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ABSTRACT

Two important environmental problems at the USDOE Fernald Environmental
Management Project (FEMP) facility in Fernald, Ohio were studied in this human health
risk assessment. The problems studied were radon emissions from the K-65 waste silos,
and offsite contamination of ground water with uranium.

Waste from the processing of pitchblende ore is stored in the K-65 silos at the
FEMP. Radium-226 in the waste decays to radon gas which escapes to the outside
atmosphere. The concern is for an increase in lung cancer risk for nearby residents
associated with radon exposure. Monitoring data and a gaussian plume transport model
were used to develop a source term and predict exposure and risk to fenceline residents,
residents within 1 and 5 miles of the silos, and residents of Hamilton and Cincinnati, Ohio.
Two release scenarios were studied: the routine release of radon from the silos and an
accidental loss of one silo dome integrity. Exposure parameters and risk factors were
described as distributions. Risks associated with natural background radon concentrations
were also estimated.

Exposure to radon associated with theeK-65 silos was estimated to result in .
individual lifetime risks greater than 1 x 1Q'" only for indoor workers (mean: 4.3 x 10"4)
and fenceline residents (median: 1.8 x 10"') under the routine release scenario. Population
risks associated with the routine and accidental release scenarios were less than 1.0 for ali
identified receptor populations. Individual and population risks asspciated with
background radon concentrations (median indivl_dual risk: 7.3 x 10"'_)were 1 to 4 orders of
magnitude larger thaa the risks associated with radon from the silos.

Historical releases of uranium at the FEMP have resulted in a plume of uranium in
ground water south of the facility. The concern is for toxic effects and or an increased risk
of cancer to people using ground water. Two scenarios were considered: I) a continuing
source of uranium and 2).no additional source. Model predictions were performed by IT
Corporation, using a cahbrated, three dimensional ground water transport model.
Exposures and risks were estimated 70 years into the future for currently located
residential wells, potential wells located along the center of the developing plume, and ali
possible future well locations in the impacted area. Exposure routes included in the
assessment were: water ingestion, intake of homegrown food and intake of homeproduced
milk. Intake rates were based on distributions derived from published data.

A threshold distribution for effects in the kidney was developed, based on a
pharmacokinetic model, and the probability of a toxic effect defined as the probability of
kidney uranium concentration exceeding the threshold. The cancer risk assessment was
based on ALI values (annual limits on intake) published b_,the International Commission
of Radiological Protection (ICRP), modified to reflect a d_stribution of gut uptake factors
and allowing dose to be committed only for 70 years.

No toxic effects werepredicted for any individual weil. An assessment
incorporating ad_ditional model uncertainties resulted in a predicted probability of toxic
effects of 4 x 10"° for any well located south of the FEMP m the next 70 years. Ali
estimated cancer risks were small,. The largest predicted individual lifetime risk was for a
specific residential well (1.3 x 10"'). The predicted individual lifetime cancer fatality, risks
for wells located anywhere south of the facility were small (always less than 2.2 x 10"").
Predicted risks for both the stop and continue source scenarios were similar because most
exposure is associated with uranium discharged before 1989.
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1 INTRODUCTION

Widespreadenvironmental contamination has been documented at United
States Department of Energy (USDOE) facilities. Human health riskassessments
are increasinglybeing used to support decisions concerning remediation at these
sites.

This study assessed health risks for potential problems at three USDOE
facilities: (1) the Savannah RiverSite (SRS), near Aiken, South Carolina; (2) the
FernaldEnvironmentalManagement Project (FEMP) in Fernald, Ohio; and (3) the
NevadaTest Site (NTS), nearLas Vegas, Nevada. The pilot study wasa
collaborativeeffort between the Biomedical and Environmental Assessment Group
(BEAG) of Brookhaven National Laboratory(BNL) and the Health and Ecological

. AssessmentDivision £HEAD) of Lawrence Livermore National Laboratory
(LLNL). BNL hadprimary responsibility for the risk assessments of the SRS and
the FEMP, while LLNL took the lead in the assessment of the NTS. This volume of
the report, titled Pilot Study RiskAssessment for Selected Problemsat the Fernald
EnvironmentalManagement Project, presents risk assessments of an impact on
human health for two potentially important problems identified at the FEMP.

Current methods for assessing risk at USDOE facilities are generally
excessivelyconservative or simplistic. Generic models, default parameter values
and conservative assumptions are often used, and unrealistic exposure and land use
scenariosare embedded in the analyses. These approaches are appropriate only as
first levelscreening analyses to identify contaminants or pathways that are not
important in terms of risk to human health.

Site and problem specific decisions about cleanup at USDOE facilities
shouldbe based on sophisticated state-of-the-science approaches to human health
risk assessment. A more detailed, site-specific approach, based on realistic exposure
.scenariosand up-to-date dose-response relationships would provide better
information to USDOE, to regulatory agencies andto the public. Decisions
concerning the need for remediation, the choice between remediation options,
definitionof cleanup goals, and funding and research priorities could then be
assured of protecting the public health in a scientifically based way.

This pilot project has three principal objectives:

(1) to develop scholarly, realistic, and quantitative health-risk assessments, based
on state-of-the-art scientific knowledge and methods, for several of the more
important environmental and hazardous-waste problems at three USDOE facilities;

(2) to provide and demonstrate methods for realistic risk analyses that can be
adapted for application at other sites in the USDOE complex;

(3) to improvesignificantly the scientific and technical foundation upon which
remediala'onactions at USDOE sites are based, so that such risk-management
decisionsare scientifically defensible and fiscally sound.

We define a realistic and objective risk assessment to be one that:

(1) avoidsunrealistic and conservative exposure scenarios, and focuses on the
development of reasonable and sensible scenarios;



(2) replaces generic or inappropriate default assumptions with site-specific data;

(3) explic!tly characterizes uncertainties in parameters and does not depend on
conservatwe assumptions;

(4) uses site-specific transport and exposure models and depends on monitoring
data for model calibration or input parameters;

(5) uses the latest scientific information in describing dose-response relationships;

(6) acknowledges that situations with very little data available to describe source
terms or exposure routes cannot be assessed in a realistic way without additional
data collection. These situations can be addressed credibly and practically in

_.. screening level assessments.dp,i

Section 2 of this document summarizes the approaches to human health risk
assessment commonly used at USDOE facilities, and outlines the method of
realistic and objective risk assessment developed and demonstrated in the pilot
study. Section 3 presents an overview of the Fernald Environmental Management
Project and develops much of the background data and information needed in the
risk assessment. The bases for the choice of problems and contaminants analyzed in
the pilot study are discussed in Section 4. The remainder of the document gives the
risk assessments for the two problems studied at the FEMP: (1) radon released
from the K-65 silos and (2) uranium in offsite ground water.

2 V_,_ ASSESSMENTS FOR U.S. DEPARTMENT OF ENERGY SITES

2.1 Risk Assessment

'Risk can be defined in different ways. Cohrssen and Covello (1989)
technically define risk as the possibility of suffering harm from a risk agent (i.e.,
chemical substance, organism, radioactive material, or other potential hazard).
Consequently, the analysis of risk must describe the discharge of the risk agent, its
transport and fate in an environmental media (i.e., air, soil, food, water) and any
associated human exposure. Human-health risks are then calculated based on data
and models that relate exposures to risk (Till and Meyer, 1983). The scope of such
a risk analysis can range from a qualitative discussion to a careful, realistic and
quantitative assessment of the likelihood of adverse human health effects (Cohrssen
and Covello, 1989).

Several measures can be used to describe the probability that harm will
result from exposure to a risk agent (adapted from Cohrssen and Covello, 1989):

o Individual lifetime risk: the estimated increase in probability that an indivl tual
will experience a specific adverse health effect over a lifetime as a result of exq_osure
to a specified concentration of a risk agent; and

o Population risk: the number of deaths or adversely affected individuals in ',ae
exposed population.

The U.S. Environmental Protection Agency (USEPA) currently considers

excess individual lifetime cancer risks (assumed here to mean fatal cancer r!sks)
within the range of 1 x 10-4 (one-in-ten-thousand) to 1 x 10" (one-in-a-million) to be



acceptable (Federal Register, 1991). A 10.6 excess individual lifetime cancer-
mortality risk for the entire United States population (240 million in 1987, DHHS,
1990) would result in 240 premature deaths from cancer. Based on a lifetime
expectancy of 70 years, this represents 3.4 deaths in addition to the 2.1 million
annual deaths from ali causes, including the 477,000 cancer deaths that occurred in
the United States in 1987 (DHHS, 1990).

2.2 Approaches to Risk Assessment

Risk assessments cover a spectrum of complexity and accuracy, depending on
the aims of the assessment and the level of certainty required of the results_ Figure
2-1 outlines this spectrum of approaches to risk assessment that can be used to
address environmental problems at USDOE facilities. The accuracy of the results
of a risk assessment depends on the transport and exposure models used in the

•. analysis, the variables usei:l as-input to the models, and the realism of the . .-
assumptions made concerning exposure scenarios, dose-response and risk factors,
and receptors. Categorization and screening assessments are the approaches most
frequently used at USDOE facilities.

Categorization Assessment

The least complex and accurate approach is aimed simply at identifying sites
or problems of potential concern. In this report this approach is called a
categorization assessment. The most widely used categorization assessment is the
USEPA Hazard Ranking System (HRS: NCP, 1990) which generates numerical
scores, based on general site information and a simple ranking model. Sites scoring
above a certain level are included on the National Priorities List (NPL) under the
Comprehensive Environmental Response, Compensation and Liability Act
(CERCLA). This categorization system gives no information on the risks associated
with environmental contamination at a site, and few site-specific data are requirea
to generate an HRS score.

Screening Assessment

Screening assessments are the next level of complexity and accuracy in risk
assessment. Assessments of this type can range from rumple conservative
assessments of risk, assuming worst-case conditions, to more sophisticated analyses,
based on multiple pathway models. The range of accuracy of the risk estimates
produced by these approaches is driven by two major factors: the sophistication of
the transport models and other algorithms used; and the accuracy of the input data
and o_er assum,PUons contained m the analysis. These assessments give
approxamate esumates of individual and population risks but often rely on simplistic
transport models. Conservative and unreal|'stic default assumptions are usually used
to deal with uncertainty. The results of screening assessments can be used as a first
step in the identification of environmental problems requiring furtlaer assessment.
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Figure 2-1 Spectrum of approaches to risk assessment.

CATEGORIZATION SCREENING REALISTIC
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Two major kinds of screening risk assessments are commonly performed at
USDOE facilities. These are assessments using a Multimedia Environmental
Pollution Assessment System (MEPAS) model (Droppo et al., 1990; USDOE,
1988), and baseline risk assessments performed as part of Remedial
Investigation/Feasibility Studies (RI/FS) required for Superfund sites (USEPA,
1989).

The MEPAS model was designed to use the results of an environmental
survey performed by USDOE for its facilities to rank environmental problems in
terms of risk. The model is a multiple-pathway model that follows a contaminant
from the source through various environmental media to man. The MEPAS model
was designed specifically to produce relative rankings amongenvironmental
problems -- the Hazard Potential Index (HPl) produced by the model does not
represent absolute estimates of health risk. There are a number of limitations to

• "the mod_l-that make it inappropriate for use in a more detailed and accurate
approach to risk assessment. These limitations include the simple groundwater
model included in the package, treatment of both cancer and toxicity risk in the
same way (assuming no threshold), and difficulty in describing the time associated
with exp.osure (Morris, 1990; Morris and Meinhold, 1988). The MEPAS model also
uses toxicity values recommended by the USEPA that contain "safety factors"
ranging from 10 to 1000, and cancer risk factors that are based on a number of
conservative assumptions.

The USDOE environmental survey implemented the MEPAS model by
using data and assumptions derived from initial investigations of potential problems
at USDOE facilities. The detailed data and analyses required for an accurate
estimation of risk were not available across ali USDOE sites. Therefore, results of
the survey were to be used simply to rank problems in terms of risk, and to help
identify areas where further investigation and characterization were needed. For
situations in which better data and more accurate assumptions are available, the
MEPAS model can generate better estimates than those resulting from the USDOE
environmental survey. However, the model is limited by design to producing
screening assessments only.

Baseline risk assessments are performed in accordance with USEPA
guidelines, and the specifics of the analyses are usually dictated by the USEPA
regional office responsible for the facility. Baseline risk assessments represent
screening-level assessments because the conservative assumptions embedded in the
analyses and the common use of simplistic transport models produce approximate
estimates of risk. A baseline risk assessment is conducted to estimate the risks
associated with an identified operable unit prior to any remediation of a USDOE
site that is listed ota the NPL The assumptions used in the assessments are designed
to protect public health and are generally conservative, and tend to overestimate
risks. The USEPA has identified a number of environmental transport models that
it considers appropriate for use in these assessments. They range from simple 1-
dimensional models to more complex computer codes.

The conservative assumptions contained in these baseline assessments
include the previously described toxicity values and cancer risk factors, and the use
of worst-case conditions for land use, predicted environmental concentrations and
exposure rates. The identified receptor for a baseline risk assessment is an
individual receiving the "reasonable maximum exposure" [sic] (USEPA, 1989),
whether or not she or he exists.
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RealisticAssessment

The highest level of accuracy and complexity in a risk assessment process is a
realistic assessment. Realistic assessments are usually performed for environmental
problems identified by a screening assessment as presenting potentia!ly significant
risks. Conservative assumptions and safety factors are replaced in a realistic
assessment by best estimates and reasonable exposure scenarios. Environmental
concentrations, exposures and risks are presented in the form of distributions, where
appropriate. More sophisticated transport models may be used, and predicted
concentrations are compared to environmental monitoring data. Uncertainties and
conservativeassumptions are explicitly described. When data are not available for a
realisticassessment, a screening analysis is performed instead.

The screening assessments commonly used at USDOE facilities are
• appropriate for use as initial tools, or to satisfyUSEP.A RI/FS requirements.

Realisticassessments are the only way to produce reasonable, scientifically-
defensible estimates of risk. Realistic assessments: provide better risk estimates to
the USEPA, USDOE and to the public; form a better basis for remedial action
decisions;and support cost-effective clean-up planning.

2.3 Pilot Study Approach to Realistic Risk Assessment for USDOE Facilities

The risk assessments in this document and in the companion documents for
the SRS and NTS are based on a realistic and objective approach to risk assessment.
The results of the assessments of the health risks associated with important
environmental problems at the three USDOE facilities are well-documented, and
scientifically-defensible. Where realistic assessmentswere not appropriate because
of a lack of site- and problem-specific information, detailed credible screening
assessmentswere performed to estimate the magnitude of potential health risks, and
to determine what additional data collection is needed. The next section outlines
the methods used for developing realistic risk estimates for problems at USDOE
sites, and subsequent sections provide additional descriptions of the constituents of
a "realistic"risk assessment.

2.3.1 SpecificSteps in the Analysis

Figure2-2 outlines the proceduredevelopedin this pilot studyfor assessing
hum_xnhealthrisk at USDOE sites. The steps in this procedure are described in
moredetailbelow.

1. Development of Site Overview. The firststep is to develop a site
descriptionthat includes relevantbackgroundinformation on the physicalsetting of
the site,nearbypopulations and landuses, localmeteorology, the directionof
groundwaterflow, and the uses of groundandsurfacewater.

2. Problem and Contaminant Iderm'fication.The important potential
problemsand related contaminants in termsof potential human exposuresand risks
are identified.
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Figure2-2. Steps inthe assessment.
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3. Source Term Characterization/Environmental Fate and Transport. The
major chemical fate and transport pathways are described for the contaminants of
concern. The temporal and/or spatial variations of a contaminant s concentration
in environmental media are predicted. Monitoring data and other available
information are used to estimate the source term. Environmental transport models,
adapted to the specific site, are used to predict contaminant concentrations.

4. RealisticEstimates of Exposure Rates. Predicted concentrations of a
particular contaminant in environmental media are used to estimate potential
human exposure to the substance of concern. These estimates are based on
reasonable estimates of exposure parameters such as water intake, food intake, and
residence time. Site-specific data are used when available. This step also includes
the development of reasonable larid-use scenarios.

5. RealisticDose-responseRelationships. Dose-response relationships, which
relate toxic endpoints to exposures or doses are constructed or are identified in the
literature. The safety factor approach used by the USEPA is replaced in the
estimated relationship between dose and effect for toxicants by an explicit
consideration of uncertainty. Cancer risk factors are described as distributions
about the best estimate available.

6. Risk Characterization. Finally, the potential individual and or population
health risks and/or hazards for a specific environmental contaminant are quantified.
Where possible, these risks are described as probability distributions.

2.32 Methodsand Assumptions

Identificau'onof Receptors

Receptors are either people who are currently exposed to the pollutant of
interest, or people who have a potential for such e:_osure. Currently exposed
people include onsite populations (/.e.,workers), and local or regional populations
that are exposed because of environmental transport processes (e.g.,wind, surface
and ground water movement). Potentially exposed people include people that
reside it_the path of a plume that is expected to reach them in the future, people
that gain entry to the site as a result of a loss of institutional control, and additional
people who willbe exposed as a result of population growth.

Development of Exposure and Land UseScenarios

It is assumed that land uses in the future conform to current activities, or to
current activities on nearby land, unless there is compe.Uingevidence to the
contrary. Either ground water or nearby surface water ts assumed to be the source
of drinking water, unless there is evidence against such usage.

The assumption of the maintenance or loss of institutional control at a
USDOE facility can be critical to the results of a risk assessment when the bulk of
the identified contamination is onsite in soil or water. A loss of institutional control
may require the use an intruder scenario, and a scenario assuming the possibility of
farming or a family living onsite. For problems for which institutional control
affects the risk assessment, two analyses are done. The first assumes a maintenance
of institutional control in perpetuity. The second assumes loss of institutional
control after 100 years.

!
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Environmental Transport

Contaminant concentrations in air, ground water, surface water and food are
predicted by using environmental transport models appropriate to each site, each
problem and the available data. Where complex site-specific transport models were
developed by the USDOE or site contractors, these models are considered for use in
the assessments. When a large amount of historical data is available, empirical
models are used in piace of physics-based models to relate site contaminant
discharges to environmental concentrations at receptors.

When sites and source terms are poorly characterized, more elementary
models are used. Such models provide appropriate estimates of future
enviro.nmentalconcentrations of the principle contaminants of concern for use in a
screening analysis.

ExposureRoutes and Parameters

Each route of exposure is analyzed for its contribution to the total exposure
of a person to a contaminant. The analysis relates the concentration of contaminant
in a medium (e.g.,pCi/LH2o, mg/kgsoil) to the total amount of the medium to which
an individualis exposed. The data used in the analyses include distributions of
personal exposure factors (e.g., rates of breathing, ingestion of fish and other
activities). These distributions reflect population characteristics in the United Sates,
either obtained from published sources or developed from available data. Specific
pathways of exposure are not analyzed further when documented evidence shows
that theyare not appropriate to the specific problem.

Dose.responseRelationships and Risk Characterization

Dose-response functions per unit of contaminant exposure are obtained from
the literature, or are developed from the available data. For each contaminant, a
dose response function is applied to the total exposure to determine the total dose.

H.a_._.dsare characterized qualitatively and quantitatively for carcinogenicity
and/or toxicity. Risk functions (factors) are also obtained from the literature, or
are developedfrom the available data. These risk factors, expressed as risk per unit
dose, or risk per unit intake, are applied to the total doses (or intakes) of
contaminants to estimate the risks. In most cases the risks are estimated for cancer
mortality,including individual lifetime risks and population risks. These risks are
expressed as central values (average and/or median) and uncertainties (standard
deviation and cumulative upper 95% probability value). Graphic examples of the
ranges of risks are also reported.

For toxic effects other than cancer, the risks are expressed as the probability
of an individual incurring the effects, including both a central value and uncertainty
in the expression.

ProbabilisticAssessment and Uncertainty

A realistic and probabilistic assessment uses the range of possible values for
parameters and variables, rather than relying on singlevalues. When appropriate,
the risk assessments use distributions of values, rather than single estimates, to
produce probabilistic analyses of risk (as demonstrated simplistically in Figure 2-3).



For example, the rate of drinking water intake by individual receptors is represented
by a distribution of values, instead of the average (or maximum) rates commonly
used in USEPA and USDOE risk calculations. This approach to risk assessment
allo'v_ an estimate of the uncertainty associated with an "average" or "worst-case"
risk estimate. As described above, the result of such an assessment for cancer
mortality risk is a distribution that can be presented graphically (Figure 2-3), in
addition to.presenting the mean and 95% Upper Confidence Limit (ie., cumulative
upper 95% value).

Many of the probabilistic analyses in the pilot study were produced with a
Monte Carlo analysis,using Crystal Ball@ (Dec_sioneering, Boulder, CO) software.
In a Monte Carlo analysis, a sample from the distribution of a variable is placed into
a simulation run (iteration) to interact with samples from other variables. The
frequency of sa,mplin8within a distribution of a variable depends upon the relative
frequency of _'_'aluem that distribution (Paustenbach et aL, 1990).

lnLutequateData and ScreeningAssessment

Part of the risk assessment process developed in this pilot study is the
exercise of professional judgment concerning the amount (and quality) of site
characterizatior, and source term data needed to justify the app.lication of the
sophisticated models and probabilistic methods required fi)r a realistic' assessment.
When source term or site characterization data are inadequate, a screening level
assessment is the only feasible approach to a problem. The approach usedin this
pilot study was: to perform such screening assessments when the available data
were limited (eliminating unnecessary conservatism where possible); to document
explicitly ali assumptions used in the analysis; and to draw conclusions on the need
for additio_,aldata collection,

m
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Figure 2-3. Probabilistic risk assessment example: estimation of individual lifetime
risk of cancer mortality from ingestion of tritium in drinking water.

Step 1. a). Develop an assumption about the distribution of tritium concentations in

drinkingwater ([3H]water),
b). Develop an assumption about the distributionof drinkingwater intake (WI).
c). Calculate exposure to tritiumin drinkingwater (WIE').
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Step 2. a). Develop an assumption about the dose factor for tritium ingesSon (D_.
b). Developan assumptionaboutthe riskfactor fortritiumingestion(Rf).
c). Calculateincrementalindividuallifetimerisk forcancer mortality(lR).
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3 OVERVIEW OF THE FERNALD ENVIRONMENTAL MANAGEMENT
PROJECT

3.1 The Fernald Environmental Management Projec_

The Fernald Environmental Management Project (FEMP) is a contractor-
operated federal facility that was used for the production of high purity uranium
metal for the United States Department of Energy (USDOE). From 1951 to 1986
the FEMP was operated by National Lead of Ohio, Inc. (NLO), and from 1986 to
1992 by Westinghouse Materials Company of Ohio (WMCO). The facility is
currentlyoperated by Fluor Daniels Inc. Production ceased in 1989, and resources
are now focused on environmental restoration. Prior to 1992, the facility was known
as the Feed Materials Production Center (FMPC).

o

Plant operations resulted in airborne contaminant releases and discharges to
surface waters and in the generation of radioactive and nonradioactive wastes.
Wastes were stored in pits, silos and drums. Operational and waste site releases
resulted in the contamination of air, soil, ground water and surface water on and
near the facility. The potential health and environmental effects associated with
these releases are of concern to the site contractor, the Department of Energy,
regulatory agencies and the public.

A Remedial Investigation and Feasibility Stud_ (RI/FS) is in progress
pursuant to CERCLA, as required by a Federal Facihties Consent Agreement
signed by the United States Department of Energy and the United States
Environmental Protection Agency. Much of the background information used in
this report is based on documents prepared as part of the RI/FS process (e.g.
USDOE, 1987), and on FEMP Annual Environmental Monitoring Reports (e.g.
USDOE, 1990c).

3.2 Regional Setting and Physical Environment

3.2.1 Location

The Fernald Environmental Management Project (FEMP) is located in rural
southwestern Ohio, approximately 18 miles northwest of Cincinnati. Hamilton,
Ohio is located approximately 10 miles to the northeast (Figure 3-1), and Ross,
Ohio Is located approximately two miles northeast of the facility. The FEMP
comprises 1050 acres, and the production area covers approximately 136 acres near
the center of the plant. The facility is located in Hamilton and Buffer counties and
is bounded by Ohio Route 126 to the north, a dairy farm to the east, WiUey Road to
the south and Paddy's Run Road to the west.

3.22 Climate

The regional climate is continental, with temperatures ranging from an
average of 29 UF in January to 75.5 UFin July (NOAA, 1984). The average annual
precipitation for the period 1975 through 1984 was 37.75 inches and ranged from
29.22 to 40.64 inches per year (NOAA, 1984).

!
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Figure3-1. Location of the Fernald Environmental Management Project.

The prevailingwinds are from the south-southwest. Data are available for
both the Dayton and Cincinnati Airports, and the two data sources are similar in
termsof_.wknddirection and wind speed. The average monthly wind speed for the
Greater Cincinnati Airport rangedfrom 6.7 mph in August to 11.1mph in March
(NOAA, 1984). Data for several years are also available from a site meteorological
tower.

3.2.3Hydrolcgy

The main surface water feature in the vicinityof the FEMP is the Great
Miami_ver located about 0.6 tmle southeast of the facility (Figure 3-2). The Great
MiamiRiverflows into the Ohio River about 18 miles south of the FEMP. Most
drainageis to Paddy'sRun and then to the Miami River. Paddy'sRun flows south
alongthe west side of the waste storage facility(Figure 3-2). This stream has its
highestflowsbetween Sanuary and May (Dames & Moore, 1985). Additional
dr/finagefrom the site is to the storm sewer outfaUditchwhich flowssouth of the
productionarea and into Paddy'sRun in the southwest corner of the facility (Figure
3-2) (Dames & Moore, 1985).

Near the confluence of Paddy'sRun and the StormSewer Outfall Ditch the
relativelyimpermeable glacial till grades into permeable sand and gravel; surface
water in these two streams percolates to ground water (Dames & Moore, 1985).

i
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Figure 3-2. Surface water features at the FEMP.

3.2.4 Hydrogeology

At the FEMP, a_proximately 49 feet of clay rich till overlie a sand and gravel
aquifer. North of the s{te",till depos-its directly overlie bedrock. South of t.he str"e,
Paddy's Run has eroded some of the till, exposing the sand and gravel aquifer.

The sand and gravel deposits in the area of the FEMP are part of a large
aquifer _stem. These deposits are about3 miles wide and 151 feet deep, and fill
the remains of an ancient river valley cut into bedrock (Figure 3-3). The Great
Miami River flows through the sand and gravel deposits.

Bedrock below the FEMP lies at about 200 feet in the southern portion of
the site, and at about 60 feet in the northern portion. The sand and gravel deposits
underlying the FEMP site are approximately 150to 200 feet thick. In some areas of
the site a 10 to 20 foot layer of silty clay (referred to as blue clay) occurs at
approximately 100 to 125feet below grade. The blue clay layer does not act as an
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aquitard, and no significant head differences exist between wells completed above
and below this layer (Dames and Moore, 1985).

Water in the aquifer beneath the FEMP occurs 60-90 feet below the land
surface. The upper 20 to 30 feet of the sand and gravel aquifer are not saturated. In
some areas of the site, a saturated zone occurs in the silty clay till that overlies the
sand and gravel aquifer at 4-9 feet below the land surface.

Figure 3-3. Buried valley aquifer underlying the FEMP.
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Ground water movement rates in the sand and gravel aquifer are about 90 to
200 feet per year. Ground water in the sand and gravel aquifer moves east under
the ..wastepit and production areas, and to the south on the southern edge of the
facifi.',_.Figure 3-3 shows the direction of ground water flow in the sandand gravel
aquifer (USDOE, 1990c).

Movement rates in the till near the waste pit area and in the northwest
corner of the site are about 14 to 22 feet per year. The flow directions in the till are
not uniform, and is affected by local topography and the composition of the till
(USDOE, 1990c).

3.2.5 Topography

The FEMP is located on a relatively level plain, about 580 feet above mean
sea level. The land rises to 698 feet at the northern boundary and slopes downward
to about 551 feet on the western boundary.
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3.2.6 Population

The population within 50 miles of the FEMP is approximately 2,577,000
(USDOE, 1987). The population within 5 miles of the stte is approximately 14,300
(SAIC, 1987). There are a number of small towns within 5 miles of the site, with
populations ranging from 30 to 3,000 (USDOE, 1987). Cincinnati (population
442,000) is located approximately 18 miles to the southeast.

3.2,7 Land Use

Areas immediately surrounding the facility are primarily rural, with some
light industry and a few residences. Parts of Hamilton and Butler counties are
urbanized, and land uses are primarily residential, commercial and light industrial.
The area north of the FEMP and south of State Route 126 is zoned for agricultural
use. Land immediately south of the facility is zoned industrial, and land to the east
is zoned agricultural (USDOE, 1987).

The principal land use near the FEMP is agriculture. The major agriculture
in the area is dairy and beef cattle, and corn and soybean production. There are
three dairy operations within three miles of the FEMP, and land on the FEMP site
is leased for dairy and beef cattle grazing.

A few heavy industries, including Miami Valley Ready-Mix, Delta Steel,
Albright Wilson and Rutgers-Neese are located just south of the FEMP. There are
a few residences near the facility, and a larger number of residences in the
unincorporated villages of Fernald, New Baltimore, Ross and Shandon (USDOE,
1990d).

3.2.8 Use of Surface and Ground Water

Ground water is a major source of water supply in the area near the FEMP.
Nearby water users include FEMP wells (0.42 mgd), Southwestern Ohio Water
Company (Industrial Supply, 17.38 mgd), Delta Steel (Industrial Supply, 1 factory),
Albnght & Wilson Chemical Company (0.14 mgd) and Ruetgers-Nease Chemical
Company (0.1 mgd) (USDOE, 1987). There are also many other smaller industrial,
commercial, agricultural and private ground water users in the area.

The Great Miami River is not a source of drinking water between the FEMP
and the Ohio River. There is some fishing in the river, but it is considered unsafe
for swimming due to turbulence (USDOE, 1990c).

3.3 Site Description and Site Operations

The production area consists of several processing plants and waste pit areas,
and is located on approximately 136 acres near the center of the facility (Figure 3-
4). The waste storage area is located on the western side of the facility (Figure 3-4).

A wide variety of chemical and metallurgical processes were used at the
FEMP. Uranium ore concentrates and recycled materials were converted to either
uranium oxides or uranium ingots and billets. These were machined or extruded
into tubular form for ,production reactor fuel cores and target fuel element
fabrication. During this process, other chemicals and compounds were utilized.
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The most recent lar_e-scale chemical operations consisted of processing
enriched uranium scrap residues to produce a uranyl nitrate feed solution. The
uranium received had been through one or more chemical separations at other sites,
which removed most of the decay products. Purified uranyl nitrate solution was
concentrated and then denitrated to uranium trioxide (UO3) which was then
reduced to UO 2 and uranium tetrafluoride (UF4) for reduction to metal. Uranium-
235 enrichment in raw materials ranged up to 2%. The maximum product
enrichment was 1.25¢/o,and the average product was slightly depleted (Weston,
1987).

From 1953 through 1955 the FEMP refinery processed pitchblende ore from
the Belgian Congo. The pitchblende ore contained the full range of products in the
uranium decay chains. Beginning in 1956, the feed consisted ofyellowcake
(uranium concentrates) from Canada and the United States. Most of the uranium
progeny are. removed in the production of yellowcake. Radium-226 remains in the
yellowcake m amounts that vary with the process used for the y_llo_/_ake
production. Canadian yellowcake contained higher levels of thorium than
yellowcake from the United States and was not processed after 1960. Small
amounts of thorium were produced at the FEMP on several occasions from 1954
through 1975.

Figure 3-4. Fernald Environmental Management Project.
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3.4 EnvironmentalProblems

3.4.1Releases FromSite Operations

Plant operations resulted in airborne releases and liquid effluent discharges,
and have resulted in releases of uranium to the atmosphere. Liquid waste streams
are treated and dischargedin compliance with NPDES (National Pollution
Discharge Elimination System) permits. Untreated storm water runoff from the
production area was routinelydischarged to the Great Miami River, and excess
storm flowswere periodicallydischarged to Paddy'sRun.

3.4.2 Waste Site Releases

Both radioactive and nonradioactive wastes were generated as a result of
" activities conducted at the facility. Wastes were stored in pits, silos and drums. The

waste storage area includes six low-level radioactive waste storage pits, two earthen-
bermed concrete silos containing K-65 residues (residues resulting from the
pitchblende refining process), one concrete silo containing metal oxides, two lime
sludge ponds, a sam'tarylandfill, two fly ash piles and a burn pit. No solid waste
materials have been disposed of in the Waste Storage Area since 1985.

Documented waste site releases include radon emissions from the K-65silos,
uranium in runoff from the production and waste storage areas and a plume of
uranium in ground water south of the facility.

3.5 Environmental Monitoring and Environmental Restoration

3.5.1 EnvironmentalMonitoringProgram

At the FEMP samplesof air,water, soil and other media are collectedto
assess the site's impact on the surroundingarea. Descriptions of the samples taken
each year and the results of the environmental monitoring programare available in
Annual Environmental MonitoringReports (e.g. USDOE, 1990c)

Sixteen continuous air monitoringstations are operated to measure
paniculate and radionuclideconcentrationsin air. Seven of these stationsare
offsite. Radon monitorsare locatedaround the K-65 silos, along the FEMP
boundaryfence, at other locations onsite, and at locations offsite. These monitors
give quarterlyestimates of radonconcentrationsat these sampling locations.

Soil and grasssamples are takenonsite and offsite and analyzedfor uranium
and fluoride. Offsite proauce and milk samples are also analyzed for uranium.

Liquid effluents to the Great MiamiRiver are sampled and analyzed.
Surfacewater and sedimentsamples are taken along the Great Miami Riverand
Paddy'sRun and are analyzed for radionuclides. Fish are collected along the Great
Miami River ant, analyzed for uranium.

Ground water samples are taken in both onsite and offsite wells and
analyzed for both radioactive and nonradioactive constituents. Onsite wells are
screened at different depths to monitorground water quality. Manywells have been
imtalled at the facility to support the RCRA ground water assessment program and
the RI/FS characterization effort.

18
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3.5.2 Environmental Resloratlon

In July, 1986 a Federal Facilities Compliance Agreement (FFCA) pertaining
to environmental impacts associated with FEMP operations was jointly signed by
the United States Department of Energy and the United States Environmental
Protection Agency. The FFCA was entered into to ensure compliance with existing
environmental statutes and regulations, including the Clean Air Act (CAA), the
Resource Conservation and Recovery Act (RCRA), and the Comprehensive
Environmental Response, Compensation, and Liability Act (CERCLA). The FFCA
was amended by a Consent Agreement under section 120 and 106(a) of CERCLA
which became effective in June 1990. A Remedial Investigation and Feasibility
Study (RI/FS) is in progress pursuant to CERCLA, as required by the FFCA.

Thirty-nine separate units that require investigation have been identified at
the FEMP. These units have been segregated into logical groupings of units (called
operable units) that are similar based on physical features, contaminant sources or
types and schedules or likely responses (USDOE, 1990a). The five identified
operable units at the FEMPare: 1) waste storage area, including the six waste pits;
2)solid waste units including the sanitary landfill, lime sludge ponds and fly ash
piles; 3) facilities and suspect areas including the production area; 4) special
facilities including the K-65 silos and 5) environmental media including regional
ground water andsoils.
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4 PROBLEMS TO BE STUDIED

4.1 Criteria for Problem Selection

Problems to be assessed in this pilot study were chosen using a number of
factors and criteria: and were selected based on a qualitative critical review, rather
than a formal ranking system. Criteria included identification by USDOE and
contractor site managers, results of screening assessments, and professional
experience with the sites being studied. For example, problems identified by the
MEPAS (Multimedia Environmental Pollution Assessment System) model as
implemented by the USDOE Environmental Survey were considered for
assessment.. Professional knowledge and experience was also applied to identify
potentially unportant problems that were scored low by the MEPAS model as
implemented by the USDOE E.nvaronmental Survey. Public and USDOE concern
were Important factors in choosing problems to analyze, and emphasis was placed
on problems where offsite transport and exposure has already occurred.

4.2 Problem h Radon Emissions from the K-65 Silos

4.2.1 Description of Problem

Two silos (known as the K-65 silos) at FEMP contain waste from the refining
of pitchblende ore from the Belgian Congo. The pitchblende ore contained the full

range of decay products within the uranium de4caychains. The waste stored in the
silos contains approximately 1,600 Ci (5.9 x 10 GBq) of Ra-226, which decays to
radon gas. The silos are each 30 feet tall 80 feet in diameter and are surrounded by
an earthen embankment. The silos are located in the waste storage area on the
western side of the facility (Figure 3-4).

The silos ar.e not air-tight, and radon gas escapes to the outside atmosphere.
Radon concentrations above natural background have been measured at the site
boundary. Exposure to radon and radon progeny is associated with an increased
risk of lung cancer.

422 Reasons for Selecting This Problem

This problem was selected for analysis for several reason. There is a
potential for offsite exposures because the K-65 silos are locateo near the western
site boundary, and elevated radon concentrations have been detected at the
boundary and at nearby residences.

A major reason for assessing the risk associated with the K-65 silos is that

this environmental problem was the highest scon_ngranking unit for the FEMPunder the MEPAS scoring system as implement¢,dby the USDOE Environmental
Survey. The MEPAS modeling of this problem contained a number of conservative
assumptions which resulted in this large score. Ol,.e of the more important
conservative assumptions was the large emission rate derived from radon
measurements taken at near cracks on the silo domes (NUS, 1990).

2O
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4.2.3 Transport Pathways and Potential Receptors

The transport pathway of concern for this problem is air. Radon from the K-
65 silos can be transported offsite in air and expose nearby residents to the radon
gas and its decay products through inhalation. People living in population centers at
greater distances from the site may also be exposedto radon and radon progeny
from the K.65 silos, but concentrations are diluted to background levels within a few
miles.

4.3 Problem 2: Uranium Contamination of Ground Water

4.3.1 Description of Problem

Uranium was detected in concentrations above background at several
locations offsite. Storm water runoff from the production area and the waste
storage area may be a continuing source of uranium contamination in surface and
ground water at the facility.

4.3.2 Reasons for Selecting This Problem

The major reason for selecting this problem for analysis is the potential for
offsite exposures. Elevated concentrations of uranium were detected in
downgradient, offsite wells. Uranium ingested in water and in food is of concern for
two reasons: 1) the potential for toxic effects and; 2) the potential for an increased
risk of cancer.

