-07 (26 33 42) 6 . 94E-D7 (3 1 96) 1. 23E-09 
Thymus 7 . 61E-07 (26 33 42) 6 .29E-D7 (3 1 96) 1.23E-09 
Thyroid 7.44E-07 (26 33 42) 5 . 99E-07 (3 1 96) 1. 21E-09 
Uterus 7 .47E-07 (2533 42) 6 . 92E-07 (3 1 96) 1. 22E-09 
Effecti ve 
(ICRP60) 2.21E- 04 (25 33 42) 2.11E-04 ( 3 96) 3. 69E-07 

 1. 11E-02 (25 33 4
7 . 72E 07 (2533 4
7.41E-07 (2633 4
7 . 66E-07 (2533 4

l 7.6SE-07 (2532 4

Table T-5S. Internal Dose Conversion Factors 
for 232Th (Sv Bq- l) 

Table T-6S. Internal Dose Conversion Factors 
for 230Th (Sv Bq-l) 

Th-230 T1/2 - 7 . 7E4y 
Inhalation Oral 

Class \I fl - 2 . 0E 04 Class Y 11 - 2 . 0E-04 f1 - 2 . 0E-04 
Adrenals 4 . 09E-07 (25 33 42) 1.73E-07 (6 2 92) 6.S0E-10 
Bld vall 4. OSE-07 (25 33 42) 1.72E-07 (6 2 92) 6.S0E-10 
BSurface 2 . 16E-03 (26 33 42) S.71E-04 (6 2 92) 3.60E-06 
Breast 4.0SE-07 (26 33 42) 1. 72E-07 (6 2 92) 6 .S0E-10 
ST vall 4.09E-07 (25 33 42) 1 .73E-07 (6 2 92) 1.77E-09 
SI vall 4.10E-07 (26 33 42) 1 .74E-07 (6 2 92) 3.41E-09 
ULI vall 4.16E-07 (26 33 41) 1.elE-D7 (S 2 90) 1. 66E-OS 
LLI vall 4.33E-07 (27 32 41) 2 . 00E 07 (12 3 S6) 4. 93E-OS 
Kidneys 4 . 0SE-07 (26 33 42) 1. 72E-07 (6 2 92) 6 .S0E-10 
Liver 3 . 67E-06 (26 33 42) 1. 51E-06 (6 2 92) 6.94E-09 
Lungs 1 . 61E-06 (1 1 9S) 3 . 00E-04 (0 0 100) 6 .eOE-l0 
Ovari es 4 . 0SE-07 (26 33 42) 1.72E-07 (6 2 92) 6.S2E-l0 
Pancreas 4.0SE-07 (25 33 42) 1.73E-07 (6 2 92) 6 .S0E-l0 
R Marrov 1.73E-04 (26 33 42) 6.99E-05 (6 2 92) 2 .S9E-07 
Skin 4 . 0SE-07 (26 33 42) 1.72E-07 (6 2 92) 6 .eOE-l0 
Spleen 4 . 0SE-07 (25 33 42) 1.72E-07 (6 2 92) 6 .S0E-l0 
Testes 4.0SE-07 (25 33 42) 1.72E-07 (6 2 92) 6.S0E-l0 
Thymus 4 . OSE-07 (25 33 42) 1.73E-07 (6 2 92) 6 .S0E-10 
Thyroid 4 .0SE-07 (25 33 42) 1.72E-D7 (6 2 92) 6 .S0E-l0 
Uterus 4 . 0SE-07 
Effective 

(26 33 42) 1.72E-07 (6 2 92) 6.S0E-10 

(ICRP60) 4 .4SE-05 (24 32 44) 6.33E-05 ( 2 97) 7.76E-OS 
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Table T-7S. Internal Dose Conversion Factors 
for 228Th (Sv Bq-l) 

Th-228 Tl/2 - 1.9131y 
Inhalation Oral 

Clus W fl - 2.0E-04 Class Y fl - 2 . 0E-04 f1 - 2.0E-04 
Adrenals 1.35E-06 (26 34 40) 2.35E-07 (15 4 81) 2.32E-09 
BId vall 1. 34£-06 (26 34 40) 2. 26E-07 (16 4 80) 2.38E-09 
BSurface 1.37E-03 (26 34 40) 2. 29E-04 (16 4 80) 2.37E-06 
Breast 1 . 36E-06 (26 34 40) 2.32E-07 (16 4 81) 2.33E-09 
ST vall 1. 35E-06 (26 34 40) 2.36E-07 (16 4 81) 3.64£-09 
SI vall 1. 35E-06 (26 34 40) 2.31E-07 (16 4 80) 6.07E-09 
ULI vall 1.37E-06 (26 34 40) 2. 63E-07 (18 6 77) 3. 11E-08 
LLI vall 1. 44[-06 (27 32 41) 3.23E-07 (25 6 69) 1.32E-07 
Kidneys 1. 35E-06 (26 34 40) 2.30E-07 (15 4 81) 2.33E-09 
Liver 1. 17E-05 (26 34 40) 1. 97E-06 (16 4 80) 2.01E-08 
Lungs 9.48E-06 ( 0 1 99) 6.91E-04 ( 0 o 100) 2. 31E-09 
Ovaries 1. 35E-06 (26 34 40) 2.26E-07 (16 4 80) 2. 63E-09 
Pancreas 1.35E-06 (26 34 40) 2.37E-07 (15 4 81) 2 . 32E-09 
R Harrov 1.12£-04 (26 34 40) 1.81£-05 (16 4 80) 1. 93E-07 
Skin 1.34£-06 (26 34 40) 2.28E-07 (15 4 81) 2.31E-09 
Spleen 1.34£-06 (26 34 40) 2.36E-07 (15 4 81) 2.32E-09 
Testes 1.34£-06 (26 34 40) 2 . 25E-07 (16 4 80) 2.33E-09 
Thymus 1.35E-06 (26 34 40) 2 .44£-07 (14 4 82) 2.31E-09 
Thyroid 1.34£-06 (26 34 40) 2.30E-07 (15 4 81) 2.30E-09 
Uterus 1. 34E-06 (26 34 40) 2. 26E-07 (16 4 80) 2.38E-09 
Effective 
(ICRP60) 4 . 01E-05 (19 24 57) 8.77E-05 ( 1 0 99) 6.55E-08 

------------------------------------------- ------------------------------------------

Table T-8S. Internal Dose Conversion Factors for 240pu (Sv Bq-l) 

Pu-240 Tl/2 - 6537y 
Inhalation Oral 

Class W f1 - 1.0E-03 Class Y f1 - 1.0E-05 f1 - 1.0E-03 f1 - 1.0E-04 f1 - 1.0E-05 
Adrenal.. 1.02£-09 (25 33 42) 4 .33E-l0 ( 6 2 92) 8.46E-12 8 . 48E-13 8.63E-14 
BId vall 9.01E-l0 (25 33 42) 3 .74E-l0 ( 6 2 92) 7. 55E-12 8.23E-13 1.50E-13 
BSurface 2.11E-03 (25 33 42) 8 .21E-04 ( 6 2 92) 1.76E-05 1.76E-06 1.76E-07 
Brain 9.53E-l0 (25 33 42) 3.94£-10 ( 6 2 92) 7.91E-12 7.91E-13 7.91E-14 
Breast 9.61E-l0 (25 33 42) 4.33E-l0 ( 6 1 94) 7.97E-12 8 .82E-13 1. 73E-13 
ST vall 1. 63E-09 (36 23 41) 1. 08E-09 (35 9 56) 1.21E-09 1.20E-09 1.20E-09 
SI vall 2.44£-09 (43 17 40) 2.11E-09 (43 12 45) 3.01E-09 3.01E-09 3 . 00E-09 
ULI vall 9.78E-09 (51 10 39) 1. 04£-08 (50 13 37) 1. 74£-08 1. 74E-08 1. 74E-08 
LLI vall 2 .81E-08 (52 9 39) 3.11E-08 (51 14 35) 5. 33E-08 5.34£-08 5. 34E-08 
Kidneys 9.41E-10 (25 33 42) 3.90E-10 ( 6 2 92) 7.82E-12 7.90E-13 8.69E-14 
Liver 3.78E-04 (25 33 42) 1.51E-04 ( 6 2 92) 3 . 14E-06 3. 14E-07 3 . 14E-08 
Lungs 1.73E-05 ( 0 o 100) 3.23E-04 ( 0 o 100) 8 . 01£-12 8.08E-13 8.22E-14 
Ovaries 3 . 18E-05 (25 33 42) 1.20E-05 ( 7 2 91) 2 . 64E-07 2 . 64E-08 2. 64E-09 
Pancreas 9.44£-10 (25 33 42) 3.94E-l0 ( 6 2 92) 7.87E-12 8.22E-13 1. 17E-13 
R Harrov 1.69E-04 (25 33 42) 6.57E-05 ( 6 2 92) 1.41E-06 1. 41E-07 1. 41E-08 
Skin 9.28E-l0 (25 33 42) 3 . 86E-10 ( 6 2 92) 7.71E-12 7 .80E-13 8.68E-14 
Spleen 9.21E-l0 (25 33 42) 3.95E-l0 ( 6 2 92) 7.64E-12 7.72E-13 8.50E-14 
Teste.. 3. 18E-05 (2533 42) 1.20E-05 ( 7 2 91) 2 . 64E-07 2. 64E-08 2. 64E-09 
Thymus 9 . 10E-l0 (25 33 42) 3.87E-l0 ( 6 2 92) 7 . 55E-12 7.55E-13 7 . 56E-14 
Thyroid 9.05E-10 (25 33 42) 3.76E-l0 ( 6 2 92) 7.51E-12 7.51E-13 7 . 51E-14 
Uterus 9.02£-10 (25 33 42) 3.74E-l0 ( 6 2 92) 7.57E-12 8 . 35E-13 1.61E-13 
Effective 
(ICRP60) 6.87E-05 (24 32 44) 6 .48E-06 ( 2 97) 5. 62E-07 6.21E-08 1.21E-08 

IJ 
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Table T-9S. Internal Dose Conversion Factors for 239pU (Sv Bq-l) 

Pu-239 Tl/2 - 24065y 
Inhalation Oral 

Clus Wfl - 1. OE-03 Clus Y f1 - 1.0E-05 f1 - 1.0E-03 f1 - 1.0E-04 f1 - 1. OE-05 
Adrenals 9 . 54E-I0 (26 33 42) 4 . 01E-I0 ( 6 2 92) 7.92E-12 7.95E-13 8.28E-14 
Bld vall 9 . 01E-I0 (25 33 42) 3.74E-I0 ( 6 2 92) 7.62E-12 1. 98E-13 1.25E-13 
BSurface 2.11E-03 (25 33 42) 8.21E-04 ( 6 2 92) 1 .76E-05 1. 76E-06 1. 76E-07 
Brain 9 .23E-I0 (25 33 42) 3.83E-I0 ( 6 2 92) 7. 66E-12 7 . 66E-13 1.66E-14 
Breut 9 .22E-10 (25 33 42) 3 .99E-10 ( 6 2 92) 7.69E-12 8 . 09E-13 1. 21E-13 
ST vall 1.62E-09 (36 23 41) 1. 07E-09 (35 9 56) 1.20E-09 1. 19E-09 1. 19E-09 
SI vall 2 .43E-09 (43 17 40) 2 . 10E-09 (43 12 45) 2 . 99E-09 2. 99E-09 2 . 99E-09 
ULI vall 9.12E-09 (51 10 39) 1. 03E-08 (50 13 37) 1. 73E-08 1. 73E-08 1. 73E-08 
LLI vall 2 .19E-08 (52 9 39) 3 . 10E-OB (51 14 35) 5.30E-08 6.31E-OB 5.31E-08 
Kidneys 
Liver 

9.21E-10 (25 33 
3.18E-04 (25 33 

42) 
42) 

3.83E-I0 ( 6 
1.51E-04 ( 6 

2 
2 

92) 
92) 

7 . 66E-12 
3 . 14E 06 

7.16E-13 
3. 14E-07 

8 .78E-14 
3 . 14E-08 

Lungs 1.73E-05 ( 0 o 100) 3.23E-04 ( 0 o 100) 7 .74E-12 7 . 75E-13 1.89E-14 
Ovaries 3.1BE-05 (25 33 42) 1.20E-05 ( 7 2 91) 2. 64E-07 2. 64E-OB 2 . 64E-09 
Pancreu 9 .23E-I0 (25 33 42) 3.86E-I0 ( 6 2 92) 7 . 68E-12 7.89E-13 9.95E-14 
R Harrov 1 . 69E-04 (25 33 42) 6. 61E-05 ( 6 2 92) 1. 41E-06 1. 41E-07 1. 41E-08 
Skin 9.12E-10 (25 33 42) 3 .79E-I0 ( 6 2 92) 7 . 51E-12 7 . 63E-13 8 . l1E-14 
Spleen 9 . 09E-10 (25 33 42) 3 .84E-10 ( 6 2 92) 7 .55E-12 7 . 64E-13 8 .47E-14 
Testes 3 . 1BE-05 (25 33 42) 1.20E-05 ( 7 2 91) 2. 64E-07 2. 64E-08 2. 64E-09 
Thymus 
Thyroid 

9 .05E-I0 (25 33 
9 . 03E-I0 (26 33 

42) 
42) 

3.82E-I0 ( 6 
3 .15E-I0 ( 6 

2 
2 

92) 
92) 

7 .51E-12 
7 . 49E-12 

7 .51E-13 
7.49E-13 

1 . 54E-14 
1.60E-14 

Uterus 9 . 01E-I0 (25 33 42) 3 .74E-I0 ( 6 2 92) 7 . 54E-12 8 . llE-13 1. 38E-13 
Effective 
(ICRP60) 6 .87E 05 (24 32 44) 6 . 48E-05 ( 2 97) 5. 62E-07 6.20E-08 1. 21E-08 

------------------------------------------- ------------------------------------------

Table T-IOS. Internal Dose Conversion Factors for 23BPu (Sv Bq-l) 

Pu-238 Tl/2 - 87 . 74y 

Inhalation Oral 


Clus Wfl - 1.0E-03 Clus Y fl - 1.0E-05 fl - 1 .0E-03 f1 - 1.0E-04 f1 - 1.0E-05 
Adrenals 1.06E-09 (25 33 42) 4.37E-I0 ( 6 2 92) 8.84E-12 8 .85E-13 8 . 97E-14 
Bld vall 9.58E-I0 (25 33 42) 3 .85E-I0 ( 6 2 92) 8 . 03E-12 8.10E-13 1. 54E-13 
BSurface 1.90E-03 (25 33 42) 1 .25E-04 ( 7 2 91) 1.5BE-05 1. 58E-06 1. 58E-07 
Brain 1.00E-09 (25 33 42) 4.02E-I0 ( 6 2 92) 8 .34E-12 B.34E-13 8 . 34E-14 
Breut 1.00E-09 (25 33 42) 4. 40E-I0 ( 6 2 92) 8.41E-12 9 .28E-13 1.80E-13 
ST vall 1. 62E-09 (36 23 41) 1.13E-09 (36 10 54) 1. 29E-09 1. 28E-09 1.28E-09 
SI vall 2.60E-09 (43 17 40) 2.23E-09 (44 12 44) 3.20E-09 3.20E-09 3.20E-09 
ULI vall 1 . 04E-08 (51 10 39) 1. toE-08 (50 13 37) 1. 85E-08 1. 85E-08 1. 85E-08 
LLI vall 2 . 99E-08 (62 9 39) 3.30E-08 (51 14 35) 6. 67E-08 5. 68E-08 6 . 68E-08 
Kidneys 9.93E-10 (26 33 42) . 3.99E-I0 ( 6 2 92) 8 .26E-12 8 .33E-13 9.03E-14 
Liver 3.51E-04 (25 33 42) 1.37E-04 ( 6 2 92) 2. 92E-06 2 . 92E-07 2 . 92E-08 
Lungs 1. 84E-05 ( 0 o 100) 3 .20E-04 ( 0 o 100) 8.49E-12 8 .50E-13 8 .64E-14 
Ovaries 2.80E-05 (25 33 42) 1.04E-05 ( 7 2 91) 2. 33E-07 2 .33E-OB 2.33E-09 
Pancreas 9.96E-I0 (25 33 42) 4 . 02E-I0 ( 6 2 92) 8 .31E-12 8.66E-13 1. 22E-13 
R Harrov 1.52E-04 (25 33 42) 5.80E-05 ( 7 2 91) 1. 27E-06 1. 21E-07 1. 27E-08 
Skin 9.81E-I0 (25 33 42) 3.95E-I0 ( 6 2 92) 8 . 16E-12 8 .25E-13 9.14E-14 
Spleen 9 .76E-I0 (25 33 42) 4.04E-I0 ( 6 2 92) 8.10E-12 8 . 17E-13 8.89E-14 
Testes 2. BOE-05 (25 33 42) 1.04E-05 ( 7 2 91) 2 .33E-07 2. 33E-08 2 .33E-09 
Thymus 9. 66E-I0 (25 33 42) 3 . 96E-I0 ( 6 2 92) 8.02E-12 8.02E-13 8.02E-14 
Thyroid 9. 62E-I0 (25 33 42) 3 .86E-I0 ( 6 2 92) 7.99E-12 7.99E-13 7.99E-14 
Uterus 9.59E-I0 (25 33 42) 3 .85E-I0 ( 6 2 92) 8 . 05E-12 8 .81E-13 1. 64E-13 
Effective 
(ICRP60) 6 .26E-05 (24 32 44) 6. 15E-05 ( 3 0 97) 5.10E-07 5.73E-08 1.20E-08 
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Np-237 Tl12 - 2.14E6y 
Inhalation Oral 

-------------------- ------------
Class Wfl - 1.0E-03 f1 - 1. OE-03 

Adrenals 2 .76E-08 (25 33 42) 2. 28E-l0 
BId wall 8 .29E-09 (25 33 42) 8.39E-11 
B5urface 3 .27E-03 (25 33 42) 2. 72E-05 
Brain 2.64E-08 (26 33 42) 2. 11E-l0 
Breast 1. 69E-08 (25 33 42) 1. 45E-l0 
5T wall 1. 26E-08 (26 31 43) 1. 29E-09 
5I wall 1. 64£-08 (28 31 41) 3 . 13E-09 
ULI wall 2.38E-08 (35 23 42) 1. 74£-08 
LLI wall 4.30E-08 (42 17 41) 5.32E-08 
Kidneys 1.94£-08 (25 33 42) 1.65E-l0 
Liver 1. 17E-04 (25 33 42) 9.73E-07 
Lungs 1. 61E-05 ( 0 o 100) 1. 53E-l0 
Ovaries 2.96E-05 (25 33 42) 2.46E- 07 
Pancreas 2 . 11E-08 (25 33 42) 1. 78E-l0 
R Harrow 2 .62E-04 (25 33 42) 2. 18E-06 
Skin 1. 19E-08 (25 33 42) 9. 97E-11 
Spleen 1. 19E-08 (25 33 42) 1. 00E-l0 
Testes 2 .96E-06 (25 33 42) 2.46E-07 
Th)'llUB 1.02E-08 (24 32 44) 8. 18E-11 
Thyroid 1.34£-08 (25 33 42) 1 .10E-l0 
Uterus 9.27E-09 (26 33 42) 9. 69E-11 
Effective 
(ICRP60) 7 .79E-06 (24 33 43) 6. 38E-07 

Table T-llS. Internal Dose 
Conversion Factors 
for 237Np (Sv Bq-l) 

-------------------- ------------

Table T-12S. Internal Dose 
Conversion Factors 
for 241 Am (Sv Bq-l) 

Am-241 Tl/2 - 432. 2y 
Inhalation Oral 

Class Wfl - 1.0E-03 f1 - 1.0E-03
Adrenals 6.47E-09 (26 33 42) 4. 62E-11 
BId wall 1.34£-09 (25 33 42) 2 .29E-11 
B5urface 2 . 17E-03 (26 33 42) 1. 81E-06 
Brain 2.71E-09 (26 33 42) 2.26E-11 
Breast 2.67E-09 (25 33 42) 2 .62E-11 
ST wall 3.26E-09 (31 28 41) 1.34£-09 
SI vall 4 .20E-09 (36 23 41) 3 .34£-09 
ULI vall 1.28E-08 (46 14 40) 1.90E-08 
LLI wall 3 . 16E-08 (62 9 39) 6 .82E-08 
Kidneys 4. 38E-09 (26 33 42) 3 . 99E-11 
Liver 3.91E-04 (25 33 42) 3.25E-06 
Lungs 1.84£-05 ( 0 o 100) 3 . 36E-11 
Ovaries 3 .25E-05 (26 33 42) 2 .70E-07 
Pancreas 4.70E-09 (25 33 42) 4 .24E-11 
R Harrow 1.74E-04 (25 33 42) 1.45E-06 
Skin 1.83E-09 (25 33 42) 1. 61E-11 
Spleen 2 .03E-09 (25 33 42) 1. 94E-11 
Testes 3 .26E-05 (25 33 42) 2.70E-07 
Th)'llus 1. 71E-09 (24 32 44) 1. 36E-11 
Thyroid 1.60E-09 (26 33 42) 1. 32E-11 
Uterus 1. 47E-09 (25 33 42) 3 . 00E-11 
SeH 7 . 08E- 05 (24 32 44) 6.79E-07 

Radiological Assessments Corporation 
"Setting the dandard in radiation health"DRAFT 
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Table T-13S. Age-Specific Ingestion DCFs for 238U, Normalized to the Adulta 

MODE AGE F1 EFF ADREII BL I/ALL BRAIII B SURF BREAST ST 1/ SI 1/ ULI 1/ LLI 1/ KIDIlEY 

S 	 NB 1. 6E-l 110. 54 . 54. 54. 180. 54. 51- 48. 35. 25. 53 . 

3K 1.5E-l 74 . 40 . 40 . 40 . 120 . 40. 38. 36. 27. 20 . 39 . 

lY 1.0E-l 16. 15. 15. 15 . 23 . 15. 14. 13. 11. B.6 11. 

5Y 7.0E-2 3.9 4.8 4.8 4 .B 4.3 4.B 4 .7 4.6 4.3 3 . 9 3.9 

lOY 8 . 0E-2 3 .2 3.3 3.3 3.3 3.B 3.3 3 .2 3 . 1 2 . 7 2 .4 3.0 


15Y 9.0E-2 3.1 2.3 2 .3 2.3 4.3 2.3 2.3 2.2 1.7 1.4 2 . 5 

20Y 5.0E-2 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 


NB 6.4£-3 56. 54. 53 . 54 . lBO. 53 . 33 . 25. 21. 20 . 53. 
3M 6.0E-3 40. 40. 40. 40 . 120 . 40. 26. 20. 17. 16 . 39. 
lY 4 . 0E-3 11 . 15. 14. 15 . 23. 15. 9.4 B.6 B.O 7.4 11. 
5Y 2.8E-3 3.8 4.8 4.7 4 .B 4 .3 4.8 3.B 3 .9 3.9 3 .7 3 . 9 
lOY 3 . 2£-3 2.6 3 . 3 3 .3 3.3 3.B 3.3 2.4 2 . 4 2.3 3.2 3 .0 
15Y 3 . 6E-3 2 .0 2.3 2.3 2.4 4 .3 2.3 1.6 1.4 1.3 1.2 2 . 5 
20Y 2.0E-3 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

MODE AGE Fl LIVER LUNCS OVARIES PAIICR ACT MAR SKIll SPLEEII TESTES THYMUS THYROID UTERUS 

S 	 NB 1. 6E-l 51. 54. 54. 54. 71. 54. 71. 54. 54. 54 . 54 . 

3M 1.5E-l 3B . 40 . 40. 40 . 51. 40 . 46 . 40 . 40 . 40 . 40. 

lY 1.0E-l 13. 15 . 15. 15. 9.B 15. 15 . 15. 15. 15. 15. 

5Y 7.0E-2 4 .4 4.B 4.8 4.B 2.4 4.B 5 .0 4.B 4 . B 4.B 4 .8 

lOY B. OE-2 3.3 3 .3 3 .3 3 .3 2 . 1 3 . 3 3.B 3 .3 3.3 3 . 3 3.3 

15Y 9.0E-2 2.5 2 .4 2.3 2 .3 2.0 2 . 3 3.1 2.3 2.3 2.3 2.3 

20Y 5.0E-2 1 .0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 


NB 6 . 4£-3 51. 54. 52. 53. 71. 54. 71. 53. 54. 54. 53 . 
3M 6.0E-3 3B. 40. 39. 40 . 51. 40. 46. 40. 40. 40. 40. 
lY 4.0E-3 13. 15. 14 . 15. 9.B 15. 15. 14 . 15 . 15. 14 . 
5Y 2 . BE-3 4 .3 4.B 4 .7 4 .8 2.4 4.B 5.0 4 .B 4 .B 4.8 4 .7 
lOY 3 .2£-3 3 .3 3.3 3 .2 3 .3 2.1 3 .3 3 .B 3.3 3.3 3 .3 3.3 
lSY 3 . 6E-3 2.5 2.3 2 .3 2.3 2.0 2.3 3.1 2 .3 2 . 3 2 .3 2.3 
20Y 2.0E-3 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

a Cristy at al . (19B6) . 
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Table T-14S. Age-Specific Ingestion DCFs for 235U, Normalized to the Adulta 

HODE AGE F1 EFF ADREN BL IIALL BRAIN B SURF BREAST ST II 51 II ULI II LLI II KIDNEY 

5 	 NB 1.6E-l 110 . 55 . 55 . 55 . 190 . 55 . 53. 48. 34. 25 . 55 . 
3H 1. 5E-l 17 . 41. 41. 41. 130 . 41. 39. 36 . 26 . 20. 41. 
lY 1.0E-l 16. 15 . 15 . 15 . 23 . 15 . 14. 13 . 11. 8 . 5 11. 
5Y 7 . 0E-2 4 .0 4 .8 4 .8 4.8 4.3 4 .8 4.7 4 . 6 4 .2 3 .8 3.9 
lOY 8 . 0E-2 3 . 2 3.3 3.3 3 . 3 3 .8 3.3 3 .2 3.1 2.7 2 .4 3 .0 
15Y 9 . 0E-2 3 . 1 2.4 2 .3 2 .4 4 . 3 2.4 2 .3 2 . 1 1.7 1.4 2 . 5 
20Y 5.0E-2 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

NB 6.4E-3 55 . 55 . 50 . 55. 190. 53 . 33 . 24 . 21. 1~ . 55 . 
3M 6.0E-3 40. 41. 37 . 41. 130. 39 . 26 . 19. 17. 16 . 41. 
lY 4 . 0E-3 11 . 14 . 13 . 15 . 23 . 14 . 9 .2 8 .4 7.9 7.4 11. 
5Y 2.8E-3 3.8 4 .8 4.5 4 .8 4.3 4 .6 3 . 8 3.9 3.9 3.7 3.9 
lOY 3 . 2E-3 2.6 3 .3 3 .2 3.3 3.8 3 .2 2 . 3 2 .4 2 . 3 2 .2 3 .0 
15Y 3.6E-3 1. 9 2.3 2 .2 2 .4 4.3 2 .3 1.6 1.4 1.3 1.2 2.5 
20Y 2 .0E-3 1 .0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0

HODE AGE F1 LIVER LUJIGS OVARIES PANCR ACT MAR SKIN SPLEEN TESTES THYMUS THYROID UTERUS 

5 NB 1.6E- l 53 . 55. 55. 55 . 76. 55. 74 . 55. 55 . 55 . 55 . 

3H 1.5E- l 39 . 41. 41. 41. 54 . 41. 48 . 41. 41. 41. 41. 

lY 1.0E-l 13 . 15 . 14. 15 . 10 . 15 . 15. 15 . 15 . 15. 15 . 
5Y 7 .0E-2 4 .4 4 .8 4.8 4 .8 2 . 4 4 .8 5.0 4.8 4.8 4 .8 4 .8 
lOY 8.0E-2 3 .4 3 .3 3.3 3.3 2.1 3 .3 3 . 9 3.3 3 .3 3 .3 3 . 3 
15Y 9 . 0E-2 2 . 5 2. 4 2 .3 2 .4 2 . 1 2 .4 3 . 1 2.4 2.4 2 .4 2.3 
20Y 5 . 0E-2 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

NB 6 . 4E-3 51. 55 . 41. 53 . 75 . 55 . 73 . 54. 55 . 55 . 49. 
3M 6.0E-3 38 . 41. 31. 40 . 53. 41. 47 . 40 . 41. 41. 36. 
lY 4 . 0E-3 13 . 15 . 11. 14. 9.9 15 . 15 . 14. 15 . 15 . 13. 
5Y 2 .8E-3 4 .4 4 .8 4 .1 4.7 2 . 4 4 . 8 5 .0 4 .8 4.8 4.8 4 . 5 
lOY 3 . 2E-3 3 .3 3.3 2 .8 3 .3 2.1 3 .3 3.8 3.3 3.3 3.3 3 . 1 
15Y 3.6E-3 2 .4 2.4 2 .0 2 .3 2 .0 2 .3 3 . 1 2 .3 2 .4 2.4 2 .2 
20Y 2 . 0E-3 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1 .0 

a Crls ty at &1 . (1986). 

