
To the Graduate Council

I am submitting herewith a thesis written by Teresa C. Perry entitled
"A Quantitative Uncertainty Analysis for the Assessment of Risk
Associated with Radionuclide Releases from the K-1435 Incinerator at
Oak Ridge. Tennessee - Human Inhalation Pathway Analysis." I have
examined the final copy of this thesis for form and content and
recommend that it be accepted in partial fulfillment of the
requirements for the degree of Master of Science, with a major in
Environmental Engineering.

erry Mi I ler. Major Professor

We have read this thesis
and recommend its acceptance:

Dr. Wayn//1. Uavis

Larry RiUr. er

Accepted for the Council

Asso^ate vice Chancel lor
and Dean of The Graduate School



A QUANTITATIVE UNCERTAINTY ANALYSIS FOR THE ASSESSMENT OF
RISK ASSOCIATED WITH RADIONUCLIDE RELEASES FROM THE K-1435

INCINERATOR AT OAK RIDGE. TENNESSEE -
HUMAN INHALATION PATHWAY ANALYSIS

A Thesis

Presented for the

Master of Science

Degree

The University of Tennessee. Knoxville

Teresa C. Perry

December 1995



DEDICATION

This thesis is dedicated to my husband, Rick, my daughter,

Barbara, my son, Richard, my mom, Stella Cook, and my dad, Ray Cook,

who are my continuing source of support and inspiration.

11



ACKNOWLEDGEMENTS

I would like to thank my major professor, Dr. Terry Miller, and

the members of my committee. Dr. Wayne Davis and Dr. Larry Miller for

their guidance and support. I would also like to thank Peter Gross,

Dr. Timothy Joseph, Vince Adams, and Suzy Riddle for their support

and technical guidance in this study. In addition, I wish to express

my appreciation to Ron Sharp, Dr. Iqbal Ahmed, Kimberly Hopper, Laura

Graves, and Oswald Calderon who have been very supportive in

providing, assimilating, interpreting, and analyzing meteorological

and emissions data.

Ill



ABSTRACT

The objective of this study Is to perform a quantitative

uncertainty and sensitivity analysis of the dose and risk to the

maximally exposed Individual from the Inhalation of radlonuclldes

emitted from the K-1435 TSCA Incinerator located at the DOE K-25

facility In Oak Ridge, TN. Dose and risk estimates are computed from

monthly stack emissions data beginning In 1990 when the Incinerator

went Into operation and continuing through August, 1994. A gausslan

plume dispersion model Is used to obtain radlonucllde concentrations

from the emissions data, and an Inhalation pathway analysis Is

performed. Probability density functions are assigned for each of

the risk model parameters. Monte Carlo methods are applied to

propagate the parameter distributions, and a confidence Interval Is

determined for the computed dose and risk estimates.

The results of the uncertainty analysis Indicate that the

estimated cancer risk varies about one and one-half orders of

magnitude for the 90 percent confidence Interval . More specifically,

the chance of cancer Incidence due to Inhalation of radlonuclldes

ranges from 2 In ten million at the 5 percent confidence level to 9

In a million at the 95 percent confidence level . The EPA

deterministic method yielded an estimated risk In the lower quartlle

of the uncertainty analysis range, and the ICRP deterministic methods

yielded an estimated risk In the upper quartlle of the uncertainty

range. The deterministic computations Indicate that the revised EPA
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slope factors estimate more than a factor of 5 lower cancer risk due

to inhalation of radionuclides as compared to the ICRP methodology

which uses dose and risk factors.
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1.0 INTRODUCTION

1.1 Problem Statement

Increased attention from regulators, the public, and

environmental professionals Is being focused on the methods for

conducting risk assessment, the assumptions used In the assessment,

and the degree of uncertainty that Is associated with the calculated

risk estimate. The calculated risk may be a basis for decision

making regarding human health and ecological Impacts as well as the

need or priority for performing costly environmental cleanup or

upgrading of pollution controls. A single value or deterministic

estimate of the risk gives decision makers very little Insight Into

the variability that may be associated with the estimated number. In

some Instances, a variation of one or more orders of magnitude could

affect the outcome of the decision process for allocation of limited

environmental funds. It thus becomes Increasingly Important to have

a more realistic picture of the magnitude of uncertainty associated

with the computed dose and risk values.

The objectives of this study are to:

•  demonstrate an approach for performing a quantitative

uncertainty analysis of the estimated human health risk from

the Inhalation of radlonucllde partlculates emitted from the K-

1435 TSCA (Toxic Substances Control Act) Incinerator located at
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the United States Department of Energy (DOE) K-25 facility in Oak

Ridge, TN,

•  perform independent dose and risk calculations for comparison

to deterministic methods currently used.

•  show how going beyond a single value estimate in the analysis

process can provide valuable information to stakeholders and

decision makers for use in facility risk management activities,

and

•  perform uncertainty and sensitivity analyses for the dose and

risk calculations to identify parameters contributing most to

uncertainty.

Figure 1 shows the location of the K-1435 facility on the K-25

site. Radionuclide emissions data from 1990 through August 1994 are

used to compute the annual dose and risk to the offsite MEI

(maximally exposed individual). In this case, the assessment

endpoint is a hypothetical reference man (ICRP75).

The approach undertaken in this study is to provide a

reasonable estimated range of uncertainty. It is not intended to

demonstrate compliance with environmental standards which has been

previously shown through existing permit reporting mechanisms

(D0E94a).
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Figure 1. Location of the K-1435 TSCA Incinerator at the K-25 Site



1.2 Background Information

The K-25 TSCA (Toxic Substances Control Act) Incinerator is a

DOE facility licensed to dispose of RGB's (Polychlorinatedbiphenyls)

and other waste contaminated with radioactive materials. The

incinerator is also permitted in accordance with RCRA (Resource

Conservation and Recovery Act), NESHAPS (National Emissions Standards

for Hazardous Air Pollutants, NPDES (National Pollutant Discharge

Elimination Standard) and Tennessee air regulations. The facility

initially began incinerating waste in 1990 and was authorized for

full-scale operation effective April 1, 1991. The incinerator is

capable of destroying 99.9999 percent of RGB's and 99.99 percent of

other hazardous organic materials fed into the system. This

destruction efficiency is achieved by operating at temperatures in

excess of 2000 degrees Fahrenheit. Waste fed into the incinerator

passes through a rotary kiln combustion chamber, a secondary

combustion chamber, and a quench chamber. Air pollution control

equipment includes a venturi scrubber, a packed bed scrubber, and two

ionizing wet scrubbers. Radionuclide emissions from the 30-meter

stack are continuously monitored and sent for analysis on a weekly

basis. Analysis results are composited into monthly and annual

emissions' reports. These data are then used to compute the annual

dose to the MEI which is published in annual reports available to the

public (Ko91, Ko92, Ko93, Ko94).



2.0 REVIEW OF LITERATURE

A literature review of current risk assessment uncertainty

analysis methods Indicates that a combination of computational and

subjective techniques are employed to perform the analysis.

Uncertainty analysis of the risk equation parameters has been

described as a parameter uncertainty analysis or a parameter error

propagation analysis (T183). The basic steps to follow In performing

an uncertainty analysis have been outlined by several authors In the

environmental risk business (T183. EPA89b, EPA89c, EPA91, NRC90,

Ho82, Ho92, H093, Ho95, K194. Sh93, D0E93a. D0E94c). The steps to

follow In performing an uncertainty analysis are (Ho95):

•  Determine the risk assessment endpoint

•  Identify the sources of uncertainty In the model (eg., exposure

frequency, concentrations, Intake rates)

•  Quantify confidence Intervals or "credibility Intervals" and

select probability distributions to represent the true value of

each parameter for estimating the assessment endpoint

•  Propagate parameter uncertainty to obtain a statement of

confidence about the risk estimate

•  Compare confidence statements to the decision criteria

•  Review the parameters that dominate the uncertainty, obtain

more Information on those parameters, and repeat the analysis.

Although much guidance on performing risk parameter uncertainty

analysis has been published In recent years, none of the sources of



literature on the subject of quantifying parameter uncertainties has

published guidelines on the best and definitive set of parameter

distribution, mean, and standard deviation values to use. Site-

specific data is preferred if appropriate for the assessment

endpoint. In lieu of site-specific information, national statistics

are available on many parameters for estimates of the arithmetic

mean, median, 95th and 99th percentiles. Site-specific data from

other sites with similar situations is also a source of information.

The associated distribution function to use to characterize the

parameter is more difficult to establish. Selection of the

distribution function is often based on subjective confidence or

"credibility intervals" established by expert opinion or committee

consensus (Ti83, H082). EPA guidance is based on deterministic risk

estimation: however, EPA recommends consideration of uncertainty in

risk analysis.

Selection of the probability distribution for each parameter

should be based on an understanding of the parameter data set.

Literature reviews can provide valuable information; however, the

reviewer should determine if the data referred to in the literature

are relevant to the assessment endpoint. If the data are partially

but not totally relevant to the site being assessed, the selected

distribution range should be set wide enough to encompass the

additional uncertainty. There are some general guidelines to follow

for selecting a distribution shape (Ho82, Ho95, Ti83):

•  Use uniform for maximum uncertainty



•  Use normal or lognormal when extrapolating from similar data

sets or when the range is several orders of magnitude

•  Use triangular when a most likely value and extreme values are

known, and the variation is not several orders of magnitude

•  Use a custom distribution when specific information about the

data is known and the other distributions do not represent the

data as well

The parameters of interest in this study are the following risk

model parameters: radionuclide concentration, inhalation rate,

exposure frequency, exposure duration, dose factor, and risk factor.

Substantial research has been performed in support of advancing the

understanding and quantification of these parameters. For detailed

discussion of the basis for estimating the range and distribution

characteristics, the reader is referred to later sections in this

study covering each parameter.