Environmental problems assoc!ated with uranium contamination of ground
water scored high in the USDOE Envaronmental Survey MEPAS ranking
(contamination from liquid discharges, contaminant releases from waste pits) which

_l_.ns the decision to include this problem in the pilot risk assessment for the

4.3.3 Transport Pathways and Potential Receptors

The principal transport pathway for uranium is through ground water which
can move offs..iteand expose nearby residents through ingestion in drinking water.
Other potential transport and exposure pathways include uptake by plants and
animals and subsequent ingestion by people. Ground water south of the facility
eventually discharges to the Great lVliamiRiver, and there is a potential for
exposure to uranium in fish in the future.

4.4 Problems Identified for Future Assessments

The analysis,presented here considered only the exposures and risk
associated .withthe ingestion of uranium associated with ground water
contamination south of the facility. Problems identified for future assessments
include an integrated assessment of uranium released by the facility to air, soil,
ground water and surface water.
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S RISK ASSESSMENT FOR RADON EMISSIONS FROM THE K.65 SILOS

$.1 Problem Summary and Outline of Steps in the Assessment

5.1.1 Steps in the Assessment

Majorsteps in the risk assessment for radon released by the K-65 silos are
listed below, and are summarized in Figure 5-1.

1. Define the Problem (section 5.1.2).
2. Review information on radon and radon daughter transport and fate
sections 5.3.1, 5.3.3).
. Review dose-response information, and identify appropriate risk factors
section.5.3.5). . .
. Identl_ release scenanos, exposure scenarios, receptors and exposure

periods (section 5.4).
5. Develop est]mates of source term andpredlct environmental radon (and
radon proge.ny_concentrations (section 5.5).
6. Estimate mdivadual and population exposures (section 5.6).
7. Estimate lifetime individual and popuI_tion risks (section 5.7).

Figure 5-1. Steps in the risk assessment for radon emissions from the K-65 silos.
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5.1.2 Problem Summary

Two concrete silos, known as the "K-65" silos, contain residues from the
rocessing of pitchblende ore. The residue contains high concentrations of radium-
26. Radon gas generated by the decay of the radium m the waste escapes to the

outside atmosphere.

The majortransport pathway of concern is airborne transport. It is possible
that material in the silos has migrated into the soil and ground water, but available
data do not demonstrate this conclusively. This possibility is being investigated as
part of the ongoing Rf/FS studies at the FEMP.

The exposure pathway of concern for radon emitted by the silos is the
inhalation of radon progeny. The two radon release scenarios of concern are 1) the
documented, routine release of radon gas from the silos and; 2) a p.otentlal release
of ali radon available in a silo dome head space in the event ofa sdo dome failure.

Important receptors in the area of the FEMP include omre workers, and
residents in houses located along the western and southern site boundaries. The
population within 5 miles of the facility represents an important receptor, and
population centers within 5-10 miles of the facility may also be of concern in terms
of total population risk.

The K-65 silos are being characterized in the site RI/FS study currently
underway at the FEMP. Corrective steps were recently taken to eliminate routine
radon releases and to prevent an accidental loss of radon in the event of a silo dome
failure.

5.2 The K.65 Silos

5.2,1 Physical description

The K-65 silos were built in 1951 and 1952 to store residues from the
rocessing of pitchblende ore to extract uranium. The term "K-65"refers to radium
eating waztes generated during the extraction step. Table 5-1 shows typ!cal

compositions of the original pitchblende ore. Most of the residue stored m the silos
was generated at the MaUinckrodt Chemical Works in St. Louis Missouri, us'rig ore
from the Belgian Congo. During 1957 and 1958, some residue from the processing
of Australian ore at FMPC was added to one of the silos.

The K-65 silos are located south of the waste pit area on the west side of the
FEMP site (Figure 3-4). The silos axe each 80 feet in diameter with vertical walls
approximately 26 feet high. The silo domes are approximately 36 feet high. The
walls and silo domes are constructed of reinforced concrete, and the floors are
constructed of 4 inches of concrete overlaying layers of gravel, asphaltic concrete
and compacted clay.

The exterior surfaces of the silos exhibited significant deterioration and were
repaired in 1964. After the repair work was completed, an earthen berm was built
to the top of the walls to reduce the stress on the walls. In 1986 a temporary dome
cover, composed of structural steel members and plywood sheeting covered with a
weatherproof membrane was installed across the silo domes. In 1987 a rigid
polyurethane foam coating was applied to the exterior surfaces of the two silo
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domes to reduce weathering, temperature changes within the silos and the
associated pumping action that promotes radon gas emissions.

Table 5-1 Typical uranium concentrates (Harrington and Ruehle, 1959 as cited in
USDOE i990a).

Constituent Acid Leach, Ion Exchange
Belgian Congo Ore Australian Ore

u30s (%) 48- 73 55- 70
a20 (%) 0.1.0.5 0.2.0.5
_(%) <0.o2 0.o2.0.2
B (ppm) 80- 600 4.40

Cu (%) 0.4- 2 0.01 - 1

Halides (%) 0.02- 0.03 0.05 - 0.15

Fe(%) 0.4-4 >4

MoO 3 (%) 0.2- 0.6 0.01.0.08

P205 (%) 0.25- 0.7 0.1- 1

Na (%) 0.07- 2 2

So4"2 (%) 1 - 37 0.5- 2.5
V20 5 (%) 0.002- 0.004 <0.02

A structural analysis of the silos was completed in 1986 (Camargo Associates,
1986). The results indicated that the center 20 foot diameter portion of the dome
tops are structurally unsound for a load greater than the existing static dead load.
The silo domes were estimated to have no life expectancy (Camargo Associates,
1986).

52.2 Silo Contents and Emissions

The silo residues are not homogeneous, and consist of silicates, hydroxides,
carbonates and sulfates. Inorganic constituents include magnesium and lead. The
radionuclide inventory has been estimatedjo include a total of 7 Ci (260 GBq) of
urgjaium (0.71% U-235), 3,300 Ci (1.2 x 10J GBq) of radium-226 and 1,180 Ca"(4.4 x
lfr" GB_ of thorium-230 (BNl, 1990).

The silos were filled to a height of approximately 23 feet -- leaving a head
space above the residues. Some of the radon gas generated by the radium in the
residues collects in this head space. However, most. of the radon generated by the
residues is trapped in the waste and does not reach the head space.

Based on gas samples taken from the silo head spaces, it has been estimated
that there are about 33 Ci (1221 GBq) of radon available in the head space of each
silo (Silo 1:34 Ci; Silo 2:32.5 Ci; BN1, 1990). Using the 33 Ci value, and assuming
no loss to the outside environment, it has been estimated that about 6 Ci/day (222
GBq]day) of radon are added to each silo head space each day (BN], 1990).

i
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No measurements of the radon flux from the surface of the silo domes have
been made since the foam coating was applied in 1987. Measurements made before
1987 range from 3 pCi/m,2-s to 13 x 107 p_i/mLs (0.4 Ci/year - 8.9 x 105 Ci/year;
14.8 GBci/year- 3.3 x 101GBq/year) Hagee et al (1985)). The larger fluxes were
measured near cracks on the silo domes.

Two mechanisms for radon release from the silos have been suggested (IT,
1989). These mechanisms are diffusion through the silo domes and free air
exchange between the pore volume inside thedomes and the outside atmosphere
(IT, 1989). Borack (1985) and Boback et al., (1987) calculated the emission rate
due to diffusion through the silo domes using one-dimensional steady state diffusion
equations (Colle.,et al., 1981). The resulting emissions estimate for both silos was 60
Ci/year (2.2 x 10_ GBq/year).

Temperature and pressure changes in the silos were studied in 1987
(Grumski, 1987). The pressure data gathered in this study indicated that both of the
silos exchange gas freely with the surrounding atmosphere (IT, 1989; Grumski,
1987). Grurnski (1987) calculated the rate of radon release by free air exchange,
assuming that each silo exchanges an average of 1009 ft3 of g_,sper day with the
outside atmosphere, a radon concentration of 3 x 10" pCi/crn-', and a dome void
volume of 25,000 ft3. This calculation yielded an estimated radon release rate of
600 O/year (2.22 x 10" GBq/yr) for both silos.

IT (1989) updated the analysis by Grumski (19_7) by incorporating other
estimates of the dome void volume (average 43,758 frf; IT, 1989). The resulting A
estimate for the radon release rate due to free air exchange was 512 Ci/yr (1.9 x 1(]'*
GBq/yr) per silo. IT (1989) suggested a total release rate of 1084 Ci/yr (4.01 x 10"
GBq/yr)- 512 Ci/yr from each silo (due to free air exchange) plus 60 Ci/yr from
diffusion through the domes.

Previous modeling and risk assessment studies have used a wide range of
valpes as estimates of the emissions rate. These estimates include 60 Ci/yr (2.22 x
10" GBq/yr) (Boback et al., ,1987; based on estimates of diffusion through the A
domes); 600 Ci/yr (2.22 x 10'* GBq/yr) (Gr_=rnskji,1987); 650 Ci/year (2.4 x 10"
GBq]yr) (ljaz et _ 1990); 1084 Ci/yr (4.01 x lfr" GBeJyr) (IT, 1989); and 10,960
Ci/year (4.06 x lC)-'GBq/yr) (NUS, 1990).

5.2.3 Current Status

The K-65 silos (silos 1 and 2) are part of Operable Unit 4, which also
includes two metal oxide silos (silos 3 and 4), piping and tanks that lie beneath the
silos, and the earthen berm surrounding the K-65 silos. A RI/FS study is underway
for Operable Unit 4 and sampling and analysis programs are ongoing.

As required in the Consent Agreement under CERCLA, an engineering
evaluation and cost analysis (EE/CA_) was performed for the K-65 silos to evaluate
the feas_ility of taking corrective _tctlon in response to short-term threats to public
health and the environment (BNl, 1990).

Based on the analysis presented in the EE/CA (BN1, 1990) the preferred
alternative for the corrective action was to cover the residues in the K-65 silos with a
bentonite slurry. This step was completed in 1992. The addition of a _ayer of
bentonite to the surface of the waste in the silos should substantially reduce or even
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eliminate routine radon emissions, and is expected to contain radon gas in the event
of a silo dome collapse.

5.3 Radon

5.3.1 Physical Properties

Radon gas (radon-222) is a natural decay product of radium-226, the fifth
daughter in the decay chain of uranium-238. Uranium-238 and radium-226 are
present in most rocks and soils, and radon gas easily diffuses through soil, air, and
water, so radon is ubiquitous in the environment. Natural background
concentrations vary wfdely depending on local conditions.

. Radon-222 decays with a half-life of 3.82 days through a series of solid, short-
lived radioactive decay products called "radon progeny _ or "radon daughters"
(Figure 5-2). In addition to radon, itself, two of its decay products, polonium-218
and polonium-214, also emit alpha particles which can damage sensitive cells,
ultimately leadingto cancer. Otherprogeny are also radioactive, but their relative
contributions to the health effects of radon are small.

Because alpha radiation has low penetrating power (alpha particles can be
stopped by a piece of tissue), they have little health significance unless their source
is in close contact with sensitive cells. Only exposure to alpha radiation from radon
and/or its decay products that have been inhaled or ingested into the body are of
concern. For the situation being evaluated here, inhalation is by far the most
important route of exposure and lung cancer is its primary health effect.

Although radon-222 is inert and diffuses readily into the air, its progeny are
charged particles which are strongly attracted to any nearby surface, including other
particles in the air. They are also short-lived, with half-lives of 3.05 minutes and
0.000164 seconds, for polonium-218 and polonium-214, respectively. They are
therefore removed quickly ft'ore the air, either by direct plate-out on environmental
surfaces, by deposition of larger and heavier atmospheric particles to which they
attach, or by radioactive decay to less harmful nuclides. The mean lifespan of
radon-222 in the air is 5.5 days and that of the important radon progeny is 4.4
minutes or less.

With respect to health effects, "radon" is really a complex mixture of the
initial radon-222 plus its decayproducts which varies with local conditions, so an
artificial unit of concentration has been developed to quantify the effects of the
mixture as a whole. The unit was initially defined to quantify concentrations in
mines and the conditions represented are occupational.

One "working level" (WL) of a mixture of radon-222 and its progeny is
defined to be any combination in one liter of air that produces 1.3 x 10J MeV of
alpha-particle energy. This is the amount of alpha energy produced by 100 pCi (3.7
Bq) of radon-222 in equilibrium with polonium-218, lead-214, bismuth-214, and
polonium-214. Figure 5-3 shows the accumulation and decay of progeny with time.
Equilibrium is reached in an hour or two, after which the tot# actiwly of the
nuxture remains constant at one WL per 100 pCi/L (3.7 x I(P Bq/m :r) of radon-222.

!
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Figure5-2. The radondecay chain.
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To account for nonequih'brium conditions,an"equih'briumfactor"(EF) is
definedwhichQuantifiesthe effect of disequih'briumon the total alphaenergyof the
mixture,perumt activity of radon-222. The equilibriumfactor is 1 for complete
equih'bnum(1 WL per 100 pCi/L radon-222)and less than l for younger mixtures
and for mixturesin environments withhighplate-outrates (e.g. mixtures containing
highconcentrationsof particles from smoking).

Normal outdoor backgroundradon mixtureshave an equilibriumfactor of
about0.7 and normal indoorbackground radonmixtureshave an equilibriumfactor
of about0.5 in houses with smokers and 0.3 to 0.4 inhouses without (NRC, 1991).
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' Figure 5-3.Decay of radon and development of radon progeny with time in the
absence of deposition to environmental surfaces (working levels per 100pCi/L

! radon-222 in a plume).
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5.3.2Indoorvs.OutdoorConcentrations

The.reaxe significantdifferencesbetween radonconcentrationsand
exposuresindoorsand outdoors causedby physicaldifferences in these
environments.

o Buildingstrapradonemitted from the ground. The tighter the building and the
lowertheexchangerate with outside aft',the higherw_be the concentrationof
radoninside.

o Manybuildingsare in direct contact with the ground through basements or
slabs,which increases the rate of entry of radon from the ground many-fold.

o o Buildingsand contents provide high surface-to-volume ratios, which increase
plate-out of radon progeny and reduce the equilibrium factor.

_-LI
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The combined effect of these differences is to produce on average a two-to-
four-fold difference between indoor and outdoor radon concentrations. Annual
average background radon concentrations outdoors r_nged in one survey from 0.16
to 0.57 pCi/L with a median of 0.39 pCi/L (14 Bq/m-' ) (Hopper et al., 1990).
Annual average background concentrations in the living areas of single-family
homes in one recent survey had a geometric mean of al_out 1.5 pCi/L (56 Bq/m 3)
and a broad range extending past :20pCi/L (740 Bq/m -_) in a few exceptional
houses (Cohen and Shah, 1991). These authors esumated that their methodology
produces an upward bias in these data of about 20%. Other surveys have produced
similar results.

5.3.3 Radon and Radon Progeny In a Plume

Radon exposure studies are normally done for spaces having a continuous
source of supply, such as mines and houses, and they normally do not include effects
of deposition. Because the K-65 silos at the FEMP are point sources that produce a
plume of radon, the mathematics of radon daughter formation and decay are
somewhat different from the standard equations normally used (the classic paper in
this area is Evans (1969)). We have also added to the equations the effects of
deposition of radon progeny. The differences between results with and without a
continuous source of supply are not significant, but the differences with and without
deposition can be as high as 30%.

Rowe (1991) presents the necessary equations for decay without
replenishment from background sources, and development of WLper unit radon-
222 activity as a function of travel time in a plume. It is assumed that the effective
deposition rate for radon progeny outdoors must be about 0.8% per minute to yield
an outdoor equilibrium factor of 0.7. Applying this deposition rate to a radon plume
_elds the following summary equations expressing radon equilibrium factor as a
function of travel time,t:

EF(0.8%,t) = 0.716- 0.0459 e't/4_ - 1.70e "t/_-_ + 1.02e"t/_"

The working levels of radon progeny estimated by this equation are included
in Figure 5-3. Note that at equilibrium, this equation yields an outdoor equilibrium
factor of 0.716.

Estimated exposure to radon progeny as they move from outdoors to indoors
depends on assumptions about the success of particles in entering the interior. At
one extreme representing open windows, ali outdoor radon progeny enter and leave
freely, and the only effect of the house is to increase the age of the radon mix by tlae
residence time of the air indoors and to increase the deposition rate of the progeny
because of a higher surface to volume ratio indoors. At the other extreme, ali
particles are filtered out b.y the structure and only radon gas enters the interior.
This extreme is indistingmshable from an indoor source of radon l_as,except that
indoor sources are normally in basements rather than higher portions of the
structure. Reality is usually somewhere between these extremes.

Rowe (1991) has shown that the equilibrium factor produced by outdoor
radon from a plume moving indoors remains much more stable than that for
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outdoorradon over a broad range of conditions and travel times (Fig. 5-4). As a
result, it is reasonableto use the standardassumptionof an indoor equilibrium
factorof 0.5 for radonfrom ali sources.

Figure 5-4. Indoor and outdoor equilibrium factors in a radon plume as a function of
travel time.
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5.3.4 Exposures and Dose-Conversion Factors
t

The unit of exposure to mixtures of radon progeny is a "work_g level month"
(WLM), which is defined to be cumulative exposure to a concentration of 1 WL for
170 hours (a month's worth of time m a mine for miners of the 1950's). A full, non-
occupational month is 4.3 working months and a full year is 51.5 working months.

From the above, total exposure to radon progeny is expressed as:

(j_Ci/L Rn-222) * (El: of the mixture) * (hours exposure/170 hr/WIA_ in WI.M.

The internal absorbed dose of alpha-particle energy to lung tissues per unit
external radon exposure depends on a broad range of en_Aronmental and
physmloglcal variables, including:

o Size distn_bution of atmospheric particles;
o Fraction of progeny attached to particles;
o Equilibriumfactor,
o Lung morphology;
o Depth of target cells;
o Breathing volume;
o Particle deposition fraction;
o Thickness of mucus; and
o Mucus transport rate.

!
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These variables are modeled in minute detail by specialists, but for risk
assessment,the results are normally collected into a single dose-conversion factor
that quantifies the ratio of the dose to the lung per WLM exposure to the general
public in houses and to miners at work. This _sdone because ali of the useful dose-
responseinformation available on effects of exposure to radon come from studies of
miners(see below), so exposures in other environments must be compared with
those in mines.

Various dose-conversion factors have been used for risk assessment. There
is generalagreement that the obvious differences between exposures to minersand
to the generalpopulation tend to cancel out, so that the net effective difference in
dose per unit exposure is within a factor of 2 (i.e, 0.5 to 2.0) (James, 1988). The
earlieranalysesyielded dose-conversion factorsgreater than one and the more
recentyielded factors less than one. The most recent study estimates the dose-
conversionfactor to be 0.7 for adults and 0.8 for infants and children (NRC, 1991).

5.3.5Dose-responseRelationships

There is considerable controversyover the quantitative relationship between
magnitudeof exposure to alpha radiation fromradon progeny and resulting risk of
lung cancer (NRC, 1988). Much of the controversyarises from inadequacies of the
data availablefrom which the relationship must be estimated.

o Ali of the data used for quantitative studies are from miners exposed to doses
many times higher than those in other environments;

o The data are badly confounded by cancers fromsmoking, which is almost
universal among miners; and

o There are other less obvious but nonetheless serious methodological
deticienciesthat increase the uncertainty of the results (Hamilton, 1989).

Studiesof miners have consistently shown an increased risk of lung cancer
with increasedcumulative exposure to radon (see, for example, Lubin et al., 1990).
The problemwith evaluating the health effects of radon exposures to the public
arisesnot so much from the many inadequacies of these studies, themselves, but
froma need to extrapolate results from the high doses received by miners to the
muchlowerdoses received by the public. Extrapolation to such different conditions
and people requires a much higher level of understanding of the effects of ali
importantvariables than does extension to other, similarconditions.

Epidemiological studies of lung cancer riskfor non-occupational exposures
to radonhave repeatedly failed to demonstrate a statistically significant relationship
betweendose and risk. Some have even shown lower lung cancer rates in areas with
higherradon exposures (Cohen, 1991). This is partly from lack of understanding of
the relativeimportance of the many variables involved, and partly because the risk,
if any,is so verylow, that the statistical power of'the tests is correspondinglylow,
and huge sample sizes are required for any realistic study.

The most important question in low-doseextrapolation is a universal
assumptionthat there is no threshold dose belowwhich risk of lung cancer is zero.
There are cellular repair mechanisms that could produce such a threshold, and
epidemiologists' inability to demonstrate dose-related responses at low doses also
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argues for one. But there are no consistent data that can provide a basis for
estimating where this threshold might be.

Lacking the necessary data, we must assume the simplest relationship which,
at the current state of knowledge, is a linear, nonthreshold function extrapolated
from the high doses of miners to the much lower doses of the general public. This
extrapolation has exceedingly high uncertainty and, given the high probability of an
effects threshold, the true value of the risk factor for radon at very low doses could
well be zero.

The BEIR IV Committee estimate of 3.5 x 10.4 deaths/WLM (NRC, 1988) is
a value that is widely used to esumate cancer risks associated with radon and radon
daughter exposure. An update to the BEIR IV study (NRC, 1991) estimated the
differences between the exposure to close relationship in mines and homes. Using a
dosimetric model, NRC (1991) found that the dose of alpha energy per unit
exposure delivered to target cells in the respiratory tract tends tobe lower in homes
than in mines. NRC (1991) estimated the reduction in dose to be about 30% for
adults of both sexes and about 20% or less for infants and children. Puskin (1992)
adjusted the BEIR IV (NRC, 1988) radon risk model to reflec1 these differences.
The resulting risk for the general population is about 2.2 x 10"" lung cancer deaths
/WLM.

ICRP (1991a) reviewed the epidemiological data and lung cancer risk
projection models that have been used to estimate lung cancer rfsk associated with
exposure to radon and radon progeny. Table 5-2 lists the studies reviewed by ICRP
(1991a) and the associatqd risk factors. ICRP (1991a) concludes that these studies
have a range of 1-4x 10"'*lun_gcancer deaths/WLM, and that the range is due
partly to the different projection models applied and to the different baseline cancer
rates in the reference populations used.

Table 5-2. Dose-response function for exposure to radon and radon progeny
(modified after ICRP, 1991a).

Source ExcessLifetin_eLung-CancerMortality
(deaths/10"personWLM)

_cp.P0984) 13o
O

ICRP(1987)** 150
IceP098"0 23o

tee

USEPA (1986) 115-400

U_SCeAe0977) 2O0-45O
SEm iV (NRC,1988) 350
lt

**c°nstant absolute projection
***constant relative projection

Puskin and Yang (1988), P_kin and Nelson (1989)

The geometric mean of the values in this range is 2.0 x 10-4 lung cancer
deaths per WLM. If it is assumed that this range represents the 90% confidence
intervalof a lognormal distribution, the geometric standard deviation is 1.53. This



distributionwas used to describe the risk factorfor radonand radondautghter
inducedlungcancer in this assessment. This distribution is broadly consistentwith
that recentlypubJishedbyPuskin (1992) who derived a central estimate ofJifetime
riskof 2.24 x 10"'¢deaths/WLM with a 90% range of 1.4x 10""to 5.7x 10"*
deaths/WLM.

5.4Identificationof Scenarios and Receptors

5.4.1Releaseand ExposureScenarios

Release $cenariol;

.Twomajor release scenarios are of concern for the K-65 silos. The first
scenario isa continuing, routine release of radon from both silos. The second
scenario is an accidental release of radon from one silo, resulting from a failure of
the dome. Exposures and risksassociated with backgroundradon concentrations
must also be taken into consideration. These scenarios are describedbelow.

ROUTINE RELEASE. The first scenario is a continuing, documented
release. Radon gas is generated by the radium-226 in the pitchblende waste in the
silos,collects in the head space and escapes to the outside air. The recent addition
of bentonite to reduce or eliminate radon emissions from the silos was not included
in thisassessment. A future analysis, using monitoring data collected after the
bentonitecap was installed, will assess the riskassociated with the silos after this
correctiveaction.

ACCIDENTAL RELEASE. The second scenario is a loss of the integrity of
one silo dome. This is a reasonable scenario because the silo dome covershave
been foundto be in poor condition, and to have no life expectancy. This event
wouldresultm a short term (less than 1 hour) release of the radon accumulated in
the head space of.one silo, and a continuing high release of radon for several days.
As previouslyindicated,_thas been estanated that there are about 33 Ci (1221
GBq) of radonavailable in the head space of each silo at any given time (BNI,
1990). In the event of a silo dome failure, this radon gas wouldbe released. The
facilityexpects to respond to such an event within 1 week by coveringthe exposed
pitchblende waste with sand (BN1, 1990). During this week, there willbe a
continuingroutine loss of the radon ordinarilygenerated to the head space.

BACKGROUND. Because radium and radon occur naturally in soil in Ohio,
radon _d its decayproducts are natural components of the au'. Though the silos
are sigmficantsources of radon, the radon that occurs naturally in the air is far
greaterexcept for areas close to the silos. The concentrations of natural
backgroundradon, and the associated exposures and riskswere estimated for
comparison.

ExposureScenarios

Radon is a gas and the important transport pathway is transport of the radon
and radonprogeny in air. The exposure pathway of concern is the inhalation of
radonand radon progeny. The exposure scenarios consideredinclude indoor and
outdoorexposure to radon and radon progeny.
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5.4.2 Receptors

In this assessment of the risks associated with the radon gas emitted from the
K-65 silos, both individual and population (collective) risks were considered.
Individual lifetime fatal cancer risks for people living close to the silos is an obvious
concern in a health risk assessment. Because of the assumption that even a small
exposure to radon and its decay products can lead to some cancer risk, the total
societal impact of the release must also be assessed. This is accomplished the use of
the population or collective risks to populations living close to the silos.

Important .receptors for a risk assessment of the radon gas originating in the
FEMP K-65 silos include:

1. onsite wgrkers
2. fenceline residents
3. population within 1 mile of the silos
4. population within 5 miles of the silos
5. population centers within 10 miles of the silos

These receptor populations are summarized in Table 5-3 and are described
in more detail below.

Table 5-3. Receptors for radon risk assessment - individual and population
(collective) risk.

Receptor IndividualRisk PopulationRisk

Onsiteworkers individual500 -
metersfromsilos

Fcacelineresidents individualat -
fencelineresidences

Populationwithin individualliving population
1mile withinI mile within1 mile

Populationwithin individualliving population
5 miles within5 miles within5 miles

Hamiltonand individualwith population
Cincinnati, Ohio averageexposure in Hamilton

in Hamiltonand and
Cincinnati C'mcinnati

Onsite Workers

Individual workers at the FEMP may spend time close to the K-65 silos
during a work day. The concentration of radon and radon progeny (WL) is
predicted to be highest at 500 meters from the silos (Section 5.5.2.4). This point was
used to estimate potential exposure to onsite workers. Because of the ingrowth of
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radonprogeny,theexposureto radonandradonprogenyin unitsof WL will be
differentforpeopleworkingindoorsthanforoutdoorworkers.Theexposureand
risktobothindoorandoutdoorworkerswereestimatedin thisassessment.

FencelineResidents

Therearea numberofhouseslocatedalongthewesternandsouthern
boundariesoftheFEMP(Figure5-5).Theserepresentpotentiallyimportant
receptorsbecauseof theirproximitytotheK-65silos.

PopulatiQnWithin1 and 5 Miles

The areasurroundingthe FEMP is primarilyrural,with some light industry
and a few scatteredresidences. There are a few villages within5 miles of the
facility.

The 1990population near the FEMP was estimated for a 16 sector (22.5
degrees) gridwith annularringsevery mile up to 5 miles fromthe FEMP (SAIC,
1987;Ftgure5-6). Censusblock mapsfor 1980were combinedinto a workingbase
maponto which the polar gridwas superimposed. Where necessary,populations in
censusblocks were split among sectorsbased on the percentage of the block's road
mileage containedwithin the sector. The 1980population was adjustedby an
annualgrowth rate for each census tract (rangedfrom 1.0 to 2.5%per year) to
obtaini990 populationestimates. These population estimates were done by SAIC
(SAIC, 1987)in supportof emergency responseplanning. This gridhas its center at
the physical centerof the plantsite. The K-65 silos are located approximately1800
feet from this 1o.cgation.A qualitativeassessmentof the populationdata indicated
thatthe distributionof the nearby population amongsectors and rings(1-5 miles)
wouldnot be significantlyaffectedby the changein the originof thepolar grid
(requiredbythe transportmodels withthe emissions source at the siIos,not the
plantcenter).The SAICpopulation distributionfor 1990was used in this
asse_.ment. The total estimated 1990population within 1 mile of the site is 175.
Within5 miles there are approximately14,729people (SAIC, 1987).

Populationcenterswithin 10 miles

Populationcenterswithin 10 miles of the K-65 silos were identifiedas
potentiallymap0rtantreceptorsfor radonoriginating in the silos. Population centers
vathm5 miles of the facility were distributedamong the 16 sector, 1-5 mile grid cells
of .th.epolar I_.'ddescribed earlier. Populationcenterswithin5-10miles of the
facilitywere Identifiedusing 1990 census data (U.S. Department of Commerce,
1992)and associatedwith a sector and distance for use in later modeling
predictions. The twopopulation centers identifiedfor use in the assessment were
Hamiltonand Cincinnati,Ohio (Figure5-7). Cincinnatiwas included as a receptor
in this assessmentbecause of its largepopulation, and because its outer suburbs are
within 10 milesof the silos.
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Figure 5-5. Individualreceptors located along the westernand southcrn h,Jundaries
of the FEMP.

FE

Figure 5-6. 1990Population distribution within 5 miles of the FEMP. (data from
8AIC, 1987; outline at centerof polar grid is the FEMP site boundary).
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Figure 5-7. Population centers near the FEMP.

5.4.3ExposurePeriods

To estimate.exposures to radon and _e assodated lifetime individual and
o ulaUon (eollective_ risks, some assumpUons must be made concerning the lengthP_P - ___. ,_....... a "nac int'ormation needed in this assessment .a non ma t o= =_t,t,a=u.... . - •

O[-.time .DC _,_ _t ,,............ ,,;11!; _. in one olace, the amount olrttme spent
mctuaes me lenipn ox urn? ,, w,L,,_-_,_w_.._nve...rkers_-t)endat the facility. For some
indoors and outdoors: aria now muc.n u_ wv. v. .,,,_....... :_,_,,aatanave been mane. w ac[c ponniu,_, -,,arameters san le assumptionsof these p . P • ares for arameters
available in the literature were used to derive reasonable esttm p
or parameter distn'butions.

Offsite Populations

A number of studies are availablewhich can be used to es".ti_natethe amount
" eo le s end at home. USEPA (1990b) summarizes data trom two smalesof lame.p. p " 1 68 to 71% of their time at homedtcate t_at adults spend al_prommate _Y- • • .--. --,, ,,- #"which .m ..... _ ,.--,-- ,--,',_ r._,rn t (198D reportea vamcs ox ouo_,o, _,_t._,o
a 1914 an(l _zaim, -:,t_.# ...... c ,, . _ .

(a_ _._O)'ofor a person employed away from home, a housewafe and an elderly
person, respectively (Geomet, 1991, cited in Pusk!n, 1992).

In this assessment, it was conservatively assumed that people receive ali of
their radon exposure where they five. This is not actually the case because most
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eople will spend part of their day away from home. This assumption was made
ecause the area most impacted by radon from the silos is rural, and people are not

likely to travel large distances dunng the day. For receptors within five miles of the
FEMP, this assumption will probably result in an overestimate of exposure
associated with the K-65 silos because time spent away from home is likely to be in
an area with smaller radon concentrations. For receptors at large distances, the
average concentrations of radon associated with the silos does not change
significantly from sector to nearby sector where most people are likely to move
during the day.

This approach differs from most assessments of indoor radon risks, which
usually apply an "occupancy factor" of about 75% (Puskin, 1992). If a simple
occupancy factor were applied, the exposure to farmers and other people who do
not move far from their houses during the day would be underestimated.

.°

In this analysis, it was assumed that people are exposed to the radon and
radon daughter concentrations associated with the plume coming from the silos for
the entire day. The differences between indoor and outdoor exposures were
included by incorporating estimates of the time spent indoors and outdoors,
described in the following section.

Time Spent Indoors

Because exposures to radon and radon, progeny are different indoors and
outdoors, estimates of exposure require assumptions about the length of time spent
indoors and outdoors. Data are available from time-activity studies performed to
assess the importance of indoor vs. outdoor pollution. These studies have ali found
that people spend about 90% of their time indoors USEPA (1990b). A reasonable
distribution of times spend indoors and outdoors can be derived from this
information and some simple assumptions. The maximum time spent indoors is
100% (24 hours) because some people may spend little or no time outdoors. The
minimum time spent indoors is about 40% (9.6 hours) - this represents farmers and
other people who spend most of their wakinj_time outdoors. The most probable
mount of time spent indoors is 92.4% (USEPA 1990b). The frequency distribution
used in this assessment to describe the fraction of time spent indoors is a simple
triangular distribution, minimum at 0.4, maximum at 1.0, likeliest value of 0.924.
The fraction of time spent outdoors is 1.0 mimus the fraction of time spent indoors.

Average Residence Time

For calculation of routine exposure to radon this assessment assumed a
distn'bution of average residence time basecl on a model developed by Israeli and
Nelson (1992). The total residence time distri:',ation was estimated from current
residence time data (U.S. Department of Commerce, 1988; 1989) by modeling the
moving process. The fraction of rural households living in the same residence for t
years or more was described by the distribution shown in Figure 5-8. The average
total residence time for rural households is 7.8 years.

The average total residence time for urban households was estimated to be
4.19 years (Israeliand Nelson, 1992). Urban receptors in Hamilton and Cincinnati
are more likely than rural receptors to move to a nearby location, within the area
impacted by the radon plume coming from the K-65 silos. A residence time of 70

: years was assumed for the uroan population because moving could not be assumed
to remove the household from the impacted area.
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Figure 5-8. Fraction of rural households living in the sameresidencefor t yearsor
more.
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Onsite Exposures

Onsit¢ workers at the I=3_MYwere conservatively assumed to work at the
facility for 50 years, and to spend 250 days per year at work. Outdoor workers were
assumed to spend 8 hours per working day outdoors, and I hour indoors. Indoor
workers were assumed to spend 9 hours per working day indoors. Background
exposures for onsite workers assumed a 7D-year exposure period and the time
indoors distribution described above.

5.5 Radon and Radon Progeny Concentrations

$.5.I Background Concentrations

Outdoor Background radon concentrations were based on monitoring data
collected at 4 stations located more than 25 km from the silos. Measurements made
at these stations in 1988, 1989 and 1990 are given in Table 5-4. 'I'hes¢
measurements have an arithmetic average 03 0.53 pCi/L (19.4 Bcl/m °) and a
standard deviatiqn of 0.18. The average concentration in units of working levels
(WL) is 2.5 x 10-='WL (assuming an equilibrium factor of 0.7).

Indoor The distribution of indoor radon concentrations used in this assessment was
based on a study of indoor radon concentrations for the United States reported by
county (Cohen and Shah, 1991). Diffusion barrier charcoal adsorption collectors
were deployed for seven days in homes responding to mail orders. Radon
concentration measurements were seasonally corrected (Cohen, 1990) and bias
reduction me_ures employed (Cohen, 1991). The authors believe that these values

39



may be biased upward by as much as 20% (Cohen and Shah, 1991). Indoor
concentration distributions in living areas reported for Hamilton and Butler
counties and for three adjacent counties represented in the data base were
combined into a single distribution. The resulting distribution for indoor radon
concentratiqns near the FEMP is Iognormal, with ageometric mean of 2.45 pCi/L
(90.7 Bq/m "_)and a geometric standard deviation of 2.78.

The estimates for indoor and outdoor natural background concentrations of
radon and radon progeny are summarized in Table 5-5. The equilibrium factors
used to calculate concentrations in working levels (WL) were 0.7 for outdoor
concentratiom and 0.5 for indoor concentrations.

Table 5-4. Natural background outdoor measurements of radon near the FEMP .

•" .- - STATION Measured Radon Concentration pCi/L (Bq/m 3)
1988 1989 1990

BKGR1 0.3 (11.1) 0.4 (14.8) 0.4 (14.8)

BKGR2 0.9 (33.3) 0.6 (22.2) 0.4 (14.8)

AMS15 NS NS 0.6 (22.2)

AMS16 NS NS 0.6 (22.2)

USDOE, 1990c; personnel communication, John Cartarelli.
NS: no sample

5.5.2 Prediction of Radon and Radon Progeny Concentrations From the K-65 Silos

This section describes the models and source terms used to predict the
concentration of radon and radon progeny at identified receptors for the routine
and accidental release scenarios. Radon and radon daughter concentrations were
predicted in units of working levels (WL) for fenceline residents, onsite workers,
Hamilton and Cincinnati, and for the center points of the polar grid cells used to
describe the population distribution within 5 miles of the FEMP site.

Table 5-5. Natural background radon concentratiom near the FEMP.

OUTDOOR INDOOR

Radon Cone. mean: 0.5 geo mean: 2.45

(pCi/L) std der:. 0.18 geo sd: 2.78

Equih'bfium Factor 0.7 0.5

5.52.1 Atmospheric Dispersion

Dispersion and resulting concentrations of radon and radon progeny from
emissiom of radon gas from the two silos were modeled using an adaptation of the
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sector-averaged Gaussian plume model from CAP88-PC (Parks, 1992). This model
predicts annual average concentrations from a point source, averaged over radial
sectors corresponding to the a_gregation level of the meteorological data used. We
corrected the gaussian dispersion equations used in CAP88-PC to the current
standard form, which uses a more up-to-date method of horizontal averaging,
(Brenk et al., 1983) and derived equations for decay of radon and radon progeny

with time for radon in plumes from apoint source that include deposition of
particulate radon progeny (Section 5.3.3). The equations of Section 5.5.3 estimate
an outdoor exposure in WL about 30% lower than the standard equations derived
by Evans (1969). This difference is attributable almost entirely to including
deposition of radon progeny.

The basic model has 16 radial sectors with rings at one-mile intervals to five
miles from the source. Concentrations of radon progeny were calculated at the

• center of each sector-ring area and applied to the entire population of that area.
Meteorological data were entered as joint distributions of stability class (Pasquil A
through G) and wind speed by sector (as measured at 10 meters). The model
assumed wind speeds were in the middle of the reported ranges (i.e., 1, 3, 5, 7, 9,
and 11 m/s). Receptor height, stack height, and mixing height were assumed to be
2, 10, and1585 m, (Draxler and Hefter, 1981) respectively.