Radiological Assessments Corporation
DRAFT "Setting the standard in radiation health" 
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Table T-15S. Age-Specific Ingestion DCFs for 234U, Normalized to the Adulta 

MODE AGE F1 ErF ADREN BL WALL BRAIN B SURF BREAST ST W SI W ULI W LLI W KIDNEY 

S 	 NB 1. 6E-l 110 . 56. 56 . 56 . 190 . 56. 53 . 49. 36 . 26 . 55. 
3M 1. 5E- l 76 . 41. 41. 41. 130 . 41. 40 . 37. 27. 20 . 41. 
lY 1.0E-l 16 . 15 . 15. 15. 23 . 15. 14 . 13 . 11. 6 .7 11. 
5Y 7.0E-2 4 .0 4 .6 4 .6 4 . 6 4 .3 4 . 6 4 .7 4 . 6 4.3 3 . 9 3.9 
lOY 6 . 0E-2 3 . 2 3 . 4 3.4 3 .4 3.6 3.4 3.2 3 . 2 2.6 2 .4 3 .0 

15Y 9.0E-2 3.1 2 . 4 2 . 4 2 . 4 4 .3 2 . 4 2 .3 2 . 2 1.6 1.5 2.5 
20Y 5.0E-2 1 . 0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

NB 6.4E-3 59 . 56 . 56 . 56 . 190 . 56. 34 . 25. 21. 20 . 55 . 

3M 6.0E-3 42. 41. 41. 41. 130 . 41 . 26 . 20 . 17 . 16 . 41. 

lY 4 . 0E-3 11. 15. 15. 15. 23. 15 . 9 . 5 6.7 6.0 7 . 4 11 . 

5Y 2.6E-3 3 .6 4 . 6 4.6 4 .6 4.3 4 .6 3 .6 3 . 9 3 . 9 3 .7 3 . 9 

lOY 3.2E-3 2 .6 3 . 4 3 . 4 3.4 3.6 3 . 4 2 . 4 2 . 4 2 .3 2.2 3 .0 

15Y 3 . 6E-3 2.0 2 . 4 2.4 2 . 4 4.3 2 . 4 1.6 1.4 1.3 1.2 2 . 5 
20Y 2 . 0E-3 1 .0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

HODE AGE Fl LIVER LUNGS OVARIES PAMCR ACT MAR SKIN SPLEEN TESTES TBYIIUS THYROID UTERUS 

S 	 NB 1.6E-l 53 . 56. 56. 56 . 76 . 56 . 74 . 56 . 56. 56. 56 . 
3M 1.5E-l 39 . 41. 41. 41. 54. 41. 46 . 41. 41. 41. 41. 
lY 1.0E-l 14 . 15. 15. 15 . 10 . 15. 15 . 15 . 15 . 15 . 15 . 
5Y 7 . 0E-2 4.4 4.4 4.6 4 .6 2 . 4 4 . 6 5 .0 4 .6 4 .4 4 .6 4 . 4 
lOY 6 . 0E-2 3 . 4 3 . 4 3 . 4 3 . 4 2.1 3 .4 3 . 9 3 .4 3 . 4 3 . 4 3 . 4 
15Y 9.0E-2 2 . 5 2.4 2 .4 2 .4 2 . 1 2 . 4 3.1 2 .4 2 . 4 2 . 4 2 . 4 
20Y 5 . 0E-2 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

NB 6 . 4E-3 53 . 56. 56 . 56 . 76 . 56. 74. 56 . 56 . 56 . 56 . 
3M 6.0E-3 39. 41. 41. 41. 54 . 4 . 1 46 . 41. 41. 41. 41. 
lY 4 .0E-3 14 . 15 . 15 . 15 . 10 . 15. 15 . 15 . 15 . 15 . 15 . 
5Y 2.6E-3 4.4 4 .6 4.6 4 .6 2 . 4 4.8 5.0 4.4 4.6 4 . 6 4.6 

lOY 3 . 2E-3 3 . 4 3 . 4 3.3 3 . 4 2.1 3.4 3 .9 3 .4 3.4 3 . 4 3 . 4 

15Y 3 . 6E-3 2 . 5 2 . 4 2 .4 2 .4 2 . 1 2 . 4 3.1 2 .4 2.4 2 . 4 2 .4 
20Y 2 . 0E-3 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

a Crlsty at &1. (1986) . 

DRAFT 
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Table T-16S. Age-Specific Ingestion DCFs for 232Th, Normalized to the Adulta 

MODE AGE F1 EFF ADRElI BL I/ALL BRAIII B SURF BREAST ST 1/ SI 1/ ULI 1/ LLI 1/ KIDNEY 

G lIB 1.0E-2 95 . 160 . 160 . 160. n . 160. 140. 120. 58. 34 . 210. 
3M 5 . 0E-3 44. 73 . 74. 73 . 36 . 73 . 65. 56 . 32. 22 . 95 . 
lY 5 . 0E-4 4 . 0 6.4 6.4 6 .3 3.3 6 .4 6 . 5 6 .8 7.4 7 .3 8 . 1 
5Y 5.0E-4 3 . 1 4 . 5 4 . 5 4 . 5 2 .7 4 . 5 4 . 4 4 .3 4 . 1 3.8 5 .5 
lOY 5.0E-4 2.6 3.6 3.6 3 . 6 2 . 5 3 .6 3.3 3 .2 2.7 2 .3 4.0 

15Y 5.0E-4 2 .4 2.6 2.6 2.6 2.3 2 .6 2.4 2 .2 1.6 1.4 2 .8 
20Y 2.0E-4 1 .0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

MODE AGE F1 LIVER LUIIGS OVARIES PAIICR ACT MAR SKIll SPLEEII TESTES THYMUS THYROID UTERUS 

G lIB 1.0E-2 240 . 160. 160. 160 . 170 . 160 . 300 . 160. 160. 160 . 160 . 
3M 5.0E-3 110 . H . H . H . U . 74 . 140 . 74. 74 . 74 . 74 . 
lY 5 . 0E-4 9 .3 6 .4 6.4 6.4 6 . 5 6.4 11. 6.4 6.4 6.4 6 .4 
5Y 5.0E-4 5 . 9 4 . 5 4 . 5 4.5 4 . 3 4 . 5 6 .7 4.5 4.5 4 . 5 4 . 5 
lOY 5 . 0E-4 4 . 1 3 . 6 3 . 6 3 .6 3 . 1 3 . 6 4.3 3.6 3 . 6 3 . 6 3.6 
15Y 5 .0E-4 2 .8 2 . 6 2 . 6 2 .6 2 . 4 2 . 6 2.9 2 . 6 2.6 2 . 6 2 . 6 
20Y 2 . 0E-4 1 .0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1 .0 

a Criaty at &1 . (1986). 

Table T-17S. Age-Specific Ingestion DCFs for 230Th, Normalized to the Adulta 

EFF ADRElI BL I/ALL BRAIII B SURF BREAST ST 1/ SI 1/ ULI II LLI 1/ KIDNEY 

G lIB 1.0E-2 
3M 5 .0E-3 
lY 5 . 0E-4 
5Y 5 . 0E-4 
lOY 5 .0E-4 
15Y 5 . 0E-4 
20Y 2.0E-4 

88 . 
40. 

3 .7 
2 .8 
2 . 4 
2.2 
1.0 

230 . 
100. 

8 .0 
4 .7 
3.1 
2.3 
1.0 

230. 

100 . 
8.0 

4.7 
3.1 
2 . 3 
1.0 

230 . 
100 . 

8 .0 

4.7 
3.1 
2 .3 
1.0 

69. 
32 . 
2.9 
2 .4 
2 .3 
2 .2 
1.0 

230 . 
100. 

8.0 
4 .7 
3 . 1 
2 .3 
1.0 

170. 
78. 

7 .7 
4.3 
2.8 
2.0 
1.0 

120 . 
59 . 
7 . 8 
4 .2 
2 .7 
1.8 
1.0 

51 . 
29 . 

7 .8 
4 .0 
2 . 4 
1 . 4 
1.0 

31. 
21. 

7 . 4 
3.7 
2.2 
1.3 
1.0 

280 . 
120 . 

10 . 
6.1 
3.9 
2.7 
1.0 

MODE AGE F1 LIVER LUHGS OVARIES PAIICR ACT MAR SKIll SPLEEII TESTES THYMUS THYROID UTERUS 

G lIB 1.0E-2 320 . 
3M 5 . 0E-3 140. 
lY 5.0E-4 12 . 
5Y 5 . 0E-4 6.6 
lOY 5 . 0E-4 4 . 1 
15Y 5 . 0E-4 2 .7 
20Y 2 . 0E-4 1 .0 

230 . 

100 . 
8.1 
4 .7 
3 . 1 
2 . 3 
1.0 

230. 

100 . 
8.1 
4.7 
3.1 
2 . 3 
1.0 

230. 
100. 

8.0 
4 .7 
3.1 
2.3 
1.0 

200. 

87. 
7.2 
4 . 5 
3 . 1 
2.4 
1.0 

230. 
100 . 

8.1 
4 .7 
3.1 
2 .3 
1.0 

380 . 
170 . 

13. 
7.5 
4 . 4 
2 .8 
1.0 

230. 
100. 

8 . 1 
4.7 
3.1 
2 .3 
1.0 

230. 
100. 

8 . 1 
4 .7 
3.1 
2 .3 
1.0 

230 . 
100 . 

8 . 1 
4 .7 
3.1 
2 . 3 
1.0 

230 . 
100. 

8.0 
4 .7 
3 . 1 
2 .3 
1.0 

a Criaty et &1 . (1986) . 

Radiological Assessments Corporation 
"Setting the dandard in radiation health"DRAFT 
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Table T-18S. Age-Specific Ingestion DCFs for 228Th, Normalized to the Adulta 

MODE ACE F1 EFF ADREN BL WALL BRAIN B SURF BREAST ST W SI W ULI W LLI W KIDNEY 

G liB 1. OE-2 450. 150 . 150 . 150. 510. 150 . 140 . 110 . 51. 27. 190 . 
3M 5.0E-3 180. 71. 70. 71. 200 . 70 . 64 . 55. 29. 19 . 85 . 

lY 5.0E-4 14. 7.9 7.9 7.9 15. 7.9 7 . 8 7 . 7 7 . 7 1.3 8.0 

5Y 5.0E-4 6.4 4.3 4.3 4 . 3 6 . 5 4.3 4.2 4.1 4 . 0 3 .1 4.4 

lOY 5.0E-4 3.8 2 . 7 2 .1 2 .1 4 . 1 2.7 2 . 6 2 . 5 2 . 4 2 . 2 3.1 

15Y 5 . 0E-4 2.6 1.9 1.9 1.9 2 . 9 1.9 1.9 1.1 1.4 1.3 2.4 

20Y 2.0E-4 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

MODE AGE F1 LIVER LUNCS OVARIES PANCR ACT MAR SKIN SPLEEN TESTES THYMUS THYROID UTERUS 

G liB 1.0E-2 250 . 150 . 150. 150 . SOO . 150 . 390. 150 . 150 . 150 . 150 . 
3M 5 . 0E-3 110. 71. 69 . 71. 300. 11. 160. 71. 71. 11. 70. 
lY 5.0E-4 10 . 1 . 9 1.9 1.9 20 . 1.9 14. 1.9 7.9 1.9 1.9 
5Y 5.0E-4 5.3 4 . 3 4 . 3 4.3 9 . 1 4.3 1 . 1 4 . 3 4.3 4.3 4.3 
lOY 5.0E-4 3 . 5 2 . 7 2 .1 2.7 4 . 7 2 . 7 4 . 3 2.1 2 . 7 2.7 2 .1 
15Y 5.0E-4 2.5 1.9 1.9 1.9 2 . 9 1.9 2.8 1.9 1.9 1.9 1.9 
20Y 2 . 0E-4 1 . 0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

a Cristy et al. (1986). 

Table T-19S. Age-Specific Ingestion DCFs for 239Pu, 

Normalized to the AdultB,b 

Pu-239 Ingestion 

3 aonths 1 year 5 years 10 years 15 years Adult 

u lE-2 lE-3 lE-3 lE-3 lE-3 lE-3 

Effective 14 . 43 1.44 1.13 1 .03 1.01 1.00 

Adrenals 46 . 15 3.17 2 . 31 1.46 1.08 1.00 

Bl. Wall 46 . 15 3 . 17 2 .31 1.46 1.08 1.00 

Bone Surf . 10 . 00 1.00 1.00 0 .94 1.06 1.00 

Brain 46 . 15 3 .17 2 . 31 1.46 1.08 1.00 

Breast 46 . 15 3 .17 2 .31 1.46 1.08 1.00 

S Wall 43.57 4.07 2 . 43 1.57 1.14 1.00 


51 Wall 39 .38 4.44 2 .63 1.63 1.13 1.00 

ULIWall 26 . 67 6.00 3.23 1.97 1.20 1.00 

LLIWall 18.18 6.67 3 . 48 2.12 1.21 1.00 


llidneys 36 . 51 3.02 2 .06 1.48 1.13 1.00 

Liver 17 . 75 1.85 1.43 1.13 0 .98 1.00 

Lungs 46 . 15 3 .17 2.38 1.54 1.08 1.00 

Ovaries 9 . 58 1.00 1.04 1.04 1.13 1.00 

Pancreas 46.15 3 .11 2.31 1.46 1.08 1.00 


R. Marrow 24 .12 2 . 02 1.46 1.12 0.99 1.00 

Skin 46.15 3.17 2.31 1.46 1.08 1.00 

Spleen 46.15 3 .11 2 . 31 1.46 1.08 1.00 


Testes 15.00 1.46 1.29 1.13 1.13 1.00 

Thy.us . 46 . 15 3.17 2.31 1.46 1.08 1.00 


Thyroid 46 . 15 3.11 2 . 31 1.46 1.08 1.00 


Uterus 46.15 3.17 2 .31 1.46 1.08 1.00 


a Criaty et al . (1986). 

b Entries correspond to AMAD - 1 ,..,.. . 
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Table T-20S(a). Age-Specific Inhalation DCFs for 238U, Normalized to the Adulta 

HODE ACE AHAD Fl EFF ADREli BL IIALL BRAIN B SURF BREAST 5T II 51 II ULIII LLIII KIDNEY 

D 	 lIB 0.3 L6E-l 34. 17. 17. 17. 58 . 17. 17. 17. 17. 17. 17. 
3H 0 . 3 1.5E-l 25 . 13 . 13 . 13. 42. 13. 13 . 13 . 13. 13. 13. 
lY 0.3 LOE-l 8 . 1 7 .3 7.3 7.3 11. 7.3 7.3 7.3 7.3 7.3 5.5 
5Y 0.3 7.0E-2 2 . 9 3 .4 3 .4 3.4 3.1 3.4 3.4 3.4 3.4 3.4 2.8 
lOY 0 . 3 8.0E-2 2 . 1 2.1 2.1 2.1 2.4 2 . 1 2 . 1 2.1 2.1 2.1 1.9 
15Y 0 . 3 9.0E-2 1.8 1.3 1.3 1.3 2.4 1.3 1.3 1.3 1.3 1.3 1.4 
20Y 0.3 5.0E-2 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

D 	 lIB 1.0 L6E-l 35 . 17 . 17. 17 . 59. 17 . 17. 17. 17 . 17 . 17 . 
3H 1.0 L5E-l 26. 14 . 14. 14 . 43. 14. 14 . 14. 14. 14. 14 . 
lY 1.0 1.0E-l 8 .3 7.4 7.4 7.3 12 . 7.4 7.4 7 . 4 7 . 4 7 . 4 5.6 
5Y 1.0 7 .0E-2 2 .9 3 .4 3.4 3.4 3.1 3.4 3 . 4 3.4 3.4 3.4 2 . 8 
lOY 1.0 8.0E-2 2 .1 2 .1 2.1 2.1 2.4 2.1 2 . 1 2 . 1 2.1 2.1 1.9 
15Y 1.0 9.0E-2 1.8 1.3 1.3 1.3 2.4 1.3 1.3 1.3 1.3 1.3 1.4 
20Y 1.0 5.0E-2 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

D 	 lIB 5 .0 1.6E-l 37 . 18 . 18 . 18 . 62 . 18 . 18. 18 . 18 . 18 . 18. 
3M 5 . 0 1.5E-l 27. 14 . 14. 14 . 44. 14. 14 . 14 . 14. 14. 14 . 
lY 5.0 LOE-l 8 .4 7 .5 7 . 5 7.5 12. 7.5 7 . 5 7.5 7.5 7.S 5 . 7 
5Y 5.0 7.0E-2 2.9 3.5 3.5 3.5 3.1 3.5 3.5 3.5 3.S 3.S 2.8 
lOY 5 .0 8.0E-2 2 . 1 2 . 1 2.1 2.1 2.4 2.1 2.1 2.1 2.1 2.1 1.9
15Y 5.0 9 .0E-2 1.8 1.3 1.3 1.3 2 .4 1.3 1.3 1.3 1.3 1.3 1.4 
20Y S.O 5 .0E-2 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

II lIB 0 . 3 L6E-l 18. 20. 20. 20. 64. 20. 20. 20. 19. 19. 19. 
3M 0.3 1.5E-l 14 . 15 . 15. 15. 43 . 15. 15 . 15. 15. 15 . 15. 
lY 0.3 1 .0E-l 6.9 8.1 8.1 8 . 1 12. 8.1 8 . 1 8 . 1 8 .0 8.0 6.2
5Y 0 . 3 7 . 0E-2 3.3 3 . 6 3.6 3.6 3.2 3.6 3 . 6 3.6 3.6 3.6 2.9 
lOY 0 . 3 8 .0E-2 2.2 2.2 2 .2 2 .2 2.6 2.2 2.2 2.2 2.2 2.2 2.0 
15Y 0 . 3 9 .0E-2 1.5 1.4 1.4 1.4 2 .6 1.4 1.4 1.4 1.4 1.4 1.5 
20Y 0.3 5.0E-2 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

Ii 	 lIB 1.0 1.6E-l 20 . 22 . 22 . 22 . 72 . 22. 22. 21. 21. 21. 21. 
3M 1.0 1.5E-l 15 . 17. 17. 17. 49. 17. 17. 17. 16. 16. 16. 
lY 1.0 1.0E-l 7.0 8.4 8.4 8.4 13. 8.4 8.4 8.4 8 . 2 8.2 6 . 4 
SY 1.0 7.0E-2 3.3 3.6 3.6 3 . 6 3.2 3 . 6 3.6 3 . 6 3.7 3 . 7 2 . 9 
lOY 1.0 8.0E-2 2.2 2.3 2.3 2 .3 2 . 6 2.3 2 . 3 2.3 2 . 3 2.3 2.1 
15Y 1.0 9.0E-2 1.6 1.5 1.5 1.5 2 .7 1.5 1.5 1.5 1.4 1.4 1.5 
20Y 1.0 5 . 0E-2 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

II 	 lIB .5.0 1.6E-l 26 . 25. 25 . 25 . 84. 25 . 25 . 24. 23 . 23 . 24. 
3H 5.0 1.5E-l 20. 19 . 19 . 19 . 58. 19 . 19 . 19. 18. 18 . 19 . 
lY 5.0 1.0E-l 7 . 6 8.9 8.9 8 . 9 14 . 8.9 8 . 9 8.8 8 . 6 8 . 6 6 . 7 
5Y 5.0 7.0E-2 3.3 3.7 3 .7 3.7 3.3 3 . 7 3.7 3.7 3.7 3.7 3.0 
lOY 5 .0 8 .0E-2 2.2 2.4 2.4 2.4 2 .7 2.4 2.4 2.3 2.3 2.3 2.1 
15Y 5 . 0 9 .0E-2 1.7 1.5 1.5 1.5 2 .8 1.5 1.5 1.5 1.5 loS 1.6 
20Y 5 .0 5 .0E-2 1 .0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

Y lIB 0.3 6.4E-3 5 .7 5.5 5 .7 5.7 11. 5.6 5 .8 6 . 3 8.6 8.6 4 . 9 
3M 0.3 6.0E-3 4 .9 4.9 5 .1 5.0 8.5 5.0 5.1 5.6 7.4 7 . 4 4 . 3 
lY 0.3 4.0E- 3 3.8 4 .0 4 . 1 4.1 5.1 4.0 4.0 4 . 3 5 . 0 5 . 0 3.3 
5Y 0.3 2.8E-3 2.3 2 .3 2 .3 2 .3 2.5 2.4 2.3 2 .4 2 . 7 2.7 2.1 
lOY 0 . 3 3 .2E-3 1.6 1.5 1.5 1.5 2.1 1.5 1.5 1.5 1.7 1.7 1.5 
15Y 0.3 3.6E-3 1.2 1.1 1.1 1.1 1.5 1.1 1.1 1.1 1.1 1.1 1.1 
20Y 0 . 3 2 .0E-3 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

Y 	 lIB 1.0 6.4E-3 5 .7 6 . 6 6 .8 6.8 15. 6.7 7.2 7.9 11. 11. 6 . 1 
3M 1.0 6 . 0E-3 4 . 9 5.7 5.9 5.9 12. 5 . 8 6.2 6.8 9.4 9.4 5.2 
lY 1.0 4.0E-3 3.8 4 .3 4 .4 4 .3 5 . 6 4 . 3 4 . 3 4 . 7 5.6 5.6 3.5 
5Y 1.0 2 . 8E-3 2.3 2.4 2.4 2.4 2.6 2.4 2.4 2.6 3.0 3.0 2.1 
lOY 1.0 3 .2E-3 1.6 1.5 1.6 1.6 2.1 1.6 1.5 1.6 1.8 1.8 1.5 
15Y 1.0 3.6E-3 1.2 1.1 1.1 1.1 1.6 1.1 1.1 1.1 1.2 1.2 1.2 
20Y 1.0 2.0E-3 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

Y 	 lIB 5 .0 6.4E-3 5 .7 11. 12. 12. 35. 12 . 13. 14 . 17 . 17 . 11. 
3H 5.0 6 .0E-3 5 .0 9 . 3 9 . 6 9.6 25 . 9.4 10. 11. 14. 14 . 9.0 
lY 5.0 4.0E-3 3 .8 5.5 5.6 5 .6 8.0 5.6 5.6 6 . 1 7 . 0 7.0 4 . 4 
5Y 5 . 0 2.8E-3 2.3 2.B 2.8 2 .8 2.B 2.8 2.8 3.0 3.5 3.5 2.4 
lOY 5 .0 3 . 2E-3 1.6 1.8 1.8 1.8 2.3 1.8 1.8 1.9 2.1 2.1 1.7 
15Y 5.0 3 . 6E-3 1.2 1.2 1.2 1.2 1.9 1.2 1.2 1.2 1.3 1.3 1.3 
20Y 5.0 2.0E-3 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

a Crlsty at a.l. (1986) . 

Radiological Assessments Corporation
DRAFT "Setting the dandard in radiation health" 
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Table T-20S(b). Age-Specific Inhalation DCFs for 238U, Normalized to the Adulta 

MODE AGE AHAD F 1 LIVER LUliGS OVARIES PANCR ACT MAR SKIN SPLEEN TESTES THYMUS THYROID UTERUS 

D 	 NB 0.3 1.6E-l 16. 19. 17 . 17 . 22 . 17. 22. 17 . 17. 17 . 17 . 
3M 0.3 1.5E-l 13. 16. 13 . 13 . 17 . 13 . 16 . 13 . 13 . 13. 13 . 
lY 0 . 3 1.0E-l 6.7 7 .0 7 . 3 7.3 4.9 7 . 3 7.4 7 . 3 7 . 3 7 . 3 7.3 
5Y 0 . 3 7.0E-2 3.1 3.4 3.4 3 .4 1.7 3.4 3.6 3.4 3.4 3 . 4 3 . 4 
lOY 0.3 8 .0E-2 2.1 2.2 2 . 1 2.1 1.3 2.1 2.4 2 . 1 2 . 1 2.1 2.1 
15Y 0 . 3 9.0E-2 1.4 1.5 1.3 1.3 1.1 1.3 1.7 1.3 1.3 1.3 1.3 
20Y 0.3 5 .0E-2 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

D 	 NB 1.0 1.6E-l 16 . 19. 17 . 17. 23 . 17. 23. 17 . 17 . 17. 17. 
3M 1.0 1.5E-l 13. 15. 14 . 14 . 17. 14 . 16. 14 . 14. 14. 14. 
lY 1.0 1.0E-l 6 .8 7.1 7 .4 7.4 5.0 7.4 7.4 7 . 4 7 . 4 7 . 4 7.4 
5Y 1.0 7.0E-2 3.1 3 .4 3.4 3.4 1.7 3.4 3.6 3 . 4 3.4 3 . 4 3.4 
lOY 1.0 8 .0E-2 2.1 2.2 2 . 1 2 . 1 1.3 2.1 2.4 2 . 1 2 . 1 2 . 1 2.1 
15Y 1.0 9.0E-2 1.4 1.5 1.3 1.3 1.1 1.3 1.8 1.3 1.3 1.3 1.3 
20Y 1.0 5.0E-2 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

D 	 NB 5.0 1.6E-l 17 . 19 . 18 . 18 . 24 . 18. 24. 18. 18. 18. 18 . 
3H 5.0 1.5E-l 14 . 15 . 14. 14. 18 . 14 . 16. 14. 14. 14 . 14. 
lY 5.0 1.0E-l 6.9 7.3 7.5 7.5 5.1 7.5 7 . 6 7.5 7.5 7 . 5 7 . 5 
5Y 5 . 0 7.0E-2 3 .2 3.4 3.5 3 . 5 1.7 3 . 5 3.6 3.5 3 . 5 3.5 3 . 5 
lOY 5 . 0 8.0E-2 2 . 1 2 .2 2.1 2.1 1.3 2.1 2.4 2 . 1 2 . 1 2 . 1 2.1 
15Y 5 . 0 9.0E-2 1.4 1.4 1.3 1.3 1.2 1.3 1.8 1.3 1.3 1.3 1.3 
20Y 5 . 0 5.0E-2 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

II 	 NB 0 . 3 1.6E-l 18 . 17 . 20. 20 . 25. 20 . 25. 20. 20 . 20 . 20. 
3M 0.3 1.5E-l 14 . 14 . 15 . 15. 18. 15 . 17. 15. 15. 15. 15. 
lY 0.3 1 .0E-l 7 .4 6 .8 8.1 8.1 5.5 8.1 8.2 8.1 8 . 1 8 . 1 8.1 
5Y 0.3 7.0E-2 3 .2 3.4 3.6 3.6 1.8 3 . 6 3.8 3 . 6 3 . 6 3 . 6 3.6 
lOY 0 . 3 8.0E-2 2.2 2 .2 2.2 2 .2 1.4 2.2 2.6 2.2 2 .2 2 . 2 2.2 
15Y 0 . 3 9.0E-2 1.5 1.5 1.4 1.4 1.3 1.4 1.9 1.4 1.4 1.4 1.4 
20Y 0.3 5.0E-2 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

II 	 NB 1.0 1.6E-l 20. 17 . 22. 22. 28. 22 . 28. 22. 22 . 22. 22 . 
3M 1.0 1.5E-l 16 . 14. 17. 17. 20 . 17. 19. 17. 17. 17 . 17. 
lY 1.0 1.0E-l 7.7 6.8 8.4 8.4 5 .7 8.4 8 . 5 8.4 8.4 8 . 4 8 . 4 
5Y 1.0 7.0E-2 3.3 3.4 3.6 3 . 6 1.9 3 . 6 3.8 3.6 3 . 6 3.6 3.6 
lOY 1.0 8.0E-2 2 .3 2 .2 2.3 2.3 1.4 2.3 2.6 2.3 2 . 3 2.3 2.3 
15Y 1.0 9.0E-2 1.6 1.5 1.5 1.5 1.3 1.5 1.9 1.5 1.5 1.5 1.5 
20Y 1.0 5.0E-2 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