3.0 METHODOLOGY

The study presented herein uses monthly radionucllde emissions,

facility data, and meteorological data as input to an air dispersion

modeling program in order to determine radionucllde concentrations at

the MEI location. The monthly concentrations are used to determine

an appropriate distribution, an expected mean annual concentration,

and an expected variance for each radionucllde. These values are

input into a simulation analysis program to predict an expected range

for the annual dose and risk for comparison to the values obtained

from deterministic calculations similar to the calculations performed

for the annual report previously cited. The analysis of radionucllde

emissions is performed for the inhalation pathway which is the

predominant contributor to the total internal and external dose.

The risk model used is multiplicative for computing risk for

each radionucllde and is an additive model for estimation of risk

from all radionuclides across all pathways. The risk can be

represented by the following equations (ICRP90, EPA89b):

LR = y"(EDE, X ED X RF X K2)
1-1

where: LR = lifetime risk of excess cancers
EDEi = effective dose equivalent in mrem/yr per
radionucllde.i
ED = exposure duration in yr
RF = risk factor or probability coefficient for
converting dose to risk in Sv"T For total
cancers, both fatal and nonfatal , the RF is
0.06/Sv.
K2 = units conversion factor = lE-5 Sv/mrem



and EDEi = x IR x EE x DFi x K1

where: 0^ = concentration of radionuclide.l , in ambient
air in pCi/m^
IR = inhalation rate in cmVhr
EE = exposure frequency in d/yr
DFi = dose factor for radionuclide.i , for
converting exposure to dose in mrem/pCi
K1 = units conversion factor = 24 hr/d x lE-6
mVcm^

Monthly emissions data are used to evaluate an expected mean

annual concentration and expected variance for each radionuclide.

Due to the relatively short time that the incinerator has been

operating, approximately 3-1/2 years, monthly data rather than the

annual average data provide a better basis for determining a

probability density function for use in a quantitative analysis.

An alternative methodology used by EPA for computing total

cancer risk is:

R = Z (I X SF)

where SF is the slope factor given in units of risk per pCi for each

radionuclide (EPA 89b, 0RNL95). Intake, I, in pCi via inhalation for

each radionuclide is computed from the following equation:

I = C X IR X EE X ED

where C is the radionuclide concentration in pCi/m^ at the receptor

location, IR is the inhalation rate in mVd, EE is the exposure

frequency in days per year, and ED is the exposure duration in years.

Until 1994, the ICRP and EPA methodologies yielded somewhat

different estimated risks with the ICRP methodology giving higher

estimates of risk than the EPA methodology. In 1994, EPA revised



many of the slope factors to give risk values more comparable to the

ICRP values (NRC90. EPA94, 0RNL95). The EPA slope factors were

revised to be more conservative for many radionuclides based on

current epidemiological data and on recommendations from the National

Academy of Science (EPA95). For comparative purposes in this study,

the EPA methodology will be used along with the ICRP methodology to

provide deterministic estimations of the risk.

The uncertainty analysis performed for the ICRP methodology

uses Monte Carlo analysis of the risk model equation parameters. A

probability density function, mean, and standard deviation are

defined for each parameter. For certain parameters, minimum and

maximum values are also defined. Short term averaging times are used

for some parameters and will be discussed in the sections addressing

the parameter assumptions. For the Monte Carlo analysis, a computer

simulation is run in which sample values are randomly selected from

each parameter's distribution. The risk is computed by substituting

the selected values into the equation. For this study, the

simulation uses a Latin Hypercube sampling methodology rather than

simple random sampling due to the increased efficiency and reduced

run time required. The sampling is repeated for 1000 trials. The

simulation yields a probability density function and confidence

limits for the predicted cancer risk. A sensitivity analysis is also

performed which gives the correlation coefficient for each equation

parameter.
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4.0 AIR DISPERSION MODELING

CAP88PC 1s an EPA-approved, Gaussian plume, flat terrain

computer model that Is used to perform the dispersion and deposition

calculations and to estimate the radlonucllde concentrations at a

point 5180 meters West Southwest (location of the MEI) of the

Incinerator stack. Table 1 lists the MEI locations for each of the

sixteen wind directions from the Incinerator stack (0d94). The

computed annual dose at the location 5180 meters WSW yields the

greatest dose of the sixteen locations.

CAP88PC Is a desktop computer adaptation of the AIRDOS, DARTAB,

and PREPAR codes originally compiled In FORTRAN to run on a mainframe

computer. The AIRDOS program contains a database of dose and risk

factors for radlonuclldes. The program, In combination with the

DARTAB code, selects the appropriate dose and risk factors to use and

computes the health effects. The selection of which factors to use

Is based on the particular Isotope, the particle size or the activity

mean aerodynamic diameter (AMAD), and the lung retention class.

Table 2 gives the particle size and lung retention class for each

radlonucllde. The particle size Is based partly on measurements and

partly on agreements reached between the USDOE and regulators (Po94).
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Table 1. Distances to the Nearest Receptors in All Directions

Around the K-25 TSCA Incinerator

House Di rection Distance (meters)

1 ENE 6150

13 E 11450

14 ESE 10600

19 SE 7050

23 SSE 4340

24 S 4460

25 SSW 3650

26 SW 5180

28 WSW 5180

30 W 4460

32 WNW 3250

34 NW 3000

35 NNW 3150

36 N 3380

37 NNE 5420

38 NE 5780
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Table 2. Radionuclide Particle Size and Lung Retention Class

Nuclide AMAD (microns) Lung Retention Class

Cs-137 1.0 Day

K-40 1.0 Day

Np-237 1.0 Week

Pa-234in 1.0 Year

Pu-238 1.0 Week

Pu-239 1.0 Week

Ru-106 1.0 Year

Tc-99 1.0 Week

Th-228 0.3 Year

Th-230 0.3 Year

Th-232 0.3 Year

Th-234 0.3 Year

U-234 0.3 Year

U-235 1.0 Year

U-238 0.3 Year

13



The PREPAR code was written as a preprocessor to simplify user

input to the AIRDOS and DARTAB codes. The CAP88PC program combines

the three codes into one program that executes on a desktop computer.

CAP88PC Version 1.0 is the currently available version that is used

for the analysis presented in this study. The CAP88PC program

requires input data to be loaded into an input file with restrictions

on the units that can be input for each parameter. Preparation of a

Windows-based PC version that offers more flexibility for inputting

parameters is currently underway but is not yet available.

Total incinerator emissions in Curies per month and the

associated measurement uncertainties are depicted in bar charts shown

in Appendix A (Gr94). These uncertainties were determined by the

radiological analysis laboratory based on the analytical methods used

and the counting statistics. The average emission provided by the

laboratory is used for the uncertainty analysis in this study.

Reported negative emissions are treated as zero emissions. The

charts shown were computed based on the total sum of the absolute

values of the emissions and measurement error. As shown in the

charts, uncertainty is high for some of the radionuclides but

comparatively low for the uranium isotopes which result in having the

greatest influence on the magnitude of the estimated dose and risk.

The CAP88PC software requires emissions to be input in units of

Ci/year. The monthly emissions were adjusted to annual units for

input to the program. Concentrations computed by the program are

output in units of pCi/mT Additional input data for the program

14



such as stack velocity, ambient temperature, and precipitation are

also provided in Appendix A. The desktop version of the program uses

certain default values and units. Some of the key program defaults

and K-25 specific input constants are summarized in Table 3.

Table 3. CAP88PC Program Defaults and K-25 Input Constants

Parameter Value Units

Human Inhalation Rate 9.17E+05 cc/hr

Particle Diameter 0.3 or 1 micrometer

Stack Height 30 meters

Stack Diameter 1.37 meters

Mixing Height of Lid 1000 meters

Meteorological data must be input into a specific wind file

format required by the CAP88PC program. A conversion program

supplied with the CAP88PC program will convert an EPA STAR (STability

ARray) file format to the required wind file format. An example of

the EPA STAR file format is given in Appendix B. For each month of

emissions data, the wind roses and the corresponding wind data were

obtained in the EPA STAR file format (Sha94). The monthly data have

been composited from hourly wind speed, stability category, and

direction data taken at 60 meters on the K-25 meteorological tower
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located closest to the incinerator as shown in Figure 1. The

percentages in each month's wind file add to one or 100 percent.

Appendix B also contains the monthly wind roses.

In a deterministic risk assessment, the computed concentration

from the CAP88PC program is used to perform the analysis. If

uncertainty is considered in the analysis, EPA recommends

consideration of the model uncertainty. Earlier studies sponsored by

Oak Ridge National Lab indicate an uncertainty factor of 0.5 to 2.0

is appropriate to account for model uncertainty for a flat terrain

environment with distances less than 10 km from the source (Li79).

The uncertainty factor is intended to account for overall uncertainty

in the model for estimating the annual average concentrations or

concentrations at other averaging times. Instead of using an

estimated model factor of 2.0, actual field measurements or stack

data were available and were used to validate the model results

(Li79). The authors recommend that as much site-specific information

as possible be used for meteorological conditions and release height

information. In this study, site-specific meteorological and

emissions data are used to determine the concentrations at different

averaging times. Thus, an analysis of the concentrations is used to

quantify uncertainty in lieu of a single factor.
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5.0 RISK MODEL PARAMETERS

In a given analysis of dose and risk due to inhalation of

radionuclides, the uncertainties can be grouped into the following

categories:

Emissions uncertainties

Model uncertainties

Transport, deposition, and uptake

Conversion of exposure to dose

Conversion of dose to risk

Representativeness of reference man

The measurement error shown in Appendix A and previously

discussed is one source of uncertainty associated with the emissions

data. In the case of the uranium emissions, the measurement error is

about one third of the measured value. The particle size

distribution presents an additional area of uncertainty for the

emissions data.

As mentioned earlier, the simplified Gaussian plume, flat

terrain model is a source of uncertainty. Considerable uncertainty

exists in the ability of the model to be representative of the real-

life transport and deposition characteristics of the emitted

radionuclide particles, but these uncertainties can be reduced by

using site-specific data where available.