Concentrations and exposures at specific locations, such as near-by
residences, monitoring stations, and distant cities, were modeled by inserting the
appropriate radial sectors, distances, and populations in place of the standard five-
mile modeling grid.

This model was implemented as a Lotus 1,2,3 spreadsheet, which makes it
exceedingly quick and easy to use and provides direct access to the computing and
graphics capabilities of the Lotus software. Results were validated against those of
CAP88-PC (Parks, 1992) and found to agree within the one to two percent
attributable to the small changes in equations.

5.522 Radon Source Term

A wide range of estimates has been made for the amount of radon emitted
from the silos. In this analysis emissions were back-calculated from radon
measurements at site momtors, measurements of site background, and results of
radon dispersion calculations with the sector-average Gaussian plume model.

Figure 5-9 shows the locations of the mordtoring stations used I,_estimate the
source term. The model was run for a unit emission (1 Ci/yr, 3.7 x 10xv Bq/yr) with
recej?torsat each site monitor, producing 16 source coeffic_e"nts expressing the
predicted concentrations at the monitors per unit emission from the source -- pCi/l
per Ci/yr -- (Fig. 5-10). We then used least-squares regression analysis on the
equation,

Measured Concentration = (Source Term)*(Source Coefficient),

to estimate the source term that minimizes the mean-square difference between the
measured and the predicted concentrations o'_erthe 16 monitors. This yields an
estimated source term of 1150 _i/yr (4.0 x 10"_GBq/yr). This value is similar to the
estimate of 1084 Ci/yr (4.3 x 10 GBq/yr) made by IT (1989) for the years 1951 to
1984.
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Other approaches to estimating the source term for the calculated source
coefficients are possible. For example, the average source emission rate derived
from ali of the source coefficients can be used (this results in an estimate of about
2100 Ci/yr). Section 5.8.2 presents an uncertainty analysis for the source term
estimate, using the range of source terms estimated from the monitoring data (575
to 4025 Ci/year). Including a range of possible source terms did not strongly
influence the final risk estimates (see Section 5.8.2).

Fibre 5-11 shows individual estimates of the source term from the data at
each momtor. The spatial variability of this estimate is close to the factor of 2 that
should be expected from predictions of annual averages using a Gaussian model
(Harrison and McCartney, 1980). Figure 5-12 shows, as expected, that the Gaussian
model over-predicts close to the source (the Gaussian equation goes to infinity at
zero distance).

The model also under-predicts at the S and NNW monitors, both of which
are located in a creekbed that runspast the silos and which have the highest radon
concentration measurements (Fig. 5-12). These radon peaks are apparently caused
by I_ravitational flow of cold, heavy air in the creekbed under low-wind conditions.
This is called "the drainage effect" by site meteorologists (P. Spots, personnel
communication September 1991). The effect appears to be especially strong in the
measurements at the southern monitors in 1990. The nearby monitors in the
eastern sectors are on the far side of the creekbed on a bluff and behind trees, so we
assume that the channeling that increases concentrations in the creekbed also
decreases concentrations at these monitors correspondingly. Thus there is no close-
monitor peak in the measurements.

None of these conditions is included in the meteorological data for the site,
which were taken from a tower not subject to those local, small-scale effects.

It is clear from Figure 5-12 that the site and monitors have some
characteristics that are not well handled by the sector-average Gaussian plume
model and that can explain the outliers in the estimated source term. If we (semi-
arbitrarily), eliminate those estimates produced by conditions we know are outside
the capabilities of the model - the two highest values from the closest monitors
(WSWand W)and three extreme low values from monitors in the creekbed (S,
NNW, and SSE) -- we obtain an estimated source term of about 1500 Ci/yr. The
uncertainty of this estimate is equivalent to that of the Gaussian dispersion model,
about a factor of 2 plus the uncertainty of the estimated backgroundradon
concentration.

I
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Figure 5-9. Location of site radon monitors.

Figure 5-10. Source term coefficient.
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Figure 5-11. Predicted source term from data at each monitor.
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Figure5-12.Measuredandpredictedradonconcentrations.
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5.52.3 Radon Production Rate

The rate of production of radon within the silos is not known, lt must be
estimated from measurements of radon concentrations in the head spaces of the
silos and the estimated loss rates.

At equilibrium, the rate of production of radon must equal the sum of the
losses frqm decay and from escape to the outside. Each silo contains about 33 Ci
(1.2 x 10" GBq) of radon gas (BNI, 1990). At a half-life of 3.82 days, the decay rate
of this radon must be 6.0 Ci/day (220 GBq/'day). From our estimate of the source
term, the average loss rate from each silo to the outside (1150 Ci/yr from both)
must be 1.6 Ci/day (59 GBq/day). The tota I production rate at equilibrium was
then estimated to be 7.6 Ci/day (281 GBq/day) per silo. The production rate for
the minimum loss rate predicted from the radon monitors (575Ci/year) is 6.8
O/day, and the production rate for the maximum loss rate (4024 O/year) is 11.5
O/day.

The estimated physical upper limit on th e source term that corresponds with
a total production rate of 7.6 O/day (281 GBq/day) is 5550 Ci/yr (2.1 x 10-'
GBq/yr). Note that this estimate is slightly circular, in that it includes our estimate
of the source term obtained from a different calculation.

5.5.2.4 Routine Concentrations On and Offsite

Fenceline Residents- Monitoring Data

Because the gaussian plume model does not predict radon concentrations
accurately along the FEMP boundary (see Section 5.5.2.2), monitoring data
collected at three fenceline residences were used to describe the concentration of

radon and radon progeny at houses along the FEMP western boundary. Figure 5-13
shows the location of these monitoring stations, and Table 5-6 gives measurements
made at these stations in 1988 and 1989. The net increase in radon associated with
the silos was estimated by subtracting the average; outdoor background
concentration in the area (0.5 pCi/L (18.5 Bq/rfi'_), section 5.5.1) from each
measured value. The average of the net radon concentration at the three residential
monitors is 0.45 pCi/L (16.7Bq/m"), and the standard deviation is 0.17.

Table 5-7 gives the calculated concentration of radon and radon progeny at
these locations in units of Working Levels (WL,). The equilibrium factor used to
calculate concentrations in units of working levels for these stations was 0.5 indoors
and 0.22, 0.26 and 0.3.3outdoors for RES-l, RF_._-2and RES-3, respectively (from
Figure 5-6). These sixpairs of concentrations (indoor and outdoor) were used to
represent the distributfon of concentrations to which fenceline residents are
exposed.
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Figure 5-13. Locations of FEMP residential monitors.
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Table 5,-6..Measured radon concentrations at three residential monitors (pCi/L,
(Bq/m°)).

1988 1989
$4 OO

mcasurcd net mcasurcd net

R.SS-1 1.3(48.1) 0.8 (29.6) O_ (_ 0.3 (11.1)

RF.S-2 0.9 (33.3) 0.4 (14.8) 0.9 (33.3) 0.4 (14.8)

RES..3 1.0 (3/.0) 0.5 (18.5) 0_8(29.6) 0.3 (11.1)

@

.._L,r,omU.SDOe(1900_)
net radon mcrcascassociatedwith lhc silos;subtractback_ound (0.5 pCi/L, 18.56Bq/m 3) from the

mcasurcdvalue.
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Table 5-7. Calculated radon concentrations at three residential monitors (WL).

Equilibrium Factor Concentrations in Working Levcls
1988 1989

OUT IN OUT IN OUT IN

RES-I 0.22 0.5 1.7E-3 4.0E-3 6.5E-4 1.5E-3

RES-2 0.26 0.5 1.0E-3 2.0E-3 1.0E-3 2.0E-3

RES-3 0.33 0.5 1.6E-3 2.5E-3 9.8E-3 1.5F.-3

_Other Recept0r_ - Gaussian Plume Model

The sector-average Gaussian plume model wasAapplied to an assumed radon
emission rate of 1150 Ci/yr (36.5 x 10° pCi/s, 4.3 x 10') GBq/yr) from the silos,
using weather conditions measured at the 10 meter level of the site meteorological
tower for the period 1987 through 1990, (M. Phillips, personal communication,
August 1991).

It was assumed that the indoor radon concentration associated with the silos
was the same as the predicted outdoor concentration, with an equilibrium factor of
0.5 applied to calculate concentration in units of working level (WL).

Figure 5-14 shows predicted concentrations of radon and radon progeny near
the source. The material released from the silos is primarily the pure radon gas.
This being the case, it requires some time for the decay products to appear. Peak
concentration expressed as working levels (WL) is a function of the ifiteraction
between the rate of buildup and the rate of dispersion. Under average weather
conditions, concentration of radon progeny is highest at about 500 ta from the
source. The taaxtmum concentration predicted at 500 ta was used to represent the
concentration of radon to which indoor and outdoor onsite workers were exposed.

Table 5-8 summarizes the models and parameters used in predicting
concentrations of radon and radon progeny resulting from the routine release of
radon from the K-65 silos. Predicted concentration distributions at individual

receptors .are given in Table 5-9. Figure 5-15 shows the average predicted
concentration of radon and radon progeny indoors and outdoors within 5 miles of
the FEMP in units of working levels.
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Figure5-14. Predicted radon concentrations near the source.
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Table5-8.Routinereleasescenario- modelsandparametersforpredicting
concentrations.

OUTDOOR INDOOR

radonconcentration predictedusing predictedusing
gaussianplumemodel gaussianplumemodcl

sourceterm 11.50Cil_ 1150al_
(43xlo"oeq/yO (43: lo"Oeq/yr)

¢quih'briumfactor varieswithtlme 0.5
sincerclcasc
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Table5-9.Routinereleasescenario-- predictedconcentrationsat individual
receptors.

Receptor Predicted Concentration(WL)
OUTDOOR INDOOR

0

Worker (500 m) 8.4E-04 3.3E-03
qIO

Fena:lineresidents Table 5-7 Table 5-7

Within I mile Figure 5-1.5 Figure 5-15

Within 5 mile Figure 5-15 Figure 5-15

Hamilton '" 4.1E-05 3.0E-05

eeo

C'mclnnati 1.8E-05 1.32E-05

..maximum concentration at 500 m.

...measurements at three monitored houses.
average predicted concentration for three polar grid nodes.

Figure 5_15.Estimatedradonconcentrationsfromroutine emissions of 1150Ci/yr
(43 x 10'_GBo/_), outdoor concentrationsin unitsof pCi/L (range is 0.003 to 0.4
pCi/L,contour"s'ar'efrom 0.02 to 0.38 pCi/L, intervalshownis 0.04 pC'i/L).

%
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5.52.5 Accidental Exposures

The accident analyzed is a collapse of the top of one silo with instantaneous
release of the contents of the head space plus the entire radon production of the silo
contents_or seven days before they are again contained (BNl, 1990). This is a 33 Ci
(l.2x 10"-_GBq) puff plus a 53.2 Ci(2 x 1(_ GBq) leak over seven days (i.e. 7.6
Ci/day).

We assume that the probability of an accident is independent of
meteorology, which is reasonable if we do not believe that a powerful storm is likely
to cause the accudent. This assumption is conservatwe, in that dispersion rates
durin$ a storm are much higher than those under more normal conditions, so the
resulting exposures to the nearby population would be much lower.

Under this assumption, the probability distribution of possible outcomes of
an instantaneous release is equal to the distribution of exposures from emission of
33 Ci (1.2 x 10_ GBq) under the joint distribution of meteorological conditions over
a year.

Exposures from an accidental release of seven days duration are more
difficult to assess, because this is an inconvenient duration for quantifying the effects
of weather. Lacking a statistical description of real weather patternsfor one-week
intervals, the best we can do is set bounds on the possible outcomes.

At one extreme, the weather could remain constant for the entire week in the
conditions at the time of the accident. This produces a distribution of estimated
exposures with much higher variability than would normally occur over a week. At
the other extreme, the weather could go through the entire annual cycle of stability
cl .as..sesand wind speeds during the week -- annual average weather. This produces
a dlstn'butlon of estimates with much lower variability that would normally occur.
Reality must be somewhere in between.

We make no attempt to include the uncertainty of the accident source term
in this analysis. We have no credible way of estimating it. For purposes of this
assessment, it was assumed that neither the workers nor the surrounding population
were evacuated.

Concentrations in working levels (WL) are not predicted for the accidental
release because the concentrations will vary over time during the event, and because
the values of interest are individual and population exposure WLM for the event.

Table 5-10 summarizes the models and parameters used to predict exposures
associated with the accidental release of radon. The distributions of the resulting
accidental exp.osures are shown in Table 5-11. The expected population exposure
within 5 miles is about 0.096 Person-WLM for both weather conditions.
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Table 5-10. Accidental release scenario - models and parameters for predicting
concentrations and calculating exposure.

OUTDOOR INDOOR

exix_ute in predicted using predicted using
(WLM) gaussian plume model gaussian plume model

sourceterm initial release initial release _

33 Ci (1.2 x 103 GBq) 33 Ci (1.2 x 103 GBq)
7 day continuous release 7 day continuous release
of 7.6 Ci/day (GBq.) of 7.6 Ci/day (GBq)

equih'brium factor varies with time 0.5
since release

Table 5-11. Estimated range of accidental exposures to 1 mile. a

Exposure(P-WLlV0
Weather Mean Median 95% Range

Constantb 0.096 0.0014 0.0-0.62

Annual Average c 0.096 0.057 0.050-034

a. Initial emission of 33 Ci plus 7.6 Ci/day for one week. No evacuation.
b. Weather in the following week unchanged from the time of the accident.
c. Weather during the following week goes througl_ the full annual distribution of stability classes and
wind speeds over ali sectors.

5.6 Exposures to Radon and Radon Progeny

Exposure estimates were developed for the receptors described in section
5.4, using predicted concentrations of radon and radon progeny originating in the K-
65 silos, and measured concentrations at fenceline monitors.

For background levels and for levels associated with the routine release
scenario, exposures were calculated in units of WLM/Lifetime forindividual
exposures and person-WLM/Lifetime for population exposures. For the accidental
release scenario, exposures were calculated for the event in units of WLM.

Most estimates of individual exposure are presented as probability
distn'butions rather than single point estimates:. These exposure distributions were
calculated using Latin Hypercube sampling of _.heparameter distributions included
in the formulae described below.

Some of the estimates described below were calculated using.single values,
.... 'e"mm_,,e ,-st,mate of e osure The individual routine e osureorodu,.ins ,, d,., , ' .'...i .. i .... xp . " ' ' xp to

I _,orkers, and the individual to workers and to offsite populationsexposures
,_ associated with the accidental event were calculated deterministically, using the

i
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average values of the parameters in the formulae given below. Population
exposures were calculated as single value estimates, using mean values of individual
exposure.

5.6.1 Calculation of Exposure

5.6.1.1 Routine Release Scenario and Natural Background Exposures

The follo_,,ing formulae were used to calculate individual and population
lifetime exposures for the routine release scenario and for natural background levels
of radon.

Individual Lifetime Outdoor Exposure

OEXF (W1,M/Lifetime) = OC (WL) x 51.5 (WM/year) x YE x OF

where:

OEXP = outdoor exposure (WLM/Lifetime)
OC = outdoor concentration (WL)
YE = years exposed (years)
OF = Fraction of year exposed outdoors

Individual Lifetime Indoor Exposure

IEXP (WLM/l.,ifetime) = lC (WL) x 51.5 (WM/year) x YE x IF

where:

IEXP = indoor exposure (Wf M/Lifetime)
IC = indoor concentration (WL)
YE = years exposed (years)
IF = Fraction of year exposed indoors

Total Individual Lifetime Exposure

Total individual lifetime exposures (TEXP) were calculated for each
scenario and receptor by s'amming the estimated lifetime indoor exposure (IEXP)
and the estimated lifetime outdoor exposure (OEXP).

TEXt (WLM/l.a'e'6me): OEXF + IEXF

Population (Collective)Lifetime Exposure

Population lifetime exposures inperson-WLM (indoor, outdoor, total) were
calculated by multiplying the mean lifetime exposure estimate for each grid cell by
the estimated population in the cell. These values were summed to estimate the
total population exposure for a receptor.

!
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5.6.1.2 Accidental Release Scenario

For the accidental release scenario, individual and population exposures
were calculated by the model described in Section 5.5.2.5.

5.6.2 Natural Background -- Input Parameters and Exposure Estimates

Exoosure Parameters

The number of years exposed was 70 to provide an estimate of lifetime
exposure to natural background levels. The fraction of time spent indoors was
described by a triangular distribution, with a minimum at 0.4 (9.6 hours ), a
maximum at 1 (24 hours) and an expected value of 0.924 (22.2 hours).

Exposure Estimates

Lifetime individual and population exposures were calculated as described in
section 5.6.1.1. Table 5-12 presents the estimates of individual lifetime exposure
from natural background concentrations. Ali identified receptors, including the
onsite workers, were assumed to be exposed to the same distribution of indoor and
outdoor natural background radon levels. The mean exposure to background
concentrations of radon and radon progeny was 55.0 WLM, the median exposure
was 36.1 WLM, and 95% of individuals are expected to be exposed to less than 169
WLM.

The natural background ,population exposures for ali identified population
receptors (I-I.anulton, Cincinnati, tile population within 1 mile and the population
within 5 ,r_les) were calculated by multiplying the mean individual exposure (36.1
WLM, Table 5-12) by the total population of each of the receptors (Table 5-13).
Table 5-13 gives the estimated population exposures associated with background
concentrations of radon and radon progeny.

Table 5-12. Lifetime individual exposure estimates - background concentrations
(WLM).

MEAN MEDIAN 95% CL

55.0 36.1 169.0
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Table 5-13. Lifetime population exposure estimates - background concentrations.

Receptor Population Population Exposure
(person-WLM/Lifctime)

Within 1.mile 175 9.6E +3

Within 5-mi1¢ 14,729 8.lE +5

Hamilton 61,368 3.4E +6

Cincinnati 441,732 2.4E +7

B
• °

5.6.3 Routine Release Scenario .. Input Parameters and Exposure Estimates

Individual and population exposures for the identified receptors were
calculated as described in section 5.6.1. The exposure parameters used in the
analysis are summarized in Table 5-14. Table 5-15 presents the estimates of lifetime
exposure for individual receptors. Individual lifetime exposures are highest for,
indoor workers (mean: 2.2 WLM) and for fenceline residents (median: 8.9 x 10"_
WLM). The exposure for the individual receptor within 1 mile and within 5 mile is
the exposure distribution for an individual livang anywhere within 1 or 5 miles of the
silos.

EXPOSUredistributions can be calculated for individuals living at ali 80 nodes
of the polar grid used in the analysis, but this volume of information would be
diffi..cultto present and interpret. Average exposures (rather than exposure .
distributions) were calculated for each node df the polar grid to demonstrate the
changes in exposure that occur over space. These average exposures were based on
the concentration of radon predicted at each node, a residence time of 7.8 years and
a fraction of time indoors of 0.924. These estimates of average individual exposure
are shown in Figure 5-16.

Population exposures for the Hamilton and Cincinnati receptor populations
were calculated by multiplying the mean individual exposure for the location by ttle
population of the receptor. The population exposures for the within 1-mile and
within 5-mile receptor populations were calculated in a different way, because the
individual exposure distribution calculated for individuals in this population does
not apply to the population of each polar grid node. Total population exqposuresfor
these two receptor populations were calculated by multiplying the average
individual exposure at each grid node (Figure 5-16) by the population in that node
(Figure 5-7). The resulting population exposures (Person-WLM/Lifetime) at each
polar grid node are presented in Figure 5-17. The total population exposures for
the within 1-mile and within 5-mile receptors were calculated by summing the
population exposures for ali grids within the appropriate distance. Table 5-16
summarizes tile population exposure estimates resulting from exposure to radon
released from the K-65 silos.

i
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Table 5-14. Routine release scenario -- parameters for calculating exposure.

OUTDOOR INDOOR

YEARS EXPOSED

worker 50 50

fenceline residents Avg. 7.8 years, Avg. 7.8 years,
Figure 5-8 Figure 5-8

population 1-5 miles Avg. 7.8 years, Avg. 7.8 years,
Figure 5-8 Figure 5-8

Hamilton, Cincinnati 70 years 70 years

FRACTION OF YEAR EXPOSED

indoor worker 0 0.257
outdoor worker 0.228 0.0285

ali other receptors (1 - indoor expected: 0.92
fraction) (triangular 0.4- 1)

Table 5-15. Routine release scenario- lifetime individual exposure estimates.

Receptor Exposure (WLM/Lifetime)
mean median 95% CL

Indoor Worker 2.2 -- -

Outdoor Workez 7.3E-1 - -

Fencellne residents 1.4 8,9E-1 4.6

Within 1-mile 5.7E-1 3.6E-1 1.8

Within 5-mile 1.7E-1 1.lE-1 5.5E-1

Hamilton 2.3E-2 1.4E-2 7.4E-2

Cincinnati 1.0E-2 6.3E-3 3.3E-2

i
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Figure 5-16. Average individual exposures within 5 miles of the K-65 silos (WLM)
(data range is 0.007- 0.76, contour range is 0.05.0.7, contour interval is 0.05).

Table 5-16 Routine release scenario -- lifetime population exposure estimates.

Receptor population population exposure
(person-WLM/fifetime)

Within 1.mile 175 67.0

Within 5-mile 14,729 657.5

Hamilton 61,368 1393.1

Cincinnati 441,732 44613

|
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Figure5-17. Average population exposures within 5 miles of the K-65silos (outline
at center of the polar grid is the FEMP site boundary).

!.4
4.] 1.1 1,1

Chronic Release Scenario

Predicted Populotion

Exposures(person-WLId)

5.6.4AccidentalRelease Scenario- Input Parameters and ExposureEstimates

lndividu_ and population exposures were calculated as descn'bed in section
5.6.1. An analysp was performed for constant weather and annual averagcweather
conditions(Section 5.5.2.5). The mean predicted exposure is the same for bom
weather conditions. The exposure estimates presented below are based on average
annualweather conditions.

Individual exposures were estimated for the most highly exposed workers
(indoor and outdoor workers), the most highlyexposed fenceline resident, and
individualsin Hamilton and Cincinnati. Population exposures were calculated for
the population living within 1 mile and 5 miles of the sa'los,.and for the populations
of Hamilton and Ciflcirmati. The exposure period used i_ the estimation at.
exposurefor the general population was 7 days, with 92.4% of time spent indoors.
Indoor workers were assumed to be exposed to radon and radon progeny released in
an accident for 9 hours per day (ali indoors) for 7 days. Outdoor workers were
assumed exposed for 7 days, 1 hourper day indoors and 8 hours per day outdoors.
Table 5-17presents the estimates of exposure for individual receptors. Table 5-18
summarizes the population exposure estimates for the accidental release scenario.

I
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Table 5-17. Accidental release -- individual exposure estimates.

Reecplor Individual Exposure (WLM)

Indoor worker* 4.7E-3

O

Outdoor Worker 1.6E-3

O

Fenceline Resident 3.1E-3

Hamilton 1.2E-4

Cincinnati 5.3E-5
t

workerand resident with maximum predicted exposure

Table 5-18. Population exposure estimates -- accidental release.

Receptor Population Population Exposure Estimates
(Person-WLM)

Within 1.mile 175 0.6

Within 5.mile 14,729 6.3

Hamilton 61,368 7.2

Cincinnati 441,732 23.3

5.7 Risk Characterization

5.7.1 Calculation of Risk

The individual lifetime risk associated with exposure to radon and radon
progeny was calculated as:

ILR = TEXP x RF

where:
ILR = individual lifetime risk

TEXP = total lifetime exp._sure (WLM/lifetime)
RF = risk factor (2.0 x 10 deaths/WLM)

When total lifetime exposures were calculated as distributions, the individual
lifetime risk calculated using the above equation was also described as a
distribution.

Some of the individual lifetime risk estimates described below were
calculated using single values, resulting in a deterministic estimate of individual
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lifetime risk. The individual routine risk to a worker, and the individual lifetime
risks associated with the accidental event were calculated deterministically,.usinl_
the average values of the parameters in the formulae given below. Population risks
were calculated as single value estimates, using mean values of individual risk.

The total population risk for a given population receptor (predicted number
of excess cancers) was calculated as:

PR ffiPE x RF

where:

PR- total population risk (cancers)
PE -'-population exposure.(person-WLM/lifetirae)
RF -' risk factor (2.0 x 10"4 deaths/person-WLM)

5.7.2 NaturalBackground.- Risk Estimates

Lifetime individual and population risks associated with exposure to natural
background concentrations of radon and radon progeny were calculated as
described in section 5.7.1. Table 5-19 and Figure 5-18 summarize the individual
lifetime risks for indMdual receptors. Table 5-20 and Figure 5-19 summarize the
population risks associated with exposure to natural background levels of radon and
raoon progeny.

Individual lifetime risks associated with baqkground concentrations of radon
a,nd radon progeny have a mean value of 1.2x 10"_',and a median value of 7.3 x 10"
'L 9,5%of indMduals are expected to have an individual lifetime risk less than 3.7 x
10"".

The number of cancers over a lifetime associated with natural background
concentrations of radon and radon progeny is highest for Cincinnati (5168) because
it has the largest population.

Table 5-19. Lifetime individual risks - background concentrations.

MEAN MEDIAN 95% CL

1.2E-2 7.3E-3 3.7E-2

,lt
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Figure5-18. Distribution of individual lifetime risksassociated with exposure to
background concentrations of radon and radon progeny.
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Table 5-20. Population (collective) risksdue to natural backgroundradon.

Receptor Lifetime PopulationRisks
(# ofcancers)

Within1-mile 2.0

Within5..mile 172.3

Hamilton 718.0

Cincinnati 5168.3



Figure 5-19. Population (col_ctive) risks due to natural background radon
(predicted # of cancers x I0") within 5 miles of the silos (outline at center of polar
gnd is FEMP site boundary.

5.7.3 Routine Release -- Risk Estimates

Lifetime individual and population risks associated with exposure to
predicted concentrations of radon and radon progeny resulting from the routine
release of radon from the K-65 silos were calculated as described in section 5.7.1.
Table 5-21 summarizes the individual lifetime risks estimated for the routine release
scenario. Figure 5-20 presents the distn'bution of lifetime individual risks for the
most highly exposed fenceline resident.

Average individual lifetime risks were calculated for each node of the 5 mile
polar grid based on the average individual exposures shown in Figure 5-16. These
average individual risks are shown in Figure 5-21. Table 5-22 and Figure 5-22
summarize the population risks associated with lifetime exposure to radon and
radon progeny originating in the K-65 silos.

Individual lifetime risks are highest for,indoor workers (mean: 4.3 x 10-4) ,
and for fcncelinc residents (median: 1.8 x 10""). Median risks greater than I x 1_0"
were predicted only for fenceline residents. The 95% CL is greater than 1 x 10"" for
fenceline residents and for the individual living within 1 mile and 5 miles of the

l
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silos. Veryfew cancers (less than one in a lifetime) werepredicted for the
populations within 1-mile, within 5-miles, in Hamilton and Cincinnati (Table 5-22).

Table 5-21. Routine release scenario --lifetime Individualrisk estimates.

Receptor IndividualLifetimeRisk
mean median 95%CL

IndoorWorker 4,3E4 ....

OutdoorWorker 1.5E-4 - -

Fcncellnc resident 3.0E4 1.8E-4 1.0E-3

"'" Within1.mile 1.2E4 7.0E.5 4,2E4

Within$,mUe 3.6E,$ 2.2B-5 L2E.4

Hamilton 4.9E-6 2.8E-6 1.6E-5

Cincinnati 2.1E-6 1.3E-6 7.3E-6

Figure 5-20. Routine release scenario -- distributionof individual lifetime risks for
most highlyexposed fencellne resident. (Note: the risks estimated for the routine
release scenario are much smaller than those associatedwithbackgroundexposures;
when comparing Figure 5-20 to Figure 5-18please note that the unlts are different).
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I

.08 t 762 -,1
"_ .OS J"508 ¢:
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Individual Risk
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Figure5-21. Routine release scenario-- average individual lifetime risks (x 10"3)
within 5 miles of the silos.
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Table 5-22.Routine release scenario- lifetimepopulation risks.

Receptor LifetimePopulationRisks
(_ c,mcen)

Withlnl-mile 0.01

Within5-mile 0.13

Hamilton 0.30

Cincinnati 0.95
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Figure 5-22. Populalion (collcclive) risks based on lhe rouline release scenario
(predicted # of cancers x 10"'_)within 5 miles of lhe silos (outline al center of polar
grid is FEMP site boundary.

5.7.4AccidentalRelease - Risk Estimates

Individualand population risksassociated with exposureto predicted
concentrationsof radonand radonprogenyresulting froman accidentalrelease of
radonfrom one of the K-65 silos were _lculated as described m section 5.7.1.
Table 5-23 summarizes the individualrisksfor ecific receptors andTable 5-24
summarizes the population risks associated wit_apexposure to radon and radon
progeny due to _/n/tccidental release.

lndividu.al risks associated with t_ accidental release of radon from I,he silos
are hiehest for indoor workers (1.2 lt 10"°) and fencelme residents (7.9 x 10".1).No
indiviclualrisks greater than 1 x 10"° were predicted. Population risks are highest in
Cincinnati (0.00_3),but no population receptor had population risks greater than 1.0.

65



Table 5-23. Accidental release -- individual risk estimates.

Receptor Individual Risk

Indoor Worker 9.4E-7

Outdoor Worker" 3.2E-7

Fenceline Resident 6.3E-7

Hamilton 2.4E-8

C'tacianafi .1.lE-8

most highly exposed worker and fenceline resident

Table 5-24. Accidental release - population risks.

Receptor Population Risks - # cancers

Within 1-mile 0.0001

Within 5-mUe 0.0013

Hamilton 0.0014

Cincinnati 0.0047

5.8 Assumptions and Uncertainties

This assessment included a number of assumptions and associated
uncertainties which should be considered in interpreting the results of the analysis.
The major assumptions incorporated into the assessment, and the associated
uncertainties are described below. As noted, some of the uncertainties described
have been incorporated into the assessment through the use of Monte Carlo
techniques. Other uncertainties were treated in a separate uncertainty analysis (i.e.
uncertainty in source term), and still others are discussed qualitatively.

5.8.1 Indoor and Outdoor Background Cel_lcentrations

The background concentration outdoors near the FEMP was described by
the average concentration measured at 4 stations more than 25 km from the facility.
This assessment assumed that outdoor background concentrations of radon from 1-
10 miles from the site could ali be represented by this value (0.5 +/- 0.18 pCi/L).
In fact, natural background concentrations vary over space.

The indoor background concentrations near the FEMP site were described
: I,,ya distribution of values derived _rorn a study based on monitors sent to homes
- ,'esponding to a mail order survey (Cohen and Shah, 1991). Bias reduction

techniques were employed in this survey, but the authors believe that the reported
_a
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values may be biased upward by as much as 20%. Sources of bias in this study
include: 1) low income families are underrepresented; 2) high rise apartments were
not included; 3) people concerned with environmental issues are overrepresented
and a higher percentage of houses have been weatherized than the national average;
4) urban areas are underrepresented; 4) cigarette smokers are underrepresented; 5)
rented houses are underrepresented and 6)a higher fraction of bedrooms in the
sample were in basements than is usual (Cohen and Shah, 1991). Many of these
variables are associated with reduced radon levels (Cohen and Shah, 1991). Many
variables affect the indoor concentration of radon in homes, and the backgrouni:l
concentration in homes near the FEMP is uncertain.

5.82 Prediction of Radon and Radon Progeny Concentrations

A sector-averaged gaussianplume model and site meteorological data were
used to: 1) estimate the routine anda.cidental release source terms; and 2) predict
the concentration of radon and radon progeny up to 10 miles from the silos for the
routine and accidental release scena_'.'os. Uncertainties associated with this analysis
and its associated assumptions are discussed below.

.Th_ routine release source term estimate

The sector averaged Gaussian plume model and site meteorological data are
not good representations of the rnicrometeorology of the FEMP site. The model
does not accurately predict the spatial pattern of radon concentrations measured at
the site boundary monitors. The uncertainty of the estimated source term is large
because it was derived from source coefficients back calculated from measurements
made at site boundary monitors. It was assumed that a least-squares regression
analysis that minimizes the mean-square difference between the measured and the
predicted concentrations _wer the 16 monitors would produce the best_source term
estimate. This yields an estimated ,:ource terre, of 1150 Ci/yr (4._ ""10'_ GBq/yr).
This approach should produce a reasonable estimate of the source term, even
thougfiwe have little confidence in the individual estimates close to the silos. This
calculated source term is similar to the value calculated by IT (1989) (for emissions
before the addition of the foam cover) based on estimates of diffusion through the
silo domes and free air exchange between the pore volume inside the domes and the
outside, atmosphere.

The source term back-calculated from the radon mor,Jtors is 1150 Ci/year
(section 5.5.2.2). The minimum source term calculated from a single radon monitor
was 575 Ci/year, and the maximum was 4025 Ci/year. An analysis was performed
using the distribution of source terms resulting from the radon monitors to describe
the possible range of source terms, and to predict radon and radon daughter
concentrations Within 1 mile of the silos. Table 5-25 compares the distribution of
individual lifetime risks associated with this distribution of source terms to the risks

predicted using the average source term of 1150 O/year. Including a range of
possible source terms did not strongly influence the risk estimates -- the mean risk
was increased by 30%, and the 95% Confidence Limit was increased by 33%.

!
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Table 5-25. Uncertainty analysis for radon source term-- effect on individual
lifetime risksfor people livingwithin l-mile of the silos.

Source Individual Lifetime Risk
Term mean median 95% CL

Average 1.2E-4 7.0E-5 4.2E-4
(1150Ci/year)

Distr_ution 1.6E-4 7.6E-5 5.7E-4

(575-4025 Ci/year)

The accidental release source term estimate

The estimate of the amount of radon that would be lost during an accidental
release from one of the silos is based on the amount of radon available in the head
space, the production rate of radon in the silos, and the estimated loss rate. The
amount of radon in the head space was previously estimated from gas samples (33
Ci, 1221GBq, BNI, 1990). The production and loss rates depend on the calculation
of the routine release source term described above and have the same uncertainties.

The source term for the accidentbased on the average routine source term
estimate is 33 C"iinstantaneously, with an additional 53.2 Ci spread over 7 days. The
source term calculated for the minimum routine source term ]s 33 Ci + 47.6 Ci over
sevendays, and the maximum source term gives an estimate of 33 Ci + 80.6 Ci over
7 days.

The maximum potential source term is less than twice the average estimated
source term. Estimated risksgssociated with the accidental release of radon from a
singlesilo are small (6.3 x 10" at the fenceline) and even a doubling of the .
predicted concentration and risk would result in small estimates of risk (1.3 x I0"°).

.Treatment of meteorology duringthe accidentalscenario

We assume that the probability of an accident is independent of
meteorology,which is reasonable ff we do not believe that a powerful storm is likely
to cause the accident. This assumption is conservative, in that dispersion rates
during a storm are much higher than those under more normal conditions, so the
resulting exposures to the nearby population would be much lower. Under this
assumption, the probability distribution of possible outcomes of an instantaneous
release is equal to the distribution of exposures from emission of 33 Ci (1221 GBq)
under the joint distribution of meteorological conditions over a year. Lacking a
statistical description of real weather patterns for the remainder of the week of the
accident, the best we can do is set bounds on the possible outcomes.

At one extreme, the weather could remain constant for the entire week in the
conditions at the time of the accident. This produces a distribution of estimated
exposureswith much higher variability than would normally occur over a week. At
the other extreme, the weather could go through the entire annual cycle of stability
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classes and wind speeds durin_ the week -- annual average weather. This produces
a distribution of estimates with much lower variability that would normally occur.
Reality must be somewhere in between.

5.8.3Exposure Periods

Time at Home and Time Spent Indoo_

This assessment assumes that people receive ali of their radon exposure
where they live. This is a conservative assumption (resulting in an overestimate of
exposure and risk for radon associated with the silos) forpeople livingwithin 5 miles
of the silos, because most people will spend part of their day away from home where
the radon concentration associated with the silos is smaller. This assumption was
made because the analysis is for exposure to a spatially varyi'ngconcentration of
radon m a plume, and because lt is not possible to account for the movements of ali
the people subject to exposure.

Far calculation of routine exposure to radon this assessment assumed a
distribution of average residence time for rural populations estimated from current
residence time data (Israeli and Nelson, 1992). This distribution was derived from
nationwide rural data, and may not be completely representative of the moving rates
of the population near the FEMP. The application of this distribut!on assumes that
once a household moves, it moves away from the impacted area-- this may not
alwaysbe the case and could produce a small underestimate of the individual risks
associated with the routine loss scenario within 5 miles of the FEMP.

A residence time of 70 years was assumed for the populations of Hamilton
and Cincinnati because, for urban populations, moving could not be assumed to
remove the population from the impacted area. This assumption willproduce an
overestimate of the individual risks associated with the routine lossscenario. ..
However, the,_risks predicted for Hamilton and Cincinnati were small, (1.3 x 10"°
and 3.0 x 10"u for Ci"ncinnatiand Hamilton, respectively) and this conservative
assumption did not have an important effect on the assessment.

Tira.eSpentIndoors

Because of the in_owth and behavior of radon progeny, plus other factors,
the exposure to radon and radon progeny in units of WorkingI.evels is different
indoors and outdoors. This assessment assumed a most probable time indoors of
92.4%. The distribution used to describe time spent indoors for the probabilistic
analys_swas a triangular distribution, most probable value at 92.4%, minimum at
40% and maximum at 100%. The shape and bounds of the distribution are
uncertain.

5.8.4Risk Factorfor Radon

Thisassessment assumed a risk factor distribution for radon and radon
progenydescribedby alognormal distribution,with a geometric mean of 2.0 x 10"'
per _rson-WLM and a geometric standard deviation of/Section 5.3.5). There is
considerablecontrover_ over the quantitative relationship between magnitude of
exposure to alpha radiation from radon progeny and resulting risk of lung cancer
(NRC, 1988). Lacking the necessary data, we must assume the simplest relationship
which, at the current state of knowled_;eis a linear, nonthreshold .function
extrapolated from the high doses of rmners to the much lower doses of the general
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public. This extrapolation has exceedingly high uncertainty, and may overestimate
the risk associated with exposure to radon and radon progeny. Some of the
uncertainty in the risk factor was incorporated into the analysis by using a
distribution of risk factors reported by a number of studies (section 5.3.5. ICRP,
1991a).