II 	 NB 5.0 1 . 6E-l 23 . 17 . 25 . 25 . 32 . 25 . 33. 25 . 25 . 25 . 25. 
3M 5 . 0 1.5E-l 18 . 14 . 19 . 19 . 24 . 19 . 22 . 19 . 19 . 19 . 19. 
lY 5 . 0 1.0E-l 8.1 6.8 8.9 8.9 6.0 8 . 9 9.0 8.9 8.9 8 . 9 8 . 9 
5Y 5.0 7.0E-2 3 .4 3 .4 3 .7 3.7 1.9 3.7 3.9 3 . 7 3 . 7 3.7 3 . 7 
lOY 5 . 0 8.0E-2 2.4 2.2 2 .4 2 .4 1.5 2 .4 2 . 7 2.4 2 . 4 2 . 4 2 . 4 
15Y 5.0 9.0E-2 1.6 1.5 1.5 1.5 1.3 1.5 2 .0 1.5 1.5 1.5 1.5 
20Y 5.0 5.0E- 2 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

Y 	 NB 0.3 6.4E-3 5 . 1 5.7 5.7 5.5 4 .8 5.6 6.2 5 . 7 5 . 3 5 . 6 5.7 
3M 0.3 6.0E-3 4 .6 4.9 5.1 4.9 3.9 5.0 5.3 5 . 1 4.7 5 . 0 5.1 
lY 0.3 4.0E-3 3.7 3.8 4.1 3.9 2.6 4 .0 4 . 2 4.1 3.8 4.0 4.1 
5Y 0.3 2.8E-3 2 .2 2.3 2 .3 2.3 1.5 2 . 3 2.6 2.3 2.2 2.3 2.3 
lOY 0.3 3.2E-3 1.5 1.6 1.5 1.5 1.2 1.5 1.8 1.5 1.4 1.5 1.5 
15Y 0.3 3 . 6E-3 1.1 1.2 1.1 1.1 1.1 1.1 1.2 1.1 1.1 1.1 1.1 
20Y 0.3 2.0E-3 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

Y 	 NB 1.0 6.4E-3 6. 1 6 .7 6.8 6 . 6 6 .4 6 .7 7 . 7 6.8 6.3 6.7 6.8 
3M 1.0 6.0E- 3 5 .3 4 . 9 5 . 9 5 .7 6 . 1 5 . 8 6.3 5.9 5 . 5 5.8 5.9 
lY 1.0 4.0E-3 3.9 3.8 4.3 4.2 2.8 4.3 4 . 5 4.4 4.1 4.3 4.4 
5Y 1.0 2 .8E-3 2 . 3 2 .3 2.4 2 .4 1.5 2 .4 2 .7 2.4 2.3 2.4 2.4 
lOY 1.0 3.2E-3 1.6 1.6 1.6 1.5 1.2 1.5 1.8 1.6 1.5 1.5 1.6 
15Y 1.0 3.6E-3 1.2 1.2 1.1 1.1 1.1 1.1 1.3 1.1 1.1 1.1 1.1 
20Y 1.0 2.0E-3 1.0 1.0 1.0 1.0 1.0 1.0 1. 0 1.0 1.0 1.0 1.0 

Y 	 NB 5.0 6.4E-3 10 . 5.7 12 . 11 . 14 . 12. 15 . 12 . 11. 12 . 12. 
3H 5 . 0 6 .0E-3 8 .5 4.9 9 .6 9.3 10 . 9.5 11. 9.6 9 . 0 9 . 5 9 . 6 
lY 5 . 0 4.0E-3 5.0 3 .8 5.6 5.5 3 .7 5 . 6 5 . 7 5.6 5 . 4 5.6 5.6 
5Y 5.0 2.8E-3 2 . 6 2 .3 2.8 2.8 1.6 2.8 3.0 2.8 2.7 2.8 2.8 
lOY 5.0 3.2E-3 1.8 1.6 1.8 1.8 1.3 1.8 2 . 1 1.8 1.7 1.8 1.8 
15Y 5.0 3.6E-3 1.3 1.2 1.2 1.2 1.1 1.2 1.5 1.2 1.2 1.2 1.2 
20Y 5.0 2.0E-3 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

a Crlsty et &1. (1986) . 
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Table T-21S(a). Age-Specific Inhalation DCFs for 235U, Normalized to the Adulta 

MODE ACE AIIAD F1 EFF ADREN BL \/ALL BRAIN B SURF BREAST ST \/ SI \/ ULI \/ LLI \/ KIDNEY 

D 	 NB 0 . 3 1.6E-l 35 . 17 . 17 . 17. 58 . 17. 17 . 17 . 17 . 17 . 17 . 
3M 0 . 3 1 .5E-l 26 . 13 . 13. 13 . 42 . 13. 13 . 13. 13 . 13. 13 . 
lY 0 . 3 1.0E-l 8 . 2 7.3 7 .3 7 . 3 11. 7.3 7.3 7.3 7.3 7 . 3 5 . 6 
5Y 0 . 3 7.0E- 2 2 . 9 3 .4 3 .4 3 . 4 3 . 1 3 . 4 3 . 4 3 . 4 3 . 4 3 . 4 2 . 8 
lOY 0 . 3 8 .0E- 2 2.1 2 .1 2.1 2.1 2.4 2 . 1 2.1 2 . 1 2 .1 2 . 1 1.9 
15Y 0 .3 9.0E-2 1.8 1.3 1.3 1.3 2 .4 1.3 1.3 1. 3 1.3 1.3 1. 4 
20Y 0.3 5.0E-2 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

D 	 NB 1.0 1. 6E- l 36 . 17 . 17 . 17 . 60 . 17 . 17 . 17 . 17 . 17. 17. 
3M 1.0 1.5E- l 26. 14. 14 . 14 . 43 . 14. 14 . 14. 14. 14 . 14 . 
lY 1.0 1.0E-l 8.3 7.4 7 .4 7.4 12 . 7.4 7.4 7 . 4 7 . 4 7 . 4 5 . 6 
5Y 1.0 7 .0E- 2 2 . 9 3 .4 3 .4 3.4 3 . 1 3 . 4 3 . 4 3 . 4 3 . 4 3 . 4 2 . 8 
lOY 1.0 8 . 0E- 2 2.1 2 .1 2 .1 2 . 1 2 .4 2 . 1 2.1 2 . 1 2.1 2 . 1 1.9 
15Y 1.0 9.0E-2 1.8 1.3 1.3 1.3 2 .4 1.3 1.3 1.3 1.3 1.3 1.4 
20Y 1.0 5.0E-2 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

D NB 5.0 1.6E- l 38. 18. 18 . 18. 62 . 18. 18 . 18 . 18. 18 . 18. 
3M 5 . 0 1.5E-l 28. 14 . 14 . 14 . 45. 14. 14 . 14. 14. 14 . 14. 
lY 5.0 1.0E-l 8 . 5 7.5 7.5 7 . 5 12 . 7.5 7 . 5 7.5 7 . 5 7.5 5 . 7 
5Y 5 . 0 7.0E-2 2 . 9 3 . 5 3 .5 3 . 5 3.1 3.5 3 . 5 3.5 3.5 3 . 5 2 . 8 
lOY 5 . 0 8.0E-2 2 . 1 2.1 	 2.1 2.1 2 .4 2 . 1 2 . 1 2 . 1 2 . 1 2 . 1 1.9 
15Y 5 . 0 9 . 0E-2 1.8 1.3 1.3 1.3 2 .4 1.3 1.3 1.3 1.3 1.3 1. 4 
20Y 5 . 0 5.0E-2 1.0 1.0 	 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

\/ NB 0 . 3 1.6E-l 18 . 20 . 20. 20 . 65. 20 . 20. 20. 19 . 18. 19 . 

3M 0 . 3 1.5E- l 14 . 15 . 15 . 15 . 44 . 15 . 15 . 15 . 15 . 15 . 15. 

lY 0 .3 1.0E- l 6 . 9 8 . 1 8 . 1 8.1 13. 8 . 1 8.1 8.1 8.0 7 . 7 6 . 2 

5Y 0 . 3 7.0E-2 3 .4 3 .6 3.6 3 . 6 3 .2 3 . 6 3 . 6 3.6 3 . 6 3 . 6 2 . 9 
lOY 0 . 3 8 .0E-2 2 .2 2 .2 2 .2 2 .2 2 .6 2 . 2 2.2 2 . 2 2.2 2 .2 2.0 
15Y 0 . 3 9.0E-2 1. 5 1.4 1.4 1.5 2.6 1.5 1.4 1.4 1.4 1.3 1.5 
20Y 0 . 3 5.0E-2 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

Ii 	 NB 1. 0 1.6E-l 20. 22 . 22 . 22 . 73 . 22. 22. 21. 21. 20 . 21. 
3M 1.0 1 .SE-l 15 . 17 . 17 . 17 . so . 17. 17 . 17 . 16. 16 . 16 . 
lY 1.0 1.0E- l 7 . 1 8.4 8 .4 8 .4 13 . 8.4 8.4 8 . 4 8 . 2 7 . 8 6 . 4 
5Y 1.0 7 . 0E- 2 3 .4 3 . 6 3 .6 3.6 3.3 3.6 3.6 3.6 3 . 7 3 . 6 2 . 9 
lOY 1. 0 8.0E-2 2.2 2 . 3 2 . 3 2 . 3 2 . 6 2.3 2.3 2 . 3 2 . 3 2 . 2 2 . 1 
15Y 1.0 9 .0E-2 1.6 1.5 1.5 1.5 2 .7 1.5 1.5 1.5 1.4 1.4 1.6 
20Y 1. 0 5 .0E-2 1 .0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

\/ 	 NB 5.0 1.6E-l 26 . 25. 25 . 25 . 85 . 25 . 25 . 24. 23 . 21. 24 . 
3M 5 .0 1. 5E-l 20 . 19 . 19. 19 . 59 . 19. 19 . 19. 18 . 17 . 19 . 
lY 5 .0 1 .0E-l 7 . 6 8 . 9 8 . 9 8 . 9 14 . 8 . 9 8 . 8 8.8 8 . 5 8 .0 6 . 8 
5Y 5.0 7 .0E-2 3 . 3 3 . 7 3 .7 3 .7 3 .3 3 .7 3 . 7 3.7 3 . 7 3 . 7 3 . 0 
lOY 5 . 0 8.0E-2 2.2 2 .4 2 .4 2.4 2 .7 2.4 2 . 3 2 . 3 2.3 2 . 2 2 . 2 
15Y 5 .0 9 .0E-2 1.7 1. 5 1.5 1.5 2.8 1.5 1.5 1.5 1.5 1. 4 1.6 
20Y 5 . 0 5.0E-2 1.0 1.0 	 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

Y NB 0 . 3 6 . 4E-3 5.7 5 . 6 5 .7 5.7 11. 6.0 5 . 5 6.5 8 . 8 11. 5 . 0 
3M 0 . 3 6.0E-3 4.9 5 .0 5 . 1 5 . 1 8 . 5 5 . 4 4 . 9 5 . 7 7 . 6 9 . 6 4 . 3 
lY 0 .3 4 .0E-3 3 .9 4 . 0 4.1 4 . 1 5 . 1 4 . 4 3 . 8 4 . 3 5 . 0 5 . 6 3.3 
5Y 0.3 2 . 8E-3 2 . 3 2 .4 2 .4 2.3 2 . 5 2.7 2.3 2 . 5 2.8 3.0 2.1 
lOY 0.3 3 .2E-3 1.6 1. 6 1.5 1.5 2 . 1 1.7 1.5 1.6 1.7 1.8 1.5 
15Y 0 . 3 3 . 6E-3 1.2 1.1 1.1 1.1 1.5 1.2 1.1 1.1 1.2 1.2 1.1 
20Y 0.3 2.0E-3 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1. 0 1.0 

Y 	 NB 1.0 6 .4E-3 5 .7 6.4 6 .9 6 .8 16. 6.9 6 . 7 8 . 1 12 . 14 . 6.1 
3M 1.0 6 .0E-3 5 .0 5.6 6 .0 5 . 9 12 . 6.0 5 .8 6 . 9 9 . 8 12 . 5 . 2 
lY 1.0 4.0E-3 3 . 9 4.2 4.4 4 .4 5 .7 4 . 6 4 . 1 4 . 7 5 . 7 6 . 2 3 . 5 
5Y 1.0 2 .8E-3 2.3 2 . 5 2.4 2.4 2 . 6 2.7 2.3 2.6 3 . 0 3 . 2 2.1 
lOY 1.0 3.2E-3 1.6 1.6 1.6 1.6 2 . 1 1.7 1.5 1.6 1.8 2 .0 1 . 5 
15Y 1.0 3 . 6E-3 1.2 1.2 1.1 1.1 1.6 1.2 1.1 1.2 1.2 1.2 1.2 
20Y 1.0 2 .0E-3 1.0 1.0 1.0 1.0 1.0 1.0 1 . 0 1.0 1.0 1.0 1.0 

Y 	 NB 5.0 6.4E-3 5.8 11. 12 . 12 . 36 . 11. 12. 14 . 17 . 18 . 11. 
3M 5 . 0 6.0E-3 5 .0 8 . 6 9. 6 9.6 25. 9 . 2 9.7 11. 14 . 15 . 9 . 0 
l Y 5.0 4 .0E-3 3 .9 5.3 5 .7 5 . 6 8 . 1 5.7 5 . 4 6.1 7 . 0 7 . 1 4 . 4 
5Y 5 . 0 2 . 8E-3 2.3 2 .8 2 . 8 2 .8 2.8 3.0 2.7 3.1 3 . 5 3.5 2 . 4 
lOY 5 . 0 3.2E-3 1.6 1.8 1.8 1.8 2 . 3 1.9 1.7 1.9 2 . 1 2.1 1.7 
15Y 5 . 0 3 .6E- 3 1 .2 1.2 1.2 1.2 1.9 1.3 1.2 1.2 1.3 1.2 1 .3 
20Y 5.0 2 .0E-3 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

a Cristy et &1. (1986) . 
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Table T-21S(b). Age-Specific Inhalation DCFs for 235U, Normalized to the Adulta 

HOOE AGE AHAD Fl LIVER LUNGS OVARIES PAMCR ACT liAR SKIll SPLEEII TESTES THYIIUS THYROID UTERUS 

0 	 lIB 0 . 3 1.6E-l 16. 19 . 17. 17 . 23. 17 . 22 . 17. 17 . 17 . 17 . 
3H 0 . 3 1 .5E-l 13 . 16 . 13 . 13 . 17 . 13 . 16 . 13 . 13 . 13 . 13 . 
lY 0.3 1.0E-l 6.7 7 . 1 7 .3 7.3 5 . 0 7 . 3 7 . 4 7 . 3 7 . 3 7 . 3 7.3 
5Y 0 . 3 7 .0E-2 3 . 1 3 . 5 3.4 3.4 1.7 3 .4 3 . 6 3 . 4 3.4 3 . 4 3 . 4 
lOY 0 . 3 8 .0E- 2 2 . 1 2 .2 2 . 1 2 . 1 1.3 2.1 2 . 4 2 . 1 2 . 1 2 . 1 2.1 
15Y 0 . 3 9.0E-2 1.4 1.5 1.3 1.3 1.1 1.3 1.7 1.3 1.3 1.3 1.3 
20Y 0.3 5.0E-2 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

0 	 lIB 1.0 1.6E-l 16. 19 . 17. 17 . 23. 17 . 23 . 17 . 17 . 17. 17. 
3H 1.0 1.5E-l 13 . 15 . 14 . 14 . 18 . 14 . 16 . 14 . 14 . 14 . 14 . 
lY 1.0 1.0E-l 6 .8 7 . 1 7.4 7 .4 5 . 1 7.4 7.5 7 . 4 7 . 4 7 .4 7 . 4 
5Y 1.0 7.0E-2 3 . 1 3.5 3 .4 3 .4 1.8 3 .4 3 . 6 3 . 4 3.4 3 .4 3 . 4 
lOY 1.0 8 .0E-2 2.1 2.2 2 .1 2 . 1 1.3 2 . 1 2 . 4 2 . 1 2 . 1 2 . 1 2 . 1 
15Y 1.0 9.0E-2 1.4 1.5 1.3 1.3 1.2 1.3 1.8 1.3 1.3 1.3 1.3 
20Y 1.0 5.0E-2 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

0 	 lIB 5 .0 1.6E-l 17. 19. 18 . 18. 24 . 18. 24 . 18 . 18. 18 . 18 . 
3H 5 . 0 1.5E-l 14 . 15 . 14. 14. 18 . 14 . 16 . 14. 14 . 14 . 14 . 
lY 5.0 1.0E-l 6 . 9 7 . 3 7 . 5 7 . 5 5 . 2 7.5 7 . 6 7.5 7 . 5 7 . 5 7 . 5 
5Y 5 . 0 7 .0E-2 3 .2 3 . 5 3.5 3 .5 1.8 3 . 5 3.6 3 . 5 3 . 5 3 . 5 3 . 5 
lOY 5 . 0 8 .0E-2 2 . 1 2.2 2 .1 2 . 1 1.4 2 . 1 2 . 5 2 . 1 2 . 1 2 . 1 2 . 1 
15Y 5 .0 9 .0E-2 1.4 1.4 1.3 1.3 1.2 1.3 1.8 1. 3 1.3 1.3 1.3 
20Y 5.0 5 .0E-2 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

\I 	 lIB 0 . 3 1.6E-l 18 . 17. 20. 20 . 26 . 20 . 25 . 20 . 19 . 20 . 20. 
3H 0 . 3 1.SE-l 14 . 14 . 15 . 15 . 18 . 15 . 17. 15. 15. 15 . 15 . 
lY 0 . 3 1.0E-l 7 .4 6.8 8 .1 8.1 5 . 5 8 . 1 8.2 8.1 8 . 0 8.1 8.1 
5Y 0.3 7 .0E-2 3 .3 3 .4 3 .6 3 . 6 1.8 3 . 6 3 .8 3.6 3 . 5 3 . 6 3 . 6 
lOY 0.3 8.0E-2 2.2 2 .2 2 .2 2.2 1.4 2 .2 2 . 6 2.2 2 . 2 2 .2 2 . 2 
15Y 0.3 9 .0E-2 1.5 1. 5 1.4 1.4 1.3 1.4 1.9 1.4 1.4 1.4 1.4 
20Y 0 . 3 5 .0E-2 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

\I 	 lIB 1.0 1.6E-l 20 . 17 . 22 . 22. 29. 22. 28 . 22 . 21. 22 . 22. 
3H 1.0 1.5E-l 16. 14 . 17 . 17. 21. 17. 19. 17 . 17. 17 . 17 . 
lY 1.0 1.0E-l 7.7 6.8 8.4 8 .4 5.7 8.4 8 . 5 8 . 4 8 . 4 8 . 4 8 . 4 
SY 1.0 7.0E-2 3.3 3 .4 3 .6 3 . 6 1.9 3 . 6 3 . 8 3 . 6 3 . 6 3.6 3 . 6 
lOY 1.0 8.0E-2 2 .3 2 .2 2 .3 2 .3 1.5 2 . 3 2 . 6 2 . 3 2.3 2.3 2 . 3 
15Y 1.0 9 .0E- 2 1.6 1.5 1.5 1.5 1.3 1.5 2 .0 1.5 1.5 1.5 1. 5 
20Y 1.0 5 .0E- 2 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

\I 	 lIB 5.0 1.6E-l 23 . 17 . 25. 25 . 33 . 25 . 33 . 25 . 25 . 25 . 25 . 
3H 5.0 1.5E-l 18 . 14 . 19 . 19. 24 . 19 . 22. 19 . 19 . 19. 19. 
lY 5.0 1.0E-l 8.2 6 .8 8 .9 8 .9 6 . 1 8 . 9 9 .0 8.9 8.9 8 . 9 8 . 9 
5Y 5.0 7.0E-2 3.4 3 .4 3.7 3.7 1.9 3 .7 3.9 3 . 7 3 . 7 3.7 3 .7 
lOY 5 . 0 8 .0E-2 2 .4 2 . 2 2 .4 2.4 1.5 2 . 4 2 .7 2.4 2 . 4 2.4 2.4 
15Y 5 . 0 9.0E-2 1.6 1. 5 1.5 1.5 1.3 1.5 2 .0 1.5 1.5 1.5 1.5 
20Y 5 . 0 5.0E-2 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1. 0 1.0 1.0 

Y 	 lIB 0 . 3 6 .4E-3 4 .8 5 . 6 5 .8 5 .2 4 . 8 5 .4 6 . 0 5 . 7 4 . 5 5.8 5.8 
3H 0 . 3 6 .0E-3 4 . 3 5 .0 5 .1 4.7 3 . 9 4 . 8 5 . 1 5 . 1 4 . 0 5.2 5 . 1 
lY 0 . 3 4.0E-3 3.5 4.0 4 .1 3 .8 2 . 5 4.0 4 . 1 4 . 1 3 . 3 4 . 2 4 . 1 
5Y 0 . 3 2 .8E- 3 2 .2 2 . 4 2 .4 2 .2 1.5 2.3 2 . 5 2 . 4 2.1 2 .4 2 . 4 
lOY 0.3 3.2E-3 1.5 1.6 1.5 1.5 1.2 1.5 1.7 1.5 1.4 1.6 1.5 
15Y 0.3 3.6E-3 1.2 1.1 1.1 1.1 1.1 1.1 1.2 1.1 1.1 1.1 1.1 
20Y 0.3 2.0E- 3 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

Y 	 lIB 1.0 6 .4E- 3 5 .4 6 .4 6.9 6 . 1 6 . 4 6.3 7.3 6 . 9 5 . 2 6 .8 6 . 9 
3H 1.0 6 .0E-3 4 . 8 5 . 6 6.0 5.3 5 . 1 5.5 6.0 5 . 9 4 . 6 5 . 9 6 . 0 
lY 1.0 4 .0E-3 3 .7 4 .2 4 .4 4 .0 2.7 4.3 4.3 4. 4 3 . 5 4 . 5 4 . 4 
5Y 1.0 2 .8E-3 2 . 2 2 . 5 2 .4 2 . 3 1.5 2 . 4 2.6 2 . 4 2 . 1 2 . 5 2 . 4 
lOY 1.0 3 .2£-3 1.6 1. 6 1.6 1.5 1.2 1.5 1.8 1.6 1. 4 1.6 1.6 
15Y 1.0 3 . 6E-3 1.2 1.2 1.1 1.1 1.1 1.1 1.3 1.1 1.1 1.2 1.1 
20Y 1.0 2.0E- 3 1.0 1.0 1.0 1 .0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

Y 	 lIB 5 . 0 6 .4E-3 8 .8 11. 12. 10 . 14 . 11 . 14. 12 . 9 . 1 11 . 12 . 
3M 5 . 0 6 .0E-3 7 .3 8 .6 9.6 8.4 11 . 8 . 9 10. 9 . 7 7 . 5 9.4 9 . 6 
lY 5.0 4 .0E-3 4 . 5 5.3 5 .6 5 . 1 3 .7 5.5 5 . 5 5.7 4 . 6 5 . 6. 5.7 
5Y 5.0 2 .8E-3 2.5 2.8 2 .8 2 .6 1.6 2 . 8 2 . 9 2 . 8 2.5 2.8 2 . 8 
lOY 5.0 3.2£-3 1.7 1.8 1.8 1.7 1.3 1.8 2 . 0 1.8 1.6 1.8 1.8 
15Y 5.0 3.6E-3 1.3 1.2 1.2 1.2 1.2 1.2 1.5 1.2 1.2 1.2 1.2 
20Y 5 . 0 2 .0E-3 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

a Criaty et al. (1986) . 
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Table T-22S(a). Age-Specific Inhalation DCFs for 234U, Normalized to the Adulta 

MODE AGE AHAD Fl EFF ADREN BL WALL BRAIN B SURF BREAST 5T W 51 W ULI W LLI W KIDNEY 

D 	 lIB 0.3 1.6E-l 35 . 17 . 17 . 17 . 58 . 17 . 17 . 11 . 11. 11 . 11 . 
3M 0.3 1.5E-l 26 . 14 . 14 . 14 . 42 . 14 . 14. 14 . 14 . 14 . 13 . 
lY 0 . 3 1 . 0E-l B.2 1 . 4 1 .4 1 . 4 11. 1 .4 1.4 1.4 7 . 4 1.4 5 . 6 
5Y 0.3 1 . 0E-2 2 . 9 3 . 4 3 .4 3 .4 3.1 3 .4 3 . 4 3 . 4 3 . 4 3.4 2.B 
lOY 0.3 B.OE-2 2 . 1 2.1 2 . 1 2 . 1 2 .4 2 . 1 2.1 2.1 2.1 2 . 1 1.9 
15Y 0 . 3 9 .0E-2 loB 1.3 1.3 1.3 2.4 1.3 1.3 1.3 1.3 1.3 1.4 
20Y 0 . 3 5 .0E-2 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1 . 0 

D 	 lIB 1.0 1. 6E-l 36. 17 . 11 . 11 . 60. 17 . 11 . 11. 11. 11 . 11 . 
3M 1.0 1.5E-l 26 . 14 . 14 . 14 . 43 . 14 . 14 . 14 . H. 14 . 14. 
lY 1. 0 1 .0E-l B.3 7.4 1.4 1 .4 12 . 1.4 1 . 4 1 .4 7.4 1.4 5 . 6 
5Y 1.0 1 .0E-2 2 .9 3 . 5 3 . 5 3 . 5 3 . 1 3.5 3 . 5 3 . 5 3.5 3 . 5 2.B 
lOY 1.0 B.OE- 2 2 .1 2 . 1 2.1 2 . 1 2 .4 2 . 1 2.1 2 . 1 2.1 2 . 1 1.9 
15Y 1. 0 9.0E-2 loB 1.3 1.3 1.3 2 .4 1.3 1.3 1.3 1.3 1.3 1.4 
20Y 1. 0 5 . 0E-2 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1. 0 1.0 

D 	 lIB 5 . 0 1.6E-l 38 . lB . lB . lB . 62 . lB . lB . lB . lB . lB . lB . 
3M 5 . 0 1.5E-l 28 . 14. 14 . 14 . 44 . 14. 14 . 14 . 14 . 14 . 14 . 
lY 5 . 0 1.0E-l B.5 1 . 6 1.6 1 . 6 12. 1 . 6 1 . 6 1.6 7.6 1.5 5.1 
5Y 5 . 0 1 .0E-2 2.9 3 . 5 3.5 3.5 3 . 1 3 . 5 3.5 3 . 5 3 . 5 3 . 5 2 . B 
lOY 5.0 B.OE-2 2 .1 2 . 1 2 . 1 2 . 1 2 .4 2.1 2.1 2 . 1 2 .1 2.1 1.9
15Y 5 . 0 9 .0E-2 loB 1.3 1.3 1.3 2 .4 1.3 1.3 1.3 1. 3 1.3 1. 4 
20Y 5 . 0 5.0E-2 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

W lIB 0 . 3 1. 6E-l lB . 20. 20 . 20 . 65. 20. 20. 20 . 19 . 19 . 19 . 