Estimation of the uptake of radionuclides and the conversion to

dose and risk are key areas of uncertainty that exist in a risk
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analysis. The uncertainty lies primarily in the biokinetic modeling

such as estimation of the absorption to blood from the small

intestine. Very little uncertainty exists in the physics or energy

deposition of the radionuclides.

Reference man is not truly representative of the general

population but is an agreed upon standard (ICRP75). Reference man is

designed to represent a Western European or North American in habitat

and custom, a Caucasian adult male who weights 70 kilograms and is

170 cm tall , and inhales 20 cubic meters of air daily. The

International Committee on Radiation Protection is developing

additional standards that consider differences in the human anatomy

and physiology due to age, gender, race and geographic region. The

study presented herein uses the reference man standard which was

developed to provide a means of consistency between risk assessments.

The following sections provide a more in-depth discussion of the

uncertainties for each parameter in the risk equation.

5.1 Radionuclide Concentration

In order to estimate the annual concentration for each

radionuclide emitted from the incinerator, emissions based on a

monthly averaging time were input to the CAP88PC program.

Approximately 40 months of emissions data were available for the

incinerator. The annual concentrations were computed from monthly

emissions data by converting the Ci/mth data to Ci/yr for input to
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the CAP88PC air dispersion model which requires annual units. The

program then converts the emissions data to Ci/s for performing the

analysis. Appendix C contains a summary of the resulting

concentrations obtained from running CAP88PC. The concentrations

calculated in units of pCi/m^ by the program were then adjusted by

the factor 10.4/12 to account for the incinerator operating an

average of 10.4 months per year. The remaining 1.6 months is the

average outage time for the incinerator. Monthly rainfall

measurements are also converted from cm/mth to cm/yr for input to

CAP88PC. Monthly wind files are used as the meteorological data

input to the program. As indicated by the wind roses shown in

Appendix B and the supporting wind file data, the wind blows in the

WSW direction approximately 10 percent of the time. As discussed

previously, for the sixteen MEI locations, 5180 meters WSW is the

location that receives the highest concentration of radionuclides.

Radionuclide concentrations were plotted on normal probability

and lognormal probability curves using the Statgraphics software

(Ma94). The program ranks the concentration values from high to low,

then produces a scatterplot with the values on the x-axis and the

plotting position on the y-axis computed using the following

equation:

tt)(i - 3/8) / (n + 1/4)

where (|)(p) is the value of the inverse cumulative normal

distribution at probability p, i is the rank of the data point being

plotted, and n is the total number of months of data. If the data
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approximate a normal curve, the plotted data should fall along the

linear curve representing the theoretical cumulative normal

distribution. If the data approximate a lognormal curve, the

logarithm of the values should fall along the line representing the

theoretical cumulative lognormal distribution.

As shown in the normal and lognormal probability plots given in

Appendix D for the concentration data of each nuclide, the

concentrations for the uranium, thorium, and other isotopes more

nearly approximate a lognormal distribution than a normal

distribution. Goodness of fit tests were also run using the

Statgraphics software. Results of the chi-square and Kolmogorov-

Smirnov tests indicated that the sample distribution and the

lognormal distribution were not significantly different at a 90

percent confidence level for the uranium and thorium radionuclides

which have the greatest influence on the dose and risk value due to

the magnitude of their concentrations and toxicities. The results of

the goodness of fit tests are consistent with a visual inspection of

the probability plots. Thus, at a confidence level of 90 percent,

the data indicate that the lognormal distribution is an acceptable

probability density function. Several studies have also noted that

the distribution of pollutant concentrations tends to be lognormally

distributed due to the large number of low pollutant concentrations,

a lesser frequency of medium level concentrations, and a small number

of high concentrations (Co86. 6i87. No77. Ti83).

For a lognormal distribution, the geometric mean and geometric
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standard deviation are the parameters needed to describe the

distribution. The geometric mean of a lognormal distribution is the

exponential of the mean of the associated normal distribution. The

geometric standard deviation (GSD) of a lognormal distribution is the

exponential of the standard deviation of the associated normal

distribution. The relationships between the geometric mean and the

geometric standard deviation for a lognormal distribution are as

fol1ows:

log(X84.i) = log(X 5o) + log Og or Og = X84,i / X 50

where: X 50 = the geometric mean diameter
X84.1 = the concentration such that 84.1 percent of

the concentrations are smaller
Og = the geometric standard deviation

In order to determine a reasonable estimate of the geometric

mean and geometric standard deviation, a methodology was used similar

to the Larsen "arrowhead" diagram approach to quantify parameters for

an averaging time of 9 years. EPA defines 9 years as the national

median time that one would reside at a residence (EPA89b). Figure 2

shows an example of the Larsen technique where the line connecting

the maximum and minimum concentrations for different averaging times

resembles an arrowhead. Research and analysis has been performed in

the area of estimating pollutant concentrations at a given location

for different averaging times. Studies relating short term (hours)

measurement variations to long term (years) concentration variations
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indicate that the uncertainty decreases as the averaging time

increases (La71, No77).

The approach developed by Larsen (La71, No77) and illustrated

in Figure 2 provides a means of estimating the maximum concentration

of a pollutant for any given averaging time by plotting concentration

frequencies versus averaging time on a log-log scale. Once a linear

maximum concentration line has been fitted to the data, the maximum

concentration, 0^^^, for the desired averaging time can be computed by

the equation;

desired = (C^ax for the reference averaging time) x t"

where: t = the desired averaging time in the same units
as the reference averaging time (eg. hours,
days, months)

q = the slope of the fitted Cn,ax Une

Concentrations at each percentile level should also plot as a

straight line based on the assumptions for the methodology. The key

assumptions for the "arrow" methodology can be summarized as follows

(La71, No77):

•  Concentrations at all averaging times have a lognormal

distribution

•  Median concentrations plot as a straight line on log paper

•  All averaging times have the same mean concentration

•  Maximum concentration can be estimated as being inversely

proportional to averaging time raised to an exponent
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For adaptation of this methodology to this study, the desired

estimator is for the 50th and 84th percentiles for a 9 year averaging

time. The following assumption will be employed in addition to the

previously stated assumptions;

•  The 84th percentile concentration is proportional to averaging

time raised to an exponent and will plot as a straight line on

log-log paper.

Concentration percentiles were computed for each radionuclide

at three averaging times (monthly, quarterly, annually). The

following percentiles were computed using the Statgraphics program:

99^, 95^, 90%. 84.n, 50^, 15.9^, 10^, 5^, U. Following the

assumptions defined for the "arrowhead" approach, the concentration

percentiles were plotted against the three averaging times on log-log

paper. Figure D.31 shows the plots for each radionuclide. The

fitted lines bounding the 99th and 1st percentile concentrations were

projected to determine an approximate averaging time when the lines

converge to the mean concentration value. The 84.1, median, and 15.9

lines also plot as a straight line converging to the mean

concentration. The slope of the line representing the 50th

percentile is noted by the letter "r", and the slope of the line

representing the 84th percentile is noted by the letter "q". Once

the slope of each line was determined, the median and 84th percentile

concentrations were computed for an averaging time of 9 years by

multiplying the concentration of the reference averaging time by the

desired averaging time, 9 years (or 36 quarters or 108 months
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depending on the reference averaging time) raised to the exponent "r"

to determine the 50th percentlle or "q" to determine the 84th

percentlle. The results of the graphical solution are summarized In

Table 4.

Due to Input constraints on the distribution parameters allowed

by the Crystal Ball program, geometric mean, Pg, and standard

geometric mean, Og, cannot be Input to the program to describe a

lognormal distribution. The program requires the mean and standard

deviation as descriptors of the lognormal distribution. The

equations for the mean, p, and standard deviation, a, for a

lognormal distribution are as follows (An75):

p = exp [ In Pg + 1/2 (In Og)^ ]

a = { [ exp (In ag)^ - 1 ]

The mean and standard deviation for each radlonullde as Input to the

Crystal Ball program are given In Table 5. The option of Inputting

geometric mean and geometric standard deviation Into the program was

discussed with the Crystal Ball developers who plan to add the option

In the next version of the program due to the number of requests from

the user community (De95). The maximum value shown Is three

geometric standard deviations from the median. Zero Is used as the

minimum value since the concentration can be as low as zero.
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Table 4. Geometric Mean, iJ^, and Geometric Standard Deviation. Og,

Values for Radionuclide Concentrations for a 9-Year Averaging Time

Nuclide Slope Values
r  q

/Jg= (x,so)
(pCi /m^)

X
00

Q
O(
II

(x 84/X 50)

