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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 thf K-65 silos was estimated to result in
individual lifetime risks greater than 1 x 10" 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 all
identified receptor populations. Individual and population risks assg)ciated with
background radon concentrations (median individual risk: 7.3 x 10°°) were 1 to 4 orders of
magnitude larger then 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: 1) a continuingr
source of uranium and 2% no additional source. Model predictions were performed by I
Corporation, usinﬁsa calibrated, 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 all
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
harmacokinetic model, and the probability of a toxic effect defined as the probability of
idney uranium concentration exceeding the threshold. The cancer risk assessment was
based on ALI values (annual limits on intake) published by the International Commission
of Radiological Protection (ICRP), 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 well. An assessment
incorporating additional model uncertainties resulted in a predicted probability of toxic
effects of 4 x 107° for any well located south of the FEMP in the next 70 years. All
estimated cancer risks were small5 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

Widespread environmental contamination has been documented at United
States Department of Energy (USDOE) facilities. Human health risk assessments
are increasingly being used to support decisions concerning remediation at these
sites.

This study assessed health risks for potential problems at three USDOE
facilities: (1) the Savannah River Site (SRS), near Aiken, South Carolina; (2) the
Fernald Environmental Management Project (FEMP) in Fernald, Ohio; and (3) the
Nevada Test Site (NTS), near Las Vegas, Nevada. The pilot study was a
collaborative effort between the Biomedical and Environmental Assessment Group
(BEAG) of Brookhaven National Laboratmz (BNL) and the Health and Ecological
Assessment Division (HEAD) of Lawrence Livermore National Laborato
(LLNL). BNL had primary responsibility for the risk assessments of the SRS and
the FEMP, while LLNL took the lead in the assessment of the NTS. This volume cf
the report, titled Pilot Study Risk Assessment for Selected Problems at the Fernald
Environmental Management Pm{'ect, 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
excessively conservative or simplistic. Generic models, default parameter values
and conservative assumptions are often used, and unrealistic exposure and land use
scenarios are embedded in the analyses. These approaches are appropriate only as
first level screening 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
should be based on sophisticated state-of-the-science approaches to human health
risk assessment. A more detailed, site-specific approach, based on realistic exposure
scenarios and uB-to-date dose-response relationships would provide better
information to USDOE, to regulatory agencies and to the public. Decisions
concerning the need for remediation, the choice between remediation options,
definition of 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 improve significantly the scientific and technical foundation upon which
remediation actions at USDOE sites are based, so that such risk-management
decisions are scientifically defensible and fiscally sound.

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

(1) avoids unrealistic and conservative exposure scenarios, and focuses on the
development of reasonable and sensible scenarios;
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(2) replaces generic or inappropriate default assumptions with site-specific data;

(3) explicitly characterizes uncertainties in parameters and does not depend on
conservative 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.

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 develoged and demonstrated in the pilot
study. Section 3 presents an overview of the Fernald Environmental Management
Project and deve 'zl)_gs 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 RISX 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 a%ent (ie.,
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
quaatitative 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 indivi ual
will experience a specific adverse health effect over a lifetime as a result of exposure
to a specified concentration of a risk agent; and

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

The U.S. Environmental Protection Agency (USEPA) currently consicers
excess individual lifetime cancer risks (assumed here to mean fatal cancer risks)
within the range of 1 x 10" (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 all causes, including the 477,000 cancer deaths that occurred in
the United States in 1987 (DHHS, 1995).

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 used asinput to the models, and the realism of the e s
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.

Categonization 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
Comlgrehensive 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 required
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 simple 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 other assumptions contained in the analysis. These assessments give
approximate estimates of individual and population risks but often rely on simplistic
transport models. Conservative and unrealistic 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 further assessment.



Figure 2-1 Spectrum of approaches to risk assessment.
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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
Ilr;\é%s)tigation/Feasibility Studies (RI/FS) required for Superfund sites (USEPA,

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 among environmental
problems -- the Hazard Potential Index (HPI) produced by the model does not
represent absolute estimates of health risk. There are a number of limitations to

“the model 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 exposure sMorris, 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 b
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 all USDOE sites. Therefore, results of
the survey were to be used simply to rank problems in terms of risk, and to heip
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 on the NPL. };'he assumptions used in the assessments are designed
to gotect public health and are generall 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.



Realistic Assessment

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 potentially 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
conservative assumptions are explicitly described. When data are not available for a
realistic assessment, a screening analysis is performed instead.