3M 0 . 3 1 . 5£- 1 14 . 15 . 15. 15 . 44 . 15 . 15 . 15 . 15 . 15 . 15. 

lY 0 .3 1.0£-1 6 .9 B.2 B.2 B.2 13. B.2 B.2 B. l B. l 7 .B 6 . 2 

5Y 0.3 1.0£-2 3.4 3 . 6 3 . 6 3 . 6 3 .2 3.6 3.6 3 . 6 3.6 3 . 6 2 . 9 
lOY 0 . 3 B.OE-2 2 .2 2 . 2 2 .2 2 .2 2 . 6 2.2 2.2 2.2 2 . 2 2 . 2 2 . 0 
15Y 0.3 9.0E-2 1.5 1.4 1.4 1.4 2 . 6 1.4 1.4 1. 4 1.4 1.4 1. 5 
20Y 0.3 5 .0E-2 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1. 0 1.0 1.0 1.0 

W 	 lIB 1. 0 1.6£-1 20 . 22. 22. 22 . 73 . 22 . 22. 22. 21. 20 . 21. 
3M 1.0 1.5£-1 15. 17 . 17 . 17 . so . 17. 11 . 11. 16 . 16 . 16 . 
lY 1.0 1.0£-1 1 . 1 B. 5 B. 5 B. 5 13 . B. 5 B. 4 B. 4 B. 3 7 . 9 6 .4 
5Y 1. 0 1 .0E-2 3.4 3 . 6 3.6 3 .6 3.3 3.6 3.6 3 . 6 3.7 3 . 6 2 . 9 
lOY 1.0 B.0£-2 2 .2 2.3 2 .3 2 .3 2 .6 2 . 3 2 . 3 2 . 3 2.3 2 . 2 2 . 1 
15Y 1. 0 9 . 0E- 2 1.6 1.5 1.5 1.5 2.7 1.5 1.5 1.5 1.4 1.4 1.6 
20Y 1.0 5.0£-2 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

W 	 lIB 5.0 1.6E- 1 26 . 25 . 25 . 25 . B5 . 25 . 25 . 24. 23. 21. 24 . 
3M 5 . 0 1.5£- 1 20 . 19 . 19 . 19. 59 . 19 . 19 . 19 . lB. 11. 19 . 
lY 5 . 0 1.0E-l 1 .7 9 .0 9.0 9.0 14 . 9 .0 B. 9 8.9 B.6 8 . 4 6 . 8 
5Y 5 . 0 1.0£-2 3.3 3.7 3 .7 3 .7 3 . 3 3.1 3 .1 3 . 7 3 . 7 3.1 3 . 0 
lOY 5.0 8.0£-2 2.2 2 . 4 2 .4 2 .4 2 .1 2.4 2 . 4 2 . 4 2 .3 2 . 3 2 . 2 
15Y 5.0 9.0£-2 1.1 1.5 1.5 1.5 2 . B 1.5 1.5 1.5 1.5 1.4 1.6 
20Y 5 . 0 5 .0£- 2 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

Y lIB 0 . 3 6.4E-3 5.1 5.1 5 .1 5.1 11. 5 .1 6.0 6.3 B. 6 11. 5 . 0 
3M 0.3 6.0E-3 4.9 5 . 1 5 .1 5 . 1 8 . 6 5 . 1 5 . 3 5 . 6 7.4 9 . 3 4 . 3 
lY 0 . 3 4 .0£-3 3 .8 4.1 4.1 4 . 1 5 .1 4 . 1 4 . 1 4.3 4 . 9 5 . 5 3 . 3 
5Y 0 . 3 2.8£-3 2 .3 2.4 2 .4 2.4 2.6 2 . 4 2 . 4 2.4 2 . 7 3 .0 2 . 1 
lOY 0.3 3.2£-3 1. 6 1.5 1.5 1.5 2.1 1.5 1.5 1 . 5 1.7 loB 1.5 
15Y 0.3 3.6E-3 1.2 1.1 1.1 1.1 1.5 1.1 1.1 1.1 1.1 1.2 1.1 
20Y 0 . 3 2 .0E-3 1.0 1.0 1.0 1.0 1.0 1 . 0 1.0 1.0 1.0 1.0 1 . 0 

Y 	 lIB 1.0 6.4E-3 5 .1 6.9 6.9 6 .9 16 . 6.B 1 . 5 8 .0 11. 14 . 6 . 1 
3M 1.0 6 .0E-3 5 .0 5.9 5.9 5 .9 12 . 5 . 9 6 . 4 6 . 8 9.6 12 . 5.2 
lY 1.0 4 . 0E- 3 3 .B 4.4 4.4 4 .4 5 .1 4.4 4 . 5 4 .1 5.6 6 .2 3.5 
5Y 1. 0 2.BE-3 2 .3 2 .4 2 .4 2 . 4 2 . 6 2.4 2 . 5 2.6 3.0 3.2 2 .1 
lOY 1.0 3 .2£-3 1.6 1.6 1.6 1.6 2 . 1 1.6 1.6 1.6 loB 1.9 1.5 
15Y 1.0 3.6E-3 1.2 1.1 1.1 1.1 1.6 1.1 1.1 1.1 1.2 1.2 1.2 
20Y 1.0 2.0E-3 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1 . 0 

Y 	 lIB 5 . 0 6.4E-3 5 .8 12 . 12 . 12. 36 . 12 . 13 . 11 . 11. lB . 11. 
3M 5 . 0 6 .0£-3 5 .0 9 .1 9 .7 9 .1 25 . 9.7 11 . 11 . 14 . 15 . 9 .1 

· lY 5 . 0 4 .0E-3 3 . 9 5 .1 5 .1 5.1 8 . 1 5 .1 5.B 6.1 7.0 1.1 4 . 4 
5Y 5 . 0 2.B£-3 2.3 2 . B 2.B 2.B 2 . B 2 . B 2 . 9 3.1 3.5 3.5 2 . 4 
lOY 5 . 0 3.2£-3 1.6 loB 1.8 loB 2.3 loB 1.8 1.9 2.1 2.1 1.1 
15Y 5.0 3.6£-3 1 .2 1.2 1.2 1.2 1.9 1.2 1.3 1.2 1.3 1.2 1.3 
20Y 5.0 2 .0£-3 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1 . 0 1.0 

a Criaty et al . (1986) . 
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Table T-22S(b). Age-Specific Inhalation DCFs for 234U, Normalized to the Adult8 

HODE AGE AMAD F1 LIVER LUNGS OVARIES PANCR ACT HAR SKIN SPLEEN TESTES THYMUS THYROID UTERUS 

D 	 XII 0 . 3 1.6E-l 16 . 19 . 17 . 17. 23. 17 . 23 . 17. 17. 17. 17 . 
3" 0.3 1.5E-l 13 . 16 . 14 . 14 . 18 . 14 . 16 . 14 . 14. 14. 14 . 

lY 0.3 1 .0E- l 6 .8 7.1 7 .4 7 . 4 5.0 7 . 4 7 . 4 7 . 4 7.4 7 . 4 7 . 4 

5Y 0.3 7 .0E-2 3.1 3 .4 3 .4 3 .4 1.8 3 . 4 3 . 6 3 . 4 3.4 3.4 3.4 

lOY 0.3 8 .0E-2 2.1 2 .2 2 .1 2 . 1 1.3 2.1 2 . 4 2 . 1 2 . 1 2 . 1 2. 1 

15Y 0 . 3 9.0E-2 1.4 1.5 1.3 1.3 1.1 1.3 1.7 1.3 1.3 1.3 1.3 

20Y 0 . 3 5.0E- 2 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 


D 	 XII 1.0 1.6E-l 17 . 19 . 17 . 17 . 24 . 17 . 23 . 17. 17 . 17 . 17 . 
3" 1.0 1 .5E-l 13. 15 . 14 . 14 . 18 . 14 . 16 . 14. 14 . 14. 14. 

lY 1.0 1 .0E-l 6 . 9 7 .1 7 .4 7.4 5.1 7.4 7 . 5 7.4 7 . 4 7 . 4 7.4 

5Y 1.0 7 .0E-2 3.2 3.5 3 .5 3.5 1.8 3 . 5 3.6 3 . 5 3 . 5 3.5 3 . 5 

lOY 1.0 8 .0E-2 2 . 1 2 .2 2 .1 2 . 1 1.3 2 . 1 2 .4 2.1 2.1 2 . 1 2.1 

15Y 1.0 9 .0E-2 1. 4 1.5 1.3 1.3 1.2 1.3 1.8 1.3 1.3 1.3 1.3 

20Y 1.0 5.0E-2 1.0 1.0 1.0 1.0 1.0 1.0 1. 0 1.0 1.0 1.0 1.0 


D 	 XII 5 . 0 1.6E-l 17. 19 . 18 . 18. 24 . 18 . 24 . 18. 18 . 18 . 18. 
3H 5.0 1.5E-l 14 . 15. 14. 14. 19. 14 . 17 . 14 . 14 . 14 . 14 . 
lY 5 . 0 1.0E-l 7.0 7 .3 7 .6 7.6 5 .2 7 . 6 7 . 6 7 . 6 7 . 6 7 . 6 7 . 6 
5Y 5 . 0 7 .0E-2 3 .2 3.5 3 . 5 3.5 1.8 3 . 5 3 . 6 3.5 3.5 3 . 5 3 . 5 
lOY 5.0 8 .0E-2 2 .1 2.2 2 . 1 2.1 1.4 2.1 2 . 5 2 . 1 2 . 1 2 . 1 2.1 
15Y 5.0 9 .0E-2 1.4 1.4 1.3 1.3 1.2 1.3 1.8 1.3 1.3 1.3 1. 3 

20Y 5 . 0 5.0E-2 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 


W 	 XII 0 . 3 1 .6E-l 19 . 17 . 20 . 20 . 26. 20 . 25 . 20. 20 . 20 . 20 . 
3H 0.3 1. 5E-l 15 . 14. 15. 15 . 18 . 15 . 17. 15 . 15. 15. 15 . 
lY 0.3 1 .0E-l 7.5 6 .8 8 .2 8 .2 5 . 6 8 . 2 8.2 8.2 8 . 2 8 . 2 8.2 
5Y 0.3 7 .0E-2 3.3 3.4 3 . 6 3 . 6 1.8 3 . 6 3 . 8 3 . 6 3 . 6 3 . 6 3.6 

lOY 0 . 3 8.0E-2 2 .3 2.2 2 .2 2.2 1.4 2 . 2 2.6 2.2 2 . 2 2.2 2 . 2 

15Y 0 . 3 9 .0E- 2 1.5 1.5 1.4 1.4 1.3 1.4 1.9 1.4 1.4 1.4 1.4 

20Y 0 . 3 5.0E-2 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 


W 	 XII 1.0 1.6E-l 21. 17 . 22. 22 . 29 . 22 . 28. 22. 22 . 22 . 22 . 
3" 1.0 1.5E-l 16 . 14 . 17 . 17. 21. 17 . 19 . 17 . 17 . 17 . 17. 
lY 1.0 1.0E-l 7 .8 6.8 8 . 5 8.5 5 .8 8 . 5 8 . 5 8 . 5 8 . 5 8.5 8 . 5 
5Y 1.0 7 .0E- 2 3 .3 3.4 3.6 3.6 1.9 3 . 6 3.8 3 . 6 3 . 6 3.6 3 . 6 
lOY 1.0 8.0E-2 2 .3 2 .2 2.3 2.3 1.5 2 . 3 2 .1 2 . 3 2.3 2 . 3 2.3 
15Y 1.0 9.0E- 2 1.6 1.5 1.5 1.5 1.3 1.5 2 . 0 1.5 1. 5 1.5 1.5 
20Y 1.0 5.0E-2 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

W 	 XII 5 . 0 1 .6E-l 24 . 17. 25. 25 . 33. 25 . 33 . 25 . 25 . 25. 25 . 
3M 5 . 0 1.5E- l 18 . 14. 19 . 19 . 25 . 19 . 22 . 19 . 19 . 19. 19 . 
lY 5.0 1.0E-l 8 .2 6 .8 9 .0 9.0 6 . 1 9 . 0 9. 0 9 .0 9 . 0 9.0 9 . 0 

5Y 5.0 1.0E-2 3 .4 3.4 3 .1 3 .1 1.9 3 .1 3 . 9 3 .1 3 .1 3 .1 3 .1 

lOY 5 .0 8.0E- 2 2.4 2.2 2 .4 2 .4 1.5 2.4 2 .1 2 . 4 2 . 4 2 . 4 2 . 4 

15Y 5.0 9.0E-2 1.6 1 .5 1. 5 1.5 1.4 1.5 2 . 0 1.5 1.5 1.5 1.5 

20Y 5.0 5 . 0E-2 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 


Y 	 XII 0 . 3 6 .4E-3 5 .4 5.1 5 .7 5.1 4 .8 5.1 6 . 3 5.1 5 .1 5 .1 5 .1 
3H 0 . 3 6.0E-3 4.8 4.9 5 . 1 5 . 1 3 . 9 5 . 1 5.4 5.1 5.1 5 . 1 5.1 
lY 0 . 3 4 .0E-3 3 . 9 3 .8 4 . 1 4 . 1 2.5 4.1 4 . 3 4.1 4.1 4 . 1 4. 1 

5Y 0.3 2.8E-3 2.3 2 .3 2.4 2 . 4 1.5 2.4 2.6 2.4 2 .4 2 . 4 2.4 

lOY 0 . 3 3 .2£-3 1.6 1.6 1.5 1.5 1.2 1.5 1.8 1.5 1.5 1.5 1.5 

15Y 0.3 3.6E-3 1.1 1.2 1.1 1.1 1.1 1.1 1.3 1.1 1 . 1 1.1 1. 1 

20Y 0 . 3 2.0E-3 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 


Y 	 XII 1.0 6 .4E-3 6 . 5 5 .1 6.9 6 . 9 6.6 6.9 1 . 9 6 . 9 6 . 9 6.9 6.9 
3" 1.0 6 .0E-3 5 .6 4 . 9 5 . 9 5 . 9 5.2 5 . 9 6 . 4 5 . 9 5.9 5.9 5 . 9 

lY 1.0 4.0E- 3 4.1 3 .8 4 .4 4 .4 2.8 4 . 4 4 . 6 4 .4 4 .4 4.4 4 . 4 

5Y 1.0 2.8E- 3 2 .4 2 .3 2 .4 2 .4 1.5 2 . 4 2 .1 2 . 4 2 .4 2 . 4 2.4 

lOY 1.0 3 .2£-3 1.6 1.6 1.6 1.6 1.2 1.6 1.9 1.6 1.6 1.6 1.6 

15Y 1.0 3 .6E-3 1.2 1.2 1.1 1.1 1.1 1.1 1.3 1.1 1.1 1.1 1.1 

20Y 1. 0 2.0E-3 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 


Y 	 XII 5 . 0 6 .4E-3 11. 5 .1 12 . 12. 14. 12 . 15. 12. 12 . 12 . 12 . 
5.0 6 .0E-3 9.2 4.9 9 .1 9 .1 11 . 9 .1 11. 9.1 9 .1 9 .1 9 . 1 

l Y 5 .0 4.0E- 3 5.3 3 .8 5.1 5 .1 3 .1 5 .1 5 . 8 5.1 5 .7 5 .1 5 .1 
5Y 5.0 2.8E-3 2 .1 2 .3 2.8 2.8 1.6 2.8 3 . 1 2.8 2.8 2.8 2.8 
lOY 5 .0 3 .2£-3 1.8 1.6 1.8 1.8 1.3 1.8 2 . 1 1.8 1.8 1.8 1.8 
15Y 5 .0 3 . 6E-3 1.3 1.2 1.2 1.2 1.2 1.2 1.5 1.2 1.2 1.2 1.2 
20Y 5.0 2.0E-3 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

3" 

Cristy et al . (1986) . 8 
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.Table T-23SCa). Age-Specific Inhalation DCFs for 232Th, Normalized to the Adulta 

"ODE AGE AMID F 1 EFF IDRE!I BL IIALL BRAIN B SURF BREAST STII 51 II ULI II LLIII KIDNEY 

II 	 NB 0.3 1.0E-2 2.2 3.2 3.2 3.2 1.6 3.2 3.2 3.2 3.2 3 . 3 4.1 
3" 0 . 3 5.0E-3 2.0 2.9 2.9 2.9 1.4 2.9 2 . 9 2.9 2.9 3.0 3.7 
lY 0.3 5.0£-4 1.7 2.5 2.5 2 . 5 1.3 2.5 2.5 2 . 5 2.5 2.5 3.2 
5Y 0 .3 5.0E-4 1.3 1.8 1.8 1.8 1.1 1.8 1.8 1.8 1.8 1.8 2 . 2 
lOY 0 . 3 5 .0E-4 1.1 1.4 1.4 1.4 0.98 1.4 1.4 1.4 1.4 1.4 1.6 
15Y 0.3 5 .0E-4 0.96 1.0 1.0 1.0 0.94 1.0 1.0 1.0 1.0 1.0 1.1 
20Y 0.3 2 .0E-4 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

II 	 NB 1.0 1.0E-2 2 .2 3.2 3 .3 3.2 1.6 3.2 3.3 3.3 3.3 3.4 4.2 
3" 1.0 5.0E-3 2.0 2 . 9 3.0 2.9 1.5 2.9 3.0 3.0 0.00 3.0 3.8 
lY 1.0 5.0E-4 1.7 2.5 2.5 2.5 1.3 2.5 2 . 5 2 . 5 2.5 2 . 6 3.2 
5Y 1.0 5.0E-4 1.2 1.8 1.8 1.8 1.1 1.8 1.8 1.8 1.8 1.8 2.2 
lOY 1.0 5.0E-4 1.1 1.4 1.4 1.4 0.98 1.4 1.4 1.4 1.4 1.4 1.6 
15Y 1.0 5.0E-4 0.96 1.0 1.0 1.0 0.94 1.0 1.0 1.0 1.0 1.0 1.1 
20Y 1.0 2.0E-4 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

II NB 5.0 1.0E-2 2 . 1 3 .3 3.4 3 . 3 1.6 3 . 4 3.4 3.4 3.4 3.5 4 . 4 
3" 5 .0 5 .0E-3 1.9 3 .0 3 .0 3.0 1.5 3 . 0 3.0 3 . 0 3.1 3.1 3.9 
lY 5.0 5.0E-4 1.6 2.5 2.6 2.5 1.3 2 . 5 2.6 2.6 2.6 2.6 3.2 
5Y 5 . 0 5 . 0E-4 1.2 1.8 1.8 1.8 1.1 1.8 1.8 1.8 1.8 1.8 2.2 
lOY 5 .0 5.0E-4 1.1 1.4 1.4 1.4 0.99 1.4 1.4 1.4 1.4 1.4 1.6 
15Y 5.0 5 .0E-4 0 . 95 1.0 1.0 1.0 0.94 1.0 1.0 1.0 1.0 1 . 0 1.1 
20Y 5 . 0 2.0E-4 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

Y NB 0.3 1.0E-2 2.5 2.0 2 .0 2.0 1.3 2.0 2.0 2 . 0 2.0 2 . 1 2.5 
3" 0 . 3 5.0E-3 2.3 1.9 1.9 1.9 1.2 1.9 1.9 1.9 1.9 2.0 2.3 
lY 0 . 3 5.0E-4 2.0 1.7 1.7 1.7 1.2 1.7 1.7 1.7 1.7 1.8 2.1 
5Y 0 . 3 5.0E-4 1.5 1.4 1.4 1.4 1.0 1.4 1.4 1.4 1.4 1.4 1.6 
lOY 0.3 5.0E-4 1.2 1.2 1.2 1.2 1.0 1.2 1.2 1.2 1.2 1.2 1.3 
15Y 0 . 3 5.0E-4 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.1 
20Y 0 . 3 2.0E-4 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

Y NB 1.0 1.0E-2 2.5 2.2 2.2 2.2 1.4 2.2 2 .2 2.2 2.3 2 . 4 2 . 8 
3" 1.0 5 .0E-3 2.3 2.0 2.2 2.0 1.3 2.0 2.0 2.0 2.1 2.2 2.5 
lY 1.0 5.0E-4 2.0 1.8 1.8 1.8 1.2 1.8 1.8 1.8 1.8 1.8 2.2 
5Y 1.0 5 .0E-4 1.5 1.4 1.4 1.4 1.0 1.4 1.4 1.4 1.4 1.4 1.6 
lOY 1.0 5 .0E-4 1.2 1.2 1.2 1.2 1.0 1.2 1.2 1.2 1.2 1.2 1.3 
15Y 1.0 5.0E-4 1.0 1.0 1.0 1.0 0.99 1.0 1.0 1.0 1.0 1 . 0 1.1 
20Y 1.0 2 .0E-4 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

Y NB 5.0 1.0E-2 2 .7 3 .2 3 .2 3.2 1.9 3.2 3 . 2 3 .2 3.4 3 . 9 4.1 
3" 5.0 5.0E-3 2 .4 2 . 6 2.6 2.5 1.5 2.6 2.6 2.6 2.8 3 . 2 3.3 
lY 5.0 5 .0E-4 2.0 2 . 0 2.0 2 .0 1.2 2 . 0 2 . 0 2.0 2.1 2.2 2.5 
5Y 5.0 5.0E-4 1.4 1.5 1.5 1.5 1.1 1.5 1.5 1.5 1.5 1.6 1.8 
lOY 5.0 5.0E-4 1.2 1.3 1.3 1.3 1.0 1.3 1.3 1.3 1.3 1.3 1.4 
15Y 5.0 5 .0E-4 1.0 1.0 1.0 1.0 0.99 1.0 1.0 1.0 1.1 1.1 1.1 
20Y 5 . 0 2.0E-4 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

a 
Cr1sty et al. (1986) . 
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Table T-23S(b). Age-Specific Inhalation DCFs for 232Th, Normalized to the AdultB 

HODE AGE AMID F1 LIVER LUNGS OVARIES PANCR ACJ: HAR SKIN SPLEElI TESTES THYMUS THYROID trrERUS 

II 	 lIB 0.3 1.0E-2 4 .8 15 . 3.2 3.2 3 .3 3 . 2 5 . 9 3 . 2 3.2 3 . 2 3.2 
3M 0.3 5 .0E- 3 4 . 3 12 . 2 .9 2 . 9 3.0 2 . 9 5 . 3 2.9 2 . 9 2 . 9 2.9 
lY 0.3 5.0E-4 3 .7 6.3 2.5 2.5 2 . 6 2.5 4.4 2.5 2 . 5 2.5 2 . 5 
5Y 0 . 3 5.0E-4 2 .3 3 .2 1.8 1.8 1.7 1.8 2 . 7 1.8 1.8 1.8 1.8 
lOY 0 . 3 5.0E-4 1.6 2 . 1 1.4 1.4 1.2 1.4 1.7 1.4 1.4 1.4 1.4 
15Y 0.3 5.0E-4 1.1 1.5 1.0 1.0 0.97 1.0 1.1 1.0 1.0 1.0 1.0 
20Y 0.3 2 .0E-4 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

II 	 lIB 1.0 1 .0E-2 4 . 9 14 . 3 .3 3 . 2 3.4 3 . 3 6 . 1 3.3 3 . 3 3.3 3 . 3 
3H 1.0 5 .0E-3 4 .4 12 . 3 .0 2 . 9 3 .0 3.0 5 . 4 0.00 3 . 0 3.0 3 . 0 
lY 1.0 5 .0E-4 3 .7 6.0 2.5 2.5 2.6 2 . 5 4 .4 2 . 5 2.5 2.5 2.5 
5Y 1.0 5.0E-4 2 .4 3 . 1 1.8 1.8 1.7 1.8 2.7 1.8 1.8 1.8 1.8 
lOY 1.0 5 .0E-4 1.6 2.0 1.4 1.4 1.2 1.4 1.7 1.4 1.4 1.4 1.4 
15Y 1.0 5 .0E-4 1.1 1.4 1.0 1.0 0.97 1.0 1.1 1.0 1.0 1.0 1.0 
20Y i.o 2 .0E-4 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

II 	 lIB 5.0 1.0E-2 5 .1 11. 3 .4 3.4 3.5 3 . 4 6 . 3 3.4 3.4 3 . 4 3.4 
3H 5.0 5.0E-3 4 . 5 9 . 2 3.0 3.0 3.1 0 . 00 5.5 3 . 0 3 . 0 3 . 0 3 .0 
lY 5 . 0 5.0E-4 3 .7 5 . 1 2 . 5 2 . 5 2.6 2.6 4.4 2.6 2.6 2.6 2 . 6 
5Y 5.0 5 .0E-4 2.4 2 . 7 1.8 1.8 1.7 1.8 2.7 1.8 1.8 1.8 1.8 
lOY 5 . 0 5 .0E-4 1 . 6 1.9 1.4 1.4 1.3 1.4 1.7 1.4 1.4 1.4 1.4 
15Y 5 . 0 5.0E-4 1.1 1.3 1.0 1.0 0.98 1.0 1.1 1.0 1.0 1.0 1.0 
20Y 5.0 2 .0E-4 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

Y 	 lIB 0.3 1.0E-2 2 .8 2 . 9 2.0 2.0 2.3 2.0 3.4 2.0 2 . 0 2 .0 2 .0 
3M 0 . 3 5.0E-3 2.6 2 .7 1.9 1.9 2 . 2 1.9 3 . 1 1.9 1.9 1.9 1.9 
lY 0.3 5.0E-4 2.3 2.3 1.7 1.7 2.0 1.7 2.8 1.7 1.7 1.7 1.7 
5Y 0.3 5.0E-4 1.7 1.6 1.4 1.4 1.4 1.4 1.9 1.4 1.4 1.4 1.4 
lOY 0 . 3 5 .0E-4 1.3 1.3 1.2 1.2 1.2 1.2 1.4 1.2 1.2 1.2 1.2 
15Y 0 . 3 5.0E-4 1.1 1.1 1.0 1.0 1.0 1.0 1.1 1.0 1.0 1.0 1.0 
20Y 0.3 2 .0E-4 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

Y 	 lIB 1.0 1.0E-2 3 . 1 2.9 2 . 2 2.2 2 . 6 2.2 3.8 2.2 2.2 2.2 2 .2 
3H 1.0 5.0E-3 2 .8 2 .7 2 .0 2 .0 2.3 2 . 0 3.4 2 . 0 2 .0 2 . 0 2 . 0 
lY 1.0 5.0E-4 2 .4 2.3 1.8 1.8 2.0 1.8 2 . 8 1.8 1.8 1.8 1.8 
6Y 1.0 5.0E-4 1.7 1.6 1.4 1.4 1.5 1.4 1.9 1.4 1.4 1.4 1.4 
lOY 1.0 5.0E-4 1.3 1.3 1.2 1.2 1.2 1.2 1.4 1.2 1.2 1.2 1.2 
15Y 1.0 5.0E-4 1.1 1.1 1.0 1.0 1.0 1.0 1.1 1.0 1.0 1.0 1.0 
20Y 1.0 2.0E-4 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

Y 	 lIB 5 . 0 1 .0E-2 4 .7 2 .9 3 .2 3 .2 3 .7 3 . 2 5.9 3.2 3.2 3.2 3.2 
3H 5 . 0 5 .0E-3 3.7 2 .7 2.6 2 . 6 2 .9 2 . 6 4.6 2 . 9 2.5 2.6 2 . 6 
1Y 5 . 0 5.0E-4 2.8 2 .3 2 .0 2.0 2 .2 2 .0 3.3 2 . 0 2 . 0 2.0 2.0 
5Y 5 . 0 5.0E-4 1.9 1.6 1.5 1.5 1.5 1.5 2.1 1.5 1.5 1.5 1.5 
lOY 5.0 5 .0E-4 1.4 1.3 1.3 1.3 1.2 1.3 1.5 1.3 1.3 1.3 1.3 
15Y 5.0 5 .0E-4 1.1 1.1 1.0 1.0 1.0 1.0 1.1 1.0 1.0 1.0 1.0 
20Y 5.0 2 .0E-4 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

B Cristy at &1. (1986) . 