Csl37 0.095 -0.001 9.760E-6 1.390E-5 1.42

K40 0.150 -0.002 1.600E-4 4.980E-4 3.11

Np237 0.050 -0.002 1.240E-6 6.100E-6 4.92

Pa234m 0.035 -0.036 3.840E-8* * *

Pu238 0.085 -0.008 6.450E-8 3.420E-7 5.30

Pu239 0.053 -0.018 8.140E-8 2.560E-7 3.14

RulOS 0.210 -0.050 8.370E-5* * *

Tc99 0.029 -0.002 4.150E-4 1.012E-3 2.44

Th228 0.159 0.193 1.420E-6 3.310E-6 2.33

Th230 0.046 -0.025 5.060E-7 1.600E-6 3.16

Th232 0.086 -0.020 4.095E-7 6.380E-7 1.56

Th234 0.035 -0.042 1.300E-5 2.410E-4 1.85

U234 0.021 -0.026 2.360E-5 5.480E-5 2.32

U235 0.021 -0.002 9.65E-7 2.060E-6 2.13

U238 0.020 -0.020 1.970E-5 6.360E-5 3.23

* Note: Values converged to arithmetic mean at an averaging time
less than 9 years indicating minimal variability for a 9
year averaging time. The arithmetic mean concentration
is used for the analysis as a point estimate.
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Table 5. Mean, Standard Deviation, Minimum, and Maximum Values

for Radionuclide Concentrations for Input to Crystal Ball

Nuclide Mean (p) Standard Deviation (a) Minimum Maximum

Csl37 1.028E-5 3.720E-6 O.OOOE+0 2.769E-5

K40 3.046E-4 4.933E-4 O.OOOE+0 4.813E-3

Np237 4.412E-6 1.507E-5 O.OOOE+0 1.477E-4

Pu238 2.591E-7 1.008E-6 O.OOOE+0 9.603E-6

Pu239 1.566E-7 2.576E-7 O.OOOE+0 2.520E-6

Tc99 6.178E-4 6.812E-4 O.OOOE+0 6.029E-3

Th228 2.031E-6 2.076E-6 O.OOOE+0 1.796E-5

Th230 9.809E-7 1.629E-6 O.OOOE+0 1.597E-5

Th232 4.521E-7 2.114E-7 O.OOOE+0 1.555E-6

Th234 1.571E-5 1.065E-5 O.OOOE+0 8.231E-5

U234 3.363E-5 3.414E-5 O.OOOE+0 2.947E-4

U235 1.284E-6 1.128E-6 O.OOOE+0 9.325E-6

U238 3.917E-5 6.733E-5 O.OOOE+0 6.639E-4
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An additional consideration can be the effects of seasonality

on the estimated concentration median and geometric standard

deviation values. Concentrations for uranium, thorium, and neptunium

were checked to see if seasonality trends were present. Monthly

concentration values for select radionuclides were plotted over the

full range of months of the incinerator operation. These time series

plots are shown in Appendix E. Monthly values were then averaged to

give an average concentration for each of the 12 months in the year.

A regression analysis was also performed and the residuals plotted

over time as shown in Appendix E for certain radionuclides. Visual

inspection of the monthly average concentrations and residuals

plotted over time indicates a cycling effect for different seasons of

the year. This is consistent with the variation in the monthly

meteorological data and wind roses (Appendix B), Additional

statistical analysis of the seasonality effects on the monthly

concentration variance was not undertaken as part of this study due

to time and resource constraints: however, it is noted that

seasonality effects would further add to the uncertainty of

estimating the concentration variance. Quantification of this effect

on the variance is left for future study. The reader is referred to

reference Gi87 for further discussion of the effect of seasonality on

the estimation of variance.
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5.2 Inhalation Rate

The inhalation rate used in the risk model is based on a mean

inhalation rate for reference man established by the International

Commission for Radiation Protection (ICRP). Reference man is assumed

to inhale an average of 8.333 x 10^ cm^ of air per hour or 20 m^ per

day (ICRP75, EPA89b, EPA89c). This average resting inhalation rate

is typically the recommended value to use in a deterministic risk

assessment. For use in a probabilistic assessment, the parameter can

be characterized as having a lognormal distribution with a geometric

mean of 8.506 x 10® cmVhr and a geometric standard deviation of

8.506 X 10® cmVhr (EPA89b, EPA89c, D0E93a). A minimum value of

4.533 X 10® cmVhr and a maximum of 1.532 x 10® cmVhr are set as

upper and lower limits based on three geometric standard deviations

from the median. The minimum and maximum values are very

conservative limits based on 99th percentile extremes for adult

resting and highly active rates (EPA89b, D0E93a). The 20 mVd was

determined by ICRP to represent a daily inhalation rate for

"reference man" engaged in 16 hours of light activity and 8 hours of

rest. The determination of a median rate was based on short term

inhalation rate measurements at different activity levels and

reported in literature reviews by EPA and ICRP (EPA85, EPA89b,

EPA91). EPA also performed time-use and activity level studies in

order to determine ranges for the inhalation rate for adults (EPA91).

Separate averages were developed for children and are not considered
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in this study. The time-use/activlty level data were divided into

occupational subgroups, hours spent at work versus hours spent at

home, total hours per day spent at each activity level , and subgroups

for men and women. A weekly averaging time was used to estimate the

average daily inhalation rate for an adult for use in lifetime risk

assessment.

The selection of a lognormal probability density function is

consistent with earlier studies by Oak Ridge National Lab where

measurements of children's inhalation rates were found to approximate

a lognormal distribution (Ho79). Appendix F shows the probability

density function for this parameter for use in the uncertainty

calculations. Based on input requirements for the Crystal Ball

program, the median and geometric standard deviation have been

converted to the mean and standard deviation values.

5.3 Exposure Frequency

An exposure frequency of 350 days per year is considered to

be a reasonable maximum exposure and accounts for two weeks away from

home for a vacation or trip. An exposure frequency of 275 days per

year is considered to represent an average exposure and the most

likely value which accounts for a more realistic proportion of away

time from home and the local area (D0E93a). An exposure frequency of

365 days per year is the maximum possible value. The exposure

frequency is intended to be representative of the exposure time in
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days per year for every year of exposure to a particular

pathway(EPAb, EPAc). In a deterministic risk assessment computation.

350 days is often used. For uncertainty analysis. EPA recommends

that a triangular distribution be used with a midpoint value of 275

days, minimum value of 200 days, and maximum value of 365 days

(EPA89c). EPA recommends using local population patterns when

available. This information was not available for this study. A

graphical depiction of the exposure frequency parameter is given in

Appendix F.

5.4 Exposure Duration

Exposure duration is typically assumed to be 9 years as an

average time someone would live in the same location. 30 years for a

reasonable worst case duration and 70 years as an average lifetime

maximum value for use in a deterministic assessment. Nine years is

the national median time or 50th percentile at one residence. Thirty

years is the national upper-bound time (90th percentile) at one

residence (EPA89a). Seventy years is an accepted lifetime convention

for carcinogenic effects (EPA89b). For a probabilistic

representation of the parameter, scientists and environmental

professionals have recommended using a lognormal distribution

(D0E93a. D0E94c). For a lognormal distribution, the geometric mean

used is 9 years, and the geometric standard deviation is 1.826 based

on setting 30 years at two geometric standard deviations from the
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median. For an adult, a minimum value of 1.478 years and a maximum

value of 54.8 years represent 99th percentile bounds based on

national data (D0E93a, D0E94c). Appendix F gives a graphical

representation of the exposure duration parameter. Based on input

requirements for the Crystal Ball program, the median and geometric

standard deviation have been converted to the mean and standard

deviation values.

5.5 Dose Factor

Another key uncertainty lies in the dose conversion factor that

is used to convert exposure by inhalation to organ and total body

doses. A dose conversion factor is derived specifically for each

radionuclide (EPA89c, Ec95). Table 6 gives the dose conversion

factors used and the associated uncertainties. The uncertainty

factor for each radionuclide is based on the classification of the

radionuclide and uses a triangular distribution (EPA89c). The dose

factor is used as the most likely value, and the uncertainty factor

is multiplied and divided by the dose conversion factor to obtain

estimates of the 95th percentile upper and lower confidence limits.

The selection of uncertainty intervals is referred to as a

"credibility interval" because they are based on the judgement of the

"National Institutes of Flealth Ad Hoc Working Group to Develop

Radioepidemiological Tables" (EPA89c, NRC90).
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Table 6. Dose Conversion Factors (mrem/pCI) and Uncertainty Ranges

Nucllde Uncertainty
Factor

Lower Value Mid Value Upper Value

Cs-137 3 1.033E-5 3.099E-5 9.300E-5

K-40 3 4.260E-6 1.278E-5 3.834E-5

Np-237 5 9.418E-2 4.907E-1 2.454E+0

Pa234m 5 7.584E-10 3.792E-9 1.896E-8

Pu-238 5 9.452E-2 4.726E-1 2.363E+0

Pu-239 5 1.056E-1 5.278E-1 2.639E+0

Ru-106 5 9.554E-5 4.777E-4 1.433E-3

Tc-99 10 8.391E-7 8.391E-6 8.391E-5

Th-228 5 8.766E-2 4.383E-1 2.192E+0

Th-230 5 8.474E-2 4.237E-1 2.119E+0

Th-232 5 1.236E-1 6.178E-1 3.089E+0

Th-234 5 1.080E-5 5.400E-5 2.700E-4

U-234 5 4.584E-2 2.292E-1 1.146E+0

U-235 5 2.446E-2 1.223E-1 6.115E-1

U-238 5 4.078E-2 2.039E-1 1.G20E+0
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The primary uncertainty In the dose estimate Is the behavior of

the radlonucllde In the human body rather than the physics of the

Isotope which are predictable. Essential elements such as potasslum-

40 or ceslum-137 have been assigned an uncertainty factor of 3

because they behave In the human body like their stable elements,

thus the time required for the body to eliminate the dose Is

approximately the same for both the stable and radioactive Isotopes

(EPA89c, NRC90). A factor of 5 Is selected for radioactive toxic

metals that have been well-studied In animals and In occupational and

accident scenarios but have limited Information on the bloklnetic

effects In humans (such as nucllde absorption Into the blood from the

Intestines) (EPA89c). Examples of these nuclldes are uranium,

thorium, and plutonlum. Rare earth elements such as technet1um-99

are assigned an uncertainty factor of 10 since bloklnetic Information

on these elements are extrapolated from results of animal studies and

minimal Information Is available to provide a means to extrapolate to

humans (EPA89c). Appendix F provides a graphical representation of

the parameters.

An area of uncertainty affecting the dose estimation In which

new Information will be available In the future Is the ICRP lung and

gastrointestinal tract models which are simplified representations of

the human body and Its absorption characteristics. Much work has

been done In recent years to Improve the representativeness of the

lung and gastrointestinal tract models, but new conversion factors

34



are not yet published and incorporated into software programs like

CAP88PC (Ec95).

5.6 Risk Factor

The risk conversion factor established by ICRP was developed to

provide a means of estimating the risk of excess cancer incidence

given an exposure to ionizing radiation and a given dose. NCRP

estimates the uncertainty to be about a factor of 4 due to the

uncertainty associated with a number of factors including the

dosimetric model mis-specification, dosimetry, age and latency,

gender, and the shape of the dose-response relationship (NCRP93).