5.9 Summary- Risk Assessment for Radon Released fromthe K-65 Silos

Table 5-26 summarizes the lifetime individual risks predicted for background
radon concentrations, the routine release scenario and the accidental release
scenario. Median lifetime risks are given for the background and routine scenarios
(except workers,value given is mean). Mean risk estimates are given for the
accidentalscenario.

Table 5-27summarizes the population risks (predicted number of cancers)
associated with the three scenarios. The number of cancers associated with
background is much higher than those associated with either the routine or
accidental release of radon from the FEMP silos.

Radon and radon progeny associated with theAK-65silos are estimated to
result in individtlallifetime risks greater than 1 x 10"_only lo/' indoor workers
(mean: 4.3 x 10"_) and fenceline residents (median: 1.8x 10"_) under the routine
release scenario. Population risks associated with the routine and accidental release
scenarios are less than 1.0 for all identified receptor populations.

Total individual and population risks associated with radon exposure
(background plus radon from the silos) is dominated by risks associated with
background radon for both the routine release and the accident scenarios.

Median individual risks associated with natural background concentrations of
radon exceed risks associated with the routine release from the silos by 1 to 3 orders
of magnitude (Table 5-26). Mean population risks associated with background
radon are 2 to 3 orders of magnitude larger than those associated with routine
releases (Table 5-27).

Risks associated with the accidental release of radon are also much smaller
than median risks associated with natural background concentrations. Median
individual risks associated with natural background concentrations of radon exceed
risks associated with the accidental release li'ore a silo by 2 to 5 orders of magnitude
(Table 5-26). Mean population risks associated with background radon are 4to 6
orders of magni_lde larger than those associated with routi'ne releases (Table 5-27).
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Table 5-26. Individual lifetime risks.
, Q 0o

Receptor Background Routine Accidental
oo

Indoor Worker 7.3E-3 4.3E-4 9.4E-6
*0

Outdoor Worker 7.3E-3 1.5E-4 3.2E-7

FenceUne Resident 7.3E-3 1.8E-4 6.3E-7

Within 1 mile 7.3E-3 7.0E-5 --

Within 5 mile 7.3E-3 2.2E-5 --

Hamilton 7.3E-3 2.8E-6 2.4-8

Cincinnati 7.3E-3 1.3E-6 1.1E-8

*

..median
average

Table 5-27. Population risks.

Receptor Background* Routine* Accidental**

Within 1-mile 2.0 0.01 0.0001

Within 5-mile 172.3 0.13 0.0013

Hamilton 718.0 0.30 0.0014

Cincinnati 5,268.3 0.95 0.0047

*

.,median
average
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6 RISK ASSESSMENT FOR URANIUM IN GROUND WATER
('SOUTH PLUME')

6.1 Problem Summary and Outline of Steps in the Assessment

6.1.1 Steps in the Assessment

Major steps in the risk assessment for uranium in ground water at the FEMP
are listed below, and are summarized in Figure 6-1.

1.Define the problem (section.6.1).
2. Review mf6rmation on uramum transport and fate (section 6.2)
3. Review dose-response information and identify appropriate cancer risk
factors and toxicity threshold distributions (section 6.3)
4. Identify release scenarios, exposure scenarios and receptors (section 6.4)
5. Develop estimates of source term and predict concentrations of uranium in
ground water, food and milk (section 6.5, 6.6).
6. Estimate intakes (section 6.7) by people m the potentially exposed groups.
7. Estimate individual lifetime fatal cancer risks and the annual risk of toxic
effects (section 6.8)

Figure 6-1. Steps in the risk assessment for uranium in ground water at the FEMP.
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6.1.2 Problem Summary

Elevated uranium concentrations have been detected in ground water south
(and downgradient) of the FEMP. Concentrations of uranium greater than the
proposed drinking water standard of 20 _,g/L (Federal Register, 1991) are present at
some locations south of the facility. The highest uranium concentrations detected
are in the upper level of the aquifer.

There are two distinct areas of uranium ground water contamination at the
FEMP. The "south plume" is centered outside the site boundary along Paddy's
Road (Figure 6-2), and its projected path is south to the Miami River. The second
plume is located onsite near the fly ash piles (Figure 6-2).

The principal sources of uranium in ground water south of the facility are
historical releases of uranium in water from Paddy's Run and the storm sewer
outfall ditch, which came from storm water runoffin the waste storage area. This
contaminated water entered the aquifer through infiltration along Paddy's Run.
This release of uranium to the aquifer through infiltration is continuing, although at
greatly reduced levels.

Uranium in the storm sewer outfall ditch came from contaminated storm
water diverted from the production area. This contaminated water also entered the
ground water through infiltration. These releases were discontinued in 1989 with
the construction of the storm water retention basin.

Uranium is generally considered to be a chemical toxicant first and a
radiological toxicant second. The main concern is the possibility of toxic effects to
people using ground water south of the facility. A number of potential ground water
users are located downgradient of the FEMP. Potential future receptors include
residential or agricultural wells in the path of the plume, and possible future wells in
the potentially impacted area.

6.1.3 Current Status

A Remedial Investigation/Feasibility Study (RI/FS) is currently underway
for Operable Unit 5, which includes the Great Miami Aquifer near the FEMP. The
RI/FS investigation includes additional monitoring of the ground water, an ongoing
modeling effort to better characterize uranium contamination of ground water, and
a determination of the need for remedial action. Because the south plume has
contaminated offsite groundwater in an area with potential human receptors,
USDOE determined that a short term removal action was needed, prior to the
¢ompletien of the RI/FS and implementation of the final remedial action for the
regional aquifer.

An Engineering Evaluation/Cost Analysis (EE/CA) was completed
(USDOE, 1990b), andthe preferred alternative for the south plume removal action
includes 1) providing an alternate water supply to two industrial users along Paddy's
Run; 2) interception and collection of contaminated ground water near the southern
limit of the south plume and discharge of contaminated water to the Great Miami
River; 3) installatmn of an interim advanced waztewater treatment system within
FEMP boundaries to treat an existing discharge to the Great Miami River, and 4)
monitoring and industrial controls.

i
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Figure6-2. Current extent of uranium contamination in ground water (predicted by
a ground water model, calibrated against monitoring data, Section 6.5.2).
Concentration range is 1- 450ug/L, contour interval shown is 50ug/L

0

\

6.2 Uranium. Physical Properties and EnvironmentalFate

This section summarizes the physicalandchemical properties of uranium, its
geochemistrym soil and groundwater,and the factors affecting uranium transport
and fate in the environment.

6.2.1Physical and Chemical Properties

PhysicalProperties

Uranium is a dense, silvery metalwith a me,ta.atomic weig]3tof 238.03.
]_/tural ur.aniumcontains .flareeisotopes- 99.27% z-_U, 0.72%/'-':'U,and 0.0055%
L"_U.The isotopes of uramum ultimatelydecay to stable isotope_of lead.gtjrougha
seriesof steps va_abeta and or alpha decay. The q_ay series of z-_U and z-'sUare
nresented iriFigure6-3. Because the half life of z-'aU is shorter than the_half-lifeof2381 238 235

U, the ratio of U/ 'I,,1h_,._aotbeen constant throughout earth s history. 4.55
billionyears ago the ratio z"_U/_U was ordy3.33, compared to the current ratio of
136.5.
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Figure 6-3. Uranium-238 and uranium-235 decay series.
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Radioactive Materials and NuclearReactions

fo The two natural .uranium decay serif§ shown in Figure 6-3 lead to the
marion oLt_,o stablejliotopes of lead - z_U decays via the vroduction of 8 aloha

particles to aXTb, and z-'_Udecays with the release of 7 alpha'particles to 2°71'b:

Each radionuclide in the 23s_t/decaych.ain.has a much longeL_alf-life than
the correspondingmemberof the _"_Uchain _th the exception of z-'lPa.Became of
theirrelative longevitythe presej_ceof some z._j,jdaugkters i__tl;_ envirg.nmentis
of particular concern - namely z-'WI'h(]onlum), Za'Ra,z-ZZRn,ZlOl'b,and zl°Po.

Uranium can underRo spo_.taneous fission in nature, or fission _%_l_exinducedby bombarding 23sLIor z-'_Uwith neutrons. The enrichment ut--u in
natural uranium leads to the production of fissio..Lq.bomband fuel uranium. The by-
product of that enrichment process, from vhich z"_U has been removed, is known as
depleted uranium.
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ActivitytoMassRatio

The concentration of uranium in air or in aqueous Solution can be expressed
either as r_,'_ss/vg!umeor.._!t;tivity/volume. The prtnciple isotopes of natural
uranium, _"°U, _"U and z"aU have different half-lives; therefore the same mass of
each isotope will have different activities. Since the activity of a uranium solution
depends on the relative abundance of uranium isotopes, conversion between the two
waysof expressing uranium concentration requires some assumption about the
relative ab._ndanceof each uranium isot.Qpe.The activity ratio is define.cl..astb_..
decaysof z'_U relative to the decays of z'_U per unit time in a sample (z--_U/Z'-_U).
The activity ratio of natural uranium at equilibrium is 1.

Because the concentration of 235Uin non-enriched uranium is soxal:nail,
(Westort, 1987i_.clJcatesthat the average plant product was depleted in "'au) the
contribution of za:'Uto contaminant uranium at FEMP can be ignored. For the
ass&s_smenta,.tAheFEMP, it was assumed that the uranium in ground water consists
of z'_U and z'_U.

The activity/mass (pCi/mg) of naturallx:,gccu.rljnguranium can then be
calculated fro_.,,_hemeasured actMty ratio of z'4U/z'_U, AR, and the specific
activity,as, of _"_U:

pCi/mg = (I +AR)'a s

where the specific activity as of 238Uis calculated from the decay constant, x, 4.889 x
10"18sec'l: Avogadro number, AV, 6.02x 10z'_ atoms/mol; the atomic/molecular
weight of zasU, toolU, 238 g/tool; and the value for a pico-Curie, pCi, (3.7 x 10.2
dis/see'pCi):

as =), * AV
pCi* molU

as = 4.889 x 10"18 se,c"1" 6.02 x 1023 atoms/tool" 10.6 #g/g

L 3.:1X 10"2 dis/sec'pCi •238.03 g/tool

as = 0334pCi//Jg

The estimate of the relative abundance of each uranium isotope for a given
fieldsituation should be based on an assessment of the geochemical environmental
processes which alter the relative abundance of each isotope. For the purpose of
_aisdiseussmnlt can be safely generalized that the relative abundance of uranium
_sotopesm solid rock and most soil materials willbe very close to those expected at
decay equilibrium, i.e., crustal abundance. Where there is no weathering, for
example on the moon, there is no fractionation of uranium isotopes (Rosholt &
T_Q_un'19.lo,1971). Heavily weathered surficlal rocks will have activity ratios
(z"qU/Z--_U)lower than 1.00. Activity ratios as low as 0.5Jl_,vebeen measured in
some weathered rocks (Rich_rflson, 19_4). The decay of z"_U l?.Fpducestwo
intermediatergdioR_lides, z'_Pa and z'WI'hwhich along with z-_U may be more
soluble than z"_U. _"U is therefore preferentially removed by solution from
weathered rocks, and dissolved uranium can be expected to have an excess of 234U
activity over 2380, over the expected equilibrium concentration while 235Uwill
remain relatively unchanged. Therefore the activity of dissolved uranium will
generaJLv,be greater t_an the activity of uranium at decay e..q.cilibriumsinge the half-
life of z'_U (2.47 x 10a y) is much less than the half-life of z'_U (4.51 x 10:'y).
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Most investigators use an activity to mass ratio of 0.68 pCi/_g (AR = 1.00)to
estimate the activity in a sample that has been measured as total uranium by mass.
This conversionfactor assumes that the three natural uramum isotopes are present
at levels corresponding to the crustal abundance percentages. USEPA uses data
from the National Inorganics and Radionuclides Survey (NIRS) (USEPA, 1990a;
USEPA, 1991a)to support a higher ratio of 1.3pCi/ug in natural water. This higher
value can occur because natural geochemical and radiological processes mayalter
the proportions of isotopes. Because the contaminant ur_aium present at FEMP is
not "na!ural", i.e., it is not leaching from soil and rock, and because concentrations
of uramum in the contaminant plume are relatively high (> 1ug/L), the conversion
factor of 0.68is used here. For background values where disequilibrium may have
been estabhshed over long periods of time, and where the concentrations of
dissolveduranium are relatively low (< 1rg/L), the higher activity/mass ratio may
be appropriate.

6.2.2Geochemistryof Uranium

6.22.1 Occurrenceand Distribution of NaturalUranium

The elements of which the earth is composed are d'stributed in
concentrations that are roughly inversely proportional to the element's/t_ass - the
heavier the element, the rarer it is. Yet uranium, element 92, is the 46t'l most
abundant element in the crust of the earth - more abundant than tin, arsenic,
tungsten, cadmium or mercury, for example (Goldschmidt, 1954). This enrichment
of uranium near the earth's surface is a consequence of the unique geochemical
properties of this element - its association with certain lithophile mineral
assemblagesand its behavior in solution.

6.2.2.2Solid Earth

Rocks

Uranium is present in measurable amountsin almost all common minerals.
Some minerals,zirconfor example, mayhave notablyhigh concentrations of
uranium,butthe majorore of uraniumis the oxide uran_niteor "pitchblende",
rangingin compositionfrom UO 2 to U3Os. Another common mineral association
of uraniumis carnotite,K2[UO212V208. Uraniumcommonly occurs in association
with.ap.at_te,organic,shales,and peat in quantitiesthat may be economic to recover
if the namedmaterialis used for other purposes.

Uraniumin rocksat FEMP is nota significant source of backgroundlevels of
the isotopesof importancein the studyof groundwater contamination since the
contaminantplume is restricted to the soil hot ,zons and alluvial deposits
immediatelywest and south of the site. The behaviorof uranium in soft is,
therefore,muchmore importantto understandingthe nature of contaminant
_"ansportthanis the concentrationof uranium in rock.

Soil

Uranium not associated with unweathered rock minerals willbe contained in
or sorbed on the surface of organics, clays,oxides and other detrital and authigenic
components of soils.

i
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Soils in the FEMP area (see Lerch et al., 1982) were formed fromparent
materials,primarilyloess and till, deposited by Pleistocene glaciers of Wisconsinan
and ]llinoian age. Two soil types have developed from these materials- a Fincastle-
Xenia silt loam and a Fox-Genesee loam. The upper meter of both soils is strongly
acid while below 1 meter, each soil is mildly to moderately alkaline. Organic and
claycontents for each sod are moderate to low. The Fincastle soil is found at the
FEMPitself while the Fox-Genesee soil is located along Paddys Run.

Fincastle-Xeniasilt loam (an alfisol [mesic Aeric Ochraqualf-Aquic
Hapludalq)developed on 18 to 40 inches of loess over a lime), sdty till. This soil
has poordrainageretaininghigh water contents duringthe winter andspring. Fox-
Genesee loam (an alfisol [mesic .TypicHapludalf]), in contrast, is a well--dralnedsoil
developed on.24 to 40 inches of silty material over sand and gravel. Fox-Genesee
soils are restricted to the Paddy's Run floodplain.

Naturally occurring Z38Uconcentrations in the soil in Ohio range from about
0.6 to 2.2 pCi/g (Myrich et al., 1983). The 1989 Environ,_,ental M,,Ql_itoringreport
(USDOE, 1990c)assumes secular equilibrium between "_U and z-_Uandstates
that the total uranium activi_ will be about twice this amount because the three
isotopes occur together in s011.The value used as "background" appears to be 4.4
pCi/g total uranium (6.5_,g/g) (USDOE, 1990c).

6223 GroundWater

Uraniumwhich originates from rocks at the surface of the earth will first
enter solution by two roughly independent processes - one is the chemical
weathering and disintegration of silicate and other r_ir/erals; the second is by a
_liochemieal process which preferentially delivers z-_U into solution relative to
Z38U.

The first process, weathering, will lead to increased concentration of uranium
in solution in proportion to the extent and duration of the weathering process.
Thus, streams which drain heavil_,-weathered terrain with thick, permeable regolith
will tend to have high concentrations of uranium. Similarly, _round water in contact
with aquifer rocks under aerobic conditions will tend to contmuously increase in
uranium concentration with time.

The second proces_.tadioehemical, is unique in n_re !o uranium and
uranium-series elements, z-_U, a product of the decay of z-_U _spreferentially
removed from minerals following the decay. A mineral grain which in its
unweatheredstate Is in secularequilib.riumwith respect to the uranium-_t'ies_...
isotopeswill, in contact with water dunng weathering,tend to acquire_._"U/Z-'_U
actiwtyratiosomewhat less than unity depending on the rate at whi._l__".Uois
removedbom its surface. Consequently most naturalwaters have _"U/z_U
activityratiosgreater thanunity.

The source of groundwater is recharge through soils and weathered rock.
Sincesoils andweathered rockare areas where uramum-series isotopes will be
fractionatedit is to be expected that most ground water will exhibit some degree of
uranium-._edesdisequilibrium dependent on conditions within the recharge zone.

As a consequence of uranium's redox-dependant behavior, for the purpose of
discussinguranium in ground waters, such waters can be divided into three types
(Osmond& Cowart, 1976):
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withina matrix while chemical or biochemical reactions progress or because the
solution moves from a region with certain chemical characteristics to another region
w_thdifferent characteristics. Each or any combination of these factors may remove
uranium from or add uranium to a solution.

The fundamental properties of a solution can be summarized by a limited set
of operators- the pH (or hydrogen ion activity of the solution), the Eh (pE or redox
potential of the solution) and other controlling factors such as CO2 or H2S
activities. A steady-state, equilibrium model could be used to predict how changes
in those fundamental solution properties will change the concentration of uranium
in solution. Natural solutions are not necessarily in equilibrium, however. As noted,
for example,by Honeyman & Santsehi (1988) there are a range of problems
involvedin applying equilibrium geochemistry to solute beha_,iorin surface and
ground waters, namely:

1. heterogeneous adsorption surfaces;
2. parttcle concentration effects;
3. non-additivity of multiple-adsorbent systems; and,
4. slow kinetics of sorption.

Despite such limitatio.ns,the first step in characterizing the behavior of
uranium m the environment is to apply equilibrium concepts. That equilibrium
formulation can then form the bas:s on which to assess departures from steady-state,
etc.

Solution/Precipitation- pH and Oxidation-Reduction

• Under equilibrium conditions the solubility of uranium species in water is a
fu.n_on primanqy of pH and redox potential (Eh). The traditional way to present
thLstwo-aimensional behavior is by use of pH-Eh diagrams (Garrels & O/ht, 1965;
Krauskopf, 1979). In such diagrams predominance field for species of concern are
plotted Withboundaries defined either by a line of equal concentration with other
speciesor by limits of the stability of water. To produce a diagram such as that
gwen in FigtAr_e 6-4, one evaluates each reaction in turn for its dependance on pH
and/or Eh. For example, the reaction:

U022+ + 2c- --> U02

is entirely redox dependent and independent of pH. In contrast, the reaction:

+ + 2ri2o --> uo_ ++ 4H+ + _"

_ dependent on both pH and redox potential. The position of the lines delineating
elds on an Eh/pH dmgram are calculated from the Nernst equation and are based

on free energies (aGs) for each reaction (see, e.g., Garrels & Christ, 1965).

The limits on the stability of water, namely an upper limit del'reed by the
oxidation of water releasing free oxygen and a lower Iii'nitfor reduction of water
releasing hydrogen gas, fix upper and lower bounds on the figure above and below
which one wouldnormally not expect aqueous reactions to occur.

The implications for the behavior of uranium and one of its daughters,
thorium, can be summarized by examining Figure 6-4. N9te that uranium (as UO2
or U(OH)4) is insoluble under virtually all reducing conditions except at very low
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within a matrix while chemical or biochemical reactions progress or because the
solution moves from a region with certain chemical characteristics to another region
with different characteristics. Each or any combination of these factors may remove
uranium from or add uranium to a solution.

The fundamental properties of a solution can be summarized by a limited set
of operators - the pH (or hydrogen ion activity of the solution), the Eh (pE or redox
potential of the solution) and other controlling factors such as CO2 or H2S
activities. A steady-state, equilibrium model could be used to predict how changes
in those fundamental solution properties will change the concentration of uranium
in solution. Natural solutions are not necessarily in equilibrium, however. As noted,
for example, by Honeyman & Santschi (1988) there are a range of problems
involved m applying equilibrium geochemistry to solute behavior in surface and
ground waters, namely:

1.heterogeneous adsorption surfaces;
2. particle concentration effects;
3. non-addltivity of multiple-adsorbent systems; and,
4. slow kinetics of sorption.

Despite such limitations, the first step in characterizing the behavior of
uranium in the environment is to apply equilibrium concepts. That equilibrium
formulation can then form the bas_s on which to assess departures from steady-state,
etc.

Solution/Precipitation - pH and Oxidation-Reduction

Under equilibrium conditions the solubility of uranium species in water is a
functionprimarily of pH and redox potential (Eh). The traditional way to present
this two-dimensionalbehavior is by use of pH-Eh diagrams (Garrels & Christ, 1965;
Krauskopf, 1979). In such diagrams predominance field for species of concern are
plotted Withboundaries defined either by a line of equal concentration Witlaother
speciesor by limits of the stability of water. To produce a diagram such as that
gwen in Figure 6-4, one evaluates each reaction in turn for its dependance on pH
and/or Eh. For example, the reaction:

U022+ + 2e- ---> UO 2

is entirely redox dependent and independent of pH. In contrast, the reaction:

114+ + 21120 --> OO# + + 4H + + 2e"

is dependentonboth pH and redox potential. The position of the lines delineating
fieldson an Eh/pH dmgram are calculated from the Nernst equation and are based
on free energies (aGs) for each reaction (see, e.g., Garrels & Christ, 1965).

The limits on the stability of water, namely an upper limit defined by the
oxidation of water releasing free oxygen and a lower limit for reduction of water
releasing hydrogen gas, fix upper and lower bounds on the figure above and below
whichone would normally not expect aqueous reactions to occur.

The implications for the behavior of uranium and one of its daughters,
thorium, can be summarized by examining Figure 6-4. Note that uranium (as UO2
or U(OH)4 ) is insoluble under virtually ali reducing conditions except at very low
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pH values (below about pH 3) Under oxidizing conditions uranium will be soluble
even at very high (8 to 10) pHs. Thorium, on the other hand, will be essentially
insoluble under ali redox conditions at pHs greater than about 3.5. This sharp
contrast between the behavior of U andTh is responsible for much of the
disequilibrium in U/Th isotopes and explains why in many systems, U/Th daughters
are found physically separated from their parent nuclides.

Figure 6-4. pH-Eh diagrams for uranium and thorium (after Brookins, 1984).

Sorption, Kd_andretardation coefficient

Th.etransport of solutes through ground water is often not a conservative
process, I.e. solutes may interact wi_ the solid matrix of the saturated zone so that
solute concentrations may change vnth time and position within the moving body of
ground water..That interaction Will have the effect of slowing down the solute
transport relative to the solvent, namely the water. These interactions should occur
under equilibrium conditions and are ideally revers_le, i.e., the quantity of solute
associated with solid surfaces should be a linear function of the concentration of the
solute in solution and should not involve any hysteresis when the process is reversed.
This ideal process is known as sorption (Domenico & Schwartz, 1990) and should
include such precedes as cation and anion exchange, hydrophobic and hydrophilic
reactions, etc. In practice ali sorption phenomena are included within the concept
of the distribution coefficient or K,,d defined as the ratio of the concentration on
solids, S, relative to the concentrauon in the solution, C:
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Kd - ¢onccntrati9non_oljd_ = masssorhcd/massofsoil= S/C
conccntrationinsolution ma_dissoivcd/volumeofsolution

If S is measured in terms of mg/g and C in rag/ml, then Kd will be expressed
in terms of ml/g. The curve definin_ concentrationin solution versus concentration
on solids defines the linear sorption isotherm, a function which is, in reality, rarely
linear. The Freundlich and Langmuir relationships are two different attempts to
define the character of what, in reality, are non-linear sorption isotherms.

A parallel and related concept to that of Kd is the retardation coefficient, R,
which is a measure of the degree to which contarmnants have their flow velocity
slowed down by interaction With solids relative to the solvent, water. R is defined
by:

R = I + db.Kd
nC

wheredb isthebulkdensity,andne theeffectiveporosityofthesoiloraquifer
matrix.

Becausegeochcrnic_conditionsarcoftensodifficulttoquantifyand
becausesolute/matrixreactlonsarelikelytobe controlledbykineticratherthan
equilibriumprocesses,detailedspeciationmodelingofgroundwaterregimesis
rarelyperformed.As a c:onsequencetheKd andR conceptsbecome a catchallfor
bothsorptionand solution/precipitationprocessessome ofwhichmay be
irreversibleand/ornon.linear.Severalauthorshavecautionedaboutthe
indiscriminateuseofK_is.Forexample,Domenico andSchwartz(1990)pointout
that"theprocessesarefartoocomplextobe representedaccuratelybya simple
one-parameter mc;del." Honeyman and Santschi (1988) note, also, that Kds tend to
be si'tc and material specific.

Despite these limitations, Kd s are used in every attempt to realistically
model solute transport. Without the use of Kds and R, velocities of solute transport
under most field conditions would be unrealistically high since virtually ali
contaminants interact with the solid aquifer matrix. At FEMP, lT Corporation has
calculated a range of Kds and Rs based on calibration of a three-dimensional solute
transport model or, 1991a). They report a range of l¢_lSfrom 1.0 to 1.34 and a.
corresponding range of 9 to 12 for R for the matrix oi the south plume. While these
Kd values are low relative to those general purpose values (Kd about 40)
recommended by reviewers (see, e.g., Looney et al., 1987; Sheppard et al., 1984;
Baes & Sharp, 1983; Ames & Rai, 1978; CaUahan et al., 1979) they are consistent
with the expected geochemical nature (moderate pH and oxidizing) of the FEMP
surficial, unconfined aquifer.

6.2.3 Biological Uptake

Uranium is not readily taken up by plants because it is usually strongly fixed
in surface softs. Sheppard et al. (1983) found uptake by swiss chard restricted to the
root system. NCRP (1984) recommends default value,s of the sot] to plant
concentration ratios for uranium ranging from 3 x lfr"* to 3 x 10"".

Transfer to milk and meat is also relatively small. The parameter most often
used in exposure assessment to describe the transfer of a nuclide to milk (fim) is the



fraction of a nuclide ingested daily by a lactating animal that is secreted in 1 liter of
milk under steady state conditions (NCRP, 1984). TheAdefault tangs of values for
fire recommended by NCRP (NCRP, 1984) is 1.2 x 10"_ to 6.0 x 1O"*day/L.

The parameter fif is the fraction of a nuclide ingested daily by an animal that
is found in lkg of muscle under steady state con_tions (NCR.]:',1984). NCRP
(1984) recommends default values from 1.6 x 10"Uto 5.0x 10"" day/kg.

Bioaccumulation factors are used to describe the ratio of a nuclide
concentration in an aquatic organism to that in the overlying water. Reported
bioaccumulation factors for fresh water organisms range from 0.3 - 38 for fish and 2-
40 for invertebrates (NCRP, 1984).

6.3 Human Health Effects

6.3.1 Introduction

Intake in food is the main source of uranium for the general population,
although drinking water may be an important source in areas where concentrations
in ground water are naturally high. Occupational exposures are primarily through
inhalation.

Uranium tends to accumulate in bone and kidney. Potential health effects
associated with the ingestion of uranium include chemical toxicity (kidney is the
main target organ) and an increase in cancer risk (primarily bone carcinomas).

The following sections review the potential health effects associated with the
ingestion ot uranium in food and water, and document the parameters and dose-
respome relationships used in the risk assessment for uramum in ground water at
the FEMP.

6.3.2 Toxicity

6.3.2.1 Toxic Effects in Humans

Toxicity effects have been demonstrated in animals for both long-term and
short-term exposures to uranium, with the primary effect in the kidney. Most
animal data indicate that uranium accumulates on the brush border of the epithelial

cells lining the lumen of the proximal convoluted tubules (USEPA, 1991b). Effectsin animals include an increase in glucose, low molecular weight proteins and amino
acids in the plasma and urine, and lesions in the proximal convoluted tubules of the
kidney.

There is only limited evidence of toxicity effects from uranium ingestion in
humans. Two case studies involving intravenous injection of uranyl nitrate in a total
of 11patients (Luessonhop et al. (1958), and Basset et al., (1948) as reported in
Moore (1984) and USEPA (1991b)) suggested that kidney may be a target organ but
did not clearly demonstrate effects on the kidney OdSEPA, 1991b, NRC, 1988).
Numerous animal studies identified the kidney as the principal target of ingested
uranium.
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One epidemiological study of ingested uranium is available. Persons from
twotowns in Russia with drinking water concentrations of 0.04 mg/L and 0.003
mg/L were studied (Novikov et al., 1968; Novikov 1967, 1972 as cited in USEPA
1991b). The only difference observed between the two populations was a relative
decrease in serum albumin/globulin ratio for people living in the town with the
higher uranium water concentration (USEPA, 1991b).

This analysis focuses on potential nephrotoxic effects of long-term exposure
to uranium via ingestion such as occurs with drinking water contamination.

6.32.2 Realistic Risk Analysis for Uranium Toxicity

Kidney damage is generally accepted to be the principal toxic effect of
ingested uranium. Much is known about this effect, but many questions remain and
the nature of the pathology makes quantification difficult. In the past, uncertainties
have been overcome by including conservative assumptions (i.e., assumptions
leading to overestimates of risk) in the development of a dose-response function.

This approach satisfied radiation protection and regulatory needs, but is
unsatisfactory for use in risk assessments for several reasons: 1) it provides no
insight into the relative uncertainty contributed from different factors making up the
dose-response function, and so does not provide useful feedback on priorities to
biomedical researchers; 2) combined with conservative estimates on exposure, it
provides no information on the size of the overestimate, leading to inappropriate
judgments on the relative risk of uranium when compared to other pollutants; 3) it
may result in an excessive degree of conservatism, leading to wasteful expenditures
of resources that could be spent more effectively elsewhere; and 4) it puts the
decision on how conservative one should be in the scientific arena rather than in the
political arena, often obscuring the relative contribution of data and assumptions.

In this analysis, an attempt was made to describe uncertainties explicitly, a
task appropriate for sdence. When combined with exposure estimates that also
include explicit uncertainty estimates, the public will have sufficient information to
make rational decisions balancing cost andbenefit.

USEPA recently proposed drinking water regulations for uranium (Federal
Register, 1991) following a traditional conservative approach to risk analysis. The
sources of the differences between our results and those of the USEPA are
examined in Appendix A. To provide a reference point to the USEPA proposed
standard, we compare the parallel USEPA value to our distribution for each
parameter. Since we take a more detailed approach to estimating toxicity levels,
there is not always a parallel USEPA value.

6.3.2.3 Method

Risk of kidney damage was modeled using a modification of the method used
by ICRP (ICRP 1960; ICRP, 1979; Rich et al., 1988). ICRP (1979) quantified these
relationships with specific numbers; here the parameters were generalized and
,:haracterized as probability distributions to explicitly in,clude uncertainty. The
model was then s-olved using a Monte Carlo technique, t The analysis determines
the,probability of exceeding a threshold for a given daily ingestion rate. The
derivation of the probability distributions used is described below.

1Crystal Ball version 2 for Windows by Decisioneering, Inc., operating in Microsoft Excel.
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The model includes several steps: fractional transfer from the gut to the
blood and from the blood to the kidney, a biological half-life in the kidney, and an
effect based on concentration of uranium in the kidney. The retention function for
ingested uranium in the kidney at t days after ingestion is given by the following
formula:

Rk(t) -!--fl' [a 1*e't ln2/T1 + a 2,e "t In2/T2 i

Where:
fl = fractional transfer gut to blood
a i ---fractional transfer blood to kidney term i
Ti = biological half life of U in kidney term i

Integrating over t to express build up associated with continuous exposure over time
gives:

Rk(t) = fl'[(_ 1T1/ln2)(1-e "t ln2/T1 ) + (a2T2/t ln2)(1.e-t ln2/T2)]

For equilibrium conditions (t = infinity), the amount in the kidney (A_) is:

A** = l*(fl/'In2)*[_ lT1 + oc2T2]

where I -- daily intake (,ug)

Wrenn et al. (1985) use this model, although they represent retention in the
kidney in a single set of parameters, eliminating the second term in both equations.
Kocher(1989) discussed the quantitative difference between kidney burdens
obtained with both model forms. The effect in the kidney is usually expressed as a
threshold level (Rich et al., 1988), but different classes of effect with different
severity may occur at different threshold concentrations.

6.3.2.4 Characterization of the Probability Distributions

Fractional transfer, gut to blood (f_)

Only a small fraction of inl_ested uranium reaches the bloodstream. Uptake
throu_, the gut is fairly quick, so lt is not necessary to consider time dynamics,
especially when the concern is for the risk associated with chronic exposure, lt is
generally assumed that there is little or no transfer of uranium from blood back to
the GI tract. Absorption to blood is not directly measured, but is inferred from
other measurements. Some of the differences seen in different experiments may be
due to different approaches to estimating the fractional transfer to blood.

ICRP (1979) reviewed studies that estimated the percentage of ingested
soluble uranium compounds absorbed through the gut to the bloodstream. The
percentages reported in these studies ranged from 0.5% to 5%. Taking a
conservative approach, ICRP (1979) selected the upper end of this range for use in
its analyses. Wrenn et al. (1985) conducted an exhaustive review and analysis of the
metabolism of ingested uranium and radium. As an annex to this review, they
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conducted a meta analysisof the reviewed data. They concluded that ali data for
manand animals, exceptrats, fell on the same curve (linear on a log-log plot). This
curve(Wrenn et al., 1985,Figure A-I) suggested a decline in absorption with
increasingdose, but the slope was not statisticallysignificant. Their curve for
absorptionin rats aopearedsimilar in slooe, but more than an order of magnitude
lower (mean of 1.2_ .rf0.57vs 0.055% ¢(0.016, with the "least reliable result"
omittedin each case). Their "consensus"estimate of fl was 1.4%. In reaching this
value,they took into account the(non-significant) slope and omitted what they
termed the least reliable result. The latter was a mixture of analysisof city-wide
"marketbasket" sampleswithuraniumexcretion rates from selected small
populations.

LaToucheet al. (1987), reporting new experimental results, demonstrated
thatrats were not different;but thatthe displacement of the rat datarepresented
feedingad libitumwhile data on humans and other animals were based generally on
overnightfasting. This was further supportedby a recent correction in one data
pointfor rabb_ts fed ad libitum(Tracyet al., 1992),whichput this data point among
thosefor the rats.

We repeatedWrennet al.'s analysis(Wrerm et al.'s Figure A-l, LaTouche et
al.'sFigure7), separating"fasted"and "fed"groups. For the "fasted"group, we
followedWrermet al. by omitting their point E1 (the least reliable Foint). We
movedthe rat studiesused byWrenn et al. (Their Table A-2, points 6a-6e) and
Tracyet al's rabbit study(Wrenn et al.'s Table A-2, point 2) to the fed group. We
addedLaToucheet al.'s rat resultsand new resultson fasting humanvolunteers
(Wrennet al., 1989,1990). We also analyzedresults of four studiesof human
populationsexposed onlyto naturalbackgroundlevels (Singh et al., 1990; Spencer
et al., 1990; D..anget al., 1992; Masuda, 1971). The analysisexamined the variation
amongthe indiva.clualstudy results. It didnot consider the uncertaintywithineach
individualstudy; na some cases insufficient informationwas availableto calculate
thisuncertainty.

There were thusthree data sets: the fastedgroup, the fed group,and the
environmentalbackgroundgroup. These are listed in Table 6-1. None of the data
setsshowed a statisucaUysignificanttrendin absorptionwith intake. We also
combinedthe fasted andenvironmentalbackground groups, seeking a trend in all
studiesbelow 0.1#g/kg/d and below 1.0#g/kg/d; no statisticallysignificanttrend
wasfound. With no dose rateeffect, one would exPect that the free human
_pulation would exhibit absorptionbetween the fed and fasted groups,nearer to
the "fed_group,but includingsome ingestion of uraniumin water before breakfast.
Thiswas not borne outby the results. The mean of the environmentalbackground
studieswas remarkablysimilarto that of the fasted group and incompatible with the
fed group (Table 6-2).

We representabsorptionof uraniumthroughthe gut to the bloodstream with
thelognormaldistributiondescribed in Table 6-2 for the environmentalbackground
group. This distributionhas a geometric mean of 1.03, and 95 percentile bounds of
0.33 and3.17.
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Table 6-1. Data used to estimate uranium uptake through the gut.

FastedGroupfrom Wrenn et al., 1985, with LaToucheandWrenn 89 added
Data Set S.pecies ug/kg/d %Absorb_ ....

iA2-1 HarrisonandStather,81 hamster 630 0.77,=

A2-3 Fishet al., 60 . dog 700 1.55
A2-4 Larsonet al., 84 baboon 0.5 1.2
A2-Sa _Sutterworth,58 =man .......6700 0.73.....

A2-5b Hurshet al, 69 man 132 1.4
A5-2 Yamamotoet al., 68; Masuda, 197i a-d man 0.15 1.6.......

A5-3 Fisheret al., 83 man 0.34 0.76 ! ....

A5-4 S0mayajulaet al, 1980 "'- man 0.76 _ 2.2
LaT-1 Latoucheet al., 87 rat 30 0.78,--,

LaT-2 Latoucheet al., 87 rat 300 1.08
LaT-3 Latoucheet al., 87 rat 3000 - 1.78.........

LaT-4 Latoucheet al., 87 rat 3.00E . 04 0.64...........

LaT-5 Latouchee_al., 87 rat 4.50E +04 2.82......

Wr89 Wrennet al., 89 man 3.57E+00 0.6
i | II Iii I

EnvironmentalExposureStudies of Humans
DataSet ........ ug/kg/d %Ab_sorb
Dang Danget al., 9:2 iman , 0.011 1.6
Masuoo-T Masuda,71 - man 0.131 .....1.61'_ ............

Masude-N Masuda,71 man 0,080 1.32.....

Masuda-A Masuda,71 man 0.056 0.69

Masudo-U tMasuda,71 man 0.025 0,34
Spencer Spenceret al, 90 man 0.063 1.5
Singh Singh et al, 9() man 0.067 I

P II I ii II I

"Fed" Grou} from WrennTableA-2, with Tracy rabbitsadded
Data Set ..... ug/kg/d %Absorb
Tracy Tracyet al., 92 rabbit 3.90E +04 0;06
6a Hamilton,48 rat 3.00E +02 0.35....