DRAFT 



Appendix T Page T-37 
Dose Conversion Factors 

~J 
rl 

I 	

d 	
n 

. t 


1 

-----------------------------------------------------------------------------------------------------------

Table T-24S(a). Age-Specific Inhalation DCFs for 230Th, Normalized to the Adulta 

MODE ACE AMID Fl EFF IDREN BL IIALL BRAIN B SURF BREAST ST II SI II ULIII LLIII KIDNEY 

II 	 NB 0.3 1.0E-2 2 .1 4 .3 4.3 4 .3 1.4 4.3 4.3 4.3 4.3 4.4 5 . 2 
3M 0.3 S .OE-3 1.9 3.8 3 .8 3.8 1.2 3 . 8 3.8 3.8 3.8 3.9 4 . 6 
lY 0.3 S .OE-4 1.5 3 . 1 3 . 1 3.1 1.1 3 . 1 3 . 1 3 . 1 3.1 3.1 3.8 
5Y 0.3 S.OE-4 1.1 1.8 1.8 1.8 0.95 1.8 1.8 1.8 1.8 1.9 2 . 4 
lOY 0.3 S .OE-4 0.99 1.2' 1.2 1.2 0 . 90 1.2 1.2 1.2 1.2 1.2 1.5 
lSY 0.3 S.OE-4 0 .91 0 . 92 0.92 0 . 92 0.88 0.92 0.92 0.92 0.92 0 . 92 1.1 
20Y 0.3 2.0E-4 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

II 	 lIB 1.0 1.0E-2 2 .0 4 .4 4 .4 4.4 1.4 4.4 4.4 4 . 4 4 . 5 4 . 6 5.4 
3" 1.0 S.OE-3 1.8 3 . 9 3.9 3.9 1.3 3.9 3 . 9 3.9 3.9 4 . 0 4 . 7 
lY 1.0 S.OE-4 1.5 3.1 3.1 3.1 1.1 3.1 3.1 3.1 3.1 3 . 2 3 . 9 
SY 1.0 S.OE-4 1.1 1.8 1.8 1.8 0 .95 1.8 1.8 1.8 1.9 1.9 2 . 4 
lOY 1.0 5.0E-4 0.98 1.2 1.2 1.2 0.90 1.2 1.2 1.2 1.2 1.3 1.6 
15Y 1.0 5.0E-4 0 .91 0.91 0 . 91 0 . 91 0.88 0 . 91 0.91 0.91 0.92 0 . 92 1.1 
20Y 1.0 2 .0E-4 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

II lIB 5 . 0 1.0E-2 1.9 4.6 4.6 4.6 1.4 4.6 4.6 4 . 6 4.7 4 . 9 5.6 
3M 5.0 5.0E-3 1.7 4.0 4.0 4.0 1.3 4.0 4.0 4.0 4.0 4.2 4.9 
lY 5.0 5 .0E-4 1.4 3 . 1 3 . 1 3.1 1.1 3 . 1 3.1 3 . 1 3.2 3.2 3 . 9 
SY 5.0 S .OE-4 1.1 1.9 1.9 1.9 0.95 1.9 1.9 1.9 1.9 1.9 2.4 
lOY 5 . 0 5.0E-4 0.96 1.2 1.2 1.2 0.90 1.2 1.2 1.2 1.2 1.3 1.6 
lSY 5.0 S.OE-4 0 .89 0.91 0 . 91 0 . 91 0.88 0.91 0 . 91 0 . 91 0.91 0.92 1.1 
20Y 5.0 2 .0E-4 1.0 1.0 1.0 1.0 1.0 1 . 0 1.0 1.0 1.0 1.0 1.0 

Y lIB 0.3 1.0E- 2 3.4 2 . 5 2.5 2.5 1.1 2.5 2.5 2 . 5 2 . 6 2.8 3.1 
0 . 3 5 .0E-3 3.0 2.3 2.3 2.3 1.0 2.3 2.3 2 . 3 2 . 4 2.5 2 . 9 

lY 0.3 5.0E-4 2.4 2 .0 2 .0 2.0 0 .98 2.0 2 . 0 2 .0 2.0 2.1 2 . 5 
5Y 0.3 5 .0E-4 1.6 1.4 1.4 1.4 0 . 93 1.4 1.4 1.4 1.4 1.4 1.8 
lOY 0.3 5 .0E-4 1.3 1.1 1.1 1.1 0 .95 1.1 1.1 1.1 1.1 1.1 1.3 
15Y 0.3 5.0E-4 1.1 0 .99 0 . 99 0.99 0 .98 0.99 0.99 0 . 99 0.99 1.0 1.0 
20Y 0.3 2.0E-4 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

3" 

Y 	 lIB 1.0 1.0E-2 3.4 2.9 2.9 2.9 1.2 2.9 2.9 2 . 9 3.1 3.4 3.6 
3M 1.0 5.0E-3 3.0 2.5 2.5 2 . 5 1.1 2.5 2.5 2.5 2.7 3.0 3 . 1 
lY 1.0 5.0E-4 2.4 2 . 1 2.1 2 . 1 1.0 2.1 2.1 2 . 1 2.1 2.3 2 . 6 
5Y 1.0 5 .0E-4 1.6 1.4 1.4 1.4 0.93 1.4 1.4 1.4 1.5 1.5 1.8 
lOY 1.0 5.0E-4 1.3 1.1 1.1 1.1 0.95 1.1 1.1 1.1 1.1 1.1 1.3 
15Y 1.0 5 .0E-4 1.1 0 . 99 0 . 99 0 . 99 0 . 98 0.99 0 . 99 0.99 0.99 1.0 1.1 
20Y 1.0 2.0E-4 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

Y 	 lIB 5.0 1.0E-2 3.4 4.5 4 . 5 4 . 5 1.6 4 . 5 4.6 4 . 6 5.1 6.2 5.6 
3M 5 . 0 5 .0E-3 2 .8 3.4 3.4 3 .4 1.3 3 . 4 3.5 3.5 3 . 9 4 . 8 4 . 2 
lY 5.0 5 .0E-4 2 .2 2.4 2.4 2 .4 1.1 2.4 2 . 4 2 . 4 2.6 3.0 3.0 
5Y 5.0 5 .0E-4 1.5 1.6 1.6 1.6 0.95 1.6 1.6 1.6 1.7 1.8 2 .0 
lOY 5 . 0 5.0E-4 1.2 1.2 1.2 1.2 0.94 1.2 1.2 1.2 1.2 1.3 1.4 
15Y 5.0 5.0E-4 1.0 0.97 0.97 0 . 97 0 .95 0.97 0.97 0.98 0 . 99 1.0 1.1 
20Y 5 . 0 2 .0E-4 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

a Crlaty et &l. . (1986) . 

Radiological Assessments CorporationDRAFT "Setting the Itandard in radiation health" 
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Table T-24S(b). Age-Specific Inhalation DCFs for 230Th, Normalized to the Adulta 

MOD£ AG£ AMAD F1 LIVER LUNGS OVARIES PAIICR Ac:r MAR SKIll SPLEEI/ TESTES THYMUS THYROID UTERUS 

II 	 lIB 0 . 3 1.0£-2 6.0 16 . 4.3 4 . 3 3.7 4.3 7.0 4 . 3 4 . 3 4 . 3 4 . 3 
3M 0 . 3 5 .0£- 3 5 .3 13. 3.8 3 .8 3.3 3.8 6 . 2 3 .8 3.8 3 .8 3 .8 
lY 0 . 3 5 .0E-4 4 .4 6.6 3 . 1 3 . 1 2 .8 3.1 5 . 0 3 . 1 3 . 1 3 . 1 3.1 
5Y 0 . 3 5 .0E-4 2 .6 3 .3 1.8 1.8 1.8 1.8 2 . 9 1.8 1.8 1.8 1. 8 
lOY 0.3 5 .0£-4 1.6 2 . 1 1.2 1.2 1.2 1.2 1.7 1.2 1.2 1.2 1.2 
15Y 0.3 5.0E-4 1. 1 1.5 0 . 92 0 . 92 0.97 0 . 92 1.1 0 . 92 0.92 0.92 0 . 92 
20Y 0 . 3 2.0E-4 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

II 	 lIB 1.0 1.0E-2 6.2 16 . 4.4 4 . 4 3.8 4 . 4 7 . 3 4.4 4 .4 4 . 4 4 .4 
3M 1.0 5.0E-3 5.4 13 . 3 . 9 3 .9 3 .3 3 . 9 6.3 3 . 9 3 . 9 3 . 9 3.9 
lY 1.0 5 .0E-4 4 .4 6 .4 3 . 1 3.1 2.8 3 . 1 5 . 1 3 . 1 3.1 3 . 1 3 . 1 
5Y 1. 0 5.0E-4 2.6 3 .3 1.8 1.8 1.8 1.8 2 . 9 1.8 1.8 1. 8 1.8 
lOY 1.0 5.0E-4 1.6 2. 1 1.2 1.2 1.2 1.2 1.7 1.2 1.2 1.2 1. 2 
15Y 1.0 5 .0£-4 1.1 1.5 0 . 91 0 . 91 0 . 96 0 . 91 1.1 0 . 91 0.91 0 . 91 0 . 91 
20Y 1.0 2 .0£-4 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1. 0 

II 	 lIB 5 . 0 1.0£- 2 6 . 4 14 . 4.6 4 . 6 4 .0 4 . 6 7.6 4.6 4 . 6 4 . 6 4 . 6 
3M 5 . 0 5.0E-3 5 .6 11. 4 .0 4 .0 3 . 4 4.0 6 . 5 4 . 0 4.0 4.0 4 . 0 
lY 5 . 0 5.0E-4 4 .5 5 . 9 3 . 1 3.1 2.8 3.1 5.1 3.1 3.1 3.1 3 . 1 
5Y 5.0 5.0£-4 2 .6 3 .0 1.9 1.9 1.8 1.9 2 . 9 1.9 1.9 1.9 1.9 
lOY 5 . 0 5 .0E-4 1. 6 2 .0 1.2 1.2 1.2 1.2 1.8 1.2 1.2 1.2 1. 2 
15Y 5 . 0 5.0£- 4 1. 1 1.4 0.91 0.91 0 .96 0 . 91 1.1 0.91 0 . 91 0.91 0 . 91 
20Y 5.0 2 .0E-4 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

Y 	 lIB 0.3 1 .0£-2 3 .5 5 .7 2 .5 2 .5 2.3 2 . 5 4 .0 2 . 5 2.5 2 . 5 2.5 
3M 0 . 3 5 .0E-3 3 .2 4 . 9 2.3 2 .3 2 . 1 2 .3 3 . 6 2.3 2 . 3 2.3 2.3 
lY 0.3 5 .0£-4 2 .8 3.8 2 .0 2 .0 1.9 2 . 0 3 . 1 2.0 2.0 2.0 2.0 
5Y 0.3 5 .0£-4 1.9 2 .3 1.4 1.4 1.4 1.4 2 .0 1.4 1.4 1.4 1. 4 
lOY 0.3 5 .0£-4 1.3 1.6 1.1 1.1 1.1 1. 1 1.4 1.1 1.1 1.1 1.1 
15Y 0 . 3 5 .0£-4 1.0 1.2 0.99 0 . 99 1.0 0 . 99 1.1 0.99 0 . 99 0 . 99 0 . 99 
20Y 0 . 3 2 .0£-4 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

Y 	 lIB 1.0 1.0£-2 4.0 5.7 2 . 9 2 .9 2 .6 2 . 9 4 . 6 2 . 9 2.9 2.9 2 . 9 
3M 1.0 5.0£-3 3 .5 4 . 9 2.5 2.5 2.3 2 . 5 4.0 2.5 2 . 5 2.5 2.5 
lY 1.0 5 .0£-4 2 . 9 3 .8 2.1 2 . 1 2.0 2 . 1 3.3 2 . 1 2.1 2.1 2 . 1 
5Y 1.0 6.0£-4 1 .9 2 . 3 1.4 1.4 1.4 1.4 2 . 1 1.4 1.4 1.4 1.4 
lOY 1.0 6.0E-4 1.3 1.6 1.1 1.1 1.1 1.1 1.4 1.1 1.1 1.1 1. 1 
15Y 1.0 5.0E-4 1.1 1.2 0 .99 0 .99 1.0 0 . 99 1.1 0.99 0.99 0 . 99 0.99 
20Y 1.0 2.0E-4 1 .0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

Y 	 lIB 5.0 1 .0£-2 6 .3 5.7 4.5 4.5 4.1 4 .5 7.4 4.5 4.5 4.5 4.5 
3M 5 . 0 5.0£-3 4 .8 4 . 9 3 .4 3.4 3 . 1 3.4 5 . 5 3.4 3 . 4 3.4 3.4 
lY 5.0 5.0£-4 3.4 3.8 2.4 2.4 2.2 2 . 4 3.8 2.4 2.4 2.4 2 . 4 
5Y 5 . 0 5.0E-4 2 . 1 2 . 3 1.6 1.6 1.5 1.6 2 .4 1.6 1.6 1.6 1.6 
lOY 5 . 0 5 .0£-4 1.4 1.6 1.2 1.2 1.2 1.2 1.5 1.2 1. 2 1.2 1.2 
15Y 5.0 5 .0£-4 1.1 1.2 0 .97 0 .97 1.0 0.97 1.1 0 . 97 0 . 97 0.97 0 . 97 
20Y 5.0 2 .0£-4 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

a Criaty .10 I.l. (1986) . 

DRAFT 
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Table T-25S(a). Age-Specific Inhalation DCFs for 228Th, Normalized to the Adulta 

MODE ACE AMAD F1 EFF ADREN BL IIALL BRAIN B SURF BREAST ST II SI II ULI II LLIII KIDNEY 

II 	 NB 0 . 3 1.0E-2 13. 3.8 3.8 3 .8 9 . 9 3.8 3.8 3.8 3 . 9 4.0 4 . 6 
3M 0 . 3 5 .0E-3 10. 3.4 3.4 3.4 7.7 3.4 3 . 4 3.4 3.4 3.5 3 . 9 
1Y 0 . 3 5.0E-4 6 . 1 2.8 2 .8 2.8 5.5 2.8 2 . 8 2 . 8 2.8 2 . 9 3 . 1 
5Y 0.3 5 . 0E-4 3.0 1.7 1.7 1.7 2 . 6 1.7 1.7 1.7 1.7 1.7 1.9 
lOY 0 . 3 5.0E-4 1.8 1.0 1.0 1.0 1.6 1.0 1.0 1 . 0 1.0 1. 1 1.3 
15Y 0 . 3 5.0E-4 1.2 0.81 0.81 0.81 1.1 0 . 81 0.61 0.61 0.61 0 . 61 0 . 99 
20Y 0 . 3 2 .0E-4 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

II 	 NB 1.0 1.0E-2 12. 3.9 3.9 3 . 9 10 . 3.9 3 . 9 3.9 4 . 0 4.1 4 .7 
3M 1.0 5 .0E-3 9.7 3 . 4 3 .4 3 .4 6.0 3 . 4 3 . 4 3.4 3.5 3.6 4 . 0 
1Y 1.0 5.0E-4 6.0 2 .8 2.6 2.8 5.5 2.8 2 .6 2.6 2 . 6 2 . 9 3 . 1 
5Y 1.0 5 .0E-4 2.9 1.7 1.7 1.7 2.6 1.7 1.7 1.7 1.7 1.7 1.9 
lOY 1.0 5 . 0E-4 1.6 1.0 1.0 1.0 1.6 1.0 1.0 1.0 1.0 1.1 1.3 
15Y 1.0 5 .0E-4 1.2 0 .80 0.60 0 .60 1.1 0.80 0.60 0 . 80 0.61 0 . 81 0.99 
20Y 1.0 2 .0E-4 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

II NB 5.0 1.0E-2 12. 4.0 4 .0 4.0 11. 4.0 4 .0 4 . 0 4.1 4.3 4.9 
3M 5.0 5 .0E- 3 9 . 1 3 . 5 3 . 5 3.5 6.3 3.5 3.5 3.5 3.5 3.7 4 . 1 
1Y 5.0 5.0E-4 5.9 2 . 6 2.6 2.6 5 . 5 2.6 2.6 2.8 2.6 2.9 3.1 
5Y 5.0 5.0E-4 2.6 1 . 7 1.7 1.7 2.6 1.7 1.7 1.7 1.7 1.6 1.9 
lOY 5.0 5 .0E-4 1.7 1.0 1.0 1.0 1.6 1.0 1.0 1.0 1.1 1.1 1.3 
15Y 5.0 5 .0E-4 1.2 0.80 0.60 0.80 1.1 0.80 0 .60 0 . 60 0 . 60 0.61 0.99 
20Y 5.0 2.0E-4 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

Y 	 NB 0 . 3 1 .0E-2 9 .7 3.5 3 .4 3 .4 7.3 3.5 3.4 3 . 4 3 . 6 4.2 3 . 9 
3M 0.3 5 .0E-3 6.0 3 .0 2 . 9 2.9 5.6 3.0 3.0 3 . 0 3 . 1 3.6 3 . 3 
lY 0 . 3 5 .0E-4 5.7 2.5 2.4 2.4 4.3 2.5 2.4 2 . 4 2.5 2.7 2.6 
5Y 0.3 5 .0E-4 3 . 0 1.5 1.5 1.5 2.3 1.6 1.5 1.5 1.6 1.7 1.7 
lOY 0.3 5.0E-4 2 .0 1.0 0.98 0 . 98 1.5 1.0 0 . 98 0 . 98 1.0 1.1 1.2 
15Y 0 . 3 5.0E-4 1.4 0.91 0.90 0 .90 1.1 0 . 91 0 . 90 0.90 0.91 0.92 1.0 
20Y 0 . 3 2 .0E-4 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

Y 	 NB 1.0 1.0E-2 9 . 9 4.1 4.0 4 .0 9.4 4.1 4 . 1 4.1 4.4 5 .4 4.7 
3M 1.0 5.0E-3 6 . 1 3 .4 3.3 3 . 3 6 . 8 3 . 3 3 . 3 3.3 3 . 6 4.4 3 . 7 
1Y 1.0 5.0E-4 5 .7 2 . 5 2 .5 2 . 5 4 . 5 2.5 2.5 2 . 5 2 . 6 3 . 0 2 . 7 
5Y 1.0 5.0E-4 3 .0 1.6 1.5 1.5 2 . 4 1.6 1.6 1.6 1.6 1.6 1.7 
lOY 1.0 5.0E-4 2 .0 1.0 1.0 1.0 1.5 1.0 1.0 1.0 1.0 1.1 1.2 
15Y 1.0 5.0E-4 1 .4 0 . 90 0 .69 0 .69 1.1 0 . 90 0 . 69 0 . 89 0.90 0.92 1.0 
20Y 1.0 2.0E-4 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

Y 	 NB 5.0 1.0E-2 11. 6 .0 6.0 6.0 15. 6 .0 6.0 6.1 6 . 6 6.3 7.2 
3M 5 . 0 5.0E-3 6.4 4 . 4 4 .3 4.3 9.7 4 .4 4.4 4 . 4 4 . 9 6.4 5.0 
1Y 5 . 0 5.0E-4 5 .7 2.8 2.8 2 .6 5.2 2 .6 2 . 6 2 . 8 3 .0 3.7 3 . 0 
5Y 5 . 0 5.0E-4 3 .0 1.7 1.7 1.7 2.6 1.7 1.7 1.7 1.6 2.1 1.6 
lOY 5 . 0 5.0E-4 2 .0 1.1 1.1 1.1 1.6 1.1 1.1 1.1 1.1 1.3 1.3 
15Y 5.0 5 .0E-4 1.4 0.87 0 .66 0 .86 1.1 0 .67 0 .67 0 . 87 0.68 0.93 1.0 
20Y 5.0 2 .0E-4 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

a Crlsty at &1 . (1986) . 
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Table T-25S(b). Age-Specific Inhalation DCFs for 228Th, Normalized to the Adulta 

MODE AGE AHAD Fl LIVER LUNGS OVARIES PAlleR ACT MAR SKIN SPLEEN TESTES THYKUS TIlYROID UTERUS 

W 	 HB 0 . 3 1.0E-2 5.9 17 . 3 .8 3.8 16 . 3 . 8 8.6 3.8 3.8 3 . 8 3.8 
3H 0 . 3 5 . 0E-3 5.0 13. 3 .4 3.4 12 . 3 . 4 7 . 2 3.4 3 . 4 3 .4 3.4 
lY 0.3 5 .0E-4 4 .0 6 .7 2.8 2 .8 8 .2 2.8 5.4 2.8 2.8 2.8 2 . 8 
5Y 0.3 5.0E-4 2.2 3 . 3 1.7 1.7 3 .8 1.7 3 . 0 1.7 1.7 1.7 1.7 
lOY 0.3 5 .0E-4 1.4 2 . 1 1.0 1.0 1.9 1.0 1.8 1.0 1.0 1.0 1.0 
15Y 0 . 3 5.0E-4 1.0 1.5 0 .81 0 .81 1.2 0 . 81 1.2 0.81 0 . 81 0.81 0 . 81 
20Y 0.3 2 .0E-4 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1 . 0 

W 	 HB 1.0 1.0E-2 6 . 1 16. 3 . 9 3 .9 17. 3.9 9.0 3 . 9 3.9 3.9 3 . 9 
3H 1.0 6 .0E-3 5.1 13. 3.4 3.4 12. 3 . 4 7 . 4 3 . 4 3 . 4 3 . 4 3 . 4 
lY 1.0 5 .0E-4 4 .0 6.6 2.8 2 .8 8.3 2.8 5 .4 2 . 8 2 . 8 2.8 2.8 
5Y 1.0 5 .0E-4 2 .2 3 .3 1.7 1.7 3.8 1.7 3 .0 1.7 1.7 1.7 1.7 
lOY 1.0 5.0E-4 1.4 2 . 1 1.0 1.0 1.9 1.0 1.8 1.0 1.0 1.0 1.0 
15Y 1.0 5.0E-4 1.0 1.5 0 .80 0 .80 1.2 0 . 80 1.2 0 . 80 0.80 0 . 80 0 . 80 
20Y 1.0 2 .0E-4 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

W 	 HB 5 . 0 1.0E-2 6 .3 15 . 4 .0 4 .0 18 . 4.0 9.4 4 . 0 4.0 4 . 0 4 . 0 
3H 5.0 5 .0E-3 5 .3 12 . 3.5 3 . 5 13 . 3.5 7 . 6 3 . 5 3 . 5 3.5 3 . 5 
lY 5.0 5.0E-4 4 .0 6 .3 2.8 2.8 8.3 2 . 8 5 . 5 2 . 8 2.8 2 . 8 2 . 8 
5Y 5.0 5.0E-4 2 .2 3 . 2 1.7 1.7 3 .8 1.7 3.0 1.7 1.7 1.7 1.7 
lOY 6.0 6 .0E-4 1.4 2 .0 1.0 1.0 1.9 1.0 1.8 1.0 1.0 1.0 1.0 
16Y 6 . 0 6.0E-4 1.0 1.4 0.80 0 .80 1.2 0 . 80 1.2 0 . 80 0 .80 0.80 0 . 80 
20Y 5.0 2.0E-4 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

Y 	 HB 0.3 1.0E-2 4 .9 9.9 3 . 4 3 .4 11. 3.4 6.8 3 . 4 3 .4 3 . 4 3 . 4 
3H 0 . 3 6.0E-3 4 .1 8 .2 2 . 9 3 .0 8 . 6 2 . 9 5 . 6 2 . 9 2.9 3 . 0 2 . 9 
lY 0.3 5.0E-4 3.2 6.7 2.4 2 .4 6 .3 2 . 4 4 . 4 2 . 4 2 .4 2.4 2.4 
5Y 0 . 3 6 .0E-4 2.0 3 .1 1.6 1.5 3 .2 1.5 2 . 6 1.5 1.5 1.5 1.5 
lOY 0.3 6 . 0E-4 1.3 2.0 0 . 98 0.99 1.7 0 . 98 1.6 0 . 98 0 . 99 0.99 0 . 98 
15Y 0.3 5 .0E-4 1.0 1.4 0.90 0 .91 1.1 0 . 90 1.1 0.90 0 . 91 0.90 0.90 
20Y 0 . 3 2 .0E-4 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

Y 	 HB 1.0 1 .0E-2 6.0 9 .9 4 .0 4 . 1 14. 4.0 8.4 4 . 0 4 . 0 4.1 4 . 0 
3H 1.0 5 .0E-3 4 .7 8 .2 3 . 3 3.3 10. 3.3 6.5 3 . 3 3.3 3 . 3 3.3 
lY 1.0 6.0E-4 3 .4 5.1 2.5 2 . 5 6 .1 2.6 4.6 2 . 6 2 . 5 2 . 5 2.5 
6Y 1.0 6 .0E-4 2 .0 3 . 1 1.5 1.6 3.3 1.5 2 . 7 1.5 1 . 6 1.6 1.5 
lOY 1 . 0 6.0E-4 1.3 2 .0 1.0 1.0 1.7 1.0 1.6 1.0 1.0 1.0 1.0 
15Y 1.0 5 .0E- 4 1.0 1 .4 0 .89 0 . 90 1.1 0 . 89 1.1 0.89 0.90 0.89 0 . 89 
20Y 1.0 2 .0E-4 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

Y 	 HB 5.0 1.0E-2 9 . 1 9 .9 6 .0 6.0 24 . 6 . 0 13 . 6 .0 5 . 9 6 . 0 6 . 0 
3H 5.0 6 .0E- 3 6 .3 8 .2 4 .3 4.3 14 . 4 . 3 8 . 9 4 . 3 4.3 4 . 3 4 . 3 
lY 5 . 0 5 .0E-4 3.8 5 .7 2.8 2 .8 7 .6 2.8 5 . 2 2.8 2 .8 2.8 2.8 
5Y 5.0 5.0E-4 2 . 2 3 . 1 1.1 1.7 3 . 6 1.7 2 . 9 1. 7 1.1 1.7 1.7 
lOY 6.0 5 .0E-4 1.4 2 .0 1.1 1.1 1.9 1.1 1.7 1.1 1.1 1.1 1.1 
15Y 5.0 5 .0E-4 1.0 1.4 0 .86 0.86 1.2 0 . 86 1.2 0.86 0.87 0 .86 0.86 
20Y 5 . 0 2 .0E-4 1.0 1.0 1.0 1.0 1.0 1.0 1. 0 1.0 1.0 1.0 1.0 

a Cristy et &1. (1986) . 
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Table T-26S. Age-Specific Inhalation DCFs for 239Pu, 

Normalized to the Adultll 

Pu-239 Clus W AMAD-l micron 

3 months 1 year 5 years 10 years 15 year. Adult 

Effective 1.58 1.42 1.17 1.00 1.00 1.00 
Adrenal. 4.80 3.67 2.40 1.53 1.13 1.00 
B1. \/all 4.60 3 .67 2.40 1.53 1.13 1.00 
Bone Surf. 1.00 1.00 0.95 0.95 1.00 1.00 
Brain 4.80 3.67 2.40 1.53 1.13 1.00 
Breast 4.80 3.67 2.40 1.53 1.13 1.00 
S Wall 4.80 3.67 2.40 1.53 1.13 1.00 
SI Wall 4.80 3.67 2.40 1.53 1.13 1.00 
UL1Wall 4.67 3.67 2.40 1.60 1.13 1.00 
IJ.1Wall 4.69 3.75 2.31 1.50 1.06 1.00 
Kidneys 3.66 3.03 2.11 1.45 1.12 1.00 
Liver 1.66 1.83 1.42 1.15 0.96 1.00 
Lungs 9.47 6.32 3.26 2.11 1.47 1.00 
Ovaries 1.00 1.00 1.03 1.03 1.10 1.00 
Pancreas 4 .80 3.67 2.40 1.53 1.13 1.00 
R. Harrow 2.45 2.00 1.45 1.09 1.00 1.00 
Skill 4.80 3.67 2.40 1.53 1.13 1.00 
Spleen 4.80 3.67 2.40 1.53 1.13 1.00 
Testes 1.55 1.45 1.31 1.10 1.10 1.00
Thymus 4 .80 3.67 2.40 1.53 1.13 1.00 
Thyroid 4.80 3.67 2.40 1.53 1.13 1.00 
\11;erus 4.80 3.67 2 .40 1.53 1.13 1.00 

a Cristy et al. (1966) . 

Radiological Assessments Corporation 
·Setting the dandard in radiation health"DRAFT 
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Table T-27S. External Dose-Rate Conversion 

Factors for 238Ua 


U-238 4 .468E9 Y 

Submersion Immersion Ground Plane 

(Gy-m3/Dq-y) (Gy-m3/Bq-y) (Gy-m2/Dq-y) 


Effective 1. 39E-10 3.46E- 13 1.75E-11 

Adrenals 5 .78E-11 1.41E-13 3 . 14E-12 

Bl Wall 5 . 62E-11 1.36E-13 1.47E-12 

Brain 5 . 51E-11 1 .33E-13 1.63E-12 

Breast 4 . 19E-10 1 .06E-12 8 .03E-11 

Heart 4.95E-11 1 . 2OE-13 1. 57E-12 

S Wall 5.38E-11 1.30E-13 1. 95E-12 

SI Wall 4. 38E-11 1.06E-13 1. 16E-12 

UL1Wa.l1 5. 19E-11 1.25E-13 1.36E-12 

U.1Wa.l1 4.79E-11 1 . 21E-13 2. 14E-12 

Kidneys 5.92E- 11 1.43E-13 1. 58E-12 

Liver 5.59E- 11 1 .35E-13 1. 53E-12 

Lungs 6.78E-11 1. 65E-13 3.27E-12 

Harrow 1 . 15E-1O 2 . 78E-13 4 . 14E-12 

R Harrow 3 .81E-11 9 . 27E-14 1.50E-12 

Ovaries 4 .86E-ll 1.18E-13 2 . 06E-12 

Pancreas 4 .03E-ll 9 . 78E-14 2 . 04E-12 

B Surf 1.22E-10 2 . 97E-13 5.65E-12 

Spleen 5 . 22E-11 1.26E-13 1. 91E-12 

Testes 1 .45E-10 3.57E-13 1.50E-ll 

Thymus 7.43E- ll 1 .80E-13 1.95E-12 

Thyroid 1.02E-10 2 . 46E-13 4 . 24E-12 

Uterus 4.32E-11 1 .05E-13 1 . 14E-12 

Skin 6 .78E-10 1. 69E-12 1.43E-10 


a USDOE (1988) . 