Data supporting the estimation of excess cancers is primarily based

on ongoing studies of atomic bomb survivors for which more than 40

years of data exists, miners, medical applications, and animal and

tissue sample studies (ICRP90).

There are two key components of the uncertainty factor. The

first is the uncertainty in the risk per dose for exposures at high

dose and high-dose rate which is estimated to be uncertain to about a

factor of two. The second key uncertainty is in the extrapolation of

risks from exposure at high dose and high dose rate to exposures at

low dose and low dose rate. This uncertainty accounts for an

additional factor of two (NCRP93, NRC90).

Although not considered in the uncertainty factor, there is

uncertainty and ongoing debate on the linearity of the dose-response
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curve at exposure levels comparable to external background radiation.

The BEIR committee acknowledges that the possibility exists that

there may be no risk from exposures at low levels (NRC90). Another

key uncertainty in risk estimation that is not accounted for in the

uncertainty factor is the population difference. The Japanese

population upon which much of the A-bomb data is based has several

differences from the population of the United States. The two

populations have different diets, ethnic composition, and lifestyles

which affect the cancer mortality rate (NRC90).

A triangular distribution is used to characterize the

parameter. The cancer incidence factor reported by NCRP is used as

the most likely value, and the end points are set by multiplying and

dividing by the uncertainty factor (NCRP93, NRC90). Input parameters

used for the risk conversion factor are graphically shown in

Appendix F.
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6.0 UNCERTAINTY ANALYSIS

The uncertainty analysis was run using the Crystal Ball and

Excel software programs. The Latin Hypercube random sampling

technique Is used due to the quick run time achieved. Comparable

results are obtained In fewer trials of the Latin Hypercube technique

compared to using simple random sampling In the Monte Carlo analysis.

In simple random sampling, samples are randomly taken from any point

In the distribution which requires a large number of samples to be

taken before the full distribution has been sampled. For simple

random sampling, 10,000 samples are typically taken (De93,Ho95). In

Latin Hypercube sampling, more computer memory Is required because

the program keeps track of where the sample was pulled from for each

sampling trial. Subsequent samples are then taken from unsampled

Intervals of the probability density function for each assumption

parameter and new forecast dose and risk values are computed. This

method takes less time to finish a more complete forecast

distribution. For this study, 1000 trials of the Latin Hypercube

sampling technique were used. A copy of the EXCEL spreadsheet used

to set up the uncertainty analysis Is shown In Appendix G.

Percentlle results of the uncertainty analysis are provided In Figure

3 for the dose estimate and Figure 4 for the risk estimate. The

probability distributions obtained for the dose and risk forecasts

are shown In Figures 5 and 6.
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Percentiles:

Percentile mrem/vr (aoorox.)

0% 2.169E-02

5% 5.528E-02

10% 7.006E-02

15% 8.257E-02

20% 9.346E-02

25% 1.033E-01

30% 1.154E-01

35% 1.288E-01

40% 1.422E-01

45% 1.533E-01

50% 1.669E-01

55% 1.840E-01

60% 2.039E-01

65% 2.199E-01

70% 2.448E-01

75% 2.743E-01

80% 3.128E-01

85% 3.665E-01

90% 4.437E-01

95% 5.775E-01

100% 1.911E + 00

Figure 3. Results of the Uncertainty Analysis for Dose
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Percentiles:

Percentile Value (aoDrox.)

0% 6.583E-08

5% 2.428E-07

10% 3.594E-07

15% 4.560E-07

20% 5.616E-07

25% 6.779E-07

30% 7.934E-07

35% 9.173E-07

40% 1.090E-06

45% 1.256E-06

50% 1.437E-06

55% 1.640E-06

60% 1.896E-06

65% 2.187E-06

70% 2.594E-06

75% 2.984E-06

80% 3.566E-06

85% 4.515E-06

90% 5.812E-06

95% 8.922E-06

100% 4.063E-05

Figure 4. Results of the Uncertainty Analysis for Risk
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Forecast: Total EDE

Frequency Chart 958 Trials Shown
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Figure 5. Distribution Function for the Estimation of Dose

(Units are in mrem/yr)
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7.0 SENSITIVITY ANALYSIS

In addition to the uncertainty analysis, a sensitivity analysis

was performed using the Crystal Ball software. The sensitivity

calculation is based on a correlation computation measured by the

contribution to the variance in the resulting dose and risk

estimates. Results of the sensitivity analysis are given in Figure 7

for dose and Figure 8 for risk. As indicated by the correlation

coefficients in the figures, the uranium-234 and uranium-238

concentrations and dose factors have a much stronger influence on the

variance of the forecasted dose and risk than the other

radionuclides. The inhalation rate accounted for nine percent of the

variance in the dose estimate, and the exposure duration and risk

factor were each approximately thirty percent of the variance in the

computed risk probability distribution.

In consideration of ways to reduce the uncertainty, development

of exposure duration values based on local or regional data would

reduce a key source of uncertainty. Little reduction of uncertainty

for the risk factor and dose factors is possible at this time. An

attempt to validate the nuclide concentrations at residential

locations would provide a basis for comparison with the dispersion

model results, but it is highly unlikely that any meaningful data

could be obtained for reducing the uncertainty of the computations.

Concentrations are so low that it would be hard to detect, and even

if detected, it would be difficult to distinguish what portion of the
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Sensitivity Chart

Target Forecast: Totai EDE

U238 (cell G34) 34.6%

U234 (cell G30) 26.3%

Dose Factor U-234 9.6%

Inhalation Rate (IR) 9.0%

Dose Factor U-238 5.8% ■

NP237 (cellGIO) 5.2% 1
Exposure Frequency (EF) 4.4% ■

Dose Factor Np-237 1.3% 1 1
TC99 (cell G20) 1.0% 1 \
TH228 (cell G22) 0.4% '

Risk Factor (RF) 0.4% 1

Dose Factor Pa-234ni 0.4% ;

CS137 (cell G6) 0.4% !

Dose Factor Ttv234 0.2% 1

U235 (cell G32) 0.2% 1

0% 25% 50% 75%

Measured by Contribution to Variance

100%

Figure 7. Results of the Sensitivity Analysis for Dose
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Sensitivity Chart

Target Forecast: Totai Lifetime Risk

Exposure duration (ED) 30.7%

Risk Factor (RF) 28.2%

U238 (cell G34) 15.4%

U234 (cell G30) 8.7%

Dose Factor U-234 4.1%

Dose Factor U-238 3.2%

NP237 (cell G10) 2.8%

Intralatlon Rate (IR) 2.8%

Exposure Frequency (EF) 1.1%

U235 (cell G32) 1.1%

TC99 (cell G20) 0.3%

TH228 (cell G22) 0.2%

Dose Factor Th-228 0.2%

TH230 (cell G24) 0.2%

K40 (cell G8) 0.2%

0% 25% 50% 75%

Measured by Contribution to Variance

100%

Figure 8. Results of the Sensitivity Analysis for Risk
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measured amount could be attributed to the incinerator since there

are other facilities that have uranium emissions located in the

surrounding areas. There are also background levels.
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8.0 RESULTS AND CONCLUSIONS

The compounding effects of parameter error propagation are

evident In the results of the uncertainty and sensitivity analysis.

Table 7 summarizes the uncertainty assumptions for each model

parameter. The overall compounded error that Is attributed to the

lognormal parameters can be estimated by taking the square root of

the sum of the squares of the geometric standard deviations (T183,

NRC90). Consistent with the sensitivity analysis, the parameters

contributing most to the variance In the estimation of risk are the

ones with the greatest standard deviation. These are the Inhalation

rate, exposure duration, and the risk factor. At the current time,

an Improved estimate of the risk factor and dose factor uncertainties

has not been developed although ICRP and NCRP are continuing to

pursue better quantification as more Information on cancer Incidence

and bloklnetlcs becomes available. The Inhalation rate and exposure

duration Information are based on national statistics or studies.

The uncertainty In the number could be greatly reduced If site-

specific surveys were taken.

The results of the uncertainty analysis were compared to the

results of deterministic calculations for lifetime cancer Incidence.

A deterministic calculation of dose using the ICRP methodology Is

given In detail In the spreadsheet shown In Appendix H, and the EPA

slope factor methodology calculations are also shown In Appendix H.

Figure 4 shows a comparison of the results of the different

46



Table 7. Summary of Risk Model Parameter Error

Parameter Distribution Uncertainty^ Basis''
Factor or 6SD

Ref

Concentration Lognormal

Inhalation

Exposure Freq.
Exposure Dur.

Dose Factor

Risk Factor

Lognormal

Triangular
Lognormal

Triangular

Triangular

1.02-5.3 1 Gr94,
Sha94,
La71

1.225 2,5 EPA89b,
D0E94C,
Ho79

1.27 4.5 EPA89b
1.826 4,5 EPA89b,

D0E94C
3-10 3,5 EPA89C,

NRC90,
NCRP93

4 2,3,5 NCRP93

^For lognormal distributions, the geometric standard deviation (GSD) is given.
For triangular distributions, the uncertainty factor is the value shown. Ranges
of values are given for concentration and dose factor because the GSD and
uncertainty factor vary for each radionuclide.

"1 =Based on site-specific measurements and calculations. Averaging times are
typically short term.
2 =Based on a combination of data and studies from accidents, medical

applications, occupational exposures, research or surveys involving humans, and
may be extrapolated from high to low doses. Averaging times vary from short term
(eg. measurement of inhalation rates over several minutes for different levels of
activity for different individuals) to long term (eg. 40 years for Japanese A-bomb
survivors).

3 =Based on research involving animals and tissue samples which is extrapolated to
humans. Most averaging times are short term due to the short life span of most
research animals.

4 =Data and/or statistical analysis from national surveys or studies (eg. The
Census Bureau).