6bl Sullivan,80 rat 2.3 0.06

6b2 Sullivan,80 rat 4.00E + 03 0.06
6cl Sullivan,83 L rat 5.1oE+ 03 0.044......

6c2 Sullivan,83 rat 1.30E +04! 0.0441
6c3 =Sullivan,83 rat 2.50E + 04 0.088

6d Tracyet al., 1983 . 'rat " 3.30E +04 0.035
'6el Maynardet al, 53 rat 2.00E +04 0.052
'6e2 Maynardet al, 53 rat 9.60E +04 0....059
'6e3 Maynardet al, 53 rat 2.00E +05 0,.06 I.
'6e4 Maynardet al, 53 rat 1.20E +05 0.038
;6e5 Maynardet al, 53 rat 4.70E + 05 0...078 ....
'6e6 Maynardet al, 53 .... rat 9.70E+05 . 0.04
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Table 6-2. Comparison of absorption of uranium through gut to the bloodstream per
unit intake from three classes of study (data given in Table 6-1).

Study Design Geometric Mean Geometric Std. Dev.

Overnight Fasting 1.14 1.63
Environmental Background 1.03 1.78
Fed Ad Libitium 0.06 1.77

Much clearlyremains to be explained about factors affecting absorption of
uranium through the gut. There is some suggestion that absorption rates maybe
different for uranium-ingested in water relative to food. Spencer et al. (1990), using
total,intake (food pIuswater), estimated 1.5% uptake, while if only..water,was
considered, uptake was 5%. They concluded that water was the pnn_pal source of
gastrointestinal uptake of uranium in humans; uptake from food was insignificant.
This would appear to be contradictory to results of animal stu&es in which the dose
was given in food, but perhaps relates to differences in solubility of uranium in food
at background levels relative to higher experimental intake levels. Singh (1988) also
suggested higher uptake of uranium in water in dogs, possibly related to the fasting
effect or to the uranium in water bein_ in a more soluble form. Sullivan et al.
(1986) found introduction of an oxidizing agent into the GI tract increased
absorption to the blood. They suggest that food residues and secretions such as bile
have a reducing effect, tending to shift uranium to the tetravalent state, which is far
less soluble (ICRP,1979 suggestsan uptake value of 0.2% for insoluble uranium
compounds such as UO 2and U308). While some of these su_estions have merit,
there is inadequate data at present to adequately quantify thetr implication.

.Fractional transfer, blood to kidney (o,)and retention half-time ('I")

Uranium in the blood complexes with bicarbonate. Thus, although the
chemical form and valance state of the uranium is important for uptake through the
gut, once in the blood the original form of the uranium is assumed to make little
difference. This bicarbonate complex enters the kidney tubules. "In the proximal
convoluted tubule, the urine becomes more acid, and the complex with bicarbonate
is dissociated, leaving the uranyl ion free to attach to protein of the tubular
epithelial cells"(Stannard, 1988,p. 93).

In estimating blood to kidney transfer rate, time dynamics are important.
Wrenn et al, (1985) relied on studies of comatose people described by Hursh and
Spoor (1973), in combination with animal data, because they were the only data
with the needed time dynamics. Although the kidney is the primary site of concern
for toxiceffects, uranium is transferred to other sites also, especially bone. In
experiments that follow the effect of a single injected dose, as uramum is excreted in
urine, the concentration in blood decreases, and uranium originally deposited in
bone is released back into the bloodstream, which carries it to the kidney. The
observed time curve of uranium concentration in the kidney extends further in time
th_ would otherwise be expected because of the (continually declining) deposition
of new"uranium released from bone. Here, however, we treat equilibrium
conditions associated with long term, chronic exposure.

The Wrenn results were supplemented with those of a recently published
study (Tracy et al., 1992). These data, used to derive probability distributions for o,
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and T, are given in Table 6-3 (ICRP, 1979 numbers for reference only). Both Hursh
and Spoor (1973), an important basis for ICRP (1979), and Wrenn et al. (1985), who
also relied in part on Hursh and Spoor, used short-term data (up to 74 days) as the
basis for the a value, even though Hursh and Spoor include data out as far as 556
days. While these results were used to predict build-up in the kidney associated with
a continuing, chronic exposure, there are no studies that directly observed effects of
a chronic exposure in man. The use of a single a value by Wrenn et al. (1985) and
Tracy et a1.(1992) missed the long-term flattening out of the curve, deafly shown by
Hursh and Spoor (their Figure 4.2). This was compensated for, however, by a
longer biological half-time. These studies followed the dynamics of urinary
excretion and of uranium retention in the kidney following a single injected dose.
Tracy et al. (1992) reported a 91 day chronic exposure study of rats and rabbits in
which the dose was gwen via drinking water. They developed a biokinetic model for
uramum, using their own and other data. Although uptake from the gut to blood
appears to be much smaller in their rats and rabbits (fed ad libitum), they concluded
that "...once uranium enters the bloodstream, uptake, and retention by the kidney
appear to be similar for ali three species" [rats, rabbits, and man]. One might expect
to find an inverse correlation between a and T since they are estimated together; it
can be seen from Table 6-3, however, that this is not the case. Independent
lognormal distributions of both parameters based on the tabulated values from
Wrenn et al. and Tracy et al. were used in the analysis. Wrenn et al. (1985)
indicated that, below an (unspecified) critical uramum concentration, uranium
remaim in solution, indicating the possibility of a threshold below which there is no
retention. This possibility was not mcluded in the analysis. Although the
distribution of a extends down to zero, the lower 95% confidence bound on the
distribution is 1.84.

Table 6-3. Blood to kidney fractional transfer rates with half-times.

a I (%) T 1 (days) a 2 (%) W2 (days)

ICRP 1979" 12. 6. 0.052 1500.
Wrean ct al. 11. 15. 0 0

Tracy et al. - Rats >7.2"* 5-9 0 0
Tracyet al. - 3.2 13.6 0 0
Rabbits
Geometric mean 63 11.1 - -
GeometricStd. 1.87 1.55 -- -
Der.

Rat and Rabbit estimates from Tracy ct aL (1992).
*ICRP 1979 numbers for comparison only, not included in the calculation of
means and standard deviations.

**Tracyet al. (1992) begin with an upper bound of 45%, but then show through
theiranalysisthat itis unrealisticallyhigh.

Kidney Toxicity_

Wrenn et al. (1985) considered irreversible kidney injury from uranium to be
a non-stochastic, threshold effect. The generally accepted threshold value used for
kidney damage from uranium in the past was 3 _ g/g kidney. Confidence in this
number seemed primarily based on the absence of clinical symptoms in overexposed
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workers (Alexander, 1988,p. 153). For example, Moore (1988) reported that
histopathologyof kidneys from long-term, retired workers, occupationally exposed
to uranium at this level could not be distinguished from unexposed individt_als.
Althoughexperience with occupational exposure appears widely accepted to
validate the 3_,g/g threshold, uranium concentrations in the urine of workers was
closelymonitored and, when it appeared a worker had reached the threshold levels,
he wouldbe removed from exposure until the level in urine returned to normal
(Moore, 1988,p. 155). This suggests that either the people were removed from the
exposurebefore kidney damage was done or that repair takes piace once the
exposureis removed. The occupational exposure experience thus is inadequate to
demonstrate the applicability of this threshold level to chronic, unmonitorea
e_osure to the public. Furthermore, recent reviews (Liggett, 1989; Diamond, 1989;
Diamond ct al., 1989; Kathren and Weber, 1988) contain arguments that a lower
thresholdbe used.

We assume nephrotoxicity to be a threshold effect. There are several
reasons for the complexity,however, in characterizing an appropriate threshold
level:

1.The first difficulty is the variety of qualitatively different effects. Wrenn et
al. (1987) describe four classes or stages of effect: biochemical change,
histopathological change, chronic poisoning, and acute poisoning. The
Nuclear Regulatory Commission classifies effects less than lethality as
permanent renal damage, transient renal injury, and no effect thresholds
(McGuire, 1991). The severity of the effects produced increases with dose.
A kidneyconcentration of 3"g U/g has been used as a threshold of
chemicaltoxicity (Rich et al., 1988). This level was believed to be sufficient
to prevent serious damage inpeople who were occupationally exposed and
who generally were momtoredwith routine bioassay of urine. Even early
e.xlpe/'imentsindicated mild renal injury at lower kidney concentrations
(Liggett, 1989). In a review of different kinds of effects, Dia'_ond (1989)
noted nephrotoxicity in animal studies at kidney concentrat,ons below 1_,gU
/g. There is some controversy over the conclusions from animal s.m.die_
(Kathren and Weber, 1988). While some interpret the earlier stuaies as
supporting the 3 _,g/g threshold, others conclude that kidney damage was
shownto occur in ali species studied at levels of 0.5-1_,g U/g. At what point
should an"effect"be considered toxicity?

2. Most studies focus on acute or short-term exposures. Few studies directly
address long-term, chronic exposure of the kindlikely to be associated with
.exposureto low levels of uranium in ttrinking water. Acute exposure studies
indicate thai the damage of low-level exposure is completely repaired.
Replacement cells, however, may be of different character than the original
cells,especially as the level of damage increases. One need not be overly.
concerned with minor, repairable damage from an acute exposure, but ffthe
expo.sureis chronic, reliance on repair becomes problematic. We assume no
repatr.

3. The kidney has a large reserve capacity. Minor damage resulting from
low-level exposure may not lead to degraded function but simply to a
reduction in reserve. The effect of this reduction may appear only as a result
of an independent challenge from another source. This has been suggested
as a reason why no effect has been observed among thousands of people
occupationally exposed under the limit of 3_,g U/g (Kathren and Weoer,
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!988). Reducing reserve is clearly not as important as a direct and
_mmediate reduction in function, but it is clearly an adverse effect.

4. Although it was assumed above that once in the bloodstream the original
chemical form of uranium no longer mattered, it has been suggested that the
uranium concentration required to cause an effect may depend on the initial
chemical form of uranium (Liggett, 1989). Many of the experiments (but not
all) showinglow-level effects used fluoridated uranium compounds (e.g.,
UO2F2), which are of special concern for occupational inhalation of UF6,
but of Iess concern in drinkingwater. Without greater evidence, however, it
seems better to retain the assumptionthat the cherrJcal form affects only
absorption into the bloodstream.

5. Most studies of kidney toxicityrelate toxic effects directlyto dose,
describedeither as intake by mouth or breathing or injection. This ignores
the pharmacokinetics discussedabove and makes direct interspecies
extra olation difficult. In manycases kidney concentrations werecalculated
usingPheICRP (1979) formula. Inconsistencies can arise when comparing
reportsof measured kidneyconcentration with reports m which kidney
concentration has been estimated from intake.

Wrennet al. (1985) suggest a threshold of 1l,g U/ . Kocher (1989) applied a
safety factor of 10 to this to protect maximaUyexposed individuals in the public,
usmg 0.1_,gU/g. Several reportsof animal expeiiments demonstrate eff/_cC.s,m _e
range0.5-1rg U/g. These effects are perhaps not as severe as those on whtch the
original occupational standard of 3rg U/g was based, but may be more appropriate
end:points forchronic exposure to the public, whose members donot have the
additional protection of routine medicalsurveillance and bioassay. A range of 0.1-1
rg U/g a,ppe_s appropriate. The thresholdvalue was characterized as a Weibull
distributmn with I0cataonparameter 0.1 to reflect a lower limit of 0.1rg U/g, a scale
parameter of 0.6 and shape parameter of 4. These produce a maximumvalue of
about l_,g U/g with a mean of 0.6 (Figure6-5).

Figure6.5. Distribution of thresholdof effect of uranium in kidney.
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6.3.3 Carcinoget, icity

6.3.3.1 Evidence for Uranium Cancer Risk in Humans

There is only limited evidence for an increase in cancer risk associated with
the ingestion of natural uranium. The available animal and epidemiological data
have been reviewed in detail elsewhere (NRC, 1988; USEPA 1991b).

Most epidemiological studies of the effects of uranium are confounded by
smoking or other etiologic agents, primarily radon. A few studies have been
performed cn uranium millers or workers m a uranium enrichment plant. Only one
of _hese studies (Cookfair et al., 1983) had a positive finding, with the relative risk of
lung cancer increasing with exposure. ..

The available epidemiological data do not allow the direct determination of
a risk factor for chronic, low levels of uranium exposure. Some researchers have
estimated the risk associated with exposure to uranium isotopes by analogy with
radium. Mays et al. (1985) estimated a risk of bone sarcoma over a lifetime
associated with a daily ingesti,_n_of 1 pCi uranium to be 1.5 bone sarcomas per
million persons. This calculation assumed a linear dose-response relationship.

In this analysis, the dose and risk associated with chronic, low level exposure
to uranium ingested in food and water was estimated using models and methods
described by ICRP (ICRP 1979; ICRP 1991a; ICRP, 1991b).

6.3.3.2 Retention Function

Retention is the amount of a substance remaining in a tissue or organ at
some time after uptake. The retention function used here is the toxicoki_letic model
developed by the ICRP (1979). Distribution and retention of uranium is modeled
for three compartments: bone, kidney, and other soft tissues:

Rbone(t) = 02 •"0"693t/20d+ 0.023c"0"693t/5000d

Rkidney(t) -- 0.12e"0'693t/6d+ 0.00052c"0"693t/LS00d

Rother(t) = 0.12e"0"693t/6d+ 0.00052•"0"693t/1500d

where Rbone, Rkidnev and Rothe r are the retention functions for bone, kidney and
other tissues, respectively.

. Of the uranium taken into the blood, fractions 0.2 and 0.023 go to mineral
bone, with half-lives of 20 and 5,000 days, respectively (ICRP, 1979). Fractions 0.12
and 0.00052 go to kidney with half-lives of 6 and 1500 days, respectavely_ICRP, ....
1979). Fractions 0.12 and 0.00052 go to ali other tissues with half-lives oto ano 13t_
days, respectively (ICRP, 1979). The remainder of the uranium entering the
transfer compartment (fraction: 0.536) is assumed to be directly excrete0 through
the urinary pathway.

:m
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The whole-bodyretention function for uranium is thus:

R(t) = 0.24 e'0'693t/6d+ 0.2 ¢.O.693t/20d + 0.00104 e"0'693t/1500d + 0.023 e"0'693t/5(x)0d
+ 0.536 e"0'693t/0"25d

Figure6-6presents the integrated retention function for uranium for ali tissue over
time,.

Figure6-6. Integratedretention function for uranium in humans.
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6.3.3.3E_ective Dose

Becauseuraniumconcentratesin bone and delivers a dose over time, we
used the conceptof the cD..remittedeffective.dose 0CI_, 1991a) to estimate the
doseand riskassooated with uranium ingestea m zooa aria water.

ICRP (1991b)gives ALIvalues (annual limit on ".m.tak.e)in u_i'_ of Bcl,for
workers,assumingthe dose is integrated over aworki_,g li_e-trineo__u _eoa_s.-.._ese
ALIvalues areassociated wirea committed enecuve aose _,t:507oxL,.u__,v,_u
representthe.limitsfor intake in one year. The values for ur-nmm given in ICRP
(1991b)are listed in Table 6-4.

The Esn values derivedby the ICRP (ICP_, 1991b)were adjusted for a
po ulationw_tfian average lifetimeof 70 years. The retenti.'onratio tor a/v yearvs.
a _ yearlifetimewas calculatedus_g the dominant retent.ton functionfor ura_i'umA
- the retention function :orDone. tne retention runcuon tor Done_,jtL._xr,x:,.:,, :,w

i
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section on retention function above) was integrated over 50 years to derive R(50)
and 70 years to derive R(70). This calculation yields a R(50) of 1600, and an R(70)
of 1700. ['he retention ratio is R(70)/R(50) = 1700/1600 = 1.1

The population 70 year committed effective dose (E70) was then calculated
by multiplying the 50 year worker committed effective dose (E70) by 1.1 (Table 6-4).
The committed effective dose (E50, E70) for total uranium (Table 6-4) was
calculated assuming the natural percentages of U-234 (0.0055%), U-235 (0.72%)
and U-238 (97.27%).

Table 6..4.ALIs and associated committed effective doses, E50, E70 for uranium
isotopes.

ALI(Bq'yr"1) ES0(Sv) E70(Sv)

U-234 7 x 105 2.86 x 10.8 3.15 x 10.8

U-235 7 x 105 2.86 x 10.8 3.15 x 10-8

U-238 8 x 10-5 2.50 x 10.8 2.75 x 10-8

O

Total U .. 2.50 x 10-8 2.75 x 10-8

assumingnatural percentages of U-234 (0.0055%), U-235 (0.72%) and U-238 (97.27%)

- 6.3.3.4 Dose per Unit Intake

Table 6-5, column 2 gives the integration over time of the whole-body
retention function for uranium. Based on the retention function, the fraction of the
committed effective dose delivered each year from intake during year 1 was
calculated (Table 6-5, column 3).

Table 6-5, columns 2 and 3 were used to calculate the fraction of the
committed effective dose that will actually be received over a lifetime, for intake in
eachyear of life (column 4). This calculation was based on the assumption of a 70-
year lifetime, and allows the dose to be committed only up to 70 years, rather than
an additional 70 years into the future. The fraction of the committed effective close
received for each year of life was calculated by subtracting the fraction of mc
committed effective dose that would be received in the years after age 70.

• Finally, t_e effective dose delivered over a lifetime (70 years) for a unit
intake (1 BQ'w't) in eachyear of life (Table 6-4, column 5) was calculated by
multiplying _e fraction of'the committed effective dose for each intake year
(column 4)by the com,gritted effective dose for uranium estimated as described
above (E70, 2.75 x 10"csSv). We call this value the "lifetime modified' committed
effective dose per unit intake. The values in Table 6-5 allow the calculation of the
effective dose for any exposure level, exposure period and year of life exposed.
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Table 6-5. Uranium retention fianction, fraction of committed effective dose
delivered over tirn,e for intake at year 1 and effective dose (Sv) for a unit intake of
uranium (1 Bq'yr") in each year of a 70-year lifetime (based on fl =5%).

URANIUM RETENTION FXN E70 PER UNIT (1 Bq'yr"1) INTAKE'

year post integ 1 fraction 2 fraction 3 lifetime 4

intake ret fxn E70 intake ET0 intake modified ET0 (Sv)
year 1 (Sv) each year (Sv)

1 16.58 0.0967 1.000 2.75E-08
2 24._ 0.0471 0.999 2.75E-08
3 32.30 0.0446 0.997 2.74E-08
4 39.55 0.0423 0.995 2.74E-08
5 46.41 0.0400 0.994 2.74E..O_
6 52.92 0.0380 0.992 2.73E-08
7 59.09 0.0360 0.990 2.73E-08
8 64.94 0.0341 0.988 2.72E-08
9 70.49 0.0324 0.986 2.71E-08

10 75.76 0,0307 0.984 2.71E-08
11 80.76 0.0292 0.982 2.70E-08
12 85.51 0.0277 0.979 2.70E-08
13 90.02 0.0263 0.977 2.69E-08
14 94.30 0.0250 0.974 2.68E-08
15 98.36 0.0237 0.971 2.67E-08
16 102.22 0.0225 0.968 2.67E-08
17 105.89 0.0214 0.965 2.66E-08
18 109.37 0.0203 0.962 2.65E-08
19 112.68 0.0193 0.958 2.64E-08
20 115.83 0.0183 0.955 2.63E-08
21 118.82 0.0174 0.951 2.62E-08
22 121.66 0.0166 0.947 2.61E-08
23 124.36 0.0157 0.943 2.60E-08
24 126.92 0.0150 0.938 2.58E-08
25 129.36 0.0142 0.934 2.57E-08
26 131.67 0.0135 0.929 2.56E-08
27 133.87 0.0128 0.924 2.54E-08
28 135.97 0.0122 0.918 2.53E-08
29 137.96 0.0116 0.912 2.51E-08
30 139.85 0.0110 0.906 2.50E-08
31 141.64 0.0105 0.900 2.48E-08
32 143.35 0.0100 0.893 2.46E-08
33 144.97 0.0095 0.886 2.44E-08
34 146.52 0.0154 0.879 2.42E-08
35 147.98 0.0086 0.871 2.40E-08
36 149.38 0.0081 0.863 2.38E-08
37 150.70 0.0077 0.854 2.35E-08
38 151.96 0.0074 0.845 2.33E-08
39 153.16 0.0070 0.836 2.30E-08
40 154.30 0.0066 0.826 2.27E-08
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Table 6-5 (cont).

URANIUM RETENTION FXN E,70 PER UNIT (1 Bq'yr "1) INTAKE

year post integ 1 fraction 2 frnction3 lifetime4
intake ret fxn E70 intake E70 intake modified E70 (Sv)

year 1 (Sv) each year (Sv)

41 155..38 0.0063 0.815 2.24E-08
42 156.41 0.0060 0.804 2.21E-08
43 157.39 0.0057 0.793 2.18E-08
44 158.32 0.0054 0.780 2.15E-08
45 159.21 0.0052 0.768 2.11E-08
46 160.05 0.0049 0.754 2.08E-08
47 160.84 0.0047 0.740 2.1ME-08
48 161.60 0.0044 0.725 2.00E-08
49 162.33 0.0042 0.709 1.95E-08
50 163.01 0.0040 0.693 1.91E-08
51 163.67 0.0038 0.675 1.86E-08
52 164.29 0.0036 0.657 1.81E-08
53 164.88 0.0034 0.638 1,76E-08
54 165.44 0.0033 0.617 1.70E-08
55 165.97 0.0031 0.596 1.64E-08
56 166.48 0.0030 0.573 1.58E-08
57 166.96 0.0028 0.550 1.51E-08
58 167.42 0.0027 0.525 1.44E-08
59 167.85 0.0025 0.498 1.37E-08
60 168.26 0.0024 0.471 1.30E-08
61 168.66 0.0023 0.441 1.22E-08
62 169.03 0.0022 0.411 1.13E-08
63 169.39 0.0021 0.378 1.04E-08
64 169.73 0.0020 0.344 9.48E-09
65 170.05 0.0019 0.308 8.49E-09
66 170.35 0.0018 0.270 7.44E-09
67 170.64 0.0017 0.230 6.34E-09
68 170.92 0.0016 0.188 5.18E-09
69 171.18 0.0015 0.143 3.95E-09
70 171.43 0.0015 0.097 2.65E-09

1 integrated retention function for uranium
2 fraction of committed effective dose delivered each year after intake in year 1
3 fraction of committed effective dose received over a lifetime for intake in each year of life
4 lifetime modified effective dose delivered over a lifetime for a unit intake (1 Bq'yr"1) in each year of
life

Gut Uptake Factor and Calculation of Effective Dose

Not ali uraniumtakeninto the body throughingestion is taken up through
the gut (See section 6.3.2). The ICRP recommends a value of 5% for the gut uptake
factor, fl. The committed effective dose estimates presented in Table 6-5 arebased
on an fl of 5%.

An independent analysis of the available data suggested a distribution of fl
values, described by a lognormal distribution, with a geometric mean of 1.03 and a



geometric standard deviation of 1.78 (section 6.3.2.4, see section 6.8.2). This
distribution was used to describe fl for the calculation of dose and risk in this
assessment. The lifetime modified committed effective dosegiven in Table 6-5 was
multiplied by a correction factor equal to a sample from the distribution of the fl
derived in section 6.3.2.4 divided by the ICRP fl (5%).

6.3.3.5 Risk Factor

ICRP (1991a) derived an "average" value of 10 x 10-2 deaths/Sv for the
probability of fatal cancer associated with acute, high dose exposure. This value is
based on estimates given by UNSCEAR (1988), BEIR V (NRC, 1990) and ICRP
(1991a). ICRP (1991a) applied a_dose and dose rate effectiveness factor of two, to

, obtain a nominal value of 5 x 10"'_deaths/Sv for the probability of fatal cancer in a
poRulatiort after low dose, dow dose rate irradiation.• -_ ,.. , -,_, " " _e ,_ -o

The BEIR V Committee (NRC, 1990) estimated the uncertainty associated
with the risk factor for exposure to low dose radiation, contributed by three major
factors. These factors are: statistical uncertainties caused by the small number of
cases used in the risk models; uncertainty in the estimates of the close rate
effectiveness factor; and uncertainty contributed from external factors such as 1)
extrapolating from a Japanese population, 2) dosimetry system and 3) model mis-
specification. The geometric standard deviation for each of these factors was
estimated as described below.

The BEIR V Committee (NRC, 1990) estimated that the 90% confidence
limits for its estimates of the risk factor based onl), on sampling wariation are 1,100
and 2,400 in 200,000 people. These values result m a geometric standard deviation
of 1.3.

The second factor contributing to the total geometric standard deviation is
the uncertainty in the estimate of the dose rate effectiveness factor (DREF). There
are very little data available to support an estimate of the dose rate effectiveness
factor, and most data on the DREF for tumorigenesis are from animal data (NRC
1990). BEIR V suggests a range of values (limited range, relevant studies) of 2 - 5
(NRC 1990, p. 23). If these values are assumed to represent the 90% confidence
interval of a lognormal distribution, the calculated geometric standard deviation for
this factor is 1.3.

The final factor contributing to overall uncertainty in the total geometric
standard deviation (GSD) for the risk factor comes from what BEIR V (NRC, 1990)
terms external factors. BEIR V estimated the GSD for females to be 1.27, and the
GSD for males to be 1.31. We combined the GSD for males and females in
quadrature to arrive at an overall estimate of the variance. This results in a
combined GSD for external factors of 1.4. The method for combining these two
GSDs is given in BEIR V (NRC, 1990):

GSD_, = exp_0n GSDm_t_)2 + (la GSDf_m_) 2 )

The total geometric standard deviation for the risk factor is calculated by
combining in quadrature the GSD's estimated for each factor contributing to the
uncertainty:

GSD_k = ex_(ln 1.3)2 + (In 1.3)2 + (ln 1.4)2 ) = 1.65
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This assessment assumed that the risk factor for low dose radiation was
lognormally distributed, with a geometric mean of 0.05 deaths/Sv and a geometric
standard deviation of 1.65.

6.4 Identification of Scenarios and Receptors

6.4.1 Release Scenarios

Two release scenarios were considered in this assessment. The first scenario
assumed there will be a continuous release of uranium to the ground water at
current levels. This represents a baseline analysis and assumes no further control of
runoff. The second scenario is based on the assumption that the runoff contributing
to the uranium in _round water will be controlled in the next ten years and that no
further uranium will be added to Paddy's'Run or the.ground water. This scenario is
more realistic because the FEMP plans to eliminate additions of uranium to the
plume. Neither scenario includes the remedial actions planned for the short-term
corrective action discussed in section 6.1.3 and thus represent a baseline for the
south plume Engineering Evaluation/Cost Analysis (EE/CA). The risks associated
with background concentrations of uranium in ground water were also estimated.

6.4.2 Receptors

Important receptors are current and future users of ground water in the area
potentially impacted by the south plume. Potential receptors include residential or
agricultural wells in the path of the plume, and possible future wells in the
potentially impacted area. Figure 6-7 gives the location of currently located
potential users of ground water south of the FEMP.

Three sets of potential receptors were identified. They include five
representative residential wells located south of the facility, four wells located along
the centerline of the developing uranium plume, and potentially impacted future
wells which could be located anywhere in the areajust south of the FEMP. These
receptors are discussed in more detail in section 6.5.2.4.

6.4.3 Exposul_ Scenarios

. The exposure scenarios considered in this assessment are those associated
with the use o_ground water south of the FEMP. Potential uses of ground water
include ingestion of drinking water, irri_ation of crops, and watenng of dairy cattle.
Important exposure pathways include dtrect ingestion in water, ingestion in
home_own huits and vegetables, and ingestion in homeproduced.milk. Uranium is
not easily.taken up through the skin or inhaled in the shower, and these pathways
were not included in this assessment.

The FEMP is located in a rural area, and it was assumed that residents
produce their own fruits, vegetables, and milk. Irrigation of commercial crops is not
widely practiced in Hamilton and Butler counties (IT, 1991b). It was assumed that
family gardens are irrigated, but that feed and forage for dairy cows are not. Some
portion of the intake of fruits and vegetables was assumed to be homegrown, ano it
was assumed that ali milk was home produced, but that other dairy products were
not.
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Exposuresand risks were predicted 70 years into the future (year 0 - 1989).
The impact of the predicted plume on the Great Miami River was not included in
thisassessment. L0adings to the riverfrom the south plume are likely to be small
becauseof the dilution achieved as the plume moves south. The riverflow south of
the facility is quite high, and any uranium entering the riverwill be quickly diluted.
The exposureroute associated with the ingestion of uranium in fish caught in the
Great Miami Riverwill be included in a second riskassessment study for uranium at
the FEMP.

6.4.4Incrementalvs. Total Exposure and Risk

The uranium cancer riskassessment was based on an assessment of the
incrementalcancer riskassociated with uranium in the ground water plume
emanatingfromthe FEMP. For the cancer risk assessment, uranium concentrations
in drinkingwater,homegrown food and homeproducedmilk were estimated based
onlyon predicteduranium concentrations associatedwith the plume. Exposures
andrisks associatedwith natural background uraniumconcentrations in water, soil
or vegetation,or uranium in soil and vegetation associated with historical airborne
uraniumreleaseswere not included in the cancer riskassessment.

Uranium toxicity,however, was assumed to be a threshold effect, and the
toxicit,/assessment required that other sources of uranium exposure through
ingestionbe considered in the analysis. Additionalsources of uranium include
naturalbackgroundconcentrations in water, milk,soil and vegetation; uranium in
soft,milkand vegetation associated with the facility,and uranium in the diet from
sourcesother than home gardens.

Figure6-7. Currentlylocated potential receptors foruranium in ground water

%
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6.5UraniumConcentrationsin GroundWater

6.5.1Natural BackgroundConcentrations

Uranium occurs naturally in ground water near the FEMP. USDOE (1990c)
refers to a study of data collected from private wells north of the site (Varchol,
1990). This study concluded that backgi'ound concentrations of uranium in ground
water range from about 0.068 to 2.0 pCi/L (0.0025 to 0.074 Bcl/L; 0.1 to 2.94rg/L).

Uranium measured in offsite wells near the facility (Figure 6-8) can be used
to describe the largest value for background uranium concentrations -- natural
background may be smaller than these values but is not likely to be larger because
thesesamples mayhave been impacted by the facility. Average concentrations o!
total urardum in offsitewells in 1989 are given in Table 6-6. Wells 12, !5 and 17are
obviouslyimpacted (1990 concentration of 27 - 190pCi/L; 1.0- 7.0 Bq/L). Average
background concentrations of uranium in ground water appear to be iia the range of
about 0.093 to 1.2pO/I, (0.0034 to 0.044 Bq/L, 0.14 to 1.76rg/L). This assessment
used the average uranium concentraUon measured in offsite wells (excluding wells
12,!5 and 17) as an estimate of background concentrations near the FEMP (0.63
pC'i/L,0.023 Bcl/L, 0.926t_g/L).

Figure 6-8. Offsitewells (from USDOE, 1990c).
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Table6-6.Concentrationof uraniumin offsite wells, 1989.

Well Average Concentration in Water
(pCi/L) (Bq/L) _ g/L)

l o.17 O.Ol 0.25
3 o.17 0.01 0.25
4 1.4 0.05 2.06
5 1.5 0.06 2.21
7 1.1 0.04 1.62
8 0.6 0.02 0.88
9 1.0 0.04 1.47
10 0.52 0.02 0.76
11 1.1 0.04 1.62
12 170 6.29 250.0

13 0.37 0.01 0.54
14 0.88 0.03 1.29
15 190 7.03 279.4
16 0.52 0.02 0.76
17 27 1.00 39.7
18 0.34 0.01 0.50
19 0.12 0.00 0.18
21 0.25 0.01 0.37
22 0.79 0.03 1.16
23 0.58 0.02 0.85
24 0.4 0.01 0.59
25 0.27 0.01 0.40
26 0.14 0.01 0.21

27 0_5 0.02 0.74
28 0.57 0.02 0.84

29 1.1 0.04 1.62
30 0.38 0.01 0.56
32 0.093 0.00 0.14

34 0.83 0.03 1.22
35 13. 0.04 1.76

6.52 Predictionof Uranium Concentrationsin the South Plume

6.5.2.1Introduction

A three-dimensionalflow and transportmodel of the wound water at the
FEMPis beingdeveloped in supportof the ongoing Remedial Investigation
/Feas_ility Studies CRI/FS). The modeling workis being performedfor the U.S.
Departmentof Energy by ITCorporation.

The model is complex and is stillbeing fine-tuned for use at the FEMP. A
preliminaryset of results was made availableby IT Corporation and the USDOE,
and these predictions were used in this analysis. The model and model predictions
were reviewed by an independent consultant and found to adequately describe flow
and transport at the facility.
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There are several limitations to the model in terms of its application to a risk
assessment study. The transport model domain is limited and does not extend to the
Great Miami Rwer South of the FEMP. This limitation prevents the estimation of
uranium loading to the river and an analysis of exposure to uranium ingested in fish.
The second limitation is the time over which model predictions are available. This
analysiswasbased on model predictions of uranium concentrations in ground water
70yearsinto the future.

These limitations were not considered serious in the current assessment of
risk associated with the ingestion of uranium in _round water. Predictions of
uranium transport 70 years into the future describe the highest potential exposure to
both currently located wells and to potential future wells. Loadings to the river
from the south plume are likely to be small because of the dilution achieved as the
plume moves South. The river flow south of the facility is quite high, and any
uranium .enteringthe river will be quickly diluted. The exposure route associated
ruth the ingestion of uranium in fish caught in the Great Miami River will be
includedin a future assessment for uram'umat the FEMP.

As the model is fine-tuned, the model domain expanded, and predictions
made further into the future, the risk assessment will be updated.

6.522 GroundWaterFlow and TransportModel

ModelingApproach

A comprehensive effort was undertaken to define the ground-water flow
systemand the transport of dissolved uranium at the FEMP. S.WIFTIII was
selectedas the code for use in the hydrogeologic investigation ot the FEMP site-
wideRI/FS.

. The SWIFT (Sandia Waste Isolation, Flow and Transport) code was
originallydeveloped by Sandia National Laboratory for use in the high-level nuclear
waste isolation program. Modifications to the origin_ code (SWIFF H and SWIFT
Hl) are documented in Reeves (1985) and Geotrans (1988).

SWIFT Hl is a fully transient, three-dimensional, block centered, finite
differencecode. The model can solve the ground water flow, solute transport, heat
.tram.port and density dependent flow equations. These equations, as programmed
m the code, also account tor water-table conditions, attenuation/retaraanon
pr.of:es:s.es, decay chains, adsorption, and temperature or concentration effects on
fluidviscosity.

The simulation of ground-water transport of uranium at the FEMP is a
product of both analytical and numerical (two- and three-dimensional) modeling
efforts. Only the numerical three-dimensional regional flow model and the
numericalthree-dimensional local solute transpor" model are discussed here. The
other models were constructed and run as part of the effort to determine hydraulic
parameters and initial conditions to be used in the three-dimensional models and to
t'acilitatesensitivityanalysis.

The description of the modeling effort given here was extracted from reports
prepared by IT Corporation for the United States Department of Energy (USDOE,
1990b,USDOE 1990d).
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FlowModel--ModelConstructionandInputParameter_

Theflowmodelgridandboundariesi1_cludethemaincollectorwells,the
GreatMiamiRiverandimportantfeaturesofthebedrockvalleys.Theboundaries
areconsideredtobeoutsidetheareaofinfluenceofanypumpingwellsthataffect
ground-waterflowwithintheslteand/orplumearea.The modelgridcovers
approximately29squaremilesandisshowninFigure6-9.

Themodelwasverticallydiscretizedintofivelayerswhichrepresentthefull
thicknessof the Great Miami Aqmfer. The top layer,Layer 1, represents the water
table. Layer 2 represents the lowerpart of the upper aquifer, andoverlies the clay
interbed. Modellayer 3 represents the clayunit beneath the FEMP and, where the
clayis absent, is consideredto be a sand and gravel unit. Layers 4 and 5 represent
the lowerpan of !he aquifer and.overlie the bedrocksurface. The bedrock, which is
consideredto be Impermeable, _sthe lowerboundary of the model.

Figure6-9. Flow and transport model boundaries (from USDOE, 1990b).
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Horizontal hydraulic conductivity for the upper three layers was typically 450
ft/d, while 600 ft/d was more representative for the lower two model layers.
Conductivityof the clay interbedbeneath the site was approximately 0.0003 ft/d.
Severallocal areas, along bedrock valley walls, in layers lthrough 4 had
conductivitiesas low as 60 ft/d. The ratio of horizontal to vertical conductivity was
10:1throughout the model.

Recharge rates varied from 6.0 in/yr north and we_:tof the site, to 14.0 in/yr
and6.0 in/yr to the south and east. The recharge rate in the vicinity of the site was
2.0in/yr. The flow model was calibrated to April 1986ground-water condittons,
assurmngthat the ground water system was in equilibrium at that time.

TranspgrlMQde! -- Model Construction and Input P_rameters

A local three-dimensional solute transport model was developed for the
FEMP site and downgradient areas. The horizontal d;scretization scheme for the
transport model was more detailed than that of the flow model (Figure 6-9). Each
cellwas 125feet by 125 feet. The vertical representation of the ground-water
systemwas the same as the flow model.

The distribution of recharge was similar to the flowmodel except in the area
of Parities Run. A recharge rate of 32.0 in/yr was applied over reaches of Paddy's
Run in the local transport model, based on the assumption that a potential for high
infiltration exists in the stream channel.

Sourc_Loading

Initial loading rates and time periods were taken from literature reviews of
_e site's operation, and estimates of the ratesof contaminant escape. Four distinct
ttme periods were Identified during which different source loading rates existed. The
fourperiods (1952-1958,1959-1966,1967-1975,1976-1988)represent the various
operational times of the waste pits over a 37 year period. Although loading rates
and loading areas were varied during calibration, these four time periods did not
change. The final calibration run included a fifth loading period representing the
year 1989.

After extensive literature review, it was determined that six potential source
areasexisted. Those areas chosen for inclusion in the model were the Storm Sewer
OutfaUDitch area (including the fly ash piles and Southfield),
Paddy'sRun downstream of the Storm Sewer Ouffall Ditch, Paddy's Run between
the Storm Sewer Ouffall Dttch and the Waste Storage Area, the Waste l'it Area, the
ProductionArea, and the Silos Area.