J

Table T-28S. External Dose-Rate Conversion 
Factors for 235ua 

U-235 7 . 038E8 Y 

Submarsion lm.IIlarsion Ground Plana 

(Gy-m3/Dq- y) (Gy-m3/Bq-y) (Gy-m2/Bq-y) 


----------------------------------------
Effective 2 . 07E-07 4.62E-10 4 . 59E-09 
Adrenals 1.71E-07 3 .81E-10 3 . 76E-09 
Bl Wa.ll 1. 56E-07 3 . 49E-10 3.46E-09 
Brain 1.67E-07 3 .73E-10 3 .68E-09 
Breast 2 . 58E-07 5 .76E-10 5 .95E-09 
Heart 1.53E-07 3 . 41E-10 3 .38E-09 
S Wa.ll 1. 54E-07 3.43E-10 3.41E-09 
SI Wall 1.35E-07 3 .00E-10 2 . 97E-09 
UL1Wa.l1 1. 62E-07 3.62E-10 3 . 59E-09 
U.1 Wa.ll 1. 51E-07 3.38E-10 3 .32E-09 
Kidneys 1.60E-07 3 . 57E-10 3 . 51E-09 
Liver 1.56E-07 3 . 49E-10 3 . 43E-09 
Lungs 1. 71E-07 3 .81E-10 3 .76E-09 
Harrow 2 . 47E-07 5.51E-10 5 . 46E-09 
R Harrow 1.64E-07 3 .65E-10 3 . 59E-09 
Ovaries 1.35E-07 3 . 03E-10 3 .00E-09 
Pancreas 1.31E-07 2 . 92E-10 2.89E-09 
B Surf 2. 53E-07 5 . 65E-10 5 . 59E-09 
Spleen 1. 55E-07 3 . 46E-10 3 . 43E-09 
Testes 2.36E-07 5.27E-10 5 . 24E-09 
Thymus 1.81E-07 4.03E-10 4.00E-09 
Thyroid 2.30E-07 5 . 14E-10 5 .08E-09 
Uterus 1.38E-07 3.05E-10 3.03E-09 
Skin 2 . 64E-07 5 .81E-10 6 . 14E-09 

a USDOE ( 1988) . 
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Table T-29S. External Dose-Rate Conversion 

Factors for 234U8 


U-234 2.44SE5 Y 

Submersion 
(Gy-m3/Bq-y) 

Effective 2 .0SE-10 
Adrenals 
Bl Wall 
Brain 
Breut 
Heart 
S Wall 
S1 Wall 
UL1 Wall 
LL1Wall 
Kidneys 
Liver 
Lungs 
Harrow 
R Harrow 
Ovaries 
Pancreas 
B Surf 
Splaen 
Testes 
Thymus 
Thyroid 
Uterus 
Skin 

8 USDOE 

9.97E-ll 
9.S1E-ll 
9 .30E-ll 
S.S4E-10 
S .49E-ll 
9 . llE-ll 
7 . 51E-ll 
9.16E-11 
S .62E-ll 
1.01E-10 
9 .3SE-ll 
1. llE-10 
1.S1E-10 
7 .46E-ll 
S .19E-ll 
7.14E-11 
1. 92E-10 
S .9SE-ll 
2.19E-10 
1.21E-10 
1. 64E-10 
7 .41E-ll 
S.S4E-10 

(1988) . 

Immersion Ground Plane 
(Gy-m3/Bq-y) (Gy-m2/Bq-y) 

5 .00E-13 2.1SE-ll 
2 .37E-13 4.49E-12 
2.2SE-13 2.49E-12 
2.19E-13 2 . 62E-12 
1.38E-12 9.70E-ll 
2.00E-13 2.S1E-12 
2.16E-13 3.00E-12 
1.77E-13 1.96E-12 
2 .16E-13 2 .37E-12 
2 .04E-13 3 .22E-12 
2 .40E-13 2 .70E-12 
2 .21E-13 2 .S2E-12 
2 . 6SE-13 4.70E-12 
4 .32E-13 6 .43E-12 
1.7SE-13 2.47E-12 
1.9SE-13 3 .08E-12 
1 .69E-13 3.00E-12 
4.57E-13 7.97E-12 
2 .12E-13 2 . 9SE-12 
S.32E-13 1. 91E-ll 
2 .S6E-13 3 . 19E-12 
3.92E-13 6 .24E-12 
1.7SE-13 lo90E-12 
2 .16E-12 lo72E-10 

r] 
l. 

tJ 
0 

----------------------------------------

Table T-30S. External Dose-Rate Conversion 

Factors for 234Th8 


Th-234 24 . 10 d 

Submersion Immersion Ground Plane 
(Gy-m3/Bq-y) (Gy-m3/Bq-y) (Gy-aa2/Bq-y) 

Effective 1.04E-oS 2.44E-ll 2.69E-10 
Adrenals 7 .27E-09 1 .71E-ll 1.79E-10 
Bl Wall 7.41E-09 1.74E-ll 1.S1E-10 
Brain 7 .49E-09 1.76E-ll 1.83E-10 
Braut 1.4SE-oS 3 .49E-ll 4 . 41E-10 
Heart 6.7SE-09 1 .60E-ll 1. 66E-10 
S Wall 7.03E-09 1.6SE-ll 1.72E-10 
S1 Wall S. 97E-09 lo41E-ll 1.46E-10 
UL1 Wall 7.32E-09 1 .72E-ll lo 79E-10 
LLIWall 6.S4E-09 l.S3E-ll lo60E-10 
Kidneys 7. 62E-09 1 .79E-ll 1.S6E-l0 
Liver 7. 32E-09 1.72E-11 1.79E-10 
Lungs S.14E-09 1.91E-ll 2.00E-10 
Harrow 1.39E-oS 3.27E-ll 3 . 41E-10 
R Marrow S.70E-09 1.34E-ll 1.39E-10 
Ovaries 6 . 14E-09 1 .44E-ll loS1E-10 
Pancreas S. 30E-09 1 .24E-ll 1.30E-l0 
B Surf 1. 43E-oS 3.3SE-ll 3.54E-l0 
Spleen 6 . 92E-09 lo63E-ll 1 .70E-10 
Testes 1.22E-oS 2 .S9E-ll 3.14E-l0 
Thymus 9 .41E-09 2 .21E-ll· 2 .30E-10 
Thyroid 1.21E-oS 2.84E-ll 2 . 97E-10 
Uterus 6 .03E-09 1.42E- ll 1. 47E-l0 
Skin 2 .3SE-oS 4.30E-ll 4.7SE-10 

8 USDOE (1988) . 

Radiological Assessments Corporation 
"Setting the atandard in radiation health"DRAFT 
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Table T-31S. Extental Dose-Rate Conversion 

Factors for 232Th8 


Th-232 1.4405EIO Y 

Submersion Immersion Ground Plane 
(Gy-.3/Bq-y) (Gy.....3/Bq-y) (Gy-.2/Bq-y) 

Effective 2 . 50E-IO 6 .03E-13 1.79E-ll 
Adrenal. 1.41E-IO 3 .53E-13 4.86E-12 
Bl Wall 1.44E-IO 3 .43E-13 3 .76E-12 
Bnin 1.40E-IO 3.32E-13 3.76E-12 
Breast 5 .41E-I0 1 .34E-12 7.3SE-ll 
Bu.rt 1.27E-I0 3.00E-13 3 .46E-12 
S Wall 1.35E-I0 3 . 19E-13 3.86E-12 
SI Wall 1.14E-IO 2.69E-13 2.95E-12 
ULI Wall 1. 37E-I0 3.24E-13 3. 54E-12 
LLIWall 1.25E-I0 2.97E-13 3 .81E-12 
Kidneys 1. 52E-I0 3.62E-13 4.00E-12 
Liver 1.42E-IO 3.38E-13 3 .73E-12 
Lungs 1.61E-IO 3.84E-13 5.30E-12 
Marrow 2.70E-10 6.49E-13 8.08E-12 
R Marrow 1.06E-IO 2 .SOE-13 3.05E-12 
Ovaries 1.20E-10 2.84E-13 3.68E-12 
Pancreas 1.01E-10 2.40E-13 3 .32E-12 
BSur! 2.81E-10 6.76E-13 9 . 19E-12 
Spleen 1.32E-10 3.14E-13 3.78E-12 
Te.tes 2 .78E-10 6.73E-13 1.58E-ll 
Thymus 1.85E-IO 4 .4IE-13 4 .86E-12 
Thyroid 2 . 41E-IO 5 .76E-13 7 .38E-12 
Uterus 1 . 12E-10 2.66E-13 2 .92E-12 
Skin 7.89E-10 1.90E-12 1.31E-10 

8 USDOE (1988) . 

Table T-32S. Extental Dose-Rate Conversion 
Factors for 230Th8 

Th-230 7 .7E4 Y 

Submersi on lIIaersion Ground Plane 
(Gy-.3/Bq-y) (Gy-.3/Bq-y) (Gy-.2/Bq-y) 

Effective S.24E-10 1 .24E-12 2 .44E-ll 
Adrenals 3 .43E-l0 8.03E-13 9 .S4E-12 
Bl Wall 3.46E-l0 8. l4E-13 8.46E-12 
Brain 3.49E-l0 B.16E-13 8 . 62E-12 
Breast 9. 14E-10 2 . 2DE-12 8.24E-ll 
Beare 3. 14E-10 7.35E-13 7 .84E-12 
S Wall 3 .27E-l0 7.68E-13 8.35E-12 
SI Wall 2 .81E-10 6.57E-13 6 .84E-12 
ULI Wall 3.35E-10 7.86E-13 8. l6E-12 
LLI Wan 3 .05E-10 7.16E-13 8.03E-12 
Kidneys 3.59E-10 8 .43E-13 8 .78E-12 
Liver 3.43E-l0 8.05E-13 8.43E-12 
Lungs 3 .81E-10 8.97E-13 1.04E-ll 
Marrow 6 . 32E-10 1.49E-12 1. 65E-ll 
R Marrow 2 . 76E-10 6.41E-13 6 . 97E-12 
Ovaries 2.89E-l0 6 .78E-13 7.62E- 12 
Pancreas 2 .51E-l0 5 .86E-13 6.81E-12 
B Sur! 6.51E-l0 1. 54E-12 1.78E-ll 
Spleen 3 .22E-10 7.57E-13 8 .24E-12 
Tostes 6.00E-l0 1 .42E- 12 2.34E-ll 
Th)'llUB 4 . 38E-10 1.03E-12 1.07E-ll 
Thyroid 5. 59E-10 1.32E-12 1. 48E-ll 
Uteru. 2.81E-I0 6.59E-13 6.86E-12 
Skin 1.09E-09 2 . 66E-12 1.39E-10 

a USDOE (1988) . 
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Table T-33S. External Dose-Rate Conversion 

Factors for 228Th8 


Th-22S 1.9132 Y 

Submersion Immersion Ground Plane 
(Gy.....3/Bq-y) (Gy .....3/Bq-y) (Gy.....2/Bq-y) 

E!fo~ive 2. 65E-{)9 6 .08E-12 7 . 43E-l1 
Adr.nals 2 .00E-{)9 4 . 57E-12 4 .73E-l1 
B1 Wall 1. 92E-{)9 4 . 41E-12 4.43E-ll 
Brain 2.01E-{)9 4.59E-12 4.65E-ll 
Breut 3 .70E-{)9 S . 57E-12 1. 54E-l0 
Heart 1.S3E-{)9 4.19E-12 4 . 21E-ll 
S Wall 1.S6E-{)9 4.27E-12 4 . 32E-ll 
SI Wall 1. 62E-{)9 3 . 68E-12 3 .73E-ll 
ULIWall 1.95E-{)9 4 . 46E-12 4 . 51E-l1 
LLI Wall 1 .7SE-{)9 4.08E-12 4. 16E-ll 
Kidneys 1. 97E-{)9 4 . 49E-12 4. 54E- ll 
Liver 1.92E-{)9 4.38E-12 4.43E-ll 
Lungs 2. llE-{)9 4 .S1E-12 5 .00E-ll 
Harroll 3 . 32E-{)9 7.59E-12 7 .7SE-ll 
R Harroll 1.76E-{)9 4 . 00E-12 4.05E-ll 
Ovaries 1.64E-{)9 3 .16E-12 3 . S4E-ll 
Pancreas 1.50E-{)9 3 . 43E-12 3 . 54E-ll 
B Surf 3.41E-{)9 7.S1E-12 S.l1E-ll 
Spleen 1.S6E-{)9 4 . 24E-12 4 . 32E-ll 
Testes 3 .05E-{)9 7 .00E-12 S . 03E-ll 
Thymus 2 .33E-{)9 5.32E-12 5 . 3SE-ll 
Thyroid 2 . 97E-{)9 6 .S1E-12 1 .00E-ll 
Uterus 1.64E-{)9 3 .73E-12 3 . 7SE-ll 
Skin 4 . 14E-{)9 9. 16E-12 2. 16E-l0 

8 USDOE (1988) . 

----------------------------------------

Table T-34S. External Dose-Rate Conversion 
Factors for 239PU8 

Pu-239 

E!f.~iv. 

Adrenals 
Bl Wall 
Brain 
Breast 
Heart 
S Wall 
SI Wall 
ULI Wall 
LLIWall 
Kidneys 
Liver 
Lungs 
Harrow 
R Harroll 
Ovarie. 
Pancreas 
B Surf 
Spleen 
Tutoa 
Thymus 
ThyrOid 
Uterus 
Skin 

23 , 131 Y 

Submersion Immersion Ground Plane 
(Gy.....3/Bq-y) (Gy.....3/Bq-y) (Gy.....21Bq-y) 

1.10E-l0 
6.30E- ll 
5 . 54E-ll 
5. 92E-ll 
2 .10E-ll 
5 .49E-ll 
5 . 59E-ll 
4 . 6SE-ll 
5 .S4E-ll 
5 .49E-ll 
5 . 62E-ll 
5. 54E-ll 
6. 54E-ll 
1.03E-l0 
5 .27E-ll 
4 . 97E- ll 
4 . 68E-ll 
1 .0SE-ll 
5 . 62E-ll 
1 . 17E-l0 
6.73E-ll 

. 9. 16E-ll 
4.16E-ll 
3 . 92E-10 

2.62E-13 
1.45E-13 
1.26E-13 
1.35E-13 
6 .65E-13 
1 . 25E-13 
1 .28E-13 
1 .07E-13 
1.33E-13 
1.26E-13 
1.29E-13 
1 . 26E-13 
1. 51E-13 
2 . 36E-13 
1.21E-13 
1 . 14E-13 
1.08E-13 
2. 49E-13 
1 . 29E-13 
2 . 76E-13 
1. 54E-13 
2 . llE-13 
1.09E-13 
9.1SE-13 

1.02E-ll 
2 . 41E-12 
1.25E-12 
1.46E-12 
4.3SE-ll 
1.42E-12 
1. 63E-12 
1.0SE-12 
1. 32E- 12 
1 . 76E-12 
1.31E-12 
1.31E-12 
2 . 42E-12 
3.24E-12 
1. 51E-12 
1. 62E-12 
1.66E-12 
3 . 97E-12 
1. 63E-12 
9 .35E-12 
1. 53E-12 
3 . 14E-12 
1.0SE-12 
7 . 57E-ll 

8 USDOE (1988) . 

[J 

1 
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Table T-35S. External Dose-Rate Conversion 

Factors for 237Np a 


Hp-237 2.14E6 Y 

Submersion Immersion Ground Plane 
(GY"lll3/Bq-y) (GY"lll3/Bq- y) (GY"lll2/Bq-y) 

Etfective 3.08E-08 7.16E-11 8 .68E-l0 
Adronals 2 . 19E-08 5.08E-11 5 . 43E- l0 
Bl I/all 2. 17E-08 5 . 03E-11 5 .30E-l0 
Brain 2.21E-08 5. 11E-11 5 . 21£-10 
BreUlt 4.49£-08 1.05£-10 1.66£-09 
Hoart 2.02£-08 4 . 68E-11 4.84E-10 
S I/all 2 .01£-08 4 .81E-11 5.05£ 10 
SI I/all 1.71£-08 4. 11E-11 4 .24E-l0 
ULI I/all 2.19E-08 5.08E-11 5.32£-10 
III I/all 1. 96E-08 4 . 54E-11 4 .78£-10 
Kidnoys 2.26E-08 5.27E-11 5 .70£-10 
Liver 2 . 14E-08 4 . 95E-11 5 . 19E-l0 
Lungs 2.38E-08 5 . 54E-11 5 . 92£-10 
Marrow 3. 95E-08 9. 14E-11 9 . 70E-10 
R Marrow 1.81E-08 4 . 19£-11 4.35E-10 
Dvaries 1.82£-08 4 . 22E-11 4 .49E-10 
Pancreas 1.62£-08 3 . 76E-11 3.91£-10 
B Surf 4 .05E-08 9 . 41£-11 1.01E-09 
Spleen 2.06E-08 4 . 78E-11 5 . 00E-10 
Testes 3.62£-08 8.43E-11 1.ooE-09 
Thymus 2 . 68E-08 6 . 22£-11 6 .54E-10 
Thyroid 3.49E-08 8. llE-ll 8.78E-10 
Uterus 1.78E-08 4. 14E-ll 4 .24E-10 
Skin 4 . 57E-08 1 . 05E- ll 2 .04E-09 

a USDOE (1988) . 

Table T-36S. External Dose-Rate Conversion 

Factors for 241Ama 


Am-241 432 .2 Y 

Submersion Immersion Ground Plane 

(CY"lll3/Bq-y) (Cy .... 3/Bq-y) (Cy-m2/Bq-y) 

----------------------------------------

Etfective 2 . 52£-08 6.19E-ll 7 . 95E-l0 
Adrenals 1. 51E-08 3 .70E-ll 4 . 41E-10 
Bl I/all 1.73E-08 4 . 24£-11 4 .95E-l0 
Brain 1. 58E-08 3.86E-ll 4 . 51E-10 
BreUlt 3.91£-08 9.76E- ll 1.50E-09 
Heart 1 .40E-08 3.43E-11 4 .03E-l0 
S I/all 1. 54E-08 3 .76£-11 4 .43E- 10 
SI I/all 1.30E-08 3.19£- 11 3 .70E-l0 
ULI I/all 1.54£-08 3.78E-ll 4 . 41E-10 
III I/all 1.36E-08 3 .32£-11 3 .92£-10 
Kidnoys 1.81£-08 4 . 51£-11 5 .35E-10 
Liver 1.68£-08 4 . 14£-11 4 .81E-10 
Lungs 1.81£-08 4.51£-11 5.43E-10 
Marrow 3. 55E-08 8.22£-11 9 .68E-10 
R Marrow 1.01E-08 2.47E-ll 2.92E-l0 
Dvarie. 1.31£-08 3 . 35E-ll 3 . 95E-10 
Pancreas 1.05E-08 2.56E-ll 3.05E-l0 
B Surf 3 .43E-08 8 . 43E-11 9 . 91£-10 
Spleen 1 .48E-08 3.62£-11 4.24E-l0 
Teate. 3. 11E-08 7.62£-11 9.51£-10 
Thymus 2.31E-08 5 . 65E-ll 6 .57E-10 
Thyroid 2. 97E-08 7.21£-11 8.51£-10 
Uteru. 1. 26E-08 3 .08£-11 3 . 59E-10 
Skin 3 .81E-08 9 .35E-ll 1.73E-09 

a USDOE (1988) . 
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Table T-37S. External Dose-Rate Conversion Factors (Gy y-l) in Air above Ground 

for Uniform Slab Sources between the Ground Surface 


and Different Depths in Soila 


Emitted photon energy (HeV) 
0 .010 0 . 015 0 . 020 0 . 030 0.040 0 . 050 0.060 0.080 0 . 100 0 . 150 0 .200 0 .300 0 .400 

______________ ______ ________________________________________-------- - -------- ----------------------- - ______ 1 _ __

Depth 

(em) 

0 . 5 1.46E-8 5.52£-7 1.79E-6 3.42£-6 3 .83E-6 4 . 13E-6 4.73E-6 6.65E-6 9 . 60E-6 1.68E- 5 2 .40E-5 3.97£-5 5 .37£-5 
1 5.54E-7 1 . 92£-64.64£-6 6.03E-6 7 . 04£-6 8 . 44E-6 1.25E- 5 1 .64£-5 3.28E-5 4.69E-5 7.81E-5 1 .06E-4 
2 1 . 93E-6 5. 2OE-6 7 .87E-6 1.02£-5 1.3OE-5 2.05E-5 3.12£-5 5 .72£-5 8.19E-5 1 .38E-4 1.87£-4 
3 5.28E-6 8.51E-6 1 . 17E-5 1.56E-5 2 .59E-5 4 .03E-5 7 . 56E-5 1 .08E-4 1 .85E-4 2.52£-4 
4 5 . 29E-6 8 . 77E-6 1 . 25E-5 1 . 73E-5 2 .96E-5 4 .71E-5 9.00E-5 1 .29E-4 2 . 24E-4 3.05E-4 
5 8.87£-6 1.3OE-5 1.83E-5 3 .24E-5 5 .22£-5 1 .01E-4 1 .46E-4 2 .55E-4 3 .49E-4 
7.5 8 . 93E-6 1 .34E-5 1 . 96E-5 3.64£-5 6.05E-5 1.21E-4 1 .76E-4 3.15E-4 4.33E-4 
10 8 . 94£-6 1 . 35E-5 2 .01E-5 3 .83E-5 6 . 49E-5 1 . 34E-4 1 .95E-4 3.54E-4 4.91E- 4 
15 1 . 36E-5 2 . 03E-5 3.97£-5 6 .86E-5 1.45E-4 2 . 14E-4 4 .00E-4 5 . 61E-4 
20 4 .00E-5 6 . 97£-5 1 . 50E-4 2 .21E-4 4 .21E-4 5.96E-4 
25 4.01E-5 7.01E-5 1.52£-4 2 .24E-4 4 .32£-4 6.15E-4 
30 7 .02£-5 1 .52E-4 2.26E-4 4 .37£-4 6.24E-4 
40 1..53E-4 2 .26E-4 4.41E-4 6 .32E-4 
50 2.21£-44 .42£-46.34E-4 
60 6 .35E-4 

Emitted photon energy (HeV)
0 .500 0 . 600 0 .800 1.000 1 . 500 2.000 3.000 4 .000 5.000 6 .000 8 .000 10 .000 


Depth 
( cm) 
0 .5 6.66E-5 7 .89E-5 1.02£-4 1.22£-4 1.66E-4 2.05E-4 2.72£-4 3.32£-4 3 .89E-4 4 . 24E-4 5 .48E-4 6 .53E-4 
1 1.31E-4 1. 55E-4 2 . 00E-4 2.39E-4 3.26E-4 4.03E-4 5.36E-4 6.55E-4 7 .68E-4 8 . 74E-4 1.08E-3 1.29E-3 
2 2.32£-4 2 . 75E-4 3 . 55E-4 4 . 25E-4 5.80E-4 7.19E-4 9 . 59E-4 1 . 17E-3 1 .38E-3 1 .57E-3 1 .95E-3 2 .32£-3 
3 3 . 13E- 4 3.71E-4 4. 79E-4 5 . 73E-4 7 .85E-4 9 . 74E-4 1 . 3OE-3 1.60E-3 1.88E-3 2.14E-3 2 .66E-3 3.17E-3 
4 3 .79E-4 4 . 50E-4 5 .82£-4 6 . 98E- 4 9 . 58E-4 1 . 19E-3 1. 60E-3 1 .96E-3 2 .31E-3 2 . 63E-3 3 .27E-3 3.9OE-3 
5 4 .35E-4 5 . 17£-4 6 .70E-4 8.05E-4 1 . 11E-3 1.38E-3 1 .86E-3 2 .28E-3 2.69E-3 3 . 07£-3 3 .81E-3 4.54E-3 
7 .5 5.43E-4 6 . 47E-4 8 .43E- 4 1 . 02£-3 1.41E-3 1 . 77E-3 2.39E-3 2 . 95E-3 3 .47E-3 3 . 97£-3 4 .94E-3 5 .9OE-3 
10 6 . 18E-4 7 . 40E-4 9.70E-4 1 . 17E-3 1 .64E-3 2.06E-3 2 .81E-3 3.48E-3 4.10E-3 4 .70E-3 5 .85E-3 6.98E-3 
15 7 . 12£- 4 8 . 58E-4 1 . 14E-3 1.39E-3 1.96E-3 2 . 49E-3 3.42£-3 4.21£-3 5.05E-3 5.80E-3 7 .24E-3 8.65E-3 
20 7 .62£-4 9 . 23E-4 1. 23E-3 1.51E- 3 2 . 16E-3 2 .77E-3 3 .85E-3 4 .83E-3 5 .73E-3 6.60E-3 8.26E-3 9 .88E-3 
25 7 .89E-4 9 .60E-4 1 .29E-3 1.59E-3 2 . 3OE-3 2 . 97£-3 4 . 16E-3 5 .24E-3 6 .24E-3 7 .2OE-3 9 .03E-3 1 .08E-2 
30 8.04E-4 9.81E-4 1 . 32£-3 1.64E-3 2 . 39E-3 3.10E-3 4.38E-3 5 .55E-3 6.63E-3 7.66E-3 9.63E-3 1 . 15E-2 
40 8 . 17E-4 1 . 00E-3 1 . 36E-3 1. 69E- 3 2 . 5OE-3 3.27E-3 4.67E-3 5.96E-3 7 . 15E-3 8.3OE-3 1 .05E-2 1.26E-2 
50 8 .21E-4 1 . 01E-3 1.37E-3 1.72£-3 2.54E-3 3 . 35E-3 4.83E-3 6.2OE-3 7 .47£-3 8 .70E-3 1.10E-2 1.32E-2 
60 8 .23E-4 1. 38E-3 1.72£-3 2.57E-3 3 .39E-3 4.93E-3 6 .35E- 3 7 .67E-3 8 . 95E-3 1.14E-2 1.37E-2 
80 1.73E- 3 2 . 58E-3 3.43E-3 5.01E-3 6 .5OE-3 7 .88E-3 9 . 23E-3 1.18E-2 1 .42£-2 
100 2 . 59E-3 3 . 44£-35.04£-3 6 .55E-3 7 .97E-3 9 . 34E-3 1 . 19E-2 1.44£-2 
120 5.05E-3 6 . 57E- 3 8.00E-3 9 . 40E-3 1.2OE- 2 1 .45E- 2 
140 6 .58E-3 8.02£-3 9.42£-3 1.21E-2 1 .46E-2 
160 6 . 59E-3 9 .43E-3 
180 9.44E-3 

a Kocher and Sjoreen (1985) . 
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Table T-38S. Radiation Doses to Embryo/Fetus per j.£Ci of 238U 


Introduced into Maternal Transfer Compartment (Blood)B 


Days of Do.e (rad) to embryo/fetus during indicated gestation periods (days) 
gestation at 
introduct ion 0-30 31-60 61-90 91-120 121-150 151-180 181-210 211-240 241-210 0-210 

III • •••••o • 
31 1.23E-3 2 .01E-S 4.S9E-6 1.04E-6 4.38E-7 2 .36E-7 1.S1E-7 1.08E-7 1.26E-3 
61 3.7SE-3 6.86E-4 1.64E-4 6 .83E-S 3 . 70E-S 2 .37E-S 1.69E-S 4.7SE-3 
91 S.49E-3 1.32E-3 S .49E-4 2 .98E-4 1.90E-4 1 .36E-4 7.98E-3 

121 7.06E-3 2.83E-3 1.SSE-3 9.91E-4 7.08E-4 1 .31E-2 
151 8.3OE-3 4.4SE-3 2.86E-3 2.04E-3 1 .77E-2 
181 1.22E-2 7.76E-3 S .54E-3 2.SSE-2 
211 1.3OE-2 9.23E-3 2.22E-2 
241 2.07E-2 2 .07E-2 