5 =Based partially or fully on credibility intervals established by expert panels
or committees, involves subjectivity, and may have some mathematical basis and
statistical analysis.
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calculational methods. The results of the uncertainty analysis and

the deterministic values are plotted on a reverse cumulative curve.

The 5th-, 50th-, and 95th-percentiles for the estimated cancer risk

are also indicated on the curve. The following conclusions resulted

from the analysis:

•  The deterministic ICRP risk was 2.8 E-6 which was more than 5
times greater than the risk computed using the EPA slope
factors. The slope factor values used were the revised, more
conservative factors which still yielded a much lower risk
value than the ICRP factors.

•  The ICRP methodology yielded results in the upper quartile of
the uncertainty analysis probability distribution, whereas the
EPA methodology yielded risks in the lower quartile of the
uncertainty analysis results. Both deterministic methods fell
within the overall range of the uncertainty analysis. The
additional information the uncertainty analysis provides is a
90 percent confidence range from 2.428 E-7 to 8.922 E-6. This
provides a base of comparison for keeping deterministic
estimates in perspective. The uncertainty analysis is based on
median values whereas the deterministic analysis is based on
mean values for the radionuclide concentrations and 95th
percentiles for the other parameters. The uncertainty analysis
results further confirm the low level of risk to the public.
Even at the 95th percentile of the uncertainty analysis range,
the risk of cancer is less than one in 100,000.

•  The 50th percentile or median risk for the inhalation pathway
less than two cancer incidences in 1,000,000 which is well
below regulatory concern. The radionuclide concentrations
would be expected to be essentially indistinguishable from
background radiation. The uranium isotopes U234 and U238 are
the primary contributors to the dose and risk. Unless
indicated by a waste contents analysis, cost savings could be
incurred by reducing the frequency of analysis for nuclides
other than uranium.

•  The Larsen "arrowhead" methodology (La71) provides a logical
approach to estimating long term radionuclide concentrations
and variability from short term measurements. By use of the
log-log scale slope equation, values for the maximum, median,
and geometric standard deviation of the concentration can be
estimated for long averaging times. As would be expected, the
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method worked best for nuclides having the most data points.
Concentrations based on a weekly averaging time would improve the
slope estimates.
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9.0 RECOMMENDATIONS

For reduction of the dose and risk uncertainty, the greatest

impact would be achieved by finding out more information about the

exposure duration and inhalation rate. The same analysis could be

rerun for a reevaluation of the factors contributing the most to

uncertainty in the dose and risk estimation.

In the area of emissions and concentration estimation, a

calculation of the partial contribution of radionuclides from all

area sources could be performed to give a better idea of the relative

contribution from each source. In addition, better quantification of

the variability of radionuclide emissions from the incinerator would

improve the assessment of offsite concentrations. Since 1994, the

incinerator has continued to operate, and several months of

additional emissions data has been obtained. Consideration of this

additional information would be useful in better understanding the

nature of the emissions and concentration variability. An averaging

time of months was the shortest averaging time used. Hourly and

weekly averaging times would provide a better estimation of the

slopes to use in determining long term median and geometric standard

deviation values. The analysis could be limited to uranium isotopes.

In consideration of the continuing ICRP and NCRP research and

data evaluation, a comparative risk analysis could be run when the

new lung model values become available for use in computer programs.

Results of studies currently being performed in the area of applying
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population difference factors to the estimation of dose should be

considered when the data become available. This could further reduce

the uncertainty in risk estimation.

In addition to the inhalation pathway, it would be useful to

perform a parameter uncertainty analysis on the other pathways and

hazardous pollutants in order to have an analysis based on median

values as a basis for comparison. This would be useful for risk

communication.
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Table B.l. Sample EPA STAR File Format

N A 0.000080.000660.000000.000000.000000.00000
NNE A 0.000160.000330.000000.000000.000000.00000
NE A 0.000160.000160.000000.000000.000000.00000

ENE A 0.000080.000000.000000.000000.000000.00000
E A 0.000000.000000.000000.000000.000000.00000

ESE A 0.000000.000000.000000.000000.000000.00000
SE A 0.000160.000160.000000.000000.000000.00000
SSE A 0.000410.000490.000000.000000.000000.00000
S A 0.000160.000330.000000.000000.000000.00000

SSW A 0.000330.000410.000000.000000.000000.00000
SW A 0.000740.000410.000000.000000.000000.00000
WSW A 0.000570.000410.000000.000000.000000.00000

W A 0.000570.001070.000000.000000.000000.00000
WNW A 0.000330.000330.000000.000000.000000.00000
NW A 0.000330.000570.000000.000000.000000.00000

NNW A 0.000160.000490.000000.000000.000000.00000
N B 0.001860.001390.000250.000000.000000.00000

NNE B 0.001800.000820.000000.000000.000000.00000
NE B 0.002130.000660.000000.000000.000000.00000

ENE B 0.000410.000160.000000.000000.000000.00000
E B 0.000410.000160.000000.000000.000000.00000

ESE B 0.000330.000820.000080.000000.000000.00000
SE B 0.000740.001880.000000.000000.000000.00000
SSE B 0.001480.002620.000250.000000.000000.00000
S B 0.001560.002460.000080.000000.000000.00000

SSW B 0.001230.001720.000160.000000.000000.00000
SW B 0.001390.001800.000330.000000.000000.00000
WSW B 0.002130.002130.000740.000000.000000.00000

W B 0.003120.002300.000160.000000.000000.00000
WNW B 0.001880.002460.000330.000000.000000.00000
NW B 0.001310.003610.000250.000000.000000.00000

NNW B 0.002050.003440.000080.000000.000000.00000
N C 0.003440.003280.000900.000080.000000.00000

NNE C 0.002620.001480.000080.000000.000000.00000
NE C 0.003120.000820.000080.000000.000000.00000

ENE C 0.001390.001070.000160.000000.000000.00000
E C 0.001070.001310.000250.000000.000000.00000

ESE C 0.000570.000820.000900.000000.000000.00000
SE C 0.001390.002460.002790.000410.000000.00000
SSE C 0.001970.005900.004260.000330.000000.00000
S C 0.001390.005740.001880.000330.000000.00000

SSW C 0.001390.002790.001310.000080.000000.00000
SW C 0.001800.004430.003770.000490.000000.00000
WSW C 0.002210.004020.004260.000820.000000.00000

W C 0.003940.006310.003360.000330.000000.00000
WNW C 0.002700.004840.002380.000080.000000.00000
NW C 0.003030.005900.003120.000080.000000.00000
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Table B.l. Continued

NNW C 0.003610.006890.001720.000080.000000.00000
N D 0.010000.013360.007300.001070.000000.00000

NNE D 0.005570.007300.002870.000250.000080.00000
NE D 0.004590.003200.000570.000160.000000.00000

ENE D 0.002870.003770.001070.000160.000000.00000
E D 0.002210.004430.002460.000660.000000.00000

ESE D 0.002790.003280.006560.002950.000570.00008
SE D 0.002620.007460.025170.015490.001230.00000
SSE D 0.002300.013030.026310.010660.000490.00008
S D 0.002300.010580.011310.005490.000490.00016

SSW D 0.004100.007130.005820.005250.001070.00016
SW D 0.005410.016070.016560.009840.000980.00016
WSW D 0.003030.010250.018850.011390.000660.00000

W D 0.003850.011230.021310.014020.002210.00016
WNW D 0.004100.008940.015830.011230.000740.00016
NW D 0.007460.013200.019590.011480.000330.00000

NNW D 0.011070.013200.014510.003610.000080.00008
N E 0.007460.014180.001150.000000.000000.00000

NNE E 0.006070.011480.000330.000000.000000.00000
NE E 0.003770.008120.000250.000000.000000.00000

ENE E 0.003940.007210.000250.000000.000000.00000
E E 0.004670.012460.000330.000000.000000.00000

ESE E 0.003770.007050.001880.000000.000000.00000
SE E 0.002380.011970.008120.000000.000000.00000
SSE E 0.002620.009590.004510.000000.000000.00000
S E 0.002380.007130.002460.000000.000000.00000

SSW E 0.002460.004260.000980.000000.000000.00000
SW E 0.002620.003940.002300.000000.000000.00000
WSW E 0.001390.002790.001800.000000.000000.00000

W E 0.002790.009020.003610.000000.000000.00000
WNW E 0.003770.010410.002130.000000.000000.00000
NW E 0.006480.012620.003440.000000.000000.00000
NNW E 0.010250.018120.003520.000000.000000.00000

N F 0.000410.001070.000000.000000.000000.00000
NNE F 0.000570.001970.000000.000000.000000.00000
NE F 0.000980.000900.000000.000000.000000.00000

ENE F 0.000330.002210.000000.000000.000000.00000
E F 0.001230.001800.000000.000000.000000.00000

ESE F 0.000660.001480.000000.000000.000000.00000
SE F 0.000330.000820.000000.000000.000000.00000
SSE F 0.000080.000490.000000.000000.000000.00000
S F 0.000160.000250.000000.000000.000000.00000

SSW F 0.000160.000000.000000.000000.000000.00000
SW F 0.000000.000080.000000.000000.000000.00000
WSW F 0.000160.000080.000000.000000.000000.00000

W F 0.000080.000490.000000.000000.000000.00000
WNW F 0.000740.001230.000000.000000.000000.00000
NW F 0.000410.001070.000000.000000.000000.00000

NNW F 0.000250.001720.000000.000000.000000.00000
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WIND ROSE Tower K (@60m) for Mar., 1990
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Figure B.l. Wind Roses for Each Month
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WIND ROSE Tower K (®60m) for Apr., 1990
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Figure B.l. Continued
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WIND ROSE Tower K (@60m) for May, 1990
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Figure B.l. Continued
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WIND ROSE Tower K (@60m) for June, 1990

with 95.3% of possible dote
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Figure B.l. Continued
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WIND ROSE Tower K (@60m) for July, 1990

with 75.1% of possible data
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Figure B.l. Continued
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WIND ROSE Tower K (@60m) for Aug., 1990
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Figure B.l. Continued