,Model_Calibration

The model was calibratedby dividingmodel time into source loading
periods,introducingreasonable initi_ estimates of uraniumsource loading for each
sourcecell, and establishing the best initial values for.longitudinal and transverse
dispersivityand the distributioncoefficient for uranium. Adjustments were then
madein source loading, source loading periods, dispersivities,and the distribution
coefficientuntil concer.trations calculated by the model were close to those
measuredin the field.
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. The preferred calibrated value for the distribution coefficients war,0.022
ft'_/lb which corresponds to a retardation factor of 12. The associated longitudinal
and transverse dispersivities were 100feet and 10feet, respectively.

Calibrated total loading rates for ali source areas combined were 0.552,
0.986,0.149,0.571,and 0.318 0b/day) for the five loading periods respectively. The
two areas delineated as the highest contributing source areas during the 1952to
1989time period were e,long Paddy's Run from the Waste Storage Area to the
Storm Sewer Outfall Ditch and from the Storm Sewer Outfall Ditch to the Albright-
WilsonCompanywells.

6.5.23 Simulationsand Model Predictions

Two predictivesimulations were run for a period of 70 years each, assuming
that the ground-water flow field would not be stressed or changed from existing
conditions (1989). Ali hydraulic parameters and coefficients were those used in the
final calibrated transport simulation. The initial condition for the uranium
distribution was the same as the model generated distribution from the final
transport calibration run. Only predicted concentrations from Model Layer 1 are.
presented here. Although part of the plume migrates within lower model layers, tlae
highest observed concentrations have occurred in the upper part of the aquifer. In
the analysispresented here, it was assumed that private wells serving houses are or
will be located in the upper part of the aquifer, represented by Model Layer 1.

Source Removed

The firstpredictive simulation was run assuming that after ten years, ali
sources of uranium were removed. Contours of predicted uranium concentrations
in groundwater at time zero and 70 years are _givenin Figure 6-10. Because the
concentrations in the plume rise so rapidly, it _sdifficult to show the values
assodated witheach contour interval m Figure 6-10, and the reader is referred to
the figure captionswhich give the contour ranges and intervaL.s' . Over the simulated
seventyyear period, the predicted plume concentrations continually diminish as the
plume dissipatesand flows beyond the boundary of the local modelarea. At the
end of the simulation period, the majority of the plume area exhibits concentrations
of under10_,g/L.

ContinuingSource

The secondsimulation assumed that a continuingsource of uraniumexisted
and thatloadingto the aquifer occurredat the same source locations and rates as
defined duringthe last period (1989) of the final calibration run.

Contoursof predicted uraniumconcentrations in groundwater at time zero
and 70years aregiven in Figure 6-11. Because the concentrations in the plume rise
so rapidly,it is difficult to show the values associated with each contourinterval in
F_gure6211,andthe reader is referredto the figurecaptionswhich give the contour
rangesandintervalsover the seventyyear period simulated. Predicteduranium
concentrationsin the original plume (1989 conditions) continuallydiminish as the
plume dissipatesand moves beyond the boundary of the local model (Figure 6-11).
At the same time, a second p.lumedevelops from an area designated as a 1989
source loadingarea (primarily the storm sewer outfall ditch). This indicates that the
highest concentrationsfound within the observed plume did not originate at one of
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Figure 6-10.Predicted uranium concentrations _g/I), source removed, initial
conditionsand 70 years.

Initial Cc,.nditlo.s 70 Years
(0-420 .g/I; contourinterval=50)

(0-15 ug/I; contour Interval=5)

Figure 6-11.Predicted uranium concentrations (_g/l), source continued,initial
conditionsand70 years.
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the locationsdesignated as a source area (storm sewer outfali ditch) for the seventy
yearpredictivesimulation, lt also reiterates a conclusion drawnduringprevious
efforts,that the highest present concentrations are not found at anyof the
designatedsourceloading areas for the 70 year simulation. This is due to higher
loadingrates which occurredin the past, which are now manifest as the plume core
downgradientfrom the source loading areas. The highest concentrations at the
continuingsource area (storm sewer outfall ditch) are approximately460ug/L.

6.5.2.4PredictedConcentrations at ReceptorLocations

The model output available for this assessment includedpredictions of
uraniumconcentrations at identified receptors for model years O(1989), 10,20, 30,
40,50, 60 .and70. The assessment of uranium toxicitywas performed for the
concentraUonsin water, food and milkpredicted for these model years.

. Cancer risk was estimated over a lifetime. Because uranium is deposited in
bone _tdelivers its dose over a period of years after the initial intake (see section
6.3.3). Exposureshad to be estimatedon a yearlybasis to allow a reasonable
estimateof the effective dose receivedover a lifetime.

Forpredictions at individual well locations, a simple interpolation approach
wasused to estimate the concentrations of uranium in groundwater for the years
between those simulated by the ground water model. The predictedconcentration
atyear 5 was estimated by averagingthe concentrationspredicted for year 0 and
year 10. Years 1-4were estimated by averaging the predicted concentrations for
year 0 andyear 5. Years 6-9 were estimatedby averaging the predicted
concentraUonsfor year 5 and year 10. This approach was extended to ali 70 years of
modelpredictions, and applied to all identified receptors.

Representative Residential Well_

Five wells were located to represent single residential wells or clusters of
residentialwelh currentlylocated downgradient of the FEMP (Figure 6-12). These
representativewells were located to allow an estimate of uranium concentrations
(and exposure) over time in currentlylocated residential wells.

Predicteduranium concentrations in Model Layer 1for the stop source and
continue source scenarios at the 5 "representative"well locations for ume 0, 10,20,
30, 40, 50, 60 and 70 years are shown m Figure 6-13 and are given in Appendix B
(TableB-1).

Centerlinewells

Fourwells were located along the approximate centerline of the developing
plumeto represent potential receptors withworst-case exposures. These
"centerline"locations are approximatelyevenly spaced along the centerline of the
developingplume. The location of these centerline wells are shown in Figure 6-12.

The concentration of uranium was predicted for the four centerlinereceptor
locations for 70 years in incrementsof 10years. Concentrations over time are gwen
in Figure 6-14 (and Table B-2 in Appendix B) for both the continuing source
simulationand the removal of source simulation. Inspection of the predicted
concentrations shows that both the existing plume and the developing plume impact
certain receptor locations. In the continuing source case, at location #3 (Figure 6-
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14),concentrationlevels, whichrise and fall over the firsthalf of the simulation,
reflectthe migrationof the existing,plume even though the receptor location was
chosen to monitor the developing plume.

Figure 6-12. Representative and centerline receptorwells.
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Figure 6-13. Predicted uranium concentrations (,. g/i) over time at five
representative well locations.

Figure 6-14. Predicted uranium concentrations (u g/l) over time at four centerline
wells.

Predicted Uranium Concentrations Predicted UraniumConcentrations
Centerline Wells,Stop Source Centerline Wells,ContinueSource
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rolcntial Wells

The area covered by the transport model domain (Figure 6-15) was examined
lo identify grid cells (125 x 125 feet) that have the potential of being impacted by the
south plume. These grid cells are those down,gradient of the facility, excludinggrid
cells located above bedrock or west of Paddy s Run (Fibre 6o15) and total 2179
cells. Each grid cell was assumed to represent a potential future well location.

The average Uranium concentration predicted for each ten-year interval (0-
10, 10-20, 20-30, _'0-40, 40-50, 50-.60and 60-'/0 years) was calculated for each grid
cell. For each ten-year period, the number of cells (representingpotential future
wells) in the concentraUon ranges 0-1, 1-20, 20-100, 100-300 and300-500 _g/L were
counted: These counts give an estimate of the_robabilit_ of locating a well in areas
as..sooatedwith high ura_fium concentrations. I nese prooabilities are presented in
F_gure6-16 for both the stop source and continue source simulation scenarios.

Figure 6-15. Grid cells in model domain representing potentially impacted wells.
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Figure 6-16. Model predictions: probability of locating a well in ground water with
specified range of uranium concentrations (_ g/L) for each year predicted by the
model (note that the frequency of low concentration grid cells (0-1 _,g/L) for the
continue source scenario is smaller than for the stop source scenario because the
frequency of higher concentration grid cells has increased).
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6.5.3 Model Uncertainty

Because of the complexity of the ground water transport model, predictions
of uranium concentrations in ground water were produced In a deterministic way.
Sin$1eestimates of the uranium concentrations at each grid cell and model time
penod were produced in the simulations. The estimates of uranium concentrations
in homegrown food and homeproduced milk described in the following section were
based on these single deterministic estimates.

The importance of the uncertainty in the estimates of the ground water
transport model was examined for toxicity effects in Section 6.8 and for cancer risk
in Section 6.9. In this uncertainty analysis, the ground water model was assumed to
have an uncertainty of less than 1.5. This was included in the uncertainty analysis as
a lognormal distribution with a geometric mean of 1 and a 95% range of +/- 1,5
times, leading to a geometric standard deviation of 1.2 (arithmetic mean = 1.02 and
standard deviation = 0.19).

6.6 Uranium Concentrations in Food and Milk

Concentrations of uranium in homegrown food and milk were estimated
assuming irrigation with water containing uranium concentrations predicted as
described in Section 6-5. For the assessment of toxicity risks, average background
concentrations in water (0.926 _g/L, section 6.5.1) were added to the concentrations
predicted by the model, and uranium concentrations in vegetation and in soil near
the facility were assumed to be available to cows. The cancer risk analysis was
based on an assessment of the incremental risk associated only with uranium in
ground water associated with the FEMP.

The concentration of uranium in homegrown food and milk was calculated
using equations given in USNRC (1977) (sections 6.6.1 and 6.6.2). Many of the
parameters usedin _Lhesecalculations were drawn from a position paper prepared by
lT (1991b) in support of the Remedial Investigation/Feas-ibility Study at the FEMP.
The values of the parameters used to calculate the concentrations of uranium in
homeproduced food and milk are documented in section 6.6.3. Resulting
concentration estimates for ali identified receptors are given in section 6.6.4.

6.6.1 Calculation of Uranium Concentrations in Homegrown Food

The concentration of uranium in homegrown food was calculated using the
model described in USNRC Regulatory Guide 1.109 of the United States Nuclear
Regulatory Commission (USNRC, 1977). Uranium in fruits and vegetables
irrigated with contaminated ground water results from deposition onto plant foliage
and uptake from the soft. The concentration of uranium in the edible portions of
homegrown fruits and vegetables was calculated using the following equation
(USNRC,977).
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d i -'- Cw x IR

_Ei =_i + _w

Civ= _r[1-cxp(-),Eitc)]+ fiBiv[1-exp(-_it

1 exp(-)_ith)

where:

CW = concentration of uranium _n irrigation water (mg/L)
IR - average irrigation rate.,(I/m"/hr)

di = deposition rate (mg/mZfar) o -1
7'F.,iffieffective removal rate constant for the cr p (hi')
7'i = uranium radioactwe decay constant (ht) ,,
)_w = removal rate constant for loss by weathering (ttr")
Cir = concentration of uranium in the edible portion of the crop (mg/kg wet weight)
r = fraction of deposited activity retained on crops

te = period of crop exposure during _owing season (_s)
Yv = agricultural productivity (kg/m , plant wet weight)
fi = fraction of the year crops are irrigated
Bir = concentration factor for uptake of uranium from soll by edible parts of crops (mg/kg wet weight
permg/kgdrysoU)
tb ffiperiod of tlme soil is exposed to contaminated water (hfs)
th = holdup time - interval bctween harvest and consumption (hfs).
P = effective surface density for soll (kg(dry soil)/m")

6.6.2 Calculationof UraniumConcentrations in HomeproducedMilk

Uraniumin homeproduced milk can come from uranium ingestedby dairy
cattle in drinkingwater, forageand feed, and soil.. Irrigationof fa_. and"is no!,_ ._:._
widelypracticednear the FEMP _.IT,1991b).ano zt.w.a:s_.sumeo. mateatry came u_u
not ingestforageor feed grownwith contammatea _n_ngauon,water, t_was assureco
thatdairycowswere fed entirelywith locally grownfeea ana zorage, t.:owsmay also
ingest a significantamountof uranium in soil near the FEMP. Uraniumin soil and
vegetationwasassumed to be availableto cows only for the toxicityassessment.

The concentrationof uraniumin homeproduced milk was calculatedusing
equationspresented in USNI__C (1977). The equation .calcu.latesthe concen_ation
of uraniumm milkresulting from the mgesuon ozuramum m contammateazeee,
waterand soil:

Cim = Fire [(Cw)(OmW) + (CF)(OmF) + (Cs)(QmS)]

where:

Cim = uraniumconcentrationinmilk(rag/L)
Fhn = stableelementtransfercoefficienttomilk(day/L)

CW = concentrationofuraniuminwater(rag/L)
QmW = consumption rate of contaminated water by an animal (l/day).
CF = concentration of uranium in feed (mg/kg dry weight)
QmF = consumption rate of contaminated feed by an animal (kg/day dry weight).
CS = concentration of uranium in soil (mg/kg)
QmS = consumption rate of soil by livestock (kg/day)
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6.6.3 Values Used in Calculation of Uranium Concentrations In Homeproduced
Food and Milk

Table 6-7 summarizes tile values used in the calculation of uranium
concentrations in homeproduced food and milk. Each value and its source is
discussed in the following sections. Values of Cw (concentration of uranium in
irrigaUon water) were estimated in Section 6.4 for each identified receptor and
simulated time period (0-70 years).

Table 6-7. Parameters used to calculate the concentration of uranium in
homeproduced food and milk.

Parameter Value Reference

Uranium Physic_ and Transfer Parameter_

xi(u-234) 3.23E.10 BRH,1970
Xi (U-235) 1.12E-13 (hr'_) BRH, 1970
X i (U-238) 1.77E-14 (hr") BRH, 1970
Biv 0.0025 NCRP (1984)
Fim 0.0006(day/L) NCRP (1984)

Agxicuitural Parameters

IR 0.08(i/m2/hr) lT (1991b)
r 0.25 USNRC (1'_0
Xw 0.0021 Ibr"1) USNRC (1977)
fi 038 lT(1991b)

 31ooo USNRC(197"0
p 225 (kg/m'_) rf (1991b),USDA(1979)

tc 1440 (hfs), USNRC (19T/)
Yv 1..50r,g/m') lT (1991b), USDA (1979)
th 24 (laPs) USNRC (1977)

Animal Consmnption Parameter_

OmW 60 O/day) USNRC (1977)
QmF 16 (k_day dry wt) Shor and Fields (1979)
Ores 0.50tg/day) Zack and Mayoh (1984)

Uranium Concentration in Soil and Grass

CS (toxicity) 6.91 (mg/kg dry weight) Section 6.6.3
CF (toxicity) 0.054 (mg/kg dry weight) Section 6.6.3

CS (cancer) 0 (mg/kg dry weight) Section 6.6.3
CF (cancer) 0 (mg/kg dry weight) Section 6.6.3
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_Uranium,physi¢_landTransferParameters

The decay constants(xi) for the principal isotopes of uraniqm(U-234, U-235
andU-238) are 3.23E-10 (hr'l), 1.12E-13 (hr") and 1.77E-14(hr'l), respectively.
These decayconstants correspondto half-lives of 2.47E+5 years for U-234, 7.1E+ 8
years for U-235 and 4.51E+9 years for U-238 (BRH, 1970).

The concentration factor for,uptake of u_nium from soil bythe edible parts
of crops (Bir) ranges from2.9 x 10"* to 2.5 x 10""(mg/kg wet weightper mg/kg dry
soil) (NqRP, 1984). This assessment used the more conservativedefault value of
2.5x 10""recommendedin NCRP (1984). Suggestgd values for,the transfer factor
coefficient of uranium to milk range from 1.2x 10"'*to 6.0 x 1Q'*(NCRP, 1984).
This assessmentused the more conservative value of 6.0 x 10"'.

Agricultura!Parameterl;

The average irrigation rate (IR) for the area near the FEMP was calculated
in IT,,(1991b)based on the water needs for a corn crop. This value is 0.08
(l/m_/hr). The fraction of the year crops are irrigated(fi) was estimated to be 0.38
(IT, 1991b)based on a growingseason in Hamilton County of 138 days(USDA,
1970).

The fraction of deposited activity retained on crops (r) was assumed to be
Q.25(USNRC, 1977), andthe removal rate constant for loss byweathering (xw (br"
")) was 0.0021(hr") (USNRC, 1977).

The period of time the soil is exposed to contaminated water was assumed to
131000hours (15 years) (USNRC, 1977).)The effective surface density for soil near
the FEMP was assumed to be 225 kg/m t"('IT,1991b from USDA, 1979),and the
periodof crop exposure duringgrowing season te (hrs) was 1440hours (USNRC,
1977)2Agriculturalproductivity Yv for crops ingested by manwas assumed to be 1.5
kg/m wet weight (IT, 1991,USDA, 1979) and the holdup time or interval between
harvestand consumption of homegrown crops was 24 hours (USNRC, 1977).

AnimalConsumptionParameters

The consumption rate of contaminated water by a dairycow (QmW) was
assumedto be 60 l/day (USNRC, 1977). The consumption of feed andf0rage by
dairycattle was assumed to be 16kg/day dryweight (Shot and Fields, 1979), and
the consumption rate of soil by livestock (Qs) was 0.5 (kg/day) (Zack and Mayoh,
1984).

UraniumConcentrationin Soil and Vegetation

CancerRisk - For the assessment of uranium cancer risk,it was assumed that
no uranium was available to cows in feed or soil. Ali uranium intake (and cancer
risk)was associated with uranium in ground water originating at the FEMP and was
calculated as described in section 6.6.1 and 6.6.2.

Toxici_ - For the assessment of uranium toxicity, the concentration of
uranium in sod (Cs) and vegetation (CF) near the FEMP was estimated from data
published in the Annual Environmenta] Monitoring Report for Calendar Year 1989
(USDOE, 1990c). Some of the uranium measured in soil and vegetation samples
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taken near the FEMPis associated with natural background levels of uranium,and
some is associatedwith airborne releases from the facility.

Figure6.17 shows the location of stations sampled for uranium in soil and
vegetation in 1989. Uranium concentrations measured m soil and grass at the
samplingstations close to the area :mpacted by the south plume (Stations 10,
11,15,17,20and 32) aregiven in Table 6-8. The average concentration in soil for
these stations was4.7 pCi/g dryweight (0.17 Bq/g, 6.91 mg/kg), and the average
concentration in vegetation was 0.037pCi/g dry weight (0.001 Bq/g, 0.054mg/kg).

Figure6-17. Locationssampled for uranium in soil and vegetation in 1989(from
USDOE, 1990c).
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Table 6-8. Concentratio/1 of total uranium in soil and vegetation samples near the
FEMP (USDOE 1990c) .

Station Conc. in Soil Cone. in Vegetation
(pCi/g) (Bq/g) (mg/kg) (pCi/g) (Bq/g) (mg/kg)

Impacted Area
10 3.2 0.12 4.71 0.08 0.003 0.118
11 5.9 0.22 8.68 0.06 0.002 0.088
15 2.2 0.08 3.24 0.03 0.001 0.044
17 6.8 0.25 I0.0 0.03 0.001 0.044
20 2.4 0.09 3.53 0.01 0.0004 0.015
32 7.4 0.27 10.9 0.01 0.0004 0.015

average 4.7 0.17 6.91 0.04 0.001 0.053

Background**
14 2.7 0.10 3.97 0.02 0.0007 0.029
19 3.8 0.14 5.59 0.03 0.001 0.044
28 2.8 0.10 4.12 0.01 0.0004 0.015
29 8.0 0.30 11.76 0.01 0.0004 0.015

average 3.1 0.11 4.56 0.02 0.0007 0.029

,,ali concentrations are dryweight
,,,stations greater that 5.4 km from the site

soil averageexcludes station 29

Natcral Back_ound

Naturally occurring 238U concentrations in Ohio range from about 0.6 to 22
pO/g (Myrich et al., 1983). The 1989 Envirgp.ynental_'V_onitoringreport (USDOE,
1990) assumes se_lar equilibrium between _"U alkg]z"eU and statesthat the total
uranium actMt_ will be about twice the activity of z'xsUbecause tlae three isotopes
occur together m soil. The value used as "background"appears to be 4.4 pCi/g total
uranium (6.5 ;,g/.g) (USDOE, 1990c). Uranium concentrations in offsite samples
close to the facility are usually above this value.

Background concentrations of uranium in soil and yegetation near the FEMP
were estimated from monitoring data. Samples at large dmtances from the FEMP
(greater rh.an5.4 km) were usedto describe the averagebackground uranium
concentrations m soil and vegetation near the facility. rbe average uranium
concentration measured in soil at station 29 (8.0 pO/g) was excluded from the
calculation of average background concentrations bemuse it was almost twice the
back:gr-oundconcentration expected for Ohio (4.4 pO/g). The average total
uram_umconcentration in soil for background stations was 3.1 pCi/g dry weight (0.11
Borg, 4.6 mg/kg), and the average concentration in vegetation was 0.02 pCi/g dry
weight (0.0007 BcL/g,0.03 mg/kg).

Because it is difficult to estimate natural background uranium concentrations
in soil and vegetation near a facility that has contributed uranium to the nearby
environment, the estimates of cancer risk associated with background uranium
levels were based on estimated background concentrations in water based on
monitoring data (0.924 _,g/L, section 6.5.1) and on vegetation and milk
concentrations estimatedusing the food chain model described in section 6.6. Food
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andmilkuraniumconcentrationsbased on backgroundwater, vegetation and soil
measurementsarehtgher than these values (see section 6.6.4). This results in an
under-estimateof the risksassociated with background uranium near the FEMP.

6.6.4Estimated Uranium Concentrations in Homeproduced Food and Milk at
IdentifiedReceptors

FIat_ralBackgroundConcentrations

Based on a natural background concentration of 0.924_,g/L uranium in
groundwater, the estimated,background concej_trattonswere 0.006 mg/kg (0.15
Bq]kg) in food and 3.6 x 10"_mg/kg (9.1 x 10"¢Bq/L) in milk. These values were
used in the assessment of risk associated with natural back_ound uranium
concentrationat the FEMP facility. Background concentrations in food andmilk
estimatedfrom monitoring data near the facilityare higher (food: 0.028 mg/kg, 0.7
Bq/kg, milk 0.0017 rag/L, 0.043 Bq/L).

RepresentativeResidential Wf._ll

Tables B-3 and B-4 in Appendix B give estimated uranium concentrations in
groundwater,homegrown food and homeproduced milk over time at the five
representativewell locations for the two discharge scenarios (stop source, continue
source)..These tables include estimates for both the cancerrisk assessment (no
contn'buuonf{.ombackground groundwater concentrationsor contributionof
uraniumin soil and vegetation to milk) and the toxicityassessment (contribution
fromback_ound groundwater concentrations and contribution of uranium in soil
andvegetation to milk included). Esumated uraniumconcentrationsin homegrown
foodrangefrom 0.009 to 2.87 mg/kg. Concentrationsin homeproduced milk range
from0.003 to 0.02 mg/L.

CenterljneWell_

Tables B-5 and B-6 in Appendix B give estim.ateduraniumconcentrations in
groundwater,homesrown food and homegrown hulk over time at the four
centerlinewell locaUo.nsfor the two dischargescenarios (stop source, continue
source). These tables mclude estimates for both the cancer i'iskassessment (no
contributionfrombackgroundgroundwater concentrationsor contribution of
uraniumin soil and vegetation to milk) and the toxicityassessment (contribution
fromback_ound ground water concentrations andcontribution of uranium in soil
andvegetation to milk included). Estimated uranium concentrationsin homegrown
foodrangefrom0.006 t? 1.47 mg/kg. Concentrationsm homeproduced milk range
from0.003to 0.011 mg/L.

f

PotentialWe_

• The concentration ranges chosen to descn'bethe probabilityof locating a
wellm groundwater withhigh uranium concentrations (0-1, 1-20,20-100, 100=300
_g/L) were used to estimate the associated rangesof uranium concentrationsin
homeproducedfood and milk. Table 6-9 gives the predicted concentration of
uraniumin food and milk associated with uraniumgroundwater concentrationsfor
eachconcentrationin these identified ranges. This table contains estimates for the
toxicityassessment whichincludes contributions of uranium from soil and vegetation
to milkconcentrations,and for the cancer assessment which excludes these sources
ofuranium.
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Table 6-9. Potential wells-- concentrations of uranium in homegrown food and
homeproduced milk for ground water concentration ranges.

TOXICITY CANCER RISK

Conc. in Food Milk Food Milk

Water (_ g/L) (mg/kg)(mg/L) (mg/kg)(mg/L)

0 0 0.O026 0 0

1 0.006 0.0026 0.006 0.000036

20 0.122 0.0033 0.122 0.00072

100 0.608 0.006 0.608 0.0036

300 1.825 0.0134 1.825 0.0108

.500 3.04 0.0206 3.04 0.018

6.6.5 Model Uncertainty

Because of the complexity of the food chain model, predictions of uraniu_nconcentrations in food and milk were produced in a deterministic way. Single
estimates of the uranium concentrations at each grid cell and model time period
were produced in the calculations (based on singIe estimates of ground water
concentrations produced by the ground water transport model).

Uranium in food and milk were found to contribute only a small amount of
the uranium exposure and risk (always less than 10%, most exposure is through
water ingestion), and the uncertainty in the food chain model was ignored in this
assessment.

6.7 Uranium Intake

Intake estimates were developed for the receptors described in section 6.4,
using the predicted concentrations of uranium in ground water and food. Uranium
intakes associated with uranium in food from other sources were also estimated.

Estimates of individual intake rates for the centerline and residential wells

are presented as probability distributions. These distributions were ca!culated qsing
Latin Hypercube sampling of the parameter distributions included in the tormulae
given below (section 6.7.1). These parameter distributions are documented in
section 6.7.2.
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6.7.1 Calculation of Intake

Ing_;,:iQnin Watfr

Uranium intake through water ingestion (WI c for cancer risk, WI t for toxic
effects) was calculated using the expressions:

Cw¢(Bq/L) = Cwt(_g/L) x 0.68(pCi/#g) x0.037(Bq/pCi)

WIe (Bq/day)= ewe (Bq/L) x W (I/day)
WIt OJg/day)-- Cwt_g/L) xW (l/day)

where:

Cwc = uranium concentration (eq/L)
Cwt = uranium concentration (p g/L)
WIc -- uranium intake (Bq/day)
Wit = uraniumintake(_g/day)
W = waterintake(i/day)

Ingestion in Homepro_duced Milk

Uranium intake in homeproduced milk (MI c for cancer risk, MIt for toxic
effects) was calculated using the expressions:

Cime (Bq/L) = Cim t (mg/l.,) x 0.68 (pCi/# g) x 1000 (pg/mg) x 0.037 (BafpCi)

_c 0_day) - Cimcf_q/L)xM0/day)
MIt 0_g/day)= Cimt(rag/L)x 1000_g/mg) xM (l/day)

where:

Cime = uraniumconcentrationin milk(BCl]L)
Cimt = _um concentrationin milk(mg/L)
MIe = urmiumintakein milk(Bq/day)
MIt = uraniumintakein milk(pg/day)
M = homeproducedmilkintake(i/day)

Ingestion in Home_own Fruits and Vegetable_

Uranium intake through ingestion of home_own fi'uits and vegetables (VIo

Vii) was calculated using the. concentration of uramum in food (Cir t mg/g)
estimated for each receptor _dentified m secuon o.o.

C._ (Bq]kg)= Cirt (mg,/kg)x 0.68(pCi/_sg)x 1000_ug/rag)x 0.037(Bq]pCi)

VIe(Bq/day)= F (kg/day)x FH xCirc (Bq/kg)
VIt (pg/day)= F (kg/day)xFH xCivt (mg/kg)x 1003_g/mg)

i
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where:

F = amountof fruitsand vegetables consumed(kg/day wet weight)
FH = fractionof fruitsand vegetables that are homegrown
Cirt = concentrationof uranium in food from homegrown sources(mg/kg)
Circ = concentrationof uranium in food fromhomegrown sources(Bq/kg)
VIc = uraniumintake in homegrown food (Bq/day)
VIt = uraniumintake in homegrown food OJg/day)

Ingestion in Food FrQmOther Sources

The toxicityassessment for uranium in the south plume considered other
sourcesof uranium in the diet which contribute to total vranium exposure. The
amount of uramum ingested from other sources (Olt) was calculated as:

Olt (pg/day) = OFO_g/day)x FN

OIt -- amountof uraniumconsumed in fruits and vegetables fromother sources for identified
receptors(_g/day)
OF = amountof uraniumconsumed in fruitsand vegetablesfromother sources forgeneral population
(pg/day)
FN = fractionof fruitsand vegetables notgrown at home (1-FH)

Total Intake

Total uraniumintake (TIc, Bq/day; TIt _,g/day)was calculated by summing
ali of the intake rate estimates described above.

TIc (Bq/day)= Wlc + Mlc + VIc
TIt _g/day) = Wlt + MIt + VIt+ OIt

6.7.2ParameterDistributions

Parameters distributions used in the exposure calculations described above
are givenin Table 6-10. The followingsections describe these distributions and
documenttheir sources.
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Table 6-10. Parameter distributions used in exposure calculations .

Parameter Value Reference

W Iognormaidistribution Ershowand Cantor (1989)
(waterintake) mean: 1.203I/day

sd:0.689

M logormal distribution derivedfromUSEPA (1984)
(milk intake) mean: 0.254l/day

sd:0.87

F Iognormaldistribution derived from USEPA (1990b)
(food intake) mean: 036 kg/daywet wt.

sd:0.1.3

FH lognormal derived fromUSEPA (1990b)
(fractiongrownat home) mean: 0.23

sd:0.09

FN 1 - FH Section 6.7.2

(fractionnotgrown at home)

OF normal distribution USEPA (1991b)
(cone..inother mean: 0.934_ g/day
food) sd: 0.069

ali meansandstandarddeviationsare arithmetic
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Water Intake,

Ershow and Cantor (1989) estimated total water and total tapwater intake
for the population of the United States. This analysiswas based on data collected in
the 197'/-f978Nationwide Food Consumption Survey of the United States
Department of Agriculture (USDA, 1984).

The water intake distributions reported by Ershow and Cantor (1989) are
generally lognormally distributed (Roseberry and Burmaster, 1992). The average
tapwater intake for the Midwest (ali ages, both sexes) reported bLErshow and
Cantor (1989) is 1.203l/day, with a standard deviation of 0.689. This assessment
assumed a lognorrnal distribution for water intake (W), with the parameters for the
Midwest population reported by Ershow and Cantor (1989).

Intake of Fruitsand Vegetable_s

USDA (1984, 1989) conducted a NationwideFood Consumption Survey in
1977-1978and estimated that the average amount of total fruits consumed on any
one daywas 140g/day, and the average amount of vegetables comumed on any one
daywas200g/day (total of 340 g/day wet weight). These data were based on the
results of a three day diet recall survey. Distributions of intake rates are available
for individualfruit or vegetable types (e.g. oranges or green beans), but not for the
larger categories of all fruits or all vegetables.

The USDA also gathered data on thepercentage of consumed fruits and
vegetables that were homegrown (USDA, 1989). These data were also.summar!zed
as distn'butiom only for single fi-uitand vegetable tyl_eS.Assuming a tmx otaa t!steo
vegetables, the USEPA (1990b) estimatea the overaaiaverage homegrown traction
of vegetables to be 0.25, and the overall average homegrown fraction of fruits to be
0.2. These calculations assumed that homegrown fruits are used to make juice.

These data are very uncertain -- the percentage of consumed fruits and
vegetables that are homegrown vari_'eswith season, region, growing season and cost
of fruits and vegetables in the market (USEPA, 1990b).

A central estimate of the fraction of consumed fruits and vegetables that are
homegrown can be derived from the USEPA suggested (USEPA, 1990b)values of
the average ".intakeof fruits and vegetables (F--340 g/day) and the average fraction
of food that is grown at home (0.25.vegetables,.0..2fi'uits). "l%.eseass.umptiom r_sult
in an assumed_raetion of total fruit and vege.tableconsumpuon, mat_ gr,Oa,Wn"a
home (Tit) equal to 0.22 ([50 g/day vegetables + zt; g/_aaytrmtl/_40 g/u y).

A distribution about these estimates can be derived by assuming that the
central estimates derived above represent the geometric means of lognormal
distn'butions.If it is assumed that the 95%confidence interval around these
gdeometricmeans is + or - a factor of 2, the geometric standard deviation of these
istributiom can be calculated. These assumptions result in the following

distn%utions:
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FOOD INTAKE FRACTION HOMEGROWN

geometric mean: 0.34 kg/day 0.22
geometric sd: 1.42 1.42
arithmetic mean: 0.36 kg/day 0.23
arithmetic sd: 0.13 0.09

The risk assessment presented here was based on the these distributions.

!ntakg QfH0meprodueed Milk

USEPA (1984) estimated the consumption rates for fresh milk in the United
States based on an analysis of data collected in the USDA Nationwide Food
Consumption Survey conducted in 1977-1978 (USDA 1984). The reported mean
intake for fresh milk (all ages) was 0.254 l/day, with a standard error of 0.005. This
analysis was based on a survey of approximately 30,700 individuals. A standard
deviation of 0.87 was derived for this distribution. The estimated consumption rates
for ali dairy products was 308.6 g/day.

For the purpose of this assessment it was assumed that all milk consumption
was homeproduced, and ali other dairy products were obtained from other sources.
The distribution of milk intake was described by a !ognormal distribution with an
arithmetic mean and standard deviation of 0.245 l/day, and 0.87 respectively.

Amount of Uranium Ingested in Fruits and Vegetables Not Grown at Home

A few '°market basket" studies have been conducted to estimate the amount
of uranium in the diet. Welford and Baird (1967) studied the uranium content of
adult diets in New York City, Chica_o and San Francisco. The average daily intake
for adults in the three cities was sinular: 1.3#g/day in New York City, 1.4 #g/day in
Chicago and 1.3_g/day in San Francisco.

USEPA sponsored a re-evaluation of the data reported by Welford and
Baird (1967). Meglen (1985, as cited in USEPA, 199lh)used the average uranium
concentrations measured in various food groups in the Welford and Baird (1967)
study as input to a model based on more recent data on food consumption rates
(USDA, 1984). The daily average intake rates estimated by this model for the
various adult age and sex categories ranged from 0.7 to 1.1_,g/day.

USEPA (1991b) assumed a normal distribution of uranium intakes, with an
average of 0.934 #g/day and a standard deviation of 0.069. This distribution was
basedon modeled results (Meglen, 1985 as cited in USEPA 1991b) for six adult
male age groups for each of the. three cities in the Welford and Baird (1967) study.
This distribution was used in this assessment to describe the amount of uranium
ingested in food from sources other than home gardens (OF).

The fraction of food ingested from sources other than home gardens (FN)
was assumed to be 1 minus the fraction grown at home.

!
124

_iI



6.7.3 Intake Calculations: Background, Toxicity Assessment, and Cancer Risk

6.7.3.1 Natural Background

Intakes _sociated with background concentrations of uranium in ground
water (0.924 _g/L, Section 6.5.1) were calculated using the formulae described
above, and the predicted concentrations in food, and milk given i_ Section 6.6.4
(food: 0.006 mg/kg, 0.15 Bq/kg ; milk: 3.6 x 10"_rag/L; 9.1 x 10"' Bq/L).

6.73.2 Toxicity Assessment

Intake Estimate_ for Individual Wells

For the prediction of toxic effects, individual exposures were calculated in
unitsof_g/day, using water, food and milk concentrations for the years simulated by
the groundwater transport model described in section 6.6.5.2 (time 0, 10, 20, 30, 40,
50, 60 and 70 years). The contribution from background uranium levels in ground
water, and the contribution of uranium in feed and soil to milk was estimated.

Intake Estimates for Potential Future Wells

Grid cells (125 x 125 feet) representing potential wells were grouped
according to the predicted uranium water concentration in the grid (0-1, 1-20, 20-
100, 100-300, 300-500, section 6.5.2.3). Food and milk concentrations associated
with water from each group were calculated (Section 6.6). Concentrations in water,
food and milk associated With each group was expressed as a uniform distribution
covefinlgthe stated range of concentrations. These concentrations were then
multiplied by the distributions of amount eaten or drunk daily (section 6.7.2, Table
6-I0).

6,7.3.3CancerRisk

IntakeEstimatesforIndividualWells

Forthecalculationofcancerrisk,intakedistributionswereestimatedinunits

of.B_dayfortheestimatedconcentrationsofuraniuminwater,foodandmilk
predictedforeachyearofa70-yearlifetime.Thesedistributionswereusedto
.estimatethecommittedeffectivedose(Sv)andriskassociatedwithchronicuranium
intakeoveralifetime.Thesedosecalculationsandresultsaredescribedinthe
se_on onriskcharacterization(Section6.8.2).

Intake Estimates for Potential Future Wells

Average uranium intakes were calculated for each potential future well
location identified in section 6.5.2.3. Average intakes were estimated for each ten
ear increment of a lifetime, based on the average uranium concentration p.redicted
r ground water during that period. These intakes were used to estimate the

committed effective dose and risk associated with intake of uranium over a lifetime
at each location. These calculations and results are described in the section on risk
characterization (Section 6.8.2).

9
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6.8 Risk Characterization

6.8.1 Risk of Toxic Effects

Estimation of the risk of toxic effects associated with ingested uranium
includes two steps: 1) calculation of the amount of uranium expected in the kidney
and 2) comparison of the amount of uranium in the kidney to the distribution of the
effect threshold derived in Section 6.3.2.

The amount of uranium expected in the kidney for a given chronic intake (or
distribution of intakes) was calculated as described in Section 6.3.2, using the
retention function for the kidney, modified by fl, the fractional transfer of uranium
from gut to blood.

A - "atx(ft/t,n2)x(,_r)

where:

A = concentrationof uraniuminkidney_ g/g)
TIt = uraniumintakerate (ug/day)
fl = fractionaltransfergutto blood
a = fractionaltransferbloodto kidneycompartment1
T = biologicalhalf-fifeofuraniumin kidneycompartment1

Values for the parameters used in this calculation were derived in section
6.3.2. Table 6-11 summarizes the parameters and distributions of parameters used
in the calculation of the amount of uranium in the kidney. The intake distributions
(TIt) used in the analysis were those calculated in Section 6.7.

Table 6-11. Estimated values and disFibutions for parameters used in calculating
the mount of uranium in the kidney .

GeometricMean Geometricstr. Der.

fl 1.03 I._

a 6.3% 1.87

T 11.1days 1.55

*"'alldistributionsarelog;normal

The distribution of the threshold concentration in the kidney was derived in
section 6.3.2. This distribution is described by a Weibull distribution, with a lower
limit of 0.1 ag/g, scale parameter of 0.6 and a shape parameter of 4. These
parameters produce a maximum threshold value of about 1 _g/g with a mean of 0.6.