8 USNRC (1992). 

Table T-39S. Radiation Doses to Embryo/Fetus per j.£Ci of 235U 

Introduced into Maternal Transfer Compartment (Blood)8 


Day8 of Dose (rad) to embryo/fetuB during indicated gestation periods (days) 
gestation at 
introduction 0-30 31-60 61-90 91-120 121-150 151-180 181-210 211-240 241-270 0-210 

o • • • • III • • • •• 
31 1 . 29E-3 2.11E-S 4.84E-6 1.09E-6 4.60E-7 2.48E-7 1.S9E-7 1 . 13E-7 1.32E-3 
61 3 .93E-3 7.19E-4 1.73E-4 7.18E-S 3 .88E-S 2.49E-S 1.77E-S 4 .98E-3 
91 S.7SE-3 1 .39E-3 S.78E-4 3.12E-4 2 .00E-4 1.43E-4 8.37E-3 

121 7.4OE-3 2 . 97E-3 1.62E-3 1 .04E-3 7.41E-4 1.38E-2 
151 8 .70E-3 4 .67E-3 3.00E-3 2.14E-3 1 .85E-2 
181 1 .28E-2 8.12E-3 S.82E-3 2.67E-2 
211 1 . 36E-2 9.69E-3 2.33E-2 
241 2 . 17E-2 2.17E-2 

8 USNRC (1992). 

Table T-40S. Radiation Doses to Embryo/Fetus per j.£Ci of 234U 


Introduced into Maternal Transfer Compartment (Blood)8 


Days of Do.e (rad) to embryo/fetus during indicated gestation periods (days) 
gutation at 
introduction 0-30 31-60 61-90 91-120 121-150 151-180 181-210 211-240 241-270 0-210 

o • • • • • • • • 
31 1.40E-3 2 .3OE-S S.26E-6 1 . 18E-6 S .OOE-7 2.70E-7 1.73E-7 1 .23E-7 1 . 43E-3 
61 4 .27E-3 7 .82E-4 1.8TE-4 7 .79E-S 4.22E-S 2 .70E-S 1 . 93E-S S.41E-3 
91 6 .2SE-3 1.SlE-3 6.28E-4 3.39E-4 2.17E-4 1.SSE-4 9.10E-3 

121 8 .0SE-3 3 .23E-3 1 .77E-3 1.13E-3 8 .07E-4 1.5OE-2 
151 9 .46E-3 S.07E-3 3.26E-3 2.32E-3 2.01E-2 
181 1 . 4OE-2 8.88E-3 6.34E-3 2 . 92E-2 
211 1.48E-2 1.0SE-2 2 .53E-2 
241 2.36E-2 2.36E-2 

B USNRC (1992). 
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Table T-41S. Radiation Doses to Embryo/Fetus per j.£Ci of 239pU 


Introduced into Maternal Transfer Compartment (Blood)B 


Days of 
gestation at 
introduction 

o 
31 
61 
91 

121 
151 
181 
211 
241 

00S8 (rad) to embryo/fetus during indicated gestation periods (days) 

0-30 31-60 61-90 91-120 121-150 151-180 181-210 211-240 241-270 0-270 

• • 
2.52£-3 

• • • • • • • • 
4.12£-5 9.40E-6 2.12£-6 8.97E-7 4.83E-7 3.10E-7 2.21E-7 2.57E-3 
7.68E-3 1.40E-3 3 .36E-4 1 .4OE-4 7.56E-5 4.85E-5 3.46E-5 9.71E-3 

1. 12£-2 2 .71E-3 1.12£-3 6.07E-4 3 . 9OE-4 2.78E-4 1. 63E-2 
1.45E-2 5.80E-3 3 .17E-3 2.02E-3 1 .44E-3 2.69E-2 

1.70E-2 9.09E-3 5.85E-3 4 . 17E-3 3.61E-2 
2 .50E-2 1.59E-2 1.13E-2 5.22E-2 

2.66E-2 1.88E-2 4.54E-2 
4.23E-2 4.23E-2 

USNRC (1992). B 

iJ 
Table T-42S. Dose Equivalent Factors for 
Embryo/Fetus per Unit Thorium Isotope 

in Maternal BloodB 

GI uptake 
Dose factor fraction 

Isotope (rem j.£Ci-1 ) h 

Th-228 44.0 2 X 10-4 

Th-230 12.6 2 X 10-4 

Th-232 22.6 2 X 10-4 

Th-234 0.233 2 X 10-4 

a USNRC (1992). 
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APPENDIXU 


FMPC DOMAIN DEMOGRAPHICS 


INTRODUCTION 


The topic discussed in this appendix involves the estimation of the SIZe of the 
populations that live or lived around the Feeds Material Production Center (FMPC) near 
Ross, Ohio from 1950 to 1990. The information presented below describes the evolution of a 
model that would represent the best estimate of the number and location of individuals that 
resided within 8 kilometers (5 miles) of the FMPC over four decades. Four models are 
proposed, each based on different sources of data, as shown below: 

• 	 Model 1 estimates based on data presented in the 1989 FMPC Annual 
Environmental Monitoring Report. 

• 	 Model 2 estimates based on US Census Ohio Township data. 
• 	 Model 3 estimates based on US Census block data and census block maps. 
• 	 Model 4 estimates based on USGS topographical maps. 

BACKGROUND 

The domain of the Fernald Dosimetry Reconstruction Project (FDRP) study is defined 
as the area of a circle with an 8 km radius from the center of the FMPC (RAC, 1990). The 
domain is presented in Figure U-l as a grid divided into the 16 compass sectors of a 
windrose with each compass sector partitioned into cells of 1 km from the center of the 
plant. The figure shows that the study domain includes areas of both Hamilton and Butler 
Counties, Ohio. Approximately 7% of this area is populated with farm houses, small 
communities and the small town of Ross, Ohio. 

There are four townships within Butler and Hamilton Counties whose boundaries are 
within the FMPC domain. These townships include Ross and Morgan Townships in Butler 
County and Crosby and Colerain Townships within Hamilton County. 

Morgan Township includes the WNW compass sector through the NNW compass 
section (see Figure U-I). The Ross Township, which includes the town of Ross, Ohio, is 
located within the compass sectors N to ENE. The Colerain township is located in compass 
sectors E to S, beginning at the 5th kilometer and extending through the 8th kilometer. The 
natural boundary between Colerain and Crosby Townships is the Great Miami River (see 
Figure U-I). Part of the Crosby Township is located in the compass sectors E to S beginning 
at the 1st kilometer and extending through the 4th kilometer. The rest of Crosby Township 
includes compass sectors SSW through W. 

Butler County townships (Ross and Morgan) are each divided into 36 one square mile 
sections (BCEO, 1992). Approximately 18 sections or 50% of Ross Township sections lie 
within the FMPC domain while approximately 12 (33%) of the Morgan Township sections lie 
within the FMPC domain. In Hamilton County (HCRP, 1992) 100% of the Crosby Township 
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and approximately 36% (16 of 44.5 square miles) of the Colerain Township lie wIthin the 
FMPC domain. 

d 

J 

J
J 
J
J 

1 

1 
3 KM 

Figure U-l. The polar grid centered at the FMPC site, each marked with a 

direction toward which the wind blows. The circles are at 1 km intervals from the 

center of the site. 


METHODS 

To estimate the change in population in the FMPC domain over 4 decades (1950-1990) 
it was assumed that the population within the FMPC domain was representative of the Ohio 
townships surrounding the domain and that the populations within the townships grew 
exponentially, i.e. the population grew at a rate that was proportional to the number 
present at time t. A growth rate coefficient was calculated using census township data (U.S. 
Census, 1952, 1961, 1971, 1982, 1991) and the exponential equation: 

(U-l) 

DRAFT 
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solving for r, where PI =initial populations at time tI, and P2 =the population at time t2. 
The growth rate coefficients for each township and decade are shown in Table U- 1A The 

growth rate coefficients assumed that the percentage of each township within the FMPC 
domain grew at the same rate as the whole township. 

Table U-lA. Decade Growth Rate Coefficient Based on 
US Census Decade Population Estimates 

Township Growth Rate Coefficient Decade Interval 
Ross 0.052 1950-1960 


0.013 1960-1970 

0.039 1970-1990 

0.032 1980-1990 


Colerain 0.13 1950-1960 

0.057 1960-1970 

O.OlD 1970-1980 

0.004 1980-1990 


Crosby 0.036 1950-1960 

0.018 1960-1970 

0.035 1970-1980 

0.007 1980-1990 


Morgan 0.036 1950-1960 

0.019 1960-1970 

0.044 1970-1980 

0.020 1980-1990 


n 
L 

1 


o 

\ 

Tables U-2 through U-5 show that population estimates derived from Models 1, 2, 3, 
and 4 respectively. Each table list the 16 compass windrose sectors in the left column while 
distance from the center of the FMPC for each windrose cell is shown across the top of each 
table. The population estimates for each 1 kilometer cell within each township are shown in 
columns 1 through 8. The total population estimate for each township within the FMPC 
domain is listed to the left of the township name in each table. 

MODELS 

Model 1 (Table U-2) was developed from data in the 1989 FMPC Annual 
Environmental Monitoring Report (AEMR) (FMPC 1989). These data were prepared by the 
Geographic Data Systems Section of the Computing and Telecommunications Division at 
Oak Ridge National Laboratory (ORNL) in Oak Ridge, Tennessee. 

Radiological Assessments CorporationDRAFT 
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The ORNL data are presented as a grid divided into the 16 compass sectors of a 
windrose with each compass sector partitioned into cells ranging from 1.6 to 16 kilometers 
from the center of the plant. The population data within the first 8 km, which represents 
individuals living within the FMPC domain were interpolated to estimated the population 
living within a windrose grid with a radius of 8 km and cells 1 km wide. Population 
estimates within each cell of the FMPC domain grid during the years 1950 to 1980 were 
calculated from the negative of the growth rate coefficients of the 1989 population data, 
using equation U-1 , and solving for P2, the estimated change in population, where P1 is 
equal to the 1989 population estimate. 

To verify and/or improve the population estimates obtained from Modell, a second 
model was suggested. The second model was based on 1990 U.S. Census township data (U.S. 
Census 1952, 1961, 1971, 1982, 1991). The assumption of this model was that the population 
in each township was evenly distributed. The crude population numbers used in the 
calculations were based on the fraction of each township within the FMPC domain and the 
township population. Estimates for each cell were based on the size and location of the cell 
relative to highways and communities. The results of Model 2 are given in Table 3. 

The estimates obtained from Model 2 seemed reasonable for Ross, Morgan, and Crosby 
townships when compared to ModelL However, the estimates for the Colerain township (> 

20,000) were unreasonable since Colerain township includes portions of greater Cincinnati, 
Ohio and the region of the FMPC domain occupying the Colerain township is sparsely 
populated. Therefore a third model was considered. 

The third model was developed from the use Census block data and census block 
maps(USCBM, 1992). The 1990 census block maps were overlaid with the FMPC domain 
grid. Estimates to each 1 kilometer cell within each windrose were assigned by scanning the 
area covered by the census block and inferring the fraction of a block population would be in 
each 1 kilometer cell. Applying the negative growth coefficient estimates to the 1 kilometer 
estimate, we extrapolated back in time to estimate the population distribution from 1990 to 
1950. Since 1990 is the only census year for which the Census Bureau had data available at 
the block level for the entire U.S.(rural as well as metropolitan areas) the assumption was 
made that the 1990 census blocks for Hamilton and Butler counties would be representative 
of census blocks for previous decades. The population estimates for Model 3 for the FMPC 
domain are shown in Table U-4. 

Model 3 estimates for the region of the four townships within the FMPC domain 
approached the estimates of Modell and seemed a reasonably good model. However, there 
was a large discrepancy between Model 2 and Model 3 domain population estimates. This 
discrepancy resulted from the assumption of Model 2, i.e. an even distribution of the census 
tract population throughout each township. Model 3 represented and improvement in the 
accuracy of the location of the domain population based on census block map data, however, 
it resulted in zero's in many cells. The question then arose as to how accurate are Model 3 
population estimates relative to the area inhabited by individuals within the FMPC domain. 

To resolve this problem a fourth model was proposed by investigating the use of USGS 
topographical maps (USGS, 1950, 1979-1981). that are published every 30 years. USGS 
maps, in addition to showing how the terrain is formed, show the location of highways, 
towns, and an estimate of structures located along transportation routes as well as in 
heavily populated areas. The structures on the USGS maps not only represent residences 
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but also small businesses, farm structures, and manufacturing buildings. 
The USGS maps printed in 1979-1981 show both the structures seen in 1950 and 1979

1981 (Maps printed in 1979-1981 will be considered 1980 maps). By overlaying the 
topographical map with the FMPC grid (16 compass windrose sectors divided into 1 
kilometer cells), the number of structures within each 1 kilometer cell of the windrose were 
counted, first for 1950 and then for 1980 to give structure estimates per cell for the 1950 and 
1980 decades. 

Based on the 1990 U.S. Census block data (USCBM, 1992), the housing occupancy for 
the FMPC domain is 2.87 (range 1 to 5). However, assuming 15% of the domain to be 
occupied by business and manufacturing industries, a 2.5 multiplier (conservative estimate 
of structure occupancy) was chosen to estimate the population based on structures in Ross, 
Morgan and Colerain townships. The occupancy rate for the Crosby township (2 per 
household) was calculated from census block data since approximately 100 % of the Crosby 
township was within the FMPC domain. The estimated population for each 1 kilometer 
sector of the 16 compass windrose for 1950 and 1980 was: # structures/cell X household 
occupancy. The results of the model 4 are shown below in Table U-5. 

Using the two decade estimates obtained from USGS maps (1950 and 1980) a growth 
rate coefficient was calculated using equation U-1 for each cell within the domain windrose 
(Table I-B). These growth rate estimates were used to interpolate population cell estimates 
for 1960 and 1970 decades. The estimates for the 1990 decade assumed that the growth rate 
coefficients generated for the time between 1950 and 1980 would be maintained for the next 
decade. 

MODEL COMPARISON 

Figure U-2 below gives the overall FMPC domain estimate comparison at the decade 
level. This comparison provides a measure of the uncertainty of the estimated numbers of 
individuals living within the FMPC domain during the years 1950 to 1990 calculated by four 
different modeling assumptions. Figure U-2 shows the population trends of the FMPC 
domain based on our four models. The figure shows clearly that Model 2, based on US 
Census township data, overestimates the domain population for 1960 through 1990. The 
assumption of this model that the population is distributed evenly throughout the 
townships, contributes to this unreasonable overestimation. 

Using US Census data to calculate the growth rate coefficients for the townships over 
four decades did not reveal the true nature of the actual growth of the area of the Colerain 
township within the FMPC domain. Colerain township, which includes a large part of the 
city of Cincinnati, grew from a 1950 population of 7473 (US Census, 1950) to 50791 (US 
Census, 1970) in 1970, a seven fold increase. Using the growth rate coefficient calculated for 
the Colerain township from this exploding population (0.13, 1950-1960; 0.06, 1960-1970) to 
back calculate Colerain domain estimates from 1990 US Census data resulted in estimating 
few individuals living within the area of the FMPC domain occupied by the Colerain 
township in 1950; 457, 348 (Models 1 and 3, Tables U-2E, U-4E). 

However, by using 1950 USGS Maps (Model 4) to estimate the 1950 Colerain domain 
population, we estimated that approximately 2,140 individuals live in the section of the 
FMPC domain within the Colerain township in 1950. This number grew to approximately 
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3,102 individuals in 1980 (USGS, 1980), a 1.5 fold increase that resulted in a smaller growth 
rate coefficient for the Colerain township within the FMPC domain, 0.002(low) to 
0.043(high), (Table U-1B; E 5km-8km through S 5km-8km). 
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Figure U-2. Population estimates in the 8-km FMPC domain for Models 1, 2, 3, and 
4 from 1950 through 1990. 

Figure U-3 shows that the total FMPC domain population estimates based on Models 1, 
3 and 4 are in good agreement. However, the primary advantage of Model 4 is that 
population size is estimated for each cell of the FMPC domain windrose, based on detailed 
locations of structures for two decades (1950 and 1980). For an example (see Tables U-4E 
and U-5E) estimates at 4 kilometers South East of the Feeds Materials Processing Plant for 
1950, based on extrapolation from 1990 US Census block data and using township growth 
rate coefficients, predicted a cell with a population size of 22. However, 1950 USGS maps at 
the same location showed 77 structures with an estimated population size of 144, a 6.5 fold 
increase (Table U-5E). 

Overall, when the FMPC 1950 domain cell population estimates from Model 3 
(predicted from census data) and 1950 Model 4 domain cell population estimates (observed 
from USGS maps) were compared, the cell predicted/observed (P/O) ratios ranged from 0.40 
to 7.96. The lesson learned here is that the past locations of populations cannot be predicted 
from the present locations. It may also be said that the future location of individuals living 
in the FMPC domain cannot be predicted from the past. Incorporating individual FMPC 
domain cell growth rate coefficients based on 1950 and 1980 USGS maps also provided a 
method of improving the accuracy in estimating where individuals settled within the FMPC 
domain over 40 years. 

Model 4 provides a conservative domain population estimate that may be the result of 
the household occupancy multiplier. Model 4 was chosen as best representing the FMPC 
domain demographics for the four decades (1950-1990) under study by the Radiological 
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Assessments Corporation because of the resident location information within each FMPC 
domain cell provided by USGS maps (USGS, 1950-1980). 
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Figure U-3. Population estimates in the 8-km FMPC domain for Models 1, 3 and 4 
from 1950 through 1990. 

AGE AND SEX DISTRIBUTION 

The age and sex distributions for the 1990 FMPC domain (Table U-6) were calculated 
from 1990 US Census block data (USCBM, 1992). The age distributions were set at infant to 
9 years, 10 to 20 years of age, and 21 years and older to allow age stratification in an 
epidemiological study. 

Sex distribution estimates for 1960-1980 FMPC domain were calculated from 1960-1980 
US Census township data (U.S. Census, 1962, 1971, 1982), assuming that the male/female 
ratio in the townships were representative of the domain. Age distributions were not 
available on the township level. Therefore, the 1960-1980 age distributions were estimated 
from Butler and Hamilton county census data assuming that the percentage of individuals 
0-9, 10-20 and >20 years of age at the county level were representative of the domain. Age 
and sex distribution estimates for the 1950 FMPC domain were estimated from 1950 U .S. 
census data which was reported at the county level. 

CONCLUSIONS 

The results of this exercise provide estimates of the number of individuals that may 
have been exposed to environmental releases from the FMPC between 1952 and 1988. The 
data also provide a decade level age and sex distribution which together with the population 
estimates will provide information for population dose estimates and for determining the 
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potential success of executing an epidemiological study. 
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Table U-IB. Individual Cell Growth Rate Coefficient Based on 1950 and 1980 

USGS Maps 


Distance in km 
0-1 1-2 2-3 3-4 4-5 5-6 6-7 7-8 

N 0.000 0.034 0.000 0.031 0.021 0.020 0.037 0.022 
NNE 0.000 0.018 0.003 0.029 0.058 0.055 0.069 0.003 
NE 0.000 0.014 0.075 0.058 0.033 0.023 0.023 0.019 
ENE 0.000 0.040 0.057 0.039 0.046 0.019 0.023 0.000 
E 0.000 0.015 -0.031 0.041 0.002 0.025 0.002 0.043 
ESE 0.000 0.003 0.003 0.024 0.028 0.017 0.006 0.007 
SE 0.000 0.034 0.043 0.014 0.014 0.022 0.008 0.019 
SSE 0.000 0.049 0.003 0.012 0.009 0.012 0.003 0.008 
S 0.000 0.035 0.039 0.019 0.006 0.056 0.004 0.012
SSW 0.000 0.029 0.054 0.083 0.021 0.007 -0.001 0.102 
SW 0.000 0.026 0.019 0.015 0.095 0.038 0.066 0.059 
WSW 0.000 0.000 0.003 0.003 0.008 0.033 0.028 0.051 
W 0.000 0.000 -0.004 0.024 0.036 0.092 0.070 0.089 
WNW 0.000 0.039 0.002 0.006 0.000 -0.004 -0.010 0.014 
NW 0.000 0.055 0.010 -0.002 0.057 0.032 0.006 0.028 
NNW 0.000 0.043 0.043 0.037 0.079 0.056 0.102 0.077 

Table U-2. Modell Extension of 1989 FMPC 1989 Data 


Table U-2A Modell 1990 Domain Population Estimates 

Distance in km 

0-1 1-2 2-3 3-4 4-5 5-6 6-7 7-8 Township 

N 4 19 40 47 52 66 74 78 
NNE 3 16 36 40 46 68 140 188
NE 5 55 128 86 76 80 151 198 
ENE 10 33 66 1370 1357 3 19 29 4583 Ross 
E 15 25 38 67 70 57 110 147 
ESE 10 23 42 77 94 128 161 182 
SE 9 20 43 62 73 96 110 120 
SSE 5 22 41 52 76 160 285 369 
S 6 20 43 57 96 240 328 387 3289 Colerain 
SSW 6 22 48 87 113 181 205 221 
SW 6 24 53 82 87 80 81 81 
WSW 11 27 53 81 98 135 165 185 
W 6 23 49 77 94 134 155 168 3515 Crosby 
WNW 5 19 41 59 71 101 120 133 
NW 8 20 39 57 68 96 121 136 
NNW 11 22 40 59 74 116 165 197 1778 Morgan 

Total 	 13165 
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Table U-2B. Modell 1980 Domain Population Estimates (FMPC 1989) 
Distance in km 

0-1 1-2 2-3 3-4 4-5 5--6 .6-7 7-8 Township 

N 3 14 29 34 38 48 54 57 
NNE 2 12 26 29 33 49 102 137 
NE 4 40 93 62 55 58 110 144 
ENE 7 24 48 995 985 2 14 21 3328 Ross 
E 14 23 35 62 70 57 110 146 
ESE 9 21 39 72 94 128 160 181 
SE 8 19 40 58 73 96 110 120 
SSE 5 20 38 48 76 159 284 368 
S 6 19 40 53 96 239 327 386 3278 Colerain 
SSW 6 20 45 81 105 168 191 206 
SW 6 22 49 76 81 74 75 75 
WSW 10 25 49 75 91 126 154 172 
W 6 21 46 72 87 125 144 156 3271 Crosby 
WNW 4 16 34 48 58 83 98 109 
NW 7 16 32 47 56 79 99 112 
NNW 9 18 33 48 61 95 135 162 1459 Morgan 

TOTAL 11335 

Table U-2C. Modell 1970 Domain Population Estimates (FMPC, 1989) 
Distance in km 

0-1 1-2 2-3 3-4 4-5 5--6 6-7 7-8 Township 

N 2 9 20 23 26 32 36 38 
NNE 
NE 
ENE 

1 
2 
5 

8 
27 
16 

18 
63 
32 

20 
42 
674 

23 
37 
667 

33 
39 
1 

69 
74 
9 

92 
97 
12 2253 Ross 

E 
ESE 
SE 

10 
7 
6 

16 
15 
13 

25 
28 
28 

44 
50 
41 

63 
85 
6.6 

51 
115 
87 

99 
145 
99 

133 
164 
108 

SSE 3 14 27 34 69 144 257 333 
S 4 13 28 37 87 216 296 349 2966 Colerain 
SSW 4 14 31 57 74 119 134 145 
SW 4 16 35 54 57 52 53 53 
WSW 
W 
WNW 

7 
4 
3 

18 
15 
10 

35 
32 
22 

53 
50 
31 

64 
62 
38 

89 
88 
53 

108 
102 
63 

121 
110 
70 

2305 Crosby 

NW 
NNW 

4 
6 

11 
12 

21 
21 

30 
31 

36 
39 

51 
61 

64 
87 

72 
104 939 Morgan 

TOTAL 8463 
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Table U-2D. Modell 1960 Domain Population Estimates (FMPC 1989) 
Distance in km 

0-1 1-2 2-3 3-4 4-5 5-6 6-7 7-8 Township 

N 2 8 17 20 22 28 32 34 
NNE 1 7 16 17 20 29 60 81 
NE 2 24 55 37 33 35 65 85 
ENE 4 14 28 591 586 1 8 13 1979 Ross 
E 8 14 21 37 36 29 56 75 
ESE 5 13 23 42 48 65 82 93 
SE 5 11 24 34 37 49 56 61 
SSE 3 12 22 28 39 82 145 188 
S 3 11 24 31 49 122 167 197 1677 Colerain 
SSW 3 12 26 48 62 99 112 121 
SW 3 13 29 45 48 44 44 44
WSW 6 15 29 44 54 74 90 101 
W 3 13 27 42 51 .73 85 92 1925 Crosby 
WNW 2 8 18 26 31 44 52 58 
NW 3 9 17 25 30 42 53 59 
NNW 5 10 17 26 32 51 72 86 777 Morgan 

TOTAL 	 6358 
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Table U-2E. Modell 1950 Domain Population Estimates (FMPC 1989) 
Distance in km 

0-1 1-2 2-3 3-4 4-5 5-6 6-7 7-8 Township 

N 1 5 10 12 13 17 19 20 
NNE 1 4 9 10 12 17 36 48 
NE 1 14 33 22 20 21 39 51
ENE 3 8 17 352 348 1 5 7 1176 Ross 
E 6 10 15 26 10 8 15 20 
ESE 4 9 16 29 13 18 22 25 
SE 3 8 16 24 10 13 15 17
SSE 2 8 16 20 11 22 40 51 
S 2 8 16 22 13 33 46 54 457 Colerain 
SSW 2 8 18 33 43 69 78 84 
SW 2 9 20 31 33 31 31 31 
WSW 4 10 20 31 37 52 63 71 
W 2 9 19 29 36 51 59 64 1343 Crosby 
WNW 2 6 12 18 22 31 37 41 
NW 2 6 12 17 21 29 37 41 
NNW 3 7 12 18 23 35 50 60 400 Morgan 

TOTAL 	 3376 

Radiological Assessments CorporationDRAFT 
"Setting the .tandard in radiation health" 



Page U-12 The Fernald Dosimetry Reconstruction Project 
Task 4 

Table U-3. Model 2 Estimates from 1990 Census Township Data 


Table U-3A. Model 2 1990 Domain Population Estimates 

Distance in km 

0-1 1-2 2-3 3-4 4-5 5-6 6-7 7-8 Township 

N 4 19 40 47 52 68 74 78 
NNE 3 16 36 40 46 69 140 188 
NE 5 55 128 1042 152 134 187 198 
ENE 10 33 66 1042 148 245 187 7 4748 Ross 
E 12 18 27 46 386 336 660 838 
ESE 7 16 30 54 510 720 870 950 
SE 4 14 30 43 385 1176 1610 1370 
SSE 6 15 29 36 406 1226 1675 1683 
S 3 14 30 40 200 1786 1796 1625 20208 Colerain 
SSW 2 8 17 33 68 241 137 143 
SW 20 9 18 28 378 63 56 56 
WSW 4 9 18 46 63 95 97 98 
W 4 16 34 53 65 189 53 58 2653 Crosby 
WNW 6 28 57 84 100 84 84 36 
NW 11 28 56 81 54 72 84 94 
NNW 16 32 57 84 570 78 121 147 1151 Morgan 

TOTAL 29169 

Table U-3B. Model 2 1980 Domain Population Estimates (Census Township) 
Distance in km 

0-1 1-2 2-3 3-4 4-5 5-6 6-7 7-8 Township 

N 3 14 29 34 38 49 54 57 
NNE 2 12 26 29 33 50 102 137 
NE 4 40 93 757 110 97 136 144 
ENE 7 24 48 757 107 178 136 142 3348 Ross 
E 11 17 25 43 385 335 658 835 
ESE 7 15 28 50 508 717 867 947 
SE 4 13 28 40 384 1172 1604 1365 
SSE 6 14 27 33 405 1222 1669 1677 
S 3 13 28 37 199 1780 1790 1619 20137 Colerain 
SSW 2 7 16 31 63 224 127 133 
SW 19 8 17 26 352 59 52 52 
WSW 4 8 17 43 59 88 90 91 
W 4 15 32 49 60 176 49 54 2649 Crosby 
WNW 5 23 47 69 82 69 69 30 
NW 9 23 46 66 44 59 69 77 
NNW 13 26 47 69 47 64 99 121 1272 Morgan 

TOTAL 27326 
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Table U-3C. Model21970 Domain Population Estimates (Census Township) 
Distance in km 