The screening assessments commonly used at USDOE facilities are
appropriate for use as initial tools, or to satlsfg USERA RI/FS requirements.
Realistic assessments 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 assessments were not appropriate because
of a lack of site- and problem-specific information, detailed credible screeminiS
assessments were 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 Specific Steps in the Analysis

Figure 2-2 outlines the procedure developed in this pilot study for assessing
human health risk at USDOE sites. The steps in this procedure are described in
more detail below.

1. Development of Site Overview. The first step is to develop a site
description that includes relevant background information on the physical setting of
the site, nearby populations and land uses, local meteorology, the direction of
groundwater flow, and the uses of ground and surface water.

2. Problem and Contaminant Identification. The important potential
problems and related contaminants in terms of potential human exposures and risks
are identified.



Figure 2-2. Steps in the 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. Realistic Estimates of Exposure Rates. Predicted concentrations of a
ﬁarticular contaminant in environmental media are used to estimate potential
uman 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 land-use scenarios.

S. Realistic Dose-response Relationships. Dose-response relationsh‘ips, 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.

2.3.2 Methods and Assumptions
Identification of Receptors

Receptors are either people who are currently exposed to the pollutant of
interest, or people who have a potential for such exposure. Currently exposed
people include onsite populations (i.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 iu the path of a plume that is e);pected to reach them in the future, people
that ﬁam entry to the site as a result of a loss of institutional control, and additional
people who will be exposed as a result of population growth.

Development of Exposure and Land Use Scenarios

It is assumed that land uses in the future conform to current activities, or to
current activities on nearby land, unless there is compelling evidence to the
contrary. Either ground water or nearby surface water is 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.



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 place 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
environmental concentrations of the principle contaminants of concern for use in a
screening analysis.

Exposure Routes 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/Lyy20, mg/kgsoil) to the total amount of the medium to which
an individual 1s exposed.HI%e data used in the analyses include distributions of
personal exg%sure 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 they are not appropriate to the specific problem.

Dose-response Relationships 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.

Hazards are characterized qualitatively and quantitatively for carcinogenicity
and/or toxicity. Risk functions (factors) are also obtained from the literature, or
are developed from 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.

Probabilistic Assessment and Uncertainty

A realistic and probabilistic assessment uses the range of possible values for
parameters and variab?es, rather than relying on single values. 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).
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For exam%Ie, 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'vs 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% %pper 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@ (Decisioneering, Boulder, CO) software.
In a Monte Carlo analysis, a2 sample from the distribution of a variable is placed into
a simulation run (iteration) to interact with samples from other variables. The
frequency of s_amf)ling within a distribution of a variable depends upon the relative
frequency of a‘value 1n that distribution (Paustenbach et al., 1990).

Inadequate Data and Screening Assessment

Part of the risk assessment process developed in this pilot study is the
exercise of professional judgment concerning the amount (and quality) of site
characterization. and source term data needed to justify the application of the
ﬁhisticated models and probabilistic methods required for a "realistic” assessment.

en source term or site characterization data are inadequate, a screening level
assessment is the only feasible approach to a problem. The approach used in this
pilot study was: to perform such screening assessments when the available data
were limited {eliminating unnecessary conservatism where possible); to document
explicitly all assumptions used in the analysis; and to draw conclusions on the need
for additional data collection.

10
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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.
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¢). Calkculate exposure to tritium in drinking water (WIE).
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Step2. a). Develop an assumption about the dose factor for tritium ingestion (Df).
b). Develop an assumption about the risk factor for tritium ingestion (Rf).
c). Calculate incremental individual lifetime risk for cancer mortality (IR).

Forecast: Water Intake

. Exposure (WIE)
{ »
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Lifetime Dose Factor
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Calculate:
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J OVERVIEW OF THE FERNALD ENVIRONMENTAL MANAGEMENT
PROJECT

3.1 The Fernaid Environmental Management Project

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
currently operated 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).

Plant operations resuited 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 Study (RI/FS) is in progress
pursuant to CERCLA, as required by a Federal Facilities 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 l;tgxort is based on documents prepared as part of the RI/FS process (e.g.
USDQOE, 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 Butler counties and
is bounded by Ohio Route 126 to the north, a dairy farm to the east, Willey Road to
the south and Paddy's Run Road to the west.

3.2.2 Climate
The re%ional climate is continental, with temperatures ranging from an
average of 29 VF in January to 75.5 °F in July (NOAA, 1984). The average annual

grecipitation for the period 1975 through 1984 was 37.75 inches and ranged from
9.22 to 40.64 inches per year (NOAA, 1984).