The probabili.t), of a toxic effect was defined as the probability of the kidney
concentration exceeding the threshold. In the calculation, this is the fraction of the
distribution [kidney concentration/threshold] that exceeds one.
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Probability_of T0xi¢ Effects at Background Water Concentrations

Risks associated with the intake of uranium associated with background
ground water concentrations (0.924 _,g/L) were calculated as described above. The
predicted kidney concentrations were always smaller than the threshold
concentrations, and no toxic effects were predicted.

Probability of Toxic Effects at Individual Well Locations

The model described above was used to calculate the ran_e of kidney
concentrations expected for the four centerline and five residenttal well locations.
In ali cases the predicted kidney concentrations were always smaller than the
threshold concentration, and no toxic effects were predicted.

Probability of Toxic Effects for Potential Future Wells

Grid cells representing potential future wells were binned into four groups
based on the predicted uranium water concentration for the cell (each model year).
The five groupings were: 0-1, 1-20, 20-100, 100-300 and 300-500 _g/L. Uranium
intakes for these ranges were calculated as described in section 6.7.4.1. Monte
Carlo simulations were run to estimate distribution of kidney concentration and
probability of exceeding the threshold for each group. None of the co_lcentration
groups had any probability of exceeding the threshold. The full range of equilibrium
kidney concentrations were:

WATER KIDNEY
0-1 _g/L 0-0.001 _g/.g
1-20 vg/L 0-0.015 _,g/.g
20-100 #g/L 0-0.074 _g/g
100-300 _,g/L 0-0.22 _,g/.g
300-500 _g/L 0-0.38 _,g/g

Although this analysis predicted no toxic effects for any potential future
wells, the largest predicted kidney concentration was 72% of the threshold level. An
additional assessment was performed incorporating additional potential sources of
error.

The ground water, food and milk concentration estimates (section 6.5) did
not include uncertainty. We judged the ground water model, especially in the higher
concentrations of most concern, to have an uncertainty of less than 1.5. We
included this in the analysis as a lognormal distribution with a geometric mean of 1
and a 95% range of +/-1.5 times, leading to a geometric standard deviation of 1.2
(arithmetic mean = 1.02 and standard deviation = 0.19). The food and milk
pathways contribute less than 10_ of the total uranium exposure, and the
uncertainty in the food chain model was ignored.

A second source of uncertainty was in the pharmacokinetic model
formulation itself. While it is a straight-foward 0rocess to develop probability
distributions representing uni:ertainty of parameters in a model, it is more difficult
to express the uncertainty in the model formulation itself. As a practical approach
to th_s problem, we assumed that uncertainty from this source was +/- a factor of
two. We implemented this by specifying a lognormal distribution with geometric
mean of one and geometric standarddeviation of 1.4 (arithmetic mean = 1.06,
standard deviation = 0.37).
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This revised formulation resulted in a probability of 0.02% of exceeding the
threshold for water concentrations in the range of 300-500 og/L. In ali other groups
the probability of exceeding the threshold remained zero.

Water concentrations above 300 _g/L were predicted only for the initial
conditions (Model Year 0, 1989). In Model Year 0, 2% of the grid cells in the
potentially Impacted area had predicted uranium concentrations in the range 300-
500 _g/L. The overall probability of exceeding the toxic threshold in a randomly
drilled fupare well in Model Year 0 (1989) andin the next 70 years was 0.02 x 0.0002
= 4x 10"u.

6.8.2 Cancer Risk

Because uranium delivers an internal=dose over aperiod of time (Section
6.3.3), the calculation of the integrated lifetime dose (andrisk) for an individual
receptor was based on the concept of an effective dose (ICRP 1991a). This required
assumptions about the length of the exposure, and the year of life in which each
annualexposure occurs.

This assessment assumed a 70-year lifetime and exposure period (the length
of the model simulation), and an initial intake in the first year of life. This is a
conservative assumption because most people will not live in one place for their
entire lifetime (see Section 5.4.3). The method described here can be applied to any
exposure period, beginning at any year of life.

Committed effective doses (E70, Sv) per unit annual intake (Bq'yr" 1) were
calculated for intake during each year of life in Section 6.3.3. The committed
effective dose for intake during each year was c_lculated for each receptor by
multiplying the estimated annual intake (Bq'yr "x) times the "lifetime modified"
committedeffective dose for a unit intake in that year of life, correcting for the fl
distribution derived in section 6.3.2. These effectwe doses for intake each year were
then summed to calculate the effective dose associated with the lifetime intake of
uranium.

E70(Y ) -- CF x (E70/1 [Bq'yr'l]) x TIc(Y) x 365 [d'yr "1]

ET0L = SUM y=O,70 EToA(Y)

where:

E70 CO = effective dose (Sv) integrated over a 70-year lifetime, for intake in year y
CF= fl distribution (section 6.3.2)/5 ,
Tic(Y) = daily intake in year y (Bq'd")
E70L = sum of effective doses (Sv) over a 70 year lifetime, for lifetime intake (years 0-70)

Individual lifetime risks for cancer mortality risks (ILR) were calculated for
each receptor by multiplying the committed effectwe dose (E70L) for lifetime
exposure to uranium as described above, by the distribution for the risk factor (RF)
derived irt section 6.3.3.4 (lognormal distribution, geometric mean 0.05 deaths/Sv,
geometric standard deviation 1.4).

ILR = E70L [Sv] x RF [deaths/Sv]
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Cancer Risk for Natural BackgroundWa.terConcenl;rations

The individual lifetime fatal cancer risk predicted for background uranium
concent_tions in ground water had an arithmetic mean oi 6.9 x 10"I, a median of
4.9 x 10" and an upper 95% confidence level of 1.8 x 10"".

Cancer Riskat Individual Well Locations

Table 6-12presents the individual lifetime fatal cancer risk distributions
estimated for the five representative residential and four centerli_ well locations.
Average predicted individual lifetime risks/'_.nged from 7,.2x 10"l_"to 1.2x 10""for
the stop source scenario and from 5.6 x l0 "l" to 1.3 x 10"'_for the continue source
scenario. The largest average individual li[etime risk was predicted for Residential
Well 1 (continue source scenario, 1.3x 10"_).

Cancer Risk at Potential Future Well Locations

The median individual lifetime cancer risks for potential future wells in the
impacted area are shown in Figure 6-18. The largest predicted median individual
lifegimecancer risk for both the stop source and contmue source scenarios was 2.2 x
10 . The dstnbutson of risks are simdar for the two scenarxos because most of the
exposure is received in the first years of life when the water concentrations
associated with uranium discharges prior to 1989.

Table 6-12.Representative residential and centerline wells -- individual lifetime
cancer risk distributions.

STOP SOURCE CONTINUE SOURCE
WELL MEAN MEDIAN 95% CL MEAN MEDIAN 95% CL

RESIDENTIAL

1 1.2E-5 7.7E-6 3.4E-5 1.3E-5 8.7E-6 3.8E-5
2 2.2E-6 1.6E-6 5.7E-6 2.2E-6 1.7E-7 5.9E-6
3 7.2E-12 5.0E-12 2.0E-11 5.6E-11 4.0E-11 1.6E-10
4 2.2E-6 1.6E-6 6.4E-6 2.2E-6 1.6E-6 6.7E-6
5 8.6E-6 6.0E-6 2.4E-5 8.7E-7 6.1E-6 2.4E-5

CENTERLINE

1 9.4E-6 7.0E-6 2.6E-5 1.lE-5 8.5E-6 3.1E-5
2 4.4E-6 3.2E-6 1.3E-5 4.6E-6 3.3E-6 1.3E-5
3 7.9E-6 5.7E-6 2.3E-5 8.1E-6 5.8E-6 2.3E-5
4 9.0E-6 6.7E-6 2.3E-5 9.1E-6 6.8E-6 2.4E-5
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Figure 6-18. Median individual lifetime cancer risk (x 10"6) for potential future
wells in the impaCed area, stop source and continue sourcq:scenarios (contours
shown are 1x 10"u to 21 x 10"u,contour interval is 2.5 x 10"u).

STOP SOURCE CONTINUE SOURCE

• •
: oduct

Area Area
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6.9 Assumptions and Uncertainties

This assessment included a number of assumptions and associated
uncertainties which should be considered in interpreting the results of this analysis.
The major assumptions incorporated into the assessment are described below.

6.9.1 Toxicity Assessment

Parameters for Pharma¢0kineti¢ Model and Toxicity Threshold

The values for the parameters used in the pharmacokinetic model and the
toxicity thresh__oldfor uramum in the kidney are sources of uncertainty in the toxicity
assessment. _llaisuncertainty was incorporated into the risk assessment by
describing these parameters as distributions derived from the range of published
data.

Model Predictions

Model Formulation Uncertainties -- Although uncertainty in individual
parameters of the intake-to-kidney concentration model has been characterized,
there is no direct method to estimate uncertainties associated with the specific
formulation of the model used. This uncertainty was accounted for in a separate
uncertainty analysis (Section 6.8.1) by assuming that the range of uncertainty from
this source is about a factor of two.

Ground Water Transport Model -- The ground water concentration
estimates are also uncertain. The uncertainties associated with the ground water
transport model were incorporated in a separate uncertainty analysis (section 6.8.1)
by assuming that the ground water model had an uncertainty of less than 1.5.
Uranium in food and milk contributed less than 10% of the uranium exposure (and
risk) and the uncertainty in the food chain model was ignored.

Intake Rates

Intake rates for water, food and milk were derived from published data. The
variation in intake rates in a population was accounted for by describing these rates
as distributions.

6.9.2 Cancer Risk Assessment

Dose Estimation

The estimation of dose associated with a unit intake (1 Bq'yr" 1) was derived
from ICRP (1991b) Annual Limits on Intake Values. These values were derived to
protect workers, and are probably conservative estimates which result in an
overestimate of the risk associated with the ingestion of uranium from the FEMP
facility. The importance of the uncertainty in the dose estimates was investigated
for a single well (Residential Well 1) by assuming that the dose estimates had an
uncertainty of about a factor of 2. We included this uncertainty in the analysis as a
lognormal distribution with geometric mean one and a 95% range of + or - two
times, leadin8 to a geometric standard deviation of 1.4 (arithmetic mean = 1.06,
standard devaation -- 0.37). lncludin8 this uncertainty in the assessment had only a
small effect on the resulting risk distribution (Table 6-13).
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Mode_iPredic)ions

The ground water concentration estimates are also uncertain. The
importance of the uncertainties associated with the ground water transport models
were assessed for a single well (Residential Well 1)by assuming that the ground
water model had an uncertainty of less than 1.5. This was included in the analysis as
a lognormal distribution with a geometric mean of one and a 95% range of + or -
1.5,|eading to a geometric standard deviation of 1.2(arithmetic mean= 1.02,
standard deviation =0.19). Including this uncertainty in the assessment had only a
small effect on the resulting risk distribution (Table 6-13). Uranium in food and
milk contributed less than 10% of the uranium exposure (and risk) and the
uncertainty in the food chain model was ignored.

Table 6-13.Uncertainty analysis for cancer risk assessment -- dose estimates and
transport model uncertainty..

INDMDUAL LIFETIME CANCER RISK:
ADDITIONAL SOURCES OF UNCERTAINTY

NONE DOSE TRANSPORT BOTH DOSE
ESTIMATES MODELS AND MODELS

Mean 1.3E-5 1.4E-5 1.3E-5 1.4E-5

Median 8.715-6 9.3E-6 8.9E-6 9.0E-6

Maximum 1.1-4 1.3E-4 1.3E-4 1.5E-4

95% CL 3.8E-5 4.0E-5 3.8E-5 4.0E.5

_,Residendal WeU 1, continuing source scenario
analysis incorporating uncertainty in both dose estimates and transport model predictions

.RiskFactor

The uncertainty in the risk factor for low closeradiation was incorporated
into the assessment by.derivinga distribution about the value recommended by
ICRP (0.05 deaths'Sv"1,ICRP, 1991a).

Intake Rates

Intake rates for water, food and milk were derived from published data. The
variation in intake rates for a population was accounted for by describing these rates
as distributions.

6,10 Summary -- Risk Assessment for Uranium in Ground Water

This riskassessment for uranium in ground water south of the FEMP facility
was performed for 70 years into the future and estimates risks to currently located
wells, to potential wells located along the centerline of the developing plume and to
future wells located in the potentially impacted area south of the site.
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No toxic effects were predicted for any individual weil. An assessment
incorporating the uncertainty in transport and foo_ chain model predictions resulted
in a predicted probability of toxic effects of 4 x 10"u for any well Iocated south of the
FEMP in the next 70 years.

Ali estimated cancer risks were small. Th_ largest predicted individual
lifetime risk was for Residential Well 1 (1.3 x 10"-'). The predicted individual
lifetime cancer fatality risks for _ells located anywhere south of the facility were
small (always less than 2.2 x 10"-'). Predicted risks for both the stop and continue
source scenarios were similar because most exposure is associated with uranium
discharged before 1989.

7 SUMMARY AND CONCLUSIONS

Two important environmentalproblerns at the USDOE Fernald
Environmental Management Project facility in Fernald, Ohio were studied in this
human health risk assessment. The problems were chosen for assessment based on:
1) USDOE, public and regulatory concern, 2) potential for offsite exposure and 3)
high score in the USDOE Environmental Survey s implementation of the MEPAS
(Multi Media Epvironmental Pollution Assessment System) code.

The problems studied in this assessment were radon emissions from the K-65
waste silos, and offsite contamination of ground water with uranium.

The radon assessment involved the development of a source term (based on
available monitoring data), and the prediction of exposure and risk to fenceline
residents, residents Within 1 and 5 miles of the silos, and residents of Hamilton and
Cincinnati, Ohio. A gaussian plume model and site metrological data were used to
make these predictions. Two release scenarios were studied: the continuing, routine
release of radon from the silos and an accidental loss of one silo dome integrity.
Time indoors, time living at a residence and the risk factor for radon were described
as distributions based on available data. The exposures and risks associated with
background radon concentrations were also estimated.

Radon and radon progeny associated with the.K-65 silos were estimated to
result in individua], lifetime Hsks greater than 1 x 10-4 only for,indoor workers
(median: 4.3 x lfr"*) and fenceline residents (median:l.8 x lfr"*) under the routine
release scenario. Population risks associated with the routine and accidental release
scenarios were less than 1.0 for ali identified receptor populations. The individual
and population risks associated With background radon concentrations (median
individual risk: 7.3 x 10"-') were 1 to 4 orders of magnitude larger than the risks
associated with radon from the silos.

The uranium risk assessment was based on model predictions performed by
IT Corporation, using a calibrated, three dimensional ground water flow and
transport model. Exposures and risks were estimated 70 years into the future for
currently located residential wells, potential future wells located along the center of
the developing plume, and ali possible future well locations in the impacted area.

Exposure routes included in the assessment were: water ingestion, intake of
homegrown food and intake of homeproduced milk. Intake rates for water, food
and milk were based on distributions derived from published data. The cancer risk
assessment was based only on exposures associated with uranium in ground water
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emanating from the FEMP (direct water ingestion, ingestion in food irrigated with
contaminated water, and ingestion in milk from cows watered with contaminated
water).. Because toxicity is a threshold effect, the toxicity assessment included
contrtbutions to milk from soil and vegetatio, n that were not associated with ground
water contamination, as well as uranium associated with the use of ground water.

The toxicity risk assessment was based on a pharmacokinetic model and
parameter distributions derived from the published literature. A threshold
distribution for effects from uranium in the kidney was developed from data
available in the literature, and the probability of a toxic effect was defined as the
probability of kidney uranium concentration exceeding the threshold.

, The cancer risk assessment was based on ALI values (annual limits on
intake) published by ICRP (1979), modified to reflect a distribution of gut uptake
factors and allowing dose to be committed only for 70 years.

No toxic effects were predicted for any individual weil. An assessment

incorporating the uncertainty in transport and food chain model predictions and the
pharmacokinetic6model formulation result¢,d in a predicted probability of toxic
effects of 4 x 10" for any randomly located well south of the FEMP in the next 70
years.

Ali estimzted cancer risks were small. Th_ largest predicted individual
lifetime risk was for Residential Well 1 (1.3 x 10""). The predicted individual

lifetime cancer fatality risks for _ells located anywhere south of the fac!lity were
small (always less than 2.2 x 10" ). Predicted risks for bom the stop ano continue
source scenarios were similar because most exposure is associated with uranium .
discharged before 1989. Including additional uncertainties (from ground water ann
food chain model and dose estimate) had Ilittle effect on the risk estimates.

|
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APPENDIX A

COMPARISON OF URANIUM TOXICITY ASSESSMENT
TO USEPA APPROACH

The USEPA recentl_y__ro osed re lations for limits on the concentration ofp. gu duranium in drirddng water q,rcderal Register, 1991). The limit (20 rg/L) was base
on the toxic effects of uranium to the kidney. Here we compare on a point-by-point
basis the analysis supporting the USEPA limit with the analysis presented in this
report. As will be noted, the underlying philosophies for the two approaches differ.
The USEPA selects single values for the parameters that make up their analysis --
these values are usua!ly conservatively high, although sometimes USEPA terms
them "best estimate_. In our analysis we attempt to explicitly include uncertainty by
characterizing parameters as probability distributions. -"

Metabolic/Pharmacokinetic Parameters

In the USEPA approach, the organ doses for uranium were modeled for the
carcinogenic effects of uranium but not for the toxicologic effects. In the toxicity
assessment, they compare administered dose to rabbits direc0y with toxic ettect,
extrapolating to humans on a mg U/kg body weight basis. We use a _ .
pharmacokinetic model for both radiocarcinogenic and toxic ettects. In the toxicity
assessment, we compare kidney concentration of uranium with a threshold level.
We can calculate backwards, from the toxic threshold concentration in the kidney,
through the pharmacokinetic model and the amount of water drunk per day, to
obtain the eq_valent threshold level in drinking water that can be compared with
the USEPA value.

Uptake (gut to blood)

We followed the approach of Wrenn et al. (1985) and LaTouche et al.
1987). We included more recent reports and analyzed them in three groups:

overnight fasting (animal._ and humans),, ad lib feeding, and human studies with

environmental doses. The ad lib feeding group had considerably lower uptake, butthe two other groups were similar. We _ased our estimate on the environmental
group and characterized the results as lot_ormal (geometric mean = 1.03, standard
deviation = 1.78, 95% bounds 0.0033 to (_i.0317and total range 0-0.05).

USEPA used a value of 0.05, whicl_ they called a "best estimate." They
review values from the literature ranging f_rom <0.01 to 0.30 (Federal Register,
1991,p. 33076; USEPA, 1991, pp. IV-1 to IV-12). Althou_,h. not noted byUSEPA,
the original source of the value 0.05 was ICRP (1979), which suggested a range of
0.005 to 0.05. Somewhere along the way, the value went from the upper end of a
range to a best estimate.

The USEPA estimate is the maximum of our range, and above the 95%
confidence interval of the distribution we use. Examination of the literature,
however, shows that ali of the absorption values cited by USEPA that are over 5%
are inappropriate for inclusion in the analysis. Some of these values come from
studies in which the a_,thors themselves estimated much lower absorption rates. A
committee of internationally known experts, commissioned by USEPA to review the
metabolism of ingested uranium, analyzed the literature available in the mid-1980s
and recommended a value of 1.4%. They noted: "None of the available
experimental or environmental data support a fractional U absorption greater than
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about 5%, even at intakes of the order of 1 to 2 mg/day for Reference Man .... "
(Wrenn et al., 1985, pp. 626-627). The studies cited by USEPA as indicating
absorption rates above 5% are discussed individually below:

1. Spencer et al., 1990 (26%). The authors' own conclusion in the paper was
that, for total intake, absorption of uranium was 1.5% (looking at water
intake alone, the authors estimate an intake of 5%. USEPA's estimate was
based on fecal excretion (assume [intake-fecal excretion] / intake =
absorption). This involves a very high error rate. The authors examine this
approach, but state that, Although the net absorption of the two uranium
isotopes determined from the intake and fecal excretions ... averaging 26 and
23% respectively, the large error for the balance ... includes zero net
absorption, lt is well known that it is notpossible to determine uptake of trace
elements quantitatively in this manner..." [emphasis added]. As a minor point,
it can be noted that, although Spencer et al. made the calculation for 23413
and 23sUseparately, USEPA reported only the higher number, even though it
applied to mU, which constituted only about 1/10,000th of the total mass
concentration of the intake.

2. Somayajulo et al., 1980 (26%): In USEPA's review of this study (USEPA,
1991p. IV-7) we learn that this is a study of one man. Intake estimates were
based on measurements of food in the cafeteria where he usually ate, not on
what he specifically, ate. The number of days for which urine and feces were
collected was not gwen. Blood levels of uranium were measured, not in the
subject, but in another man who presumably consumed the same amount of
uranium. The 26% figure was determined by the ratio of food and water
input to the urine and feces output as was the case with the Spencer et al.
study above. USEPA notes that if the calculation were made using the
Wrenn et al. method, the absorption would be 3.8%.

3. Hamilton, '._72 (31%). This study combined measured content of sampled
foods in the UK with an estimated European diet to estimate intake
(uranium from drinking water was not considered). Concentrations of
uranium in various body organs were measured. Hursh and Spoor (1973)
combined these data with urinary excretion measurements from a different
study to estimate absorption. The potential error involved in applying
"market basket" studies of uranium in food with organ and urine samples of
different populations is so great that we believe such studies should be
rejected in the face of more detailed studies on specific subjects.

4. Welford and Baird, 1967 (0.7%, 12% and 7.7%). Similar to Hamilton
(1972, above) this is a market basket study of uranium in food combined with
excretion data from other studies. In one case (12%) this was Hursh and
Spoor (1973), the same analysis from which the estimates of the Hamilton
data came. The second analysis of the Welford and Baird data was done by
Wrenn et al. (1985). The latter authors rejected the Hursh and Spoor
calculation, produced their own (7.7%), but in the end excluded it from their
overall analysis. It is interesting that USEPA's own re-calculation of the
Welford and Baird data yielded a value of only 0.7%. Again, however, we
believe that the potential error involved in applying "market basket" studies
of uranium in food with organ and urine samples of different populations is
so great that we believe such studies should be rejected in the face of more
detailed studies on specific subjects.
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The effect of this on the results is that the arithmetic mean of our estimate for
uptake is 1.22%compared to USEPA's estimate of 5%, about a factor of four
htgher.

Blood to Kidney
We take the general approach of Wrenn et al. (1985), drawing on their

results but supplementing them with new results from rats and rabbits by Tracy et al.
(1992). The latter authors report that, although there are differences in uptake
_'romthe gut, once in the blood uranium up_takeand retention by the kidney are
similaramong rats, rabbits, and humans. We model.the two distributions as .,__
lognormaldistributions with mean ana stanaara aevmtions taken otrecuy _rom me
W_ennet al. and Tracy et al. data. The 95% confidence intervals of our
distributionsfor kidney uptake and biolo_cal half-life are 1.84-21.4%and 4.70-26.2
days,respectively. We assume the two dtstributions are inversely correlated with a
correlation coemcient of 0.7.

USEPA uses the ICRP (1979) model with two elimination rates. Fractional
uptake from blood to kidney is assumed to be 12%, of which 99.6% is retained with

6 da half time and 0 4% Witha 1500 day half-time (USEPA, 1991,p. IV-23). Thea y • . - .
12%uptake is at the 8Sth percentile level of our d_stnbuuon.

ModelFormulationUncertainties

Althoughuncertainty in individual parameters of the intake-to-kidney
concentrationmodel has been characterized, there is no direct method to estimate
uncertainties associated Withthe specific formulation of the modelused. As a
practical approach to account for this uncertainty, we assume mat me range ot
uncertaintyfrom this source is about a factor of _o. We achieve t_his_b_s.p_.ecif3_i'ngAa
lognormaldistribution with geomemc mean I aria geomemc smnuaru uevtattu- x.-,.

Water Intake

We tookthe distributionof water intake from Ershow and Cantor (1989),
basedonthe 1977-1978NationwideFood Consumption Surveyof the U.S.
Departmentof Agriculture(USDA, 1984). We used a lognormal distributionwith
arithmeticmean and standard deviation of 1.203and 0.68-9l/d representing intake
of tap water in the mid-west.

USEPA uses a value of 2 l/d. This is at the 89th percentile of our
distributionand introduces a mean overestimate of 1.7.

KidneyConcentration Threshold
Wrenn et al. (1985) suggest a threshold of 1 mg U/g. Kocher (1989) applied

a safetyfactor of 10to this to protect m.axe.ally exposed individu.alsin the pubic,__
using0.1 mg U/g. Several reports of ammal exper_tn_e_n_ts__o_emo_muate.ene.et_n _e/_ These erects are pernaps not as severe an_mt,_vu.. ,,,,,_,.ht..
rang_e0.5-1 mg .LT,°. but ma be more a ro hate
orhfinaloccupational standard of 3 mg f.J/g was based, . .3,, _ ppI p
enc]'-pointsfor chronic exposure to the public, whose memt}ers ao not nave me
additionalprotection of routine medical surveillance and bioassay. A range of 0.1-1
IngU/g appears appropriate. The threshold value was charactenzed as a Weibull
distributionWithlocation oarameter 0.1 to reflect a lower lirni't of 0.1 ms U/g, a
scale parameter of 0.6 andshape ]?_ameter of 4. These produce a mammum vame
of about 1mg U/g with a mean o_u.o.

EPA bases their toxicity threshold on a 1949study of rabbits which was
clearlya preliminary study, incompletely described in the original source (Maynard
and Hodge, 1949). They determine the threshold level to be an intake of 2.8 mg
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uranium/kg/day, higher than any other estimate found in the literature. For a 70 kg
adult, th_sis 196rag]day. Back.calculating from our kidney-concentration
threshold, this USEPA value is at the 98th percentile level. We believe this is
consistent with an upper bound estimate. We note that USEPA imposes a further
safety factor of 1000 on this value.

Water Concentration Toxic Threshold

Results derived from backcalculating from our kidney uranium concentration
threshold distribution to daily intake and concentration in drinking water are shown
in Table A-1. USEPA's LOAEL (Lowest Adverse Effect Level) value of 196 mg/L
in water is at the 97.5 percentile level of the distribution. It produces a mean
overestimate of 3.5.

Table A-1. Toxic threshold estimates.

Daily Uranium Intake Water Concentration
(mg/kg/d) (mg/L)

Mean 0.73 56.7

Upper 95% 1.93 165.

Safety Factor

USEPA introduces a safety factor of 1000 on their water concentration toxic
threshold. This is presumably due to its being a LOAEL rather .than a NOAEL (No
Adverse Effect Level). They ignore NOAEL effects found in other studies. Using
the USEPA guidelines for selection of a safety factor, the NAS/NRC Safe Drinking
Water Committee selected an uncertainty factor of 100 (NAS, 1983, p. 96). The
Committee on Metabolism and Dosimetry of High LET Radionuclides for the
National Workshop on Radioactivity in Drinking Water (Wrenn et al., 1985),
recommended, "that based on the NAS definition, U should be assigned
uncertainty factor of 10-100" (pp. 612-632). lt then selected 50 as a factor that
should provide a high margin of safety" (pp. 632-633).

We do not apply an arbitrary safety factor, but express uncertainties explicitly
in the "inputand results, allowing the degree of safety to be chosen as an explicit
level of confidence.

Conclusions

USEPA selected values for each parameter that fall in the upper end of a
distn'buttondesigned to explicitly show the range of uncertainty. The combination
of these can lead to estimates considerably far out at the extremes of the resulting.
distribution. The largest difference, however, comes from adding a safety tactor ot

•1000 on top of ali this.
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APPENDIX B
TABLES-- PREDICTED URANIUM CONCENTRATIONS

IN WATER, FOOD AND MILK

TableB-1.Predicteduraniumconcentrationsingroundwaterat fiverepresentative
wellsfor thestopsourceandcontinuesourcescenarios.

STOP SOURCE CONTINUESOURCE

water water
well year (ug/I) (ug/I)

1 0 241.19 241.19
10 107.1 107.1
20 40.52 42.06
30 15.04 21.88
40 5.47 16.12
50 2.12 14.67
60 1.05 14.01
70 0.5 13.82

2 0 0.14 0.14
10 1.379 1.379
20 5.67 5.67
30 11.91 11,97
40 16.85 17.24
50 17.94 19.45
60 16.09 20
70 12.22 18.96

3 0 0 0
10 0 0
20 0 0
30 0 0
40 0 0
5O 0 0
60 0.0001 0.0001
70 0.001 0.01

4 0 8.6 8.6
10 25.25 25,25

.'" 20 15.68 15.71
30 6.81 6.77
40 2.32 2.83
50 0.72 1.71
60 0.33 1.25
70 0.13 1.1

5 0 2.44 2.44
10 21.58 21.58
20 59.03 58.95
30 63.61 63.1
40 43.5 43.15
50 25.82 29.48
60 18.38 20.14

| 70 i2.53 15.¢-6
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Table B.2. Predicted uranium concentrations in ground water at four centerline
wells for the stop source and continue source scenarios.

STOP SOURCE CONTINUE SOURCE

water water

well year (ug/I) (ug/I)

1 0 8.3 8.3
10 30.9 30.9
20 45.4 45.4
30 44.7 45.9
40 34.6 42.5
50 21.9 39.5
60 13.6 36.4
70 7.3 34.5

2 0 1.9 1.9
10 11.3 11.3
2O 25 25
30 29 29
40 25.7 25.8
50 21.1 23
60 17.7 21
70 13.5 19.9

3 0 4.2 4.1
10 26.3 26.3
20 56.5 56.5
30 54.8 54.3
40 37.1 36.9
50 23.2 26.3
60 17.3 19.3
70 12.3 16

4 0 0.6 0.6
10 12.9 12.9
20 57.1 56.9
30 78.1 77.8
40 57.6 56.8
50 31.5 36.7
60 20.1 21.8
70 11.7 14.4
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TableB-3- Estimatedconcentrationsinwater,foodand milk for five residential
wells.. datafor toxicityassessment.

STOPSOURCE CONTINUE SOURCE -
....

well "year ,_ater Food 'nilk watel' rood T_ilk .....

, {ugA) 'u_o) lug/l} (u#) (u_g) ,(ugA)' __

rl 0 242.1 1473..227.....11.306i8 242.i 1473.227 11.30618
10' 108.0 657.3166 6.4789'36 " 108.0 657.3166 6.478936
20 41.4 252.1906 "4.0820'56 43.0 261.5612 4.137;196
30 16.0 97J4992 3.164776 22.8 138.7699 3.411016
40 6.4 38.9'1838! 2.820256.... 17.0 103.7215 3.203656
50 3.0 18.5343] 2.699656 15.6 94.89854 3.151456
60 2.0 12.02356_ 2.661136 " 14.9 90.88257 3.127696

.. 70 . 1.4 8.676925 2.641336 14.7 89.72646 3.120856

2' "0 .. 1.1 6.486397 2.628376 . 1.1 6.486397! 2.628376
10 2.3 14.02546 2.67298 2.3 14.02546 2.67298

.....20 6.i_ 40.1"3534 "2.827456 6.6 40.'i'3534 2.827456
30_ - 12.8 78.10449 3,052096 12.9 78..46958 3.054256 i
40 i7.8 108.1634 3.229936 18.2 110.5365 3.243976
50 18.9 114_7958 3.269'176 20.4 123.9839 ....3.323536
60 ........ 17.0 103.539 3.202576 " 20.9 127.3305" 3.343336
70 13.1 79.99078 3.063256 19.9 _ 12110023 3.305896

r3 0 0.9 5.6345252.6_38 ., 0.9 5.6345252.623336
10 0.9 5.634525 2.6'23338 0.9 5.634525 2.623336
20 0.9 5.634525 2.623338 0.9 5.634525 2.623336
3o o.9 5.6345252.62333e o.9 5.6345252.623338
40 0.9 5.s:_4525"_623:J38 0.9 5.6345252.623336....

50 0.9 5.634_525 2.623338 0.9 5.634525 2.623336
60 0.9 5.6,_133 2.62334 0.9 5.635133 2.62334
70 0.9 5.64061 2.623372 0.9 5.695373 2.623696.....

r4 0 ..... 9.5 57.9638 2.932936 9.5 5"/;.9638 2.932936
10 26.2 159_2757 3.532336 26.2 159.2757 3.532338
20 16.6 101_0442'3.18_."16 . 16.6 101,.2267 3.1888.96
30 7.7 47.07201 2.868498 7.7 46.82862 2.837056
40 3.2 19.75126 2.706856 3.8 22.85451 2.72_.16

' " 50 i.6 I0..01558 "2.64_56 " 2.6 16.03953 2.684896
so 1.3 7._25o9 _,.63._15 2.2 13.240522.668335

..... 70 1.i 6.425549 2.628016 "' 2.0 12.3278 2.662936
..........

;5 0 " 3.4 20.48144 2.711176 3.4 20.48144 2.71117-6
10 22.5 136.9445 3.400216 '" 22.5 136_9445 3.400216
20 60.0 364.6203 4.74_..16 _9.9 364.3335 4.745536
30 64.5 392.6887 4.913296 64.0 389.5654 4.894936

'"40 ''_ 44.4 270.3233 4.189336 44.1 268.1936 4.176736
" 5Q, 26.7 182.7441 3.552856 30.4 185.0144 3.684616

60 19.3 117.4731 3.285016 21.1 128.1824 3.348376
70 13.5 81.877073.074416- 16.6 100.9225 3.187096........

!
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Table B.4 • Estimated concentrations in water, food and milk for nrc residential
wells -- data for cancer risk assessment.