0-1 1-2 2-3 3-4 4-5 5-6 6-7 7-8 Township 

N 2 9 20 23 26 33 36 38 
NNE 1 8 18 20 23 34 69 92 
NE 2 27 63 512 75 66 92 97 
ENE 5 16 32 512 73 120 92 96 2334 Ross 
E 8 12 18 30 348 303 595 756 
ESE 5 10 20 35 460 649 784 857 
SE 3 9 20 28 347 1060 1452 1235 
SSE 4 10 19 24 366 1105 1510 1518 
S 2 9 20 26 180 1610 1619 1465 18221 Colerain 
sw 1 5 11 22 45 158 90 94 
SW 13 6 12 18 248 41 37 37 
WSW 3 6 12 30 41 62 64 64 
W 3 10 22 35 43 124 35 38 1740 Crosby 
WNW 3 15 30 44 53 44 44 19 
NW 6 15 30 43 29 38 44 50 
NNW 8 17 30 44 30 41 64 78 819 Morgan 

TOTAL 23115 

Table U-3D. Model 2 1960 Domain Population Estimates (Census Township) 
Distance in km 

0-1 1-2 2-3 3-4 4-5 5-6 6-7 7-8 Township 

N 2 8 17 20 22 29 32 34 
NNE 1 7 16 17 20 30 60 81 
NE 2 24 55 450 66 58 81 85 
ENE 4 14 28 450 64 106 81 85 2050 Ross 
E 7 10 15 25 197 171 337 427 
ESE 4 9 16 30 260 367 444 484 
SE 2 8 16 24 196 600 821 699 
SSE 3 8 16 20 207 625 854 858 
S 2 8 16 22 102 911 916 829 10304 Colerain 
SSW 1 4 9 18 37 132 75 78 
SW 11 5 10 15 207 35 31 31 
WSW 2 5 10 25 35 52 53 54 
W 2 9 16 29 36 104 29 32 1453 Crosby 
WNW 3 12 25 37 44 37 37 16 
NW 5 12 24 35 24 31 37 41 
NNW 7 14 25 37 25 34 53 32 678 Morgan 

TOTAL 14485 
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Table U-3E. Model21950 Domain Population Estimates (Census Township) 
Distance in km 

0-1 1-2 2-3 3-4 4-5 5-6 6-7 7-8 Township 

N 1 5 10 12 13 17 19 20 
NNE 1 4 9 10 12 18 36 48 
NE 1 14 33 267 39 34 48 51 
ENE 3 8 17 267 38 63 48 50 1219 Ross 
E 5 7 10 18 54 47 92 116 
ESE 3 6 11 21 71 100 121 132 
SE 2 5 11 16 54 163 224 190 
SSE 2 6 11 14 56 170 233 234 
S 1 5 11 15 28 248 250 226 2808 Colerain 
SSW 1 3 6 13 26 92 52 55 
SW 8 3 7 11 144 24 21 21 
WSW 2 3 7 18 24 36 37 37 
W 2 6 13 20 25 72 20 22 1014 Crosby 
WNW 2 9 17 26 30 26 26 11 
NW 3 9 17 25 16 22 26 29 
NNW 5 10 17 26 17 24 37 45 473 Morgan 

TOTAL 5514 

Table U-4. Model 3 Population Estimates from Census Block Data 


Table U-4A. Model 3 1990 Domain Population Estimates 

Distance in km 

0-1 1-2 2-3 3-4 4-5 5-6 6-7 7-8 Township 

N 0 4 0 204 0 58 8 86 
NNE 0 0 0 0 0 86 0 254 
NE 0 0 0 80 154 70 70 1 
ENE 0 26 284 706 1024 2 0 0 3117 Ross 
E 0 27 17 64 120 241 290 220 
ESE 0 0 0 25 30 135 171 150 
SE 0 40 50 57 18 198 19 74 
SSE 0 9 91 242 9 95 531 281 
S 0 5 40 40 0 0 0 5 2587 Colerain 
SSW 0 30 12 30 40 40 169 8 
SW 0 15 29 12 58 143 50 87 
WSW 13 15 0 0 168 246 388 63 
W 0 37 0 13 15 196 58 120 2762 Crosby 
WNW 0 138 42 37 37 130 35 34 
NW 4 53 116 71 71 83 48 200 
NNW 4 19 77 77 77 388 303 147 2191 Morgan 

TOTAL 10932 
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Table U-4B. Model 3 1980 Domain Population Estimates (Census Blocks) 
Distance in km 

0-1 1-2 2-3 3-4 4-5 5-6 6-7 7-8 Township 

N 0 3 0 148 0 42 6 62 
NNE 0 0 0 0 0 62 0 184 
NE 0 0 0 58 112 51 51 1 
ENE 0 19 206 513 744 1 0 0 2263 Ross 
E 0 25 16 60 116 233 280 212 
ESE 0 0 0 23 39 130 165 145 
SE 0 37 47 53 17 191 18 71 
SSE 0 8 85 225 9 92 513 271 
S 0 5 37 37 0 0 0 5 2489 Colerain 
SSW 0 28 11 28 37 37 157 7 
SW 0 14 27 11 54 133 47 81 
WSW 12 14 0 0 156 229 361 59 
W 0 34 0 12 14 182 54 112 2570 Crosby 
WNW 0 113 34 30 30 107 29 28
NW 3 43 95 58 58 68 39 164 
NNW 3 16 63 63 63 318 249 121 1797 Morgan 

TOTAL 9465 

Table U-4C. Model 3 1970 Domain Population Estimates (Census Blocks) 
Distance in km 

0-1 1-2 2-3 3-4 4-5 5-6 6-7 7-8 Township 

N 0 2 0 100 0 29 4 42 
NNE 0 0 0 0 0 42 0 125
NE 0 0 0 39 76 34 34 0 
ENE 0 13 140 347 503 1 0 0 1532 Ross 
E 0 18 11 42 26 211 253 192 
ESE 0 0 0 16 26 118 149 131 
SE 0 26 33 37 16 173 17 65 
SSE 0 6 60 159 8 83 464 246 
S 0 3 26 26 0 0 0 4 2260 Colerain 
SSW 0 20 8 20 26 26 111 5 
SW 0 10 19 8 38 94 33 57 
WSW 9 10 0 0 110 161 254 41 
W 0 24 0 9 10 129 38 79 1811 Crosby 
WNW 0 73 22 20 20 69 18 18 
NW 2 28 61 38 38 44 25 106 
NNW 2 10 41 41 41 205 160 78 1158 Morgan 

TOTAL 7014 
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Table U-4D. Model 3 1960 Domain Population Estimates (Census Blocks) 
Distance in km 

0-1 1-2 2-3 3-4 4-5 5-6 6-7 7-8 Township 

N 0 2 0 88 0 25 3 37 
NNE 0 0 0 0 0 37 0 110 
NE 0 0 0 35 66 30 30 0 
ENE 0 11 123 305 442 1 0 0 1346 Ross 
E 0 15 9 35 59 119 143 109 
ESE 0 0 0 14 15 67 84 74 
SE 0 22 27 31 9 98 9 37 
SSE 0 5 50 133 4 47 262 139 
S 0 3 22 22 0 0 0 2 1278 Colerain 
SSW 0 16 7 16 22 22 93 4 
SW 0 8 16 7 32 78 27 48 
WSW 7 8 0 0 92 135 213 35 
W 0 20 0 7 8 107 32 66 1513 Crosby 
WNW 0 60 18 16 16 57 15 15 
NW 2 23 51 31 31 36 21 87 
NNW 2 8 34 34 34 170 132 64 957 Morgan 

TOTAL 5286 

Table U-4E. Model 3 1950 Domain Population Estimates (Census Blocks) 
Distance in km 

0-1 1-2 2-3 3-4 4-5 5-6 6-7 7-8 Township 

N 0 1 0 52 0 15 2 22 
NNE 0 0 0 0 0 22 0 65 
NE 0 0 0 21 40 18 18 0 
ENE 0 7 73 181 263 1 0 0 800 Ross 
E 0 10 6 24 16 32 39 30 
ESE 0 0 0 .10 4 18 23 20 
SE 0 15 19 22 3 27 3 10 
SSE 0 3 35 92 1 13 72 38 
S 0 2 15 15 0 0 0 1 348 Colerain 
SSW 0 11 5 11 15 15 65 3 
SW 0 6 11 5 22 55 19 33 
WSW 5 6 0 0 64 94 148 24 
W 0 14 0 5 6 75 22 46 1055 Crosby 
WNW 0 42 13 11 11 40 11 10 
NW 1 16 35 22 22 25 15 61 
NNW 1 6 23 23 23 118 92 45 668 Morgan 

TOTAL 2988 
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Table U-5. Model 4 Population Estimates from 1950-1980 USGS Maps 


Table U-5A Model 4 1990 Domain Popultion Estimate 

Distance in km 

0-1 1-2 2-3 3-4 4-5 5-6 6-7 7-8 Township 

N 0 31 5 95 47 51 199 178 
NNE 0 26 52 64 80 90 80 44 
NE 0 86 402 206 11 50 25 61 
ENE 0 15 172 1275 1084 109 38 8 4586 Ross 
E 0 18 10 41 24 201 128 110 
ESE 0 5 7 71 132 146 179 208 
SE 0 12 45 196 173 168 374 332 
SSE 0 14 9 155 227 164 146 277 
S 
SSW 
SW 

0 
0 
0 

16 
33 
23 

59 
35 
35 

56 
111 
67 

19 
116 
363 

187 
26 
159 

153 
77 
203 

243 
947 
223 

3592 Colerain 

WSW 
W 

0 
0 

3 
0 

5 
7 

12 
17 

172 
36 

165 
81 

85 
240 

200 
378 4401 Crosby 

WNW 0 12 8 19 35 43 39 137 
NW 0 23 11 148 124 117 32 93 
NNW 0 28 28 33 176 167 444 437 2153 Morgan 

TOTAL 14742 

Table U-5B. Model 4 1980 Domain Population Estimates (1980 USGS MAP) 
Distance in km 

0-1 1-2 2-3 3-4 4-5 5-6 6-7 7-8 Township 

N 0 22 5 70 38 42 137 145
NNE 0 22 50 48 45 52 40 43 
NE 0 75 190 115 8 40 20 50 
ENE 0 10 98 861 682 90 30 8 3036 Ross 
E 0 16 13 27 24 157 125 72 
ESE 0 4 7 55 100 123 168 193 
SE 0 9 29 180 150 135 345 272 
SSE 0 9 9 136 207 145 142 257 
vS 0 11 40 47 18 107 147 215 3102 Colerain 
SSW 0 25 20 48 94 25 77 341 
SW 0 18 29 57 140 108 105 123 
WSW 0 3 4 11 158 119 64 121 
W 0 0 7 13 25 32 119 154 2536 Crosby 
WNW 0 8 8 18 35 45 43 120 
NW 0 13 10 150 70 85 30 70 
NNW 0 18 18 23 80 95 160 202 1301 Morgan 

TOTAL 9975 
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Table U-5C. Model 4 1970 Domain Population Estimates (1950-1980 USGS) 
Distance in km 

0-1 1-2 2-3 3-4 4-5 5-6 6-7 7-8 Township 

N 0 16 5 52 31 34 95 118 
NNE 0 18 48 36 25 30 20 40 
NE 0 66 90 64 6 32 16 41 
ENE 0 7 56 581 429 74 24 8 2058 Ross 
E 0 14 18 18 24 123 122 47 
ESE 0 4 7 43 75 103 158 179 
SE 0 6 19 166 130 108 318 223 
SSE 0 5 9 120 189 128 138 238 
S 0 8 27 39 17 61 141 190 2714 Colerain 
SSW 0 18 12 21 76 23 78 123 
SW 0 14 24 49 54 74 54 68 
WSW 0 0 4 11 146 85 49 73 
W 0 2 7 10 17 13 59 63 1649 Crosby 
WNW 0 5 8 17 35 47 47 105 
NW 0 8 9 152 39 62 28 53 
NNW 0 12 12 16 36 54 58 93 896 Morgan 

TOTAL 7326 

Table U-5D. Model 4 1960 Domain Population Estimates (1950-1980 USGS) 
Distance in km 

0-1 1-2 2-3 3-4 4-5 5-6 6-7 7-8 Township 

N 0 22 5 38 25 28 65 96 
NNE 0 15 47 27 14 17 10 38 
NE 0 57 42 36 4 25 13 34 
ENE 0 4 32 392 270 61 19 8 1432 Ross 
E 0 12 24 12 23 96 120 31 
ESE 0 4 7 34 57 87 149 167 
SE 0 4 12 152 113 87 293 183 
SSE 0 3 8 106 173 113 134 221 
S 0 6 18 32 16 35 135 168 2399 Colerain 
SSW 0 14 7 9 62 21 78 44 
SW 0 10 20 42 21 50 28 38 
wsw 0 0 4 11 135 61 37 44 
W 0 2 8 8 12 5 29 26 1204 Crosby 
WNW 0 4 8 16 35 48 52 92 
NW 0 4 8 155 22 45 27 40 
NNW 0 8 8 11 17 31 21 43 693 Morgan 

TOTAL 5728 
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FMPC Domain Demographics 

Table U-5E. Model 4 1950 Domain Population Estimates (1950 USGS MAP) 
Distance in km 

0-1 1-2 2-3 3-4 4-5 5-6 6-7 7-8 Township 

N 0 8 5 28 20 23 45 78 
NNE 0 13 45 20 8 10 5 38 
NE 0 50 20 20 3 20 10 28 
ENE 0 3 18 265 170 50 15 8 1026 Ross 
E 0 10 33 8 23 75 117 20 
ESE 0 4 6 26 43 73 140 155 
SE 0 3 8 140 98 70 270 150 
SSE 0 2 8 94 158 100 130 205 
S 0 4 12 26 15 20 130 148 2140 Colerain 
SSW 0 10 4 4 50 20 78 16 
SW 0 8 16 36 8 34 14 21 
WSW 0 0 4 10 124 44 28 26 
W 0 2 8 6 8 2 14 10 951 Crosby 
WNW 0 3 8 15 35 50 58 80 
NW 0 3 8 158 13 33 25 30 
NNW 0 5 5 8 8 18 8 20 585 Morgan 

TOTAL 4702 

Table U-6. Fernald Dose Reconstruction Project Age and Sex Distribution: 
1950-1990 

Township Year % Sex Distribution 
Male Female dO 

% Age Distribution 
10-20 >20 

Ross 1990 
1980 
1970 
1960 
1950 

50.2 
50.1 
50.4 
51.6 
49.5 

49.8 
49.9 
49.6 
48.4 
50.5 

15.5 
18.3 
18.5 
23.4 
19.7 

18.5 
19.6 
24.5 
19.3 
17.4 

66.0 
63.1 
57.0 
57.3 
62.9 

Colerain 1990 
1980 
1970 
1960 
1950 

51.4 
49.3 
49.5 
50.0 
47.8 

48.6 
50.7 
50.4 
50.0 
52.2 

14.1 
14.7 
18.6 
22.2 
17.5 

18.6 
19.2 
21.2 
16.2 
13.8 

67.2 
66.1 
60.2 
61.6 
68.6 

Morgan 1990 
1980 
1970 
1960 
1950 

52.0 
51.3 
50.2 
50.7 
49.5 

48.0 
48.7 
49.8 
49.3 
50.5 

7.9 
9.1 
8.5 
3.4 
9.7 

18.4 
20.1 
24.5 
19.3 
17.4 

63.7 
60.8 
57.0 
57.3 
62.9 

Crosby 1990 
1980 
1970 
1960 
1950 

49.3 
49.5 
49.9 
51.9 
47.8 

50.7 
50.5 
50.1 
49.1 
52.2 

18.4 
4.7 
8.6 
2.2 
7.5 

18.9 
19.2 
21.2 
16.2 
13.8 

62.7 
66.1 
60.2 
61.6 
68.6 

:

l 1 

~ 1 

) 

I· 

Radiological Assessments CorporationDRAFT 
"Setting the standard in radiation health" 



o 

1 


I 

1 

U 


· ] 
1 

· J 

· J 


J 

.l 

~ \ 



, j 


APPENDIX V 

EPISODIC EVENTS 

INTRODUCTION 

For the purposes of the Fernald Dosimetry Reconstruction Project, episodic events are 
confined to those short-term events that result in releases which warrant special dose 
assessment procedures. The criteria and rationale for the definition of episodic releases 
are discussed in Appendix K of the Task 2/3 report (Voilleque et al. 1991). To summarize 
here, for a release to be considered episodic, it must increase the composite uranium 
release rate by a factor of at least 10 for a period of less than 10 days. 

Episodic releases can not be defined until the baseline source term for each year of 
FMPC operations is defined. Thus, at this time, the total number of releases that will be 
considered episodic is unknown. During the 1960-1962 period, there was one release, 
from the Pilot Plant in November 1960, which qualifies for special assessment procedures . 
The methodology for treatment of this release is discussed here as an example of the 
treatment of an episodic release. However, it is expected that each episodic release will be 
handed differently depending on the types of data available. 

DESCRIPTION OF THE NOVEMBER 1960 EPISODIC RELEASE AND BASIS 
FOR PREVIOUS RELEASE ESTIMATES 

The following description of the potential episodic release is taken from the report of 
the investigation board (Starkey et al. 1960). During the period of November 8 through 
November 25, 1960, the stack sampler operated by the NLO Health and Safety Division 
indicated an estimated 1600 pound (730 kg) loss of slightly enriched (0.947%) uranium 
from dust collector G20-20 in the Pilot Plant. The cause of the loss was found to be holes 
in the dust collector bags, presumably from HF acid in combination with excessive 
moisture . The chemical form of the release was UF4' The December 1 inventory 
substantiated a large loss (1849 pounds), but a special inventory taken on December 18 
resulted in an indicated gain of 1303 pounds, for a net loss of 546 pounds of uranium for 
the period November 1 through December 18, 1960 (Table V-I). 

The G20-20 dust collector serviced the entire enriched UF6 to UF4 operation , and 
prior to this time was one of the most reliable and efficient collectors in the Project. 
Monthly stack losses of uranium prior to this time had been less than 100 pounds per 
month since 1956 (Starkey et al. 1960). In the subsequent 11 months after the release, the 
monthly stack losses through G20-20 were less than 60 pounds per month, except for 
June 1961, when defective bags allowed a monthly release of 106 pounds (Cuthbert 1961). 

Sapirie (1961), from the Oak Ridge Operations Office of the AEC, presented additional 
findings and conclusions about the November 1960 release from the Fernald Pilot Plant. 
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Page V-2 The Fernald Dosimetry Reconstruction Project 
Task 4 

Table V-I. Summary of Previous Estimates of Uranium Losses through the Pilot 

Plant Dust Collector G20-20 between November 1 and December 18, 1960 


Time Period Estimated U Basis for Release Reference 
Release (lbs) Estimate 

Nov 8 - 25 (1611) Stack sampler 
 Starkey et al. 1960 

Nov 1- Dec 18 (546) Special inventorya 
 Starkey et al. 1960 

Nov 1 - Dec 1 (1849) Book physical 
 Starkey et al. 1960 
inventory difference 


Dec 1 - Dec 11 1100 Unofficial inventory 
 Starkey et al. 1960 
Dec 1 - Dec 18 1300 Special inventoryb 
 Starkey et al. 1960 
Oct 17 - Nov 25 (1504) Not given 
 Adams (1985) 
Nov 1- Dec 1 (1505) Not given 
 Cuthbert (1961) 

a 1303 minus 1849, or a loss of 546 pounds. 
b Involves use of standard procedures and observation by Accountability 

Department representatives. 

He emphasized the uncertainty involved in the measurement of stack losses and referred 
to three indirect checks of the release estimate, "none of which corroborated the stack loss 
measurement". These indirect checks were: 

1. 	 visual inspection and radiation monitoring of the roof, gutters, and 

surrounding ground 


2. 	 uranium material balance inventories 
3. 	 results from the FMPC environmental air monitoring system. 

At this time, the original corroborating records for the visual inspection and radiation 
monitoring have not been located. Monthly reports from the IH&R department for 
November and December 1960 made no reference to such surveys. A search for another 
possible source, ground contamination reports, similarly did not provide any information 
on these measurements. 

The second indirect check, material balance inventories, is performed monthly to 
prepare the accountability reports. Sapirie (1961) acknowledged that the book physical 
inventory difference (BPID) can be very uncertain for any given month, while over 
extended periods the BPID is relatively small. According to Sapirie, the November 1960 
accountability report showed a monthly BPID loss of 344 pounds and a net measured loss 
of 1504 pounds. The net measured loss included an alleged stack loss of 1611 pounds. In 
December 1960 the BPID showed a gain of 1535 pounds, which was not conclusive 
evidence that the November stack loss was overstated, but did cast doubt on the validity 

of the measurement of the alleged November stack loss (Sapirie 1961). Sapirie (1961) 
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concluded that "the uncertainties involved in determining stack losses are so great as to 
preclude making an accurate estimate of the true loss, if any." 

The third indirect check is discussed in the following section on supplemental 
environmental measurements. 

SUPPLEMENTAL ENVIRONMENTAL MEASUREMENTS 

Historical measurements of uranium in the surrounding ambient air and deposited 
onto gummed film were used to verify whether or not an episodic release occurred in late 
November 1960. 

Air 

o 

o 

The original air monitoring data for this time period were located and are presented in 
Appendix L of this report. Sapirie (1961) concluded that the air monitoring data do not 
support a large release. However, this conclusion was based only on the quarterly data 
and statements presented in the Fourth Quarter 1960 Environmental Monitoring report. 
Our examination of the original analytical data sheets revealed that perimeter air 
measurements were not taken for most of November and all of December 1960. The last 
record of air monitoring in 1960 was that of the samples taken from the NE and SE 
perimeter stations during November 6-8, 1960. The concentrations of uranium in air for 
those samples were in fact the highest observed for the entire year. Sampling was not 
resumed until January 11, 1961. Because of this data gap during the period in question, 
we conclude that the air monitoring data can not be used to dismiss the possibility of a 
significant episodic release during November 1960. 

Gummed Film 

Sapirie's review of indirect checks for this potential release did not include the 
gummed film monitoring data. During 1960-1962, daily measurements of fallout of 
uranium were made using a gummed film monitoring location just north of the Health and 
Safety Building. The gummed film is used to estimate the amount of uranium which 
deposits onto ground surfaces over a given time period. The measurement location was 
about 360 m east of the Pilot Plant. Figure V-I shows the results of daily deposition 
measurements at this location between 1 October and 19 December 1960. The data show 
that there were substantial increases in deposition on 17 and 19 November and some 
increase on the 20th. Unfortunately, the result for 18 November has not been located. The 
time of day that samples were exchanged is not presently known. 

Separate weekly measurements of uranium fallout were also made at the same 
location (Figure V-2). The results are plotted on the day that the sample was collected. 
The sample collected on 21 November is about 6 times greater than the estimated 
average deposition during the other eleven weeks shown in the plot. 

In summary, the gummed film data clearly show that a substantially elevated depo3i
tion of uranium occurred during the same period identified by the effiuent sampling results. 
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Figure V-I. Daily deposition measurements of uranium fallout at gummed film 
monitoring location north of the Health and Safety Building. 
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Figure V-2. Weekly deposition measurements of uranium fallout at gummed film 
monitoring location north of the Health and Safety Building. 
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Episodic Events 

ESTIMATE OF RELEASE MAGNITUDE AND RATE USED FOR THE DOSE 
RECONSTRUCTION PROJECT 

Magnitude of the Release 

Our estimate of the amount of uranium released is based upon the effluent 
measurements that were reported at the time. The material balance inventories, which 
yielded quite variable release estimates, were used to downplay the event. The investi
gation, however, did not discredit the effiuent sampling data. 

The methods used to estimate sampling biases due to anisokinetic sampling and 
deposition and impaction in the sampling line were described previously (Voilleque et aI., 
1991). When the filter bags were known to have failed, as in this case, the measured inlet 
particle size distribution was used in the calculations of sampling bias. The particles at 
the inlet to a dust collector are larger than those normally discharged, and the potential 
bias of a sample of that aerosol is correspondingly greater. Application of the results of 
the sampling bias calculations leads to an estimated release of about 2400 kg. 

Timing of the Release 

Starkey et al. (1960) provide a chronological listing of events relating to the release, 
including inspections of both the dust collector and the stack sampler, which were used to 
evaluate the probable timing of the release. We conclude that about 40% of the total 
release occurred between either November 12 or 14 and November 16, when the obviously 
damaged bag was tied off. The remaining 60% of the release occurred between November 
16 and November 20, when all bags in this dust collector were replaced. 

The first observation of elevated uranium deposition to gummed film does not coincide 
with the estimated start of the release, based on the effiuent sampling measurement. First 
arrival at the monitoring location depends upon the wind direction during the release 
period. This remains to be investigated, as does the exact time of sample exchange. 

Release Rate 

The estimated release rates during the periods when the release occurred are 300 or 
500 kg d-1 for the first 5 or 3 days, including 16 November, and about 200 kg d-1 during 
the last three days of the event. These release rates are much greater than the median 
release from the remainder of the FMPC facilities, which was about 22 kg d-1 during the 
month of November 1960. 

APPROACH TO EVALUATING DISPERSION OF THE RELEASE AND OFFSITE 
CONSEQUENCES 

Appendix E makes clear the difficulty of estimating meteorological regimes (wind 
speed, wind direction, stability) for specific periods in the past. It is nonetheless essential 
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that we explore what options there are for examining ranges of possibilities for meteor
ology during episodic events and assigning probabilities to them. 

For the event in question, the period from November 12 or 14 through November 20, 
1960, is 7 to 9 days. We propose the following procedure. 

For each of the Novembers during 1986-1991, we would select a period of perhaps 

two weeks in mid-month, and we would examine hourly data from the Cincinnati record 
for wind speed, wind direction, and stability. Let us refer to each such triple as a "point." 

With each Cincinnati point, we associate the simultaneous point from the FMPC record. 
Where gaps occur in the FMPC data, we have no associated pair of points. 

The numbers of each point must be put into the discrete intervals we have used in 
connection with the joint frequency tables. For example, we will use six wind speed 

intervals, and we will select the midpoint as a representative. If the lowest interval is °to 
2 m s-1, a wind speed of 1.7 m s-1 would be mapped to 1 m s-1, the midpoint of the 

interval. Similarly, we would use six stabilities and 16 directions. 
We combine all equal Cincinnati points and tabulate each one with its FMPC 

counterparts. In general, each Cincinnati point may be expected to be associated with 
multiple FMPC points, but there could be cases with only one. 

Once such a tabulation of corresponding points is done, we consider the period of the 
actual release. For each hour during the period, a point may be derived from the 
Cincinnati data for November 1960. If that point is in the tabulation, there are one or 
more corresponding points for the FMPC. To each of these FMPC points is assigned a 
probability based on its frequency of occurrence. (For example, if for a given Cincinnati 
point there were five corresponding FMPC points and all five were different, each would 
have the probability 1/5 = 0.2.) Corresponding to each point from the Cincinnati data, 
then, there is a probability distribution over the possible points from the FMPC record (of 
course, many of the possible FMPC points may have probability zero). 

One way of proceeding is by a Monte Carlo method. We set up simulations to step hour 
by hour through the period of the release. For each hour, we determine the actual 
Cincinnati point, sample from the corresponding distribution of FMPC points, and 
compute concentrations at receptor points according to the dispersion pattern determined 
by the selected sample point. For each receptor location, it would be useful to estimate the 
cumulative air concentration, i.e., to add the concentrations for each hour during the 
simulation. At the end of one simulation, we record the cumulative concentrations at the 
various receptors and repeat the simulation with new sampling. Mter all simulations 
were complete, for each receptor location we would have a distribution of cumulative air 
concentration, from which a distribution of inhalation dose, for example, could be derived. 

It is not obvious how one gets around the problem of missing points. That is, if we turn 
up a point from the November 1960 Cincinnati record that has no match in the period that 
we sampled during 1986-1991, how do we proceed? If the problem is significant, one 
might reason that the sampling from the recent period was inadequate and extend it, e.g., 
to the whole of each November during the period. Otherwise, for a small number of 
occurrences, one might substitute points from the sampled period that were as "close" as 
possible to the November 1960 point. 

Such a procedure appeals to the intuition, but its implementation is laborious and its 
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be emphasized. These and possibly other problems must be dealt with to the extent 
possible as they arise. 
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