12



Figure 3-1. Location of the Fernald Environmental Management Project.
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The prevailing winds are from the south-southwest. Data are available for
both the Dayton and Cincinnati Airports, and the two data sources are similar in
terms of wind direction and wind speed. The average monthly wind speed for the
Greater Cincinnati Airport ranged from 6.7 mph in August to 11.1 mph in March
(NOAA, 1984). Data for several years are also available from a site meteorological
tower.

32.3 Hydrolcgy

The main surface water feature in the vicinity of the FEMP is the Great
Miami River located about 0.6 mile southeast of the facility (Figure 3-2). The Great
Miami River flows into the Ohio River about 18 miles south of the FEMP. Most
draina&e is to Paddy's Run and then to the Miami River. Paddy's Run flows south
along the west side of the waste storage facility (Figure 3-2). This stream has its
highest flows between January and May (Dames & Moore, 1985). Additional
drainage from the site is to the storm sewer outfall ditch which flows south of the
groducﬁon area and into Paddy's Run in the southwest corner of the facility (Figure
-2) (Dames & Moore, 1985).

Near the confluence of Paddy's Run and the Storm Sewer Outfall Ditch the

relatively impermeable glacial till grades into permeable sand and gravel; surface
water in these two streams percclates to ground water (Dames & Moore, 1985).

13
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Figure 3-2. Surface water features at the FEMP.

3.2.4 Hydrogeology

At the FEMP, approximately 49 feet of clay rich till overlie a sand and gravel
aquifer. North of the site, till deposits directly overlie bedrock. South of the site,
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 system. These deposits are about 3 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 ap}nroximatel 150 to 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 125 feet below grade. The blue clay layer does not act as an

14



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 %ravel aquifer are about 90 to
200 feet per year. Ground water in the sand and gravel aquifer moves east under
the waste pit and roduction areas, and to the south on the southern edge of the
facility. Fxgure 3-3 shows the direction of ground water flow in the sand and 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
gUSDOE, 1987). The population within § miles of the site is approximately 14,300
SAIC, 1987). There are a number of small towns within S 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 1s dairy and beef cattle, and corn and soK}i)ean 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
\ilgigr(l)%o)rporated villages of Fernald, New Baltimore, Ross and Shandon (USDOE,

3.2.8 Use of Surface and Ground Water

Ground water is a major source of water su plsy in the area near the FEMP.
Nearby water users include FEMP wells (0.42 mgtB, outhwestern 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 large-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 UO3 and uranium tetrafluoride (UF4) for reduction to metal. Uranium-
235 enrichment in raw materials ranged up to 2%. The maximum product
eggi_’c)hment was 1.25%, 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 of yellowcake
(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 in amounts that vary with the process used for the yellowcake
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 Environmental Problems
3.4.1 Releases From Site 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 discharged in compliance with NPDES (National Pollution
Discharge Elimination System) permits. Untreated storm water runoff from the
production area was routinely discharged to the Great Miami River, and excess
storm flows were periodically discharged to Paddy's Run.

3.42 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 sanitary landfill, two fly ash piles and a burn pit. No solid waste
materials have been disposed of in the Waste Storage Area since 198S.

Documented waste site releases include radon emissions from the K-65 silos,
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 Environmental Monitoring Program

At the FEMP samples of air, water, soil and other media are collected to
assess the site's impact on the surrounding area. Descriptions of the samples taken
each year and the results of the environmental monitoring program are available in
Annual Environmental Monitoring Reports (e.g. USDOE, 1990c)

Sixteen continuous air monitoring stations are operated to measure
particulate and radionuclide concentrations in air. Seven of these stations are
offsite. Radon monitors are located around the K-65 silos, along the FEMP
boundary fence, at other locations onsite, and at locations offsite. These monitors
give quarterly estimates of radon concentrations at these sampling locations.

Soil and grass samé)les are taken onsite and offsite and analyzed for uranium
and fluoride. Offsite produce and milk samples are also analyzed for uranium.

Liquid effluents to the Great Miami River are sampled and analyzed.
Surface water and sediment samples are taken along the Great Miami River and
Paddy's Run and are analyzed for radionuclides. Fish are collected along the Great
Miami River anu 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 monitor éround water quality. Many wells have been
installed at the facility to support the RCRA ground water assessment program and
the RI/FS characterization e?fort.