STOP SOURCE CONTINUE SOURCE

well year water food milk water food milk
(ug/1) (mg/kg} (rag/I) (ug/I) (mg/kg) (rag/l)

1 0 241.2 1.468 0.009 241.2 1,468 0.009
1 207.7 1264 0.007 207.7 1.264 0.007
2 207.7 1,264 0,007 207.7 1,264 0,007
3 207.7 1.264 0.007 207.'/ 1,264 0,007
4 207,7 1,264 0,007 207,7 1.264 0,007
5 174,1 1,060 0,006 174,1 1,060 0.006
6 140.6 0.856 0.005 140.6 0.856 0.005
7 140.6 0.856 0.005 140.6 0,856 0.005
8 140.6 0.856 0.005 140.6 0.856 0.005
9 140.6 0.856 0.005 140.6 0.856 0.005

10 107.1 0.652 0.004 107.1 0.652 0.004
11 90.5 0,550 0.003 90,8 0.553 0.003
12 90.5 0.550 0.003 90.8 0.553 0.003
13 90.5 0.550 0.003 90.8 0.553 0.003
14 90.5 0,550 0,003 90.8 0,553 0,003
15 73.8 0,449 0,003 74.6 0,454 0,003
16 57.2 0,346 0,002 56,3 0.355 0,002
17 57.2 0,348 0,002 58.3 0,355 0,002
18 57.2 0.348 0.002 58.3 0,355 0,002
19 57,2 0,348 0,002 58.3 0.355 0,002
20 40.5 0,247 0,001 42.1 0.256 0.002
21 34.2 0,208 0,001 37.0 0.225 0.001
22 34.2 0.208 0,001 37.0 0,225 0.001
23 34.2 0.208 0.001 37.0 0.225 0,001
24 34.2 0.208 0.001 37.0 0.225 0.001
25 27.6 0.169 0.001 32.0 0.195 0.001
26 21.4 0.130 0.001 26.9 0.164 0.001
27 21.4 0.130 0.001 26.9 0.164 0.001
28 21.4 0.130 0.001 26.9 0.164 0.001
29 21.4 0.130 0.001 26.9 0.164 0.001
30 15.0 0.092 0.001 21.9 0.133 0.001
31 12.6 0.077 0.000 20.4 0.124 0.001
32 12.6 0.077 0,000 20.4 0.124 0.001
33 12.6 0.077 0.000 20.4 0.124 0.001
34 12.6 0.077 0.000 20.4 0.124 0.001
35 10.3 0.062 0.000 19.0 0.116 0.001
36 7.9 0,046 0.000 17.6 0,107 0.001
37 7.9 0.048 0.000 17.6 0.107 0.001
38 7.9 0.048 0.000 .17.6 0.107 0.001
39 7.9 0.048 0.000 17.6 0.107 0.001
40 6.5 0.033 0.000 16.1 0.098 0.001
41 4.6 0.028 0.000 15.8 0.096 0.001
42 4.6 0.028 0,000 15.8 0.096 0.001
43 4.6 0.028 0.000 15.8 0.096 0.001
44 4.6 0.028 0.000 15.8 0.096 0.001
45 3.8 0.023 0,000 15.4 0,094 0,001
46 3.0 0.016 0.000 15.0 0.091 0.001
47 3,0 0.018 0.000 15.0 0,091 0,001
48 3.0 0.016 0,000 15.0 0.091 0.001
49 3.0 0.018 0.000 15.0 0.091 0.001
50 2.1 0.013 0.000 14.7 0.089 0.001
51 1,9 0,011 0.000 14.5 0,088 0.001
52 1,9 0,011 0.000 14.5 0.088 0.001
53 1.9 0.011 0.000 14.5 0.088 0,001
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54 1.9 0 011 0000 14,5 0.088 0 001
55 1.6 0 010 0000 14.3 0.087 , 0001
56 1,3 0 008 0 000 14.2 0,086 0 001
57 1,3 0008 0000 14.2 0,086 0001
58 1,3 0,008 0000 14,2 0,086 0.001
59 1,3 0,008 0.000 14,2 0.086 0.001
60 1.1 0,006 0.000 14.0 0.085 0.001
61 0.9 0.006 0.000 14,0 0.085 0.001
62 0.9 0.006 0.000 14.0 0.085 0001
63 0.9 0006 0.000 14.0 0.085 0,001
64 0,9 0,006 0.000 14,0 0.085 0001
65 0.8 0,005 0.000 13,9 0,085 0.001
66 0.6 0,004 0,000 13,9 0,084 0,000
67 0,6 0,004 0,000 13.9 0.084 0.000
68 O,6 0.004 0,000 13.9 0,084 0.000
69 0,6 0.004 0.000 13.9 0,084 0.000
70 0,5 0,003 0,000 13,8 0,084 0.000

2 0 0.1 0.001 0.000 0.1 0.001 0.000
I 0.4 0.003 0.000 0.4 0.003 0.000
2 0.4 0.003 0.000 0.4 0.003 0,000
3 0.4 0.003 0.000 0.4 0.003 0.000
4 0.4 0.003 0.000 0.4 0.003 0.000
5 0,8 0.005 0.000 0.8 0.005 0.000
8 I .I 0.007 0.000 I .I 0,007 0.000
7 I .I 0.007 0.000 I .I 0,007 0.000
8 I .I 0.007 0.000 I .I 0.007 0.000
9 I. I 0.007 0.000 I. I 0,007 0.000

I0 1.4 0.008 0.000 1.4 0.008 0.000
11 2.5 0.015 0.000 2.5 0.015 0.000
12 2.5 0.015 0.000 2.5 0.015 0.000
13 2.5 0.015 0.000 2.5 0.015 0.000
14 2.5 0.015 0.000 2.5 0.015 0.000
15 3.5 0.021 0.000 3.5 0.021 0.000
16 4.6 0.028 0.000 4.6 0.028 0.000
17 4.6 0.028 0.000 4.6 0.028 0.000
18 4.6 0.028 0,000 4.6 0.028 0,000
19 4.6 0._)_,8 0.000 4.6 0.028 0.000
20 5.7 O.t_;_5 0.000 5.7 0.035 0.000
21 7.2 0.044 0.000 7.2 0.044 0,000
22 7.2 0.044 0.000 7.2 0.044 0.000
23 7.2 0.044 0.000 7.2 0.044 0.000
24 7.2 0.044 0.000 7.2 0.044 0.000
25 8.8 0.053 0.000 8.8 0.054 0.000
26 10.4 0.063 0.000 10.4 0.063 0.000
27 10.4 0.063 0.000 10.4 0.063 0.000
28 10.4 0.063 0.000 10.4 0.063 0.000
29 10.4 0.063 0.000 10.4 0.063 0.000
30 11.9 0.072 0.000 12.0 0.073 0.000
31 13.1 0.080 0.000 13.3 0.081 0.000
32 13.1 0,080 0.000 13.3 0,081 0.000
33 13.1 0.080 0.000 13.3 0.081 0.000
34 13.1 0.080 0.000 13.3 0.081 0.000
35 14.4 0.087 0.001 14.6 0.089 0.001
36 15.6 0.095 0.001 15.9 0.097 0.001
37 15.6 0,095 0.001 15.9 0.097 0.001
38 15.6 0.095 0.001 15.9 0.097 0.001
39 15.6 0.095 0.001 15.9 0.097 0.001
40 16.9 0.103 0.001 17.2 0.105 0.001
41 17.1 0.104 0.001 17.8 0.108 0.001
42 17.1 0.104 0.001 17.8 0.108 0.001
43 17.1 0.104 0.001 17.8 0.108 0.001
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44 17.1 0.104 0,001 17.8 0,108 0.001
45 17.4 0.106 0.001 183 0,112 0001
46 17,7 0.108 0001 18.9 0.115 0.001
47 17.7 0.108 0001 18,9 0,115 0,001
48 17.7 0,108 0001 18.9 0.115 0.001
49 17.7 0.108 0.001 18.9 0,115 0.001
50 17.9 0.109 0,001 195 0.118 0,001
51 17.5 0,106 0.001 19,6 0.119 0,001
52 17,5 0,106 0.001 19.6 0.119 0.001
53 17,5 0.106 0,001 19.6 0,119 0,001
54 17.5 0.106 0.001 19.6 0.119 0001
55 17,0 0.104 0.001 19.7 0.120 0,001
56 16.6 0.101 0.001 19.9 0,121 0,001
57 16.6 0.101 0.001 19.9 0.121 0.001
58 16.6 0.101 0.001 19.9 0.121 0,001
59 16.6 0.101 0.001 19.9 0.121 0.001
60 16.1 0.098 0,001 20.0 0.122 0.001
61 15.1 0.092 0.001 19.7 0.120 0.001
62 15.1 0.092 0.001 19.7 0.120 0.001
63 15.1 0.092 0.001 19.7 0.120 0.001
64 15.1 0.092 0.001 19.7 0.120 0.001
65 14.2 0.086 0.001 19.5 0.119 0.001
66 13.2 0.080 0.000 19.2 0.117 0.001
67 13.2 0.080 0.000 19.2 0.117 0.001
68 13.2 0.080 0.000 19.2 O.117 0.001
69 13.2 0.080 0.000 19.2 0.117 0.001
70 12.2 0.074 0.000 19.0 0.115 0.001

0 0.0 0.000 0.000 0.0 0.000 0.000
I 0.0 0.000 0.000 0.0 0.000 0.000
2 0.0 0.000 0.000 0.0 0.000 0.000
3 0.0 0.000 0.000 0.0 0.000 0.000
4 0,0 0.000 0.000 0.0 0.000 0.000
5 0.0 0.000 0.000 0.0 0.000 0.000
6 0.0 0.000 0.000 0.0 0.000 0.000
7 0.0 0.000 0.000 0.0 0.000 0.000
8 0.0 0.000 0.000 0.0 0.000 0.000
9 0.0 0.000 0.000 0.0 0.000 0.000

10 0.0 0.000 0.000 0.0 0.000 0.000
11 0.0 0.000 0.000 0.0 0.000 0.000
12 0.0 0,000 0.000 0.0 0,000 0.000
13 0.0 0,000 0.000 0.0 0.000 0.000
14 0.0 0.000 0.000 0.0 0.000 0.000
15 0.0 0.000 0.000 0.0 0.000 0.000
16 0.0 0.000 0.000 0.0 0.000 0.000
17 0.0 0.000 0.000 0.0 0.000 0.000
18 0.0 0.000 0.000 •0.0 0.000 0.000
19 0.0 0.000 0.000 0,0 0.000 0.000
20 0.0 0,000 0.000 0.0 0.000 0.000
21 0.0 0,000 0.000 0.0 0.000 0.000
22 0.0 0.000 0.000 0.0 0.000 0.000
23 0.0 0.000 0.000 0.0 0.000 0.000
24 0,0 0.000 0.000 0.0 0.000 0.000
25 0.0 0.000 0.000 0.0 0.000 0.000
26 0.0 0,000 0.000 0.0 0.000 0,000
27 0.0 0.000 0.000 0.0 0.000 0.000
28 0.0 0.000 0.000 0,0 0.000 0.000
29 0.0 0.000 0.000 0.0 0.000 0.000
30 0.0 0.000 0.000 0.0 0.000 0.000
31 0.0 0.000 0.000 0.0 0.000 0.000
32 0.0 0.000 0.000 0.0 0.000 0.000
33 0.0 0.000 0.000 0.0 0.000 0.000
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34 0 0 0 000 0 000 0 0 0 000 0 000
35 0 0 0000 0 000 0 0 0000 0000
36 0 0 0 000 0 000 0 0 0000 0 000
37 0 0 0_000 0,000 0,0 0,000 0000
38 0,0 0.000 0,000 0.0 0.000 0.000
39 0.0 0.000 0,000 0,0 0,000 0,000
40 0.0 0.000 0,000 0,0 0.000 0.000
41 0,0 0.000 0,000 0,0 0,000 0000
42 0,0 0.000 0,000 0,0 0,000 0,000
43 O0 0.000 0,000 0,0 0,000 0000
44 0,0 0.000 0,000 0,0 0.000 0,000
45 0,0 0.000 0,000 0,0 0.000 0.000
46 0.0 0.000 0,000 0.0 0000 0,000
47 0,0 0.000 0,000 0,0 0.000 0,000
48 0.0 0,000 0,000 0,0 0,000 0.000
49 0,0 0.000 0,000 0,0 0,000 0,000
50 0,0 0.000 0,000 0,0 0,000 0,000
51 0.0 0,000 0.000 0.0 0.000 0,000
52 0,0 0.000 0.000 0,0 0.000 0,000
53 0,0 0,000 0.000 0,0 0.000 0,000
54 0.0 0.000 0.000 0.0 0.000 0.000
55 0.0 0.000 0,000 0.0 0.000 0,000
56 0,0 0.000 0.000 0.0 0.000 0,000
57 0.0 0.000 0.000 0,0 0,000 0,000
58 0.0 0.000 0.000 0,0 0.000 0.000
59 0.0 0.000 0.000 0,0 0,000 0,000
60 0,0 0.000 0.000 0,0 0.000 0.000
61 0.0 0.000 0,000 0,0 0.000 0.000
62 0.0 0.000 0,000 0.0 0.000 0.000
63 0.0 0.000 0.000 0.0 0.000 0.000
64 0.0 0.000 0.000 0.0 0.000 0.000
65 0.0 0.000 0.000 0.0 0,000 0.000
66 0.0 0.000 0.000 0.0 0.000 0,000
87 0.0 0.000 0.000 0,0 0,000 0.000
68 0.0 0.000 0.000 0.0 0.000 0.000
69 0.0 0.000 0.000 0.0 0.000 0.000
70 0.0 0.000 0.000 0.0 0.000 0.000

0 8.6 0.052 0.000 8.6 0.052 0.000
1 12.8 0.078 0.000 12.8 0.078 0.000
2 12.8 0.078 0.000 12.8 0,078 0.000
3 12.8 0.078 0.000 12.8 0.078 0.000
4 12.8 0.078 0.000 12.8 0.078 0.000
5 16.9 0.103 0.001 16.9 0.103 0.001
6 21.1 0.128 0.001 21.1 0.128 0.001
7 21.1 0.128 0.001 21.1 0.128 0.001
8 21.1 0.128 0.001 21.1 0.128 0.001
9 21.1 0.128 0.001 21.1 0.128 0.001

10 25.3 0.154 0.001 25.3 0.154 0,001
11 22.9 0.139 0.001 22.9 0.139 0.001
12 22.9 0.139 0.001 22.9 0.139 0.001
13 22.9 0.139 0.001 22.9 0.139 0.001
14 22.9 0.139 0.001 22.9 0,139 0.001
15 20.5 0.125 0.001 20,5 0.125 0,001
16 18.1 0.110 0.001 18.1 0.110 0.001
17 18.1 0.110 0.001 18.1 0.110 0.001
18 18.1 0.110 0.001 18,1 0,110 0,001
19 18.1 0.110 0.001 18.1 0.110 0,001
20 15.7 0.095 0.001 15.7 0.096 0.001
21 13.5 0.082 0.000 13.5 0.082 0.000
22 13.5 0,082 0.000 13.5 0.082 0.000
23 13.5 0.082 0.000 13.5 0.082 0.000
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24 13.5 0082 0 000 135 0.082 0 000
25 11,2 0.068 0 000 11,2 0.068 0 000
26 9 0 0.055 0 000 90 0.055 0 000
27 90 0.055 0000 90 0 055 0 000
28 9,0 0,055 0.000 9,0 0.055 0000
29 9,0 0.055 0.000 9,0 0055 0000
30 6.8 0,041 0.000 6,8 0.041 0000
31 5,7 0.035 0.000 5,8 0 035 0000
32 5.7 0035 0 000 58 0035 0 000
33 5,7 0,035 0.000 5.8 0035 0000
34 5,7 0,035 0,000 5,8 0.035 0000
35 4.6 0.028 0.000 4.8 0.029 0.000
36 3.4 0.021 0.000 3.8 0.023 0.000
37 3.4 0.021 0.000 3.8 0.023 0.000
38 3.4 0.021 0.000 3.8 0.023 0.000
39 3.4 0.021 0.000 3.8 0.023 0.000
40 2.3 0.014 0.000 2.8 0.017 0.000
41 1.9 0.012 0.000 2.6 0.016 0.000
42 1.9 0.012 0.000 2.6 0.016 0.000
43 1.9 0.012 0.000 2.6 0.016 0.000
44 1.9 0.012 0.000 2.6 0.016 0.000
45 1.5 0.009 0.000 2.3 0.014 0.000
46 1.1 0.007 0.000 2.0 0.012 0.000
47 1.1 0.007 0.000 2.0 0.012 0.000
48 1.1 0.007 0.000 2.0 0.012 0.000
49 1.1 0.007 0.000 2.0 0.012 0.000
50 0.7 0.004 0.000 1.7 0.010 0.000
51 0.6 0.004 0.000 1.6 0.010 0.000
52 0.6 0.004 0.000 1.6 0.010 0.000
53 0.6 0.004 0.000 1.6 0.010 0.000
54 0.6 0.004 0.000 1.6 0.010 0.000
55 0.5 0.003 0.000 1.5 0.009 0.000
56 0.4 0.003 0.000 1.4 0.008 0.000
57 0.4 0.003 0.000 1.4 0.008 0.000
58 0.4 0.003 0.000 1.4 0.008 0.000
59 0.4 0.003 0.000 1.4 0.008 0.000
60 0.3 0.002 0.000 1.3 0.008 0.000
61 0.3 0.002 0.000 1.2 0.007 0.000
62 0.3 0.002 0.000 1.2 0.007 0.000
63 0.3 0.002 0.000 1.2 0.007 0.000
64 0.3 0.002 0.000 1.2 0.007 0.000
65 0.2 0.001 0.000 1.2 0.007 0.000

' 66 0.2 0.001 0.000 1.1 0.007 0.000
67 0.2 0.001 0.000 1.1 0.007 0.000
68 0.2 0.001 0.000 1.1 0.007 0.000
69 0.2 0.001 0.000 1.1 0.007 0.000
70 O.1 0.001 0.000 1.1 0.007 0.000

,5 0 2.4 0.015 0.000 2.4 0.015 0.000
1 7.2 0.044 0.000 7.2 0.044 0.000
2 7.2 0.044 0.000 7.2 0.044 0.000
3 7.2 0.044 0.000 7.2 0.044 0.000
4 7.2 0.044 0.000 7.2 0.044 0.000
5 12.0 0.073 0.000 12.0 0.073 0.000
6 16.8 0.102 0.001 16.8 0.102 0.001
7 16.8 0.102 0.001 16.8 0.102 0.001
8 16.8 0.102 0.001 16.8 0.102 0.001
9 16.8 0.102 0.001 16.8 0.102 0.001

10 21.6 0.131 0.001 21.6 0.131 0.001
11 30.9 0.188 0.001 30.9 0.188 0.001
12 30.9 0.188 0.001 30.9 0.188 0.001
13 30.9 0.188 0.001 30.9 0.188 0.001
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14 30 9 0.188 0 001 30 9 0.188 0 001
15 40 3 0 245 0 001 403 0245 0.001
16 49 7 0 302 0 002 49 6 0.302 0.002
17 49.7 0 302 0 002 49.6 0.302 0.002
18 49.7 0.302 0.002 49.6 0.302 0.002
19 49.7 0.302 0.002 49.6 0,302 0.002
20 59.0 0.359 0.002 59.0 0.359 0.002
21 60.2 0.366 0002 60.0 0.365 0.002
22 60.2 0.366 0.002 60.0 0.365 0.002
23 60.2 0366 0.002 60.0 0.365 0.002
24 60.2 0.366 0.002 60.0 0.365 0.002
25 61.3 0,373 0.002 61.0 0.371 0.002
36 62,5 0.380 0.002 62,1 0.378 0.002
37 62.5 0.380 0.002 62,1 0.378 0.002
28 62,5 0.380 0.002 62.1 0.378 0.002
29 62.5 0.380 0.002 62._ 0.378 0.002
30 63,6 0.387 0.002 63.1 0.384 0.002
31 58,6 0,356 0,002 58,1 0,354 0,002
32 58.6 0,356 0,002 58,1 0,354 0.002
33 58.6 0.356 0.002 58.1 0.354 0.002
34 58.6 0,356 0,002 58.1 0.354 0.002
35 53.6 0.326 0.002 53.1 0.323 0.002
36 48.5 0.295 0.002 48.1 0.293 0.002
37 48.5 0.295 0.002 48.1 0.293 0.002
38 48.5 0.295 0.002 48.1 0.293 0.002
39 48,5 0,295 0.002 48,1 0,293 0,002
40 43.5 0,265 0.002 43,2 0.263 0,002
41 39,1 0,238 0.001 39,7 0,242 0,001
42 39,1 0,238 0.001 39.7 0.242 0,001
43 39.1 0.238 0.001 39.7 0.242 0.001
44 39.1 0.238 0.001 39.7 0.242 0.001
45 34.7 0.211 0.001 36.3 0.221 0.001
46 30,2 0,184 0,001 32,9 0,200 0,001
47 30.2 0.184 0.001 32.9 0.200 0.001
48 30,; 0,184 0,001 32,9 0,200 0,001
49 30,2 0,184 0,001 32,9 0,200 0,001
50 25.8 0,157 0,001 29,5 0,179 0,001
51 24,0 0,146 0,001 27,1 0,165 0,001
52 24,0 0,146 0,001 27,1 0,165 0,001
53 24,0 0,146 0,001 27,1 0,165 0,001
54 24,0 0,146 0,001 27,1 0,165 0,001
55 22,1 0,134 0,001 24,8 0,151 0,001
56 20.2 0.123 0.001 22.5 0.137 0.001
57 20.2 0.123 0.001 22.5 0.137 0.001
58 20.2 0.123 0.001 22.5 0.137 0.001
59 20,2 0,123 0,001 22,5 0,137 0,001
$0 18,4 0,112 0,001 20,1 0,123 0,001
61 16.9 0.103 0.001 19.0 0.116 0.001
$2 16,9 0,103 0,001 19,0 0,116 0,001
63 16.9 0.'i _._3 0.001 19.0 0.116 0.001
64 16.9 0,103 0,001 19,0 0,116 0,001
65 15,5 0,094 0.001 17,9 0,109 0,001
66 14,0 0,085 0,001 16,8 0,102 0,001
67 14.0 0.085 0.001 16.8 0.102 0.001
68 14,0 0,085 0,001 16,8 0,102 0,001
69 14,0 0,085 0,001 16,8 0,102 0,001
70 12,5 0,076 0,000 _5,7 0,095 0,001

_i

_i 162
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Table B-5- Estimated concentrations in water, food and milk for four centerline
wells -- data for toxicity assessment.

sTeP SOUilCE 3ONTINUE _O0RCE _..........

well year water ood milk Nater 'o<:_d milk _
(ug/l) (ug/_g) (ug/I) [ug/I) Iug/kg) (ug/l)

cl 0 9.2 56.13836 3 9.2 56.13836" 3
10 3118 193.6548 '3.735738 31.8 193.6548 3.735738,

20 46.3 281.8844 4.257738 46.3 281.8844 4.257736
30' 45.6' 277.6251 4.232538 46.8 284.92.68 4.275736
40 35.5 216.1686 3.868936 43.4 264.2385 4.153336,,

50 22.8 138.8916 3.411738 40.4 245.9841 4.04,5336
60 14.5 88.3878 3.112936 37.3 227.1212 3.933736,_

70 8.2 50.05356 2.886136 35.4 215.5601 3.865336_

C2 0 2.8 17.19564 2.691736 2.8 17.19564 2.691736
10 12.2 74,39276 3.030136 12.2 74.39276 3.030136
20 25.9 157._545 3.523336 25.9 157.7545 3.523336
301.... 29.9 182.0937 3.667336 ......29.9 182.0937 3.687338
40 26.6 162.0139 3.548536 26.7 162.6224 3.552136
50 22.0 134.0238 3.382938 23.9 i'45.5849 3.451336
60 18.6 113.3355 3.260536 21.9 133.4153 3.379336
70 14.4 87.77932 3.109336 20.8 126,722 3.339738,...,

c3 0 51 31.19068 2.T/45:36 5.01 30.5822 2./_0938
10 27.2 165.6648 3.570136 27.Z 4,65.6648 3.570136
20 57.4 349.4257 4.657338 57.4 349.4257 4.6,57336

..... 30 55.7 339.0816 4.596136 55.2 336.0392 4.578136
40 38.0 231.3806 3.958936 37.8 2301636 3.951736
50! 24.1 146.8019 3.458536i 27.2 165.6648 3.570136
60 18.2 110.9016 3.246136 _ 20.2 123.0712 3.318136
70 13,2 80A7756 3,066136 .....16,9 "'i02.9913 3,1993'36

Ui 0 1.5 9.285405 2.644936 1.5 9.285405 2.64493_-
10 13.8 84.12844 3.08T/_6 13.8 84.12844 3.08773¢

- 20 58.0 353.0766 4.678936 57.8 351.8596 4.67173_
30 79.0 480.8574 5.4,?,4936 78.7 479.032 5.4241
40 58.5! 356.119 4.696936 " 57.7 3512512 4.66813_
50 32.4 197.3057 3.757336 37.6 228.9467 3.94453_
60 21.0 i27.939 3.346936 22.7 138.2832 3.40813_

- i 70T 12.6 76,82668 3.0445..36 15.3 93.25564 3,14173(
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Table B-6 - Estimated concentrations in water, food and milk for four centerline
wells-- data for cancer risk Asses,_mcnt.

STOP SOURCE CONTINUE SOURCE

well year water food milk water food milk
(ug/I) (mg/kg) (rag/I) (ug/I) (mg/kg) (mg/I)

1 0 8.3 0.051 0,000 8.3 0.051 0,000
1 14.0 0.085 0,001 14.0 0.085 0.001
2 14.0 0.085 0.001 14.0 0.085 0,001
3 14.0 0,085 0.001 14,0 0.085 0.001
4 14,0 0.085 0.001 14.0 0.085 0.001
5 19,6 0,119 0,001 19,6 0.119 0.001
6 25.3 0.154 0.001 25.3 0.154 0.001
7 25.3 0.154 0,001 25.3 0.154 0.001
8 25,3 0.154 0,001 25.3 0,154 0.001
9 25.3 0.154 0,001 25,3 0.154 0.001

10 30.9 0.188 0,001 30.9 0.188 0.001
11 34.5 0.210 0.001 34.5 0.210 0.001
12 34,5 0.210 0,001 34,5 0,210 0,001
13 34.5 0.210 0.001 34.5 0,210 0.001
14 34.5 0.210 0.001 34.5 0.210 0.001
15 38.2 0.232 0,001 38.2 0.232 0.001
16 41.8 0.254 0.002 41.8 0,254 0.002
17 41.8 0.254 0.002 4'_,8 0.254 0.002
18 41.8 0.254 0.002 41.8 0.254 0.002
19 41.8 0.254 0.002 41.8 0.254 0.002
20 45.4 0.276 0.002 45.4 0.276 0,002
21 45,2 0.275 0.002 45.5 0,277 0,002
22 45.2 0.275 0.002 45.5 0.277 0,002
23 45.2 0.275 0.002 45.5 0.277 0,002
24 45.2 0.275 0.002 45.5 0,277 0.002
25 45.1 0,274 0.002 45.7 0.278 0.002
26 44.9 0.273 0.002 45.8 0.279 0,002
27 44.9 0.273 0.002 45.8 0.279 0.002
28 44.9 0.273 0.002 45.8 0.279 0.002
2_ 44.9 0.273 0.002 45.8 0.279 0,002
30 44.7 0.272 0.002 45,9 0,279 0.002
31 42.2 0.257 0.002 45.1 0.274 0.002
32 42.2 0.257 0,002 45.1 0.274 0.002
33 42.2 0.257 0,002 45.1 0,274 0.002
34 42.2 0,257 0.002 45.1 0.274 0.002
35 39.7 0.241 0.001 44.2 0,269 0,002
36 37.1 0.226 0.001 43,4 0.264 0.002
37 37.1 0,226 OX,01 43.4 0.264 0.002
38 37.1 0.226 0,001 43.4 0,264 0.002
39 37.1 0.226 0,001 43.4 0.264 0.002
40 34.6 0.211 0.001 42.5 0,259 0.002
41 31.4 0.191 0.001 41.8 0.254 0,002
42 31,4 O.191 0.001 41.8 0,254 0.002
43 31.4 0.191 0,001 41.8 0.254 0,002
44 31.4 0.191 0.001 41.8 0,254 0.002
45 28.3 O.172 0.001 41.0 0.249 0.001
46 25.1 0.153 0,001 40.3 0,245 0.001

_. 47 25,1 0.!53 0.001 40.3 0.245 0.001
48 25.1 0.153 0,001 40.3 0.245 0.001

= 49 25.1 0.153 0.001 40.3 0.245 0.001
J 50 21.9 0.133 0.001 39,5 0.240 0.001

_i 51 19.8 0.121 0.001 38.7 0.236 0.001.ml:=,
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52 19 8 0,121 0 001 38 7 0.236 0 001
53 19.8 0,121 0.001 38 7 0.236 0.001
54 19.8 0,121 0 001 387 0,236 0.001
55 17.8 0.108 0 001 38 0 0,231 0,001
56 15,7 0.095 0.001 37,2 0.226 0.001
57 15.7 0,095 0,001 37.2 0.226 0,001
58 15,7 0.095 0,001 37,2 0,226 0.001
59 15.7 0,095 0.001 37.2 0.226 0.001
60 13.6 0.083 0.000 36,4 0.221 0,001
61 12,9 0,073 0.000 35.9 0.219 0.001
62 12.0 0.073 0.000 35.9 0.219 0.001
63 12.0 0.073 0.000 35.9 0.219 0.001
64 12.0 0.073 0,000 35,9 0.219 0.001
65 10,5 0.064 0.000 35.5 0.216 0,001
66 8.9 0.054 0.000 35.0 0.213 0.001
67 8,9 0.054 0,000 35.0 0.213 0,001
68 8.9 0,054 0.000 35.0 0.213 0.001
69 8.9 0.054 0.000 35.0 0.213 0.001
70 7.3 0.044 0.000 34.5 0.210 0.001

2 0 1.9 0.012 0.000 1.9 0.012 0.000
1 4.3 0.026 0.000 4.3 0.026 0.000
2 4,3 0.026 0.000 4.3 0.026 0.000
3 4.3 0.026 0.000 4.3 0.026 0.000
4 4,3 0.026 0.000 4.3 0.026 0,000
5 6.6 0.040 0.000 6.6 0.040 0.000
6 9.0 0.054 0.000 9.0 0.054 0.000
7 9.0 0.054 0.000 9.0 0.054 0.000
8 9.0 0.054 0.000 9.0 0.054 0.000
9 9.0 0.054 0.000 9.0 0.054 0.000

10 11.3 0.069 0.000 11.3 0.069 0.000
11 14.7 0.090 0.001 14.7 0.090 0.001
12 14.7 0.090 0.001 14.7 0.090 0.001
13 14.7 0.090 0.001 14.7 0.090 0.001
14 14,7 0.090 0.001 14.7 0.090 0.001
15 18.2 0.110 0.001 18.2 0.110 0.001
16 21.6 0.131 0.001 21.6 0.131 0.001
17 21.6 0.131 0.001 21.6 0.131 0.001
18 21.6 0.131 0.001 21.6 0.131 0.001
19 21.6 0.131 0.001 21.6 0.131 0.001
20 25.0 0.152 0.001 25.0 0.152 0.001
21 26.0 0.158 0.001 26,0 0.158 0.001
22 26.0 0.158 0.001 26.0 0.158 0.001
23 26.0 0.158 0.001 26.0 0.158 0,001
24 26.0 0.158 0.001 26.0 0.158 0.001
25 27.0 0.164 0.001 27.0 0.164 0.001
26 28.0 0.170 0.001 28.0 0.170 0.001
27 28.0 0.170 0.001 28.0 0.170 0.001
28 28.0 0.170 0.001 28.0 0.170 0.001
29 28.0 0.170 0.001 28.0 0.170 0.001
30 29.0 0.176 0,001 29.0 0.176 0.001
31 28.2 0.171 0.001 28.2 0.172 0.001
32 28.2 0.171 0.001 28.2 0.172 0.001
33 28.2 0.171 0.001 28.2 0.172 0.001
34 28.2 0.171 0.001 . 28.2 0.172 0.001
35 27.4 0.166 0.001 27.4 0.167 0.001
36 26.5 0.161 0.001 26.6 0.162 0.001
37 26.5 0.161 0.001 26.6 0,162 0.001
38 26.5 0.161 0.001 26.6 0,162 0.001
39 26.5 0.16i 0.001 26.6 0.162 0.001
40 25.7 0.156 0.001 25.8 0.157 0.001
41 24.6 0.149 0,001 25.1 0.153 0.001
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42 246 0_149 0001 251 0,153 0001
43 24.6 0 149 0 001 25 1 0.153 0 001
44 246 0 149 0001 251 0,153 0001
45 23.4 0,142 0 001 24.4 0,148 0 001
46 22,3 0.135 0.001 23,7 0,144 0,001
47 22.3 0,135 0,001 23.7 0,144 0,001
48 22.3 0,135 0,001 23.7 0.144 0.001
49 22,3 0,135 0,001 23,7 0,144 0,001
50 21.1 0,128 0001 23,0 0,140 0001
51 20,3 0,123 0.001 22,5 0,137 0,001
52 20.3 0,123 0.001 22,5 0.137 0,001
53 20.3 0,123 0,001 22.5 0,137 0,001
54 20,3 0.123 0,001 22.5 0,137 0,001
55 19.4 0,118 0,001 22,0 0,134 0.001
56 18.6 0,113 0,001 21.5 0.131 0,001
57 18,6 0,113 0,001 21.5 0.131 0,001
58 18,6 0,113 0.001 21,5 0.131 0.001
59 18.6 0,113 0.001 21,5 0,131 0,001
60 17,7 0,108 0.001 21,0 0,128 0,001

" 61 16.7 0,101 0.001 20.7 0.126 0.001
62 16,7 0.101 0.001 20,7 0,126 0.001
63 16.7 0.101 0.001 20.7 0,126 0.001
64 16.7 0,101 0,001 20,7 0.126 0,001
65 15.6 0,095 0.001 20,5 0.124 0.001
66 14,6 0,089 0.001 20.2 0.123 0,001
67 14.6 0.089 0.001 20.2 0.123 0.001
68 14.6 0.089 0.001 20.2 0.123 0,001
69 14,6 0,089 0,001 20.2 0,123 0.001
70 13.5 0.082 0.000 19.9 0,121 0,001

3 0 4.2 0.026 0.000 4.1 0.025 0.000
1 9.7 0,059 0.000 9.7 0,059 0,000
2 9.7 0,059 0.000 9.7 0,059 0.000
3 9.7 0.059 0,000 9.7 0,059 0.000
4 9.7 0.059 0.000 9,7 0.059 0.000
5 15.3 0.093 0.001 15.2 0.092 0,001
6 20.8 0.126 0.001 " 20.8 0.126 0.001
7 20.8 0.126 0.001 20.8 0.126 0.001
8 20.8 0.126 0.001 20.8 0.126 0.001
9 20.8 0.126 0.001 20.8 0,126 0.001

10 26.3 0.160 0.001 26.3 0,160 0,001
11 33.9 0.206 0.001 33.9 0.206 0.001
12 33.9 0.206 0.001 33.9 0.206 0.001
13 33.9 0,206 0,001 33.9 0.206 0.001
14 33.9 0.206 0,001 33.9 0.206 0.001
15 41.4 0,252 0.001 41.4 0,252 0,001
16 49.0 0.296 0.002 49.0 0.298 0.002
17 49.0 0.298 0.002 49.0 0.298 0.002
18 49.0 0.298 0.002 49.0 0.298 0.002
19 49.0 0.298 0.002 49.0 0.298 0.002
20 56.5 0.344 0.002 56.5 0.344 0.002
21 56.1 0.341 0.002 56.0 0.340 0.002
22 56.1 0.341 0.002 56.0 0.34,J 0.002
23 56.1 0.341 0.002 56.0 0.340 0.002
24 56.1 0.341 0.002 56.0 0.340 0.002
25 55.7 0.339 0.002 55.4 0,337 0.002
26 55.2 0.336 0,002 54.9 0.334 0.002
27 55.2 0.336 0.002 54.9 0.334 0.002
28 55.2 0,336 0.002 54.9 0,334 0,002
29 55.2 6.336 0.002 54.9 0.334 0 002

30 54.8 0.333 0.002 54.3 0.330 0,002
- 31 50.4 0.307 0,002 50.0 0.304 0,002
=_,
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32 50.4 0307 0 002 50 0 0.304 0 002
33 50.4 0 307 0 002 500 0,304 0 002
34 50,4 0307 0 002 500 0.304 0 002
35 46,0 0.280 0 002 456 0,277 0 002
36 41.5 0.253 0.001 41,3 0,251 0.001

37 41.5 0.253 0,001 41,3 0.251 0,001
38 41.5 0,253 0,001 41.3 0,251 0.001
39 41.5 0.253 0.001 41,3 0,251 0.001
40 37.1 0.226 0.001 36,9 0,225 0.001
41 33,6 0,205 0,001 34.3 0.208 0,001
42 33.6 0.205 0.001 34.3 0.208 0.001
43 33.6 0.205 0,001 34,3 0,208 0,001
44 33.6 0,205 0.001 34.3 0,208 0,001
45 30,2 0,183 0,001 31.6 0,192 0.001
46 26.7 0.162 0.001 29.0 0.176 0.001
47 26,7 0.162 0.001 29,0 0,176 0.001
48 26,7 0,162 0.001 29.0 0.176 0,001
49 26.7 0.162 0.001 29,0 0.176 0.001
50 23,2 0.141 0,001 26.3 0,160 0,001
51 21,7 0.132 0,001 24.6 0.149 0.001
52 21.7 0.132 0.001 24.6 0.149 0.001
53 21,7 0.132 0.001 24.6 0.149 0,001
54 21.7 0.132 0.001 24.6 0.149 0.001
55 20.3 0.123 0.001 22.8 0,139 0.001
56 18.8 0.114 0.001 21.1 0.128 0001
57 18.8 0.114 0.001 21.1 0.128 0.001
58 18.8 0.114 0.001 21.1 0.128 0.001
59 18.8 0,114 0.001 21.1 0.128 0.001
60 17.3 0.105 0.001 19.3 0.117 0.001
61 16.1 0.098 0.001 18,5 0.112 0.001
62 16.1 0.098 0.001 18,5 0.112 0.001
63 16.1 0.098 0.001 18.5 0.112 0.001
64 16.1 0.098 0.001 18.5 0.112 0.001
65 14.8 0.090 0.001 17.7 0.107 0.001
66 13.6 0.082 0.000 16.8 0.102 0.001
67 13.6 0,082 0.000 16.8 0.102 0.001
68 13.6 0.082 0.000 16.8 0.102 0.001
69 13.6 0,082 0.000 16.8 0.102 0.001
70 12.3 0.075 0.000 16.0 0.097 0.001

0 0.6 0.004 0.000 0.6 0.004 0.000
1 3.7 0.022 0.000 3.7 0.022 0.000
2 3.7 0.022 0.000 3.7 0.022 0.000
3 3.7 0.022 0.000 3.7 0.022 0.000
4 3.7 0.022 0.000 3.7 0.022 0.000
5 6.8 0.041 0.000 6.8 0.041 0.000
6 9.8 0.060 0.000 • 9.8 0.060 0.000
7 9.8 0.060 0.000 9.8 0.060 0.000
8 9.8 0.060 0.000 9.8 0,060 0.000
9 9.8 0.060 0.000 9.8 0.060 0,000

10 12.9 0.078 0.000 12.9 0.078 0.000
11 24.0 0.146 0,001 23.9 0.145 0.001
12 24.0 0.146 0.001 23.9 0.145 0.001
13 24.0 0.146 0.001 23.9 0.145 0.001
14 24.0 0.146 0.001 23.9 0.145 0.001
15 35.0 0.213 0.001 34.9 0.212 0.001
16 46.1 0,280 0,002 45.9 0.279 0.002
17 46,1 0.280 0,002 45.9 0.279 0.002 1
18 46.1 0.280 0.002 45.9 0.279 0.002 1
19 46.1 0.280 0.002 45.9 0,279 0.002
20 57.1 0,347 0.002 5G.9 0.346 0.002
21 62.4 0.379 0.002 62.1 0.378 0,002
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22 62,4 0,379 0,002 62.1 0,378 0 002
23 62.4 0,379 0.002 62,1 0378 0 002
24 62,4 0,379 0,002 62,1 0,378 0 002
25 67,6 0.411 0,002 67.4 0,410 0 002
26 72.9 0,443 0,003 72.6 0.442 0 003
27 72.9 0.443 0.003 72.6 0.442 0.003
28 72.9 0,443 0.003 72.6 0.442 0 003
29 72.9 0.443 0.003 726 0.442 0 003
30 78,1 0.475 0,003 77.8 0,473 0 003
31 73,0 0,444 0,003 72,6 0,441 0,003
32 73.0 0,444 0,003 72,6 0,441 0.003
33 73.0 0.444 0.003 72.6 0.441 0.003
34 73.0 0,444 0,003 72,6 0,441 0,003
35 67.9 0.413 0,002 67,3 0,410 0,002
36 62,7 0.382 0,002 62,1 0,378 0,002
37 62,7 0,382 0,002 62,1 0.378 0.002
38 62.7 0.382 0.002 62.1 0.378 0.002
39 62.7 0.382 0.002 62, I 0.378 0002
40 57.6 0.350 0.002 56.8 0.346 0.002
41 51.I 0.311 0.002 51.8 0.315 0.002
42 51.I 0.311 0,002 51.8 0.315 0.002
43 51.I 0.311 0.002 51.8 0.315 0002
44 51.I 0.311 0002 51.8 0.315 0.002
45 44.6 0.271 0,002 46.8 0.284 0.002
46 38,0 0.231 0.001 41.7 0.254 0.002
47 38.0 0.231 0.001 41.7 0.254 0.002
48 38.0 0.231 0.001 41.7 0.254 0.002
49 38.0 0,231 0,001 41.7 0.254 0002
50 31.5 0.192 0.001 36.7 0.223 0.001
51 28.7 0.174 0.001 33.0 0.201 0.001
52 28.7 0,174 0.001 33.0 0,201 0,001
53 28.7 0.174 0.001 33,0 0.201 0.001
54 28,7 0.174 0.001 33,0 0.201 0.001
55 25.8 0.157 0.001 29,3 0,178 0.001
56 23.0 0.140 0.001 25,5 0.155 0.001
57 23.0 0.140 0.001 25.5 0,155 0,001
58 23.0 0.140 0.001 25.5 0.155 0.001
59 23.0 0.140 0.001 25.5 0.155 0.001
60 20.1 0.122 0.001 21.8 0.133 0.001
61 110 0.110 0.001 20.0 0.121 0.001
62 18.0 0.110 0.001 20.0 0.121 0.001
63 18.0 0.110 0.001 20.0 0.121 0.001
64 18.0 0,110 0.001 20.0 0.121 0.001
65 15.9 0.097 0.001 18.1 0.110 0.001
66 13.8 0.084 0,000 16.3 0.099 0,001
67 13.8 0.084 0.000 16.3 0.099 0.001
68 13.8 0.084 0.000 16.3 0.099 0.001
69 13.8 0.084 0.000 16,3 0.099 , 0.001
70 11.7 0.071 0.000 14.4 0.088 0.001
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