81



WIND ROSE Tower K (®60m) for Sep., 1990
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Figure B.l. Continued
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WIND ROSE Tower K (®60m) for Nov., 1990
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Figure B.l. Continued
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WIND ROSE Tower K (®60m) for Dec., 1990
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Figure B.l. Continued
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WIND ROSE Tower K (@60m) for Jaa, 1991
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Figure B.l. Continued
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WIND ROSE Tower K (@60m) for Feb., 1991
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Figure B.l. Continued
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WIND ROSE Tower K (@60m) for Mar., 1991
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Figure B.l. Continued
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WIND ROSE Tower K (®60m) for Apr., 1991
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Figure B.l. Continued
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WIND ROSE Tower K (@60m) for May, 1991

with 99.7% of possible data
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Figure B.l. Continued
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WIND ROSE Tower K (@60m) for June, 1991
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Figure B.l. Continued
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WIND ROSE Tower K (®60m) for July, 1991

NNE
NNH

NE

knotsSH
SE 3t.a

lo.s le.s
>.s c.s

0.0

SSE

Figure B.l. Continued

91



WIND ROSE Tower K (®60m) for Aug., 1991

with 99.2% of possible data
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Figure B.l. Continued
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WIND ROSE Tower K (®60m) for Sep., 1991

with 93.2% of possible data
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Figure B.l. Continued
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WIND ROSE Tower K (@60m) for Oct., 1991
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Figure B.l. Continued
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WIND ROSE Tower K (@60m) for Nov., 1991
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Figure B.l. Continued
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WIND ROSE Tower K ((§>60m) for Dec., 1991
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Figure B.l. Continued
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WIND ROSE Tower K (@60m) for Jan., 1992
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Figure B.l. Continued
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WIND ROSE Tower K (@60m) for Feb., 1992
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Figure B.l. Continued
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WIND ROSE Tower K (@60m) for Mar., 1992
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Figure B.l. Continued
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WIND ROSE Tower K (@60m) for Apr., 1992

with 99.9% of possible dote
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Figure B.l. Continued
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WIND ROSE Tower K (@60m) for May, 1992
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Figure B.l. Continued
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WIND ROSE Tower K (@60m) for June, 1992
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Figure B.l. Continued
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WIND ROSE Tower K (@60m) for July, 1992

with 99.7% of possible data
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Figure B.l. Continued
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WIND ROSE Tower K (@60m) for Aug., 1992
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Figure B.l. Continued

104



WIND ROSE Tower K (@50m) for Sep., 1992
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Figure B.l. Continued
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WIND ROSE Tower K (®60m) for Oct., 1992
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Figure B.l. Continued
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WIND ROSE Tower K (@60m) for Dec., 1992
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Figure B.l. Continued
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WIND ROSE Tower K (@60m) for Jan., 1993
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Figure B.l. Continued
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WIND ROSE Tower K (@60m) for Feb., 1993
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Figure B.l. Continued

109



WIND ROSE Tower K (@60m) for Mar., 1993
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Figure B.l. Continued
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WIND ROSE Tower K (@60m) for Apr., 1993
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Figure B.l. Continued
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WIND ROSE Tower K (@60m) for May, 1993
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Figure B.l. Continued
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WIND ROSE Tower K (@60m) for June, 1993
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Figure B.l. Continued
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WIND ROSE Tower K (@60m) for July, 1993
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Figure B.l. Continued
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WIND ROSE Tower K (@60m) for Aug., 1993
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WIND ROSE Tower K (@60m) for Sep., 1993
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Figure B.l. Continued
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WIND ROSE Tower K (@60m) for Nov., 1993
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Figure B.l. Continued
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WIND ROSE Tower K (@60m) for Dec., 1993
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WIND ROSE Tower K (®60m) for Jaa, 1994
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Figure B.l. Continued
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WIND ROSE Tower K (@60m) for Feb., 1994
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Figure B.l. Continued
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WIND ROSE Tower K (@60m) for Mar., 1994
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Figure B.l. Continued
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WIND ROSE Tower K (@60m) for Apr., 1994
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Figure B.l. Continued
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WIND ROSE Tower K (@60m) for May, 1994
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Figure B.l. Continued
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WIND ROSE Tower K (®60m) for June, 1994
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Figure B.l. Continued
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WIND ROSE Tower K (@60m) for July, 1994
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Figure B.l. Continued
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WIND ROSE Tower K (®60m) for Aug., 1994
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Figure B.l. Continued
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Normal . Lognormal. and Log-Log Plots
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APPENDIX E

Regression and Residual Plots
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APPENDIX F

Parameter Probability Density Functions
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Assumption: Inhalation Rate (IR)

Lognormal distribution with parameters:

Mean 8.506E + 05

Standard Dev. 1.744E + 05

Selected range is from 4.533E + 5 to 1.532E + 6

Mean value in simulation was 8.501E + 5

Inhalation Rats (IR)

4.533E+5

Assumption: Exposure duration (ED)

Lognormal distribution with parameters:
Mean 10.79
Standard Dev. 713

Selected range is from 1.48 to 54.80
Mean value in simulation was 10.73

Exposure duration (ED)

1.46

Figure F.l, ^^robaDilHy Density Functions for Assumption Parameters

197



Assumption: Exposure Frequency (EF)

Triangular distribution with parameters:
Minimum 200.00

Likeliest 275.00

Maximum 365.00

Selected range is from 200.00 to 365.00
Mean value in simulation was 280.01

Exposure Frequency (EF)

282.50 323.75 365.x

Assumption: Dose Factor Cs-137

Triangular distribution with parameters:
Minimum 1.033E-05

Likeliest 3.099E-05

Maximum 9.300E-05

Selected range is from 1.033E-5 to 9.300E-5

Mean value in simulation was 4.477E-5

Dose Factor Cs-137

1.033E-S 3.10aE-S SISTER 7.233E-S saooE-s

Figure F.l. Continued
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Assumption: Risk Factor (RF)

Triangular distribution with parameters:
Minimum

Likeliest

Maximum

1.50E-02

6.00E-02

2.40E-01

Selected range is from 1.50E-2 to 2.40E-1
Mean value in simulation was 1.05E-1

Risk Factor (RF)

1.50E-2 7.13E-2 1.2eE-1 1.84E-1 2.40E-1

Figure F.l. Continued
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Assumption: Dose Factor Np-237

Triangular distribution with parameters:
Minimum 9.418E-02
Likeliest 4.907E-01
Maximum 2.454E + 00

Selected range is from 9.418E-2 to 2.454E + 0
Mean value in simulation was 1.013E + 0

Dose Factor Np-237

418E-2 B.841E-1 1.274E+0 1.864E-tO Z.454E-K)

Assumption: Dose Factor Pa-234m

Triangular distribution with parameters:
Minimum 7.580E-10
Likeliest 3.792E-09
Maximum 1.896E-08

Selected range is from 7.580E-10 to 1.896E-8
Mean value in simulation was 7.837E-9

Dose Factor Pa-234m

7 580E>10 5.309E-9 9 859E-9 1 441E-8 1 896E-8

Figure :ontinued
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Assumption: Dose Factor Pu-238

Triangular distribution with parameters:
Minimum 9.452E-02

Likeliest 4.726E-01

Maximum 2.363E + 00

Selected range is from 9.452E-2 to 2.363E + 0
Mean value in simulation was 9.768E-1

Dose Factor Pu-238

9.452E-2 6.616E-1 1.229E40 1.79eE+0 2.363E-K)

Assumption: Dose Factor Pu-239

Triangular distribution with parameters:
Minimum 1.056E-01

Likeliest 5.278E-01

Maximum 2.639E + 00

Selected range is from 1.056E-1 to 2.639E-I-0
Mean value in simulation was 1.091E-I-0

Dose Factor Pu-239

1.05eE-1 7.390E-1 1.372E«0 2.006E-H) 2.639E-K)

Figure F.l. Continued
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Assumption: Dose Factor Tc-99

Triangular distribution with parameters:
Minimum 8.391 E-07

Likeliest 8.391 E-06

Maximum 8.391 E-05

Selected range is from 8.391 E-7 to 8.391 E-5
Mean value in simulation was 3.105E-5

Dose Factor Tc-99

B.391E-5

► ^
B.391E-7 2.161E-5 4.237E-5

Assumption: Dose Factor Th-228

Triangular distribution with parameters:
Minimum 8.766E-02
Likeliest 4.383E-01
Maximum 2.192E-(-00

Selected range is from 8.766E-2 to 2.192E-I-0
Mean value in simulation was 9.060E-1

Doso Factor Th-228

766E-2 5.137E-1 1.140E+0 1 666E+0 2192E+0

Figure F.l. Continued
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Assumption: Dose Factor Th-230

Triangular distribution with parameters:
Minimum 8.474E-02

Likeliest 4.237E-01

Maximum 2.119E + 00

Selected range is from 8.474E-2 to 2.119E + 0
Mean value in simulation was 8.758E-1

Doss Factor Th-230

474E-2 5.933E-1 1.102E+0 i.eioE^ 2.119E+0

Assumption: Dose Factor Th-232

Triangular distribution with parameters:
Minimum 1.236E-01

Likeliest 6.178E-01

Maximum 3.089E + 00

Selected range Is from 1.236E-1 to 3.089E + 0
Mean value in simulation was 1.277E + 0

Dose Factor Th-232

►  ̂
1236E-1 8 6S0E-1 i.eoeE<H> 2 348E40 3.089E*0

Figure F.l. Continued
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Assumption: Dose Factor Th-234

Triangular distribution with parameters:
Minimum i .080E-05
Likeliest 5.400E-05
Maximum 2.700E-04

Seiected range is from 1.080E-5 to 2.700E-4
Mean value in simuiation was 1.116E-4