3.5.2 Environmental Restoration

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 (L?S OE, 1990a). The five identified
operable units at the FEMP are: 1) waste storage area, including the six waste pits;
2§)solid waste units including the sanitary landfill, lime sludge ponds and fly ash
?iles; 3) facilities and suspect areas including the production area; ? special
acilities including the K-65 silos and §) environmental media including regional
ground water and soils.
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4 PROBLEMS TO BE STUDIED

4.1 Criteria for Problem Selection

Problems to be assessed in this gilot 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, re;ults of screening assessments, and professional
eernence 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 %)glied to identify
potentially imgortam roblems that were scored low by the MEPAS model as
implemented by the USDOE Environmental 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 1: 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 de‘{:zg chains. 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 are 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.

4.2.2 Reasons for Selecting This Problem

This problem was selected for analysis for several reasons. There is a
potential for offsite exposures because the K-65 silos are located 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 scorin%)rankin unit for the FEMP
under the MEPAS scoring system as implemented by the USDOE Environmental
Survey. The MEPAS modeling of this problem contained a number of conservative
assumptions which resulted in this large score. One of the more important
conservative assumptions was the large emission ratc derived from radon
measurements taken at near cracks on the silo domes (NUS, 1990).
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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 ex osecr to radon and radon prOﬁeny
rglm 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 eftects and; 2) the potential for an increased
risk of cancer.

Environmental problems associated with uranium contamination of ground
water scored high in the USDOE Environmental Survey MEPAS ranking
(contamination from liquid discharges, contaminant releases from waste pits) which
;p Efﬁ’m 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 offsite and expose nearby residents through ingestion in drinking water.
Othe;‘potential transport and exposure pathwgs include uptake by Flants and
animals and subsequent ingestion by people. Ground water south of the facility
eventually discharges to the Great Miami River, and there is a potential for
exposure to uranium in fish in the future.

4.4 Prohlams Identified for Future Assessments

The analysis presented here considered only the exposures and risk
associated with the ingestion of uranium associated with ground water
contamination south of the facility. Problems identified tor future assessments
include an integrated assessment of uranium released by the facility to air, soil,
ground water and surface water.

21



5 RISK ASSESSMENT FOR RADON EMISSIONS FROM THE K-65 SILOS

5.1 Problem Summary and Qutline of Steps in the Assessment

§.1.1 Steps in the Assessment

Major steps in the risk assessment for radon released by the K-6S silos are
listed below, and are summarized in Figure 5-1.

1. Define the Problem (section 5.1.2).

2, Review information on raden and radon daughter transport and fate
gsections 5.3.1,5.3.3).

. Review dose-response information, and identify appropriate risk factors
&scction 5.3.5).

. Identify release scenarios, exposure scenarios, receptors and exposure
genods (section 5.4).

Develop estimates of source term and predict environmental radon (and
radon progeny) concentrations (section 3.5).
6. Estimate individual and population exposures (section 3.6).
7. Estimate lifetime individual and population risks (section 5.7).

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

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

The major transport pathway of concern is airborne transport. It is possible
that material in the silos has migrated into the soil and Fround water, but available
data do not demonstrate this conclusively. This possibility is being investigated as
part of the ongoing RI/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 potential release
of all radon available in a silo dome head space in the event of a silo dome failure.

Important receptors in the area of the FEMP include onsite workers, and
residents in houses located along the western and southern site boundaries. The
population within 5 miles of the facility represents an imﬁ)ortant 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 Rl/FS study currently
underway at the FEMP. Corrective steps were recently taken to eliminate routine
;_ag{on releases and to prevent an accidental loss of radon in the event of a silo dome
ailure.

5.2 The K-65 Silos
§.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
earing wastes gencrated during the extraction step. Table 5-1 shows typical

compositions of the original pitchblende ore. Most of the residue stored in ihe silos
was generated at the Mallinckrodt Chemical Works in St. Louis Missouri, using 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 are each 80 feet in diameter with vertical walls
apﬁxroximately 26 feet high. The silo domes are agproximately 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 sheetirxg 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 1990a).

Constitueat Acid Leach, lon Exchange
Beigian Congo Ore Australian Ore

U308 (%) 48-1 55-70
H40 (%) 0.1-0.5 0.2-05
As (%) <0.02 0.02-02
B (ppm) 80 - 600 4-4
Cu (%) 04-2 0.01-1
Halides (%) 0.02-0.03 0.05-0.15
Fe (%) 04-4 >4
MoO3 (%) 02-06 0.01-0.08
P05 (%) 0.25-0.7 01-1
Na (%) 0.07-2 2
Sog'2 (%) 1-37 05-2.5
V205 (%) 0.002-0.004 <002

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.
i §6§ﬂ0 domes were estimated to have no life expectancy (Camargo Associates,