Dose Factor Th-234

►  ̂
1.080E-5 7.S60E-5 2.0S2E-4

Assumption: Dose Factor U-234

Triangular distribution with parameters:
Minimum 4.584E-02
Likeliest 2.292E-01
Maximum 1.146E-(-00

Selected range is from 4.584E-2 to 1.146E + 0
Mean value in simulation was 4.737E-1

Dose Factor U-234

4 5S4E-2 3 209E-1 S.959E-1 e.710&1 1146E40

Figure F.l. Connnuea
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Assumption: Dose Factor U-235

Triangular distribution with parameters:
Minimum 2.446E-02
Likeliest 1.223E-01
Maximum 6.115E-01

Selected range is from 2.446E-2 to 6.115E-1
Mean value in simulation was 2.527E-1

Dose Factor U-235

2.446E-2 1.712E.1 3.180E-1 4.647E-1 6.115E-1

Assumption: Dose Factor U-238

Triangular distribution with parameters:
Minimum 4.078E-02
Likeliest 2.039E-01
Maximum 1.020E-t-00

Selected range is from 4.078E-2 to 1.020E + 0
Mean value in simulation was 4.216E-1

Dose Factor U-238

4.078E-2 2 8S6E.1 5.304E-1 7.752E.1 1 020E«0

Figure F.l. Connnuea
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Assumption: CS137 (ceil G6)

Lognormal distribution with parameters:
Mean 1.028E-05

Standard Dev. 3.720E-06

Selected range is from O.OOOE + 0 to 2.769E-5
Mean value in simulation was 1.025E-5

CS137 (cell G6)

3.375E.6 9.453E.6 1.553E-5 2.161E-5 2.769E-5

Assumption: K40 (ceii G8)

Lognormal distribution with parameters:

Mean 3.046E-04

Standard Dev. 4.933E-04

Selected range is from O.OOOE + 0 to 4.813E-3

Mean value in simulation was 2.955E-4

K40 (cell G8)

SMIE'^ 1 207E-3 2.409E-3 3ei1E-3 4.813E-3

Mgure - Continued
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Assumption: NP237 (cell G10)

Lognormal distribution with parameters:

Mean 4.412E-06

Standard Dev. 1.507E-05

Selected range is from O.OOOE + 0 to 1.477E-4

Mean value in simulation was 4.075E-6

NP237 (cell G10)

1.041E.8 3.693E-S 7.385E-5

<
1.477E-(

Assumption: PU238 (cell G14)

Lognormal distribution with parameters:

Mean 2.591 E-07

Standard Dev. 1.008E-06

Selected range is from O.OOOE + 0 to 9.603E-6

Mean value in simulation was 2.352E-7

PU238 (cell G14)

4 334E-10 2 401E4 4 a01E'« 7201E-6 9.601E-6

Figure F.l. Continued
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Assumption: PU239 (cell G16)

Lognormal distribution with parameters:
Mean 1.566E-07

Standard Dev. 2.576E-07

Selected range is from O.OOOE + 0 to 2.520E-6
Mean value in simulation was 1.518E-7

PU239 (cell G16)

Assumption: TC99 (cell G20)

Lognormal distribution with parameters:
Mean 6.178E-04

Standard Dev. 6.812E-04

Selected range is from O.OOOE + 0 to 6.029E-3
Mean value in simulation was 6.072E-4

TC99 (cell G20)

Figure F.l. Continued
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2.625E-9 6.321E-7 1.262E-6 1.891E-e 2.521E-6

2.857E-5 1.529E-3 3.029E-3 4 S29E-3 6.029E-3



Assumption: TH228 (cell G22)

Lognormal distribution with parameters:
Mean 2.031 E-06

Standard Dev. 2.076E-06

Selected range is from O.OOOE + 0 to 1.796E-5
Mean value in simulation was 2.004E-6

TH228 (cell G22)

Assumption: TH230 (cell G24)

Lognormal distribution with parameters:
Mean 9.809E-07

Standard Dev. 1.629E-06

Selected range is from O.OOOE + 0 to 1.597E-5
Mean value in simulation was 9.507E-7

TH230 (cell G24)

ve03E4 40O4E'e 79a2E4 119aE-5

Figure F.l. Continued
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1.123E-7 4.574E.6 9.036E.6 1.350E-5 1.796E-5



Assumption: TH232 (cell G26)

Lognormal distribution with parameters:
Mean 4.521 E-07

Standard Dev. 2.114E-07

Selected range is from O.OOOE + 0 to 1.555E-6
Mean value in simulation was 4.503E-7

TH232 (cell G26)

i.sssE'.e1.193E.<4.696E-7 B.313E-71,079E-7

Assumption: TH234 (cell G28)

Lognormal distribution with parameters:
Mean 1.571E-05

Standard Dev. 1.065E-05

Selected range is from O.OOOE + 0 to 8.231 E-5
Mean value in simulation was 1.559E-5

TH234 (cell G28)

B.227E-54.216E-S 6.222E-52.211E-52.055E-6

Figure F.l. Continued
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Assumption: U234 (cell G30)

Lognormal distribution with parameters:

Mean 3.363E-05

Standard Dev. 3.414E-05

Selected range is from O.OOOE + 0 to 2.947E-4

Mean value in simulation was 3.319E-5

U234 (cell G30)

Assumption: U235 (cell G32)

Lognormal distribution with parameters:

Mean 1.284E-06

Standard Dev. 1.128E-06

Selected range is from O.OOOE + 0 to 9.325E-6

Mean value in simulation was 1.270E-6

U235 (cell G32)

'^igure F.I, Continued
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1.890E-6 7.510E-5 1.483E-4 2.215E-4 2.947E-4

9 977E-e 2 406E-4 4 713E4 7 020E-6 9.327E-6



Assumption: U238 (cell G34)

Lognormal distribution with parameters:
Mean 3.917E-05

Standard Dev. 6.733E-05

Selected range is from O.OOOE + 0 to 6.639E-4
Mean value in simulation was 3.789E-5

U238 (cell G34)

5.e44E-7
i

ie39E.4

Assumption: Dose Factor K-40

Triangular distribution with parameters:
Minimum 4.260E-06

Likeliest 1.278E-05

Maximum 3.834E-05

Selected range is from 4.260E-6 to 3.834E-5
Mean value in simulation was 1.846E-5

Dos« Factor K-40

4.260E'6 ' 278E-5 2130E-5 2.982E-5 3 834E-&

Figure ^ 1. Continued
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APPENDIX G

Dose and Risk EXCEL Spreadsheet Layout
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Deterministic Risk Calculations
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Table H.l. Deterministic Risk Calculation Using ICRP Factors

ICRP METHODOLOGY ANALYSIS OF TSCA EMISSIONS RISK

(Radionuclides, Inhalation Pathway)

RADIONUCLIDE CONCENTRATION DOSE RISK

MEAN VALUE FACTOR

(pCi/m'^l) (mrem/pCi)

Cs-137 1.696E-05 3.099E-05 6.622E-11

K-40 3 .802E-04 1.278E-05 6.122E-10

Np-237 3 .410E-06 4.907E-01 2.108E-07

Pa-234m 3 . 840E-08 3.792E-09 1.835E-17

Pu-238 3 .648E-07 4.726E-01 2.172E-08

Pu-239 1.968E-07 5.278E-01 1.309E-08

Ru-106 8.370E-05 4.777E-04 5.038E-09

Tc-99 5.806E-04 8.391E-06 6.138E-10

Th-228 1.422E-05 4.383E-01 7.853E-07

Th-230 9.586E-07 4.237E-01 5.118E-08

Th-232 5.094E-07 6.178E-01 3.965E-08

Th-234 1.684E-04 5.400E-05 1.146E-09

U-234 2.744E-05 2.292E-01 7.924E-07

U-235 1.267E-06 1.223E-01 1.952E-08

U-238 3.349E-05 2.039E-01 8.604E-07

Total Risk= Total Risk= 2.802E-06

(Sum of risk per nuclide)

Where:

Risk per Nuclide= Concentration x Dose Factor x IR x ED x EF

x Risk Conversion Factor x lE-5 Sv/mrem

Risk Conversion Factor= 0.06/Sv

Inhalation Rate (IR)= 20 m'-3/d

Exposure Duration (ED)= 30 y

Exposure Frequency (EF)= 350 d/y
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Table H.2. Deterministic Risk Calculation Using

EPA Slope Factors

EPA SLOPE FACTOR ANALYSIS OF TSCA EMISSIONS RISK

(Radionuclides, Inhalation Pathway)

RADIONUCLIDE CONCENTRATION SLOPE RISK

MEAN VALUE FACTOR

(pCi/m''3) (risk/pCi)

Cs-137 1.696E-05 1.910E-11 6.803E-11

K-40 3.802E-04 7.460E-12 5.956E-10

Np-237 3.410E-06 3.450E-08 2.471E-08

Pa-234in 3.840E-08 6.270E-15 5.056E-17

Pu-238 3.648E-07 2.740E-08 2.099E-09

Pu-239 1.968E-07 2.780E-08 1.149E-09

Ru-106 8.370E-05 1.150E-10 2.021E-09

Tc-99 5.806E-04 2.890E-12 3.524E-10

Th-228 1.422E-05 9.450E-08 2.822E-07

Th-230 9.586E-07 1.720E-08 3 .462E-09

Th-232 5.094E-07 1.930E-08 2.065E-09

Th-234 1.684E-04 1.900E-11 6.719E-10

U-234 2.744E-05 1.400E-08 8.067E-08

U-235 1.267E-06 1.300E-08 3.459E-09

U-238 3.349E-05 1.240E-08 8.721E-08

Total Risk= Total Risk= 4.907E-07

(Sum of risk per nuclide)

Where:

Risk per Nuclide= Concentration x Slope Factor x IR x ED x EF

Inhalation Rate (IR)= 20 m"3/d

Exposure Duration (ED)= 30 y

Exposure Frequency (EF)= 350 d/y
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