5.2.2 Silu 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 estimated to include a total of 7 Ci 5260 GBq) of
uranium (0.71% U-235), 3,300 Ci (1.2 x 10° GBqg) of radium-226 and 1,180 C1 (4.4 x
10" GBq) of thorium-230 (BNI, 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 si)aces, it has been estimated
that there are about 33 Ci (1221 G%ﬂ) of radon available in the head space of each
silo (Silo 1: 34 Ci; Silo 2: 32.5 Ci; BNI, 1990). Using the 33 Ci value, and assuming
no loss to the outside environment, it has been estimated that about 6 Ci/day (222
GBg/day) of radon are added to each silo head space each day (BNI, 1990).
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No measurements of the radon flux from the surface of the silo domes have
been made since the foan} coating was_applied in 1987. Measurements made before

1987 range from 3 gCi/n;} -s t0 13 x 107 pCi/m?-s (0.4 Ci/year - 8.9 x 10° Ci/year;
14.8 GB%/year -3.3x 10" GBqg/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 (1T,
1989). These mechanisms are diffusion through the silo domes and free air
exchange between the pore volume inside the domes and the outside atmosphere
(IT, 1989). Borack (1985) and Boback et al., (1987) calculated the emission rate
due to ditfusion through the silo domes using one-dimensional steady state diffusion
equations (Colle gt 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 frecgf with the surrounding atmosphere (IT, 1989; Grumski,
1987). Grumski (1987) calculated the rate of radon release by free air exchange,
assuming that each silo exchanges an average of 10@ ft> of g3s per day with the
outside atmosphere, a radon concentration of 3 x 10° pCi/cm’, and a dome void
volume of 25, ft3. Ihis calculation yielded an estimated radon release rate of
600 Ci/year (2.22 x 10 GBqg/yr) for both silos.

IT (1989) updated the analysis by Grumski (13?7) by incorporating other
estimates of the dome void volume (average 43,758 ft° ; IT, 1989). The resulting
estimate for the radon release rate due to free air exchange was 512 Ci/yr (1.9x 1
GBq/yr) persilo. 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.

4

Previous modeling and risk assessment studies have used a wide range of
vagxes as estimates of the emissions rate. These estimates include 60 Ci/yr (2.22 x
1 GBq/&')) (Boback et al., ]987; based on estimates of diffusion through the 4
domes); 600 Ci/yr (2.22 x 107 GBq/yr) (Grumskj, 1987); 650 Ci/year (2.4 x 10
GBg/yr) sljaz et gg, 1990); 1084 Ci/yr (4.01 x 107 GBq/yr) (IT, 1989); and 10,960
Ci/year (4.06 x 10° GBq/yr) (NUS, 1990).

5§23 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),,é)ié)ing 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 engineerinF
evaluation and cost analysis (EE/CA) was performed for the K-65 silos to evaluate
the feasibility of taking corrective action in response to short-term threats to public
health and the environment (BNI, 1990).

Based on the analysis presented in the EE/CA (BNI, 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

25



Lo M |

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 widely 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”
(FicFure 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 leading to cancer. Other progeny 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 exFosurc 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

articles in the air. They are also short-lived, with half-lives of 3.0S minutes and

.000164 seconds, for polonium-218 and polonium-214, respectively. They are
therefore removed quickly from the air, either by direct plate-out on environmental
surfaces, by deposition of larger and heavier atmospherigl%articles to which they
attach, or by radioactive decay to less harmful nuchdes. 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 decay products 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 pro ix;y is

defined to be any combination in one liter of air that produces 1.3 x 1 eV 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

Eo onium-214. Figure 5-3 shows the accumulation and decay of progeny with time.
quilibrium is reached in an hour or two, after which the total activxgy of the

mixture remains constant at one WL per 100 pCi/L (3.7 x 10° Bq/m” ) of radon-222.
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Figure 5-2. The radon decay chain.
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To account for nonequilibrium conditions, an "equilibrium factor” (EF) is
defined which quantifies the effect of disequilibrium on the total alpha ener]gy of the
mixture per unit activity of radon-222. The equilibrium factor is 1 for complete
equilibrium (1 WL per 100 pCi/L radon-222) and less than 1 for younger mixtures
and for mixtures in environments with high plate-out rates (e.g. mixtures containing
high concentrations of particles from smoking).

Normal outdoor background radon mixtures have an equilibrium factor of
about 0.7 and normal indoor background radon mixtures have an equilibrium factor
of about 0.5 in houses with smokers and 0.3 to 0.4 in houses 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 100 pCi/L
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§.3.2 Indoor vs. Outdoor Concentrations

There are significant differences between radon concentrations and
exposures indoors and outdoors caused by physical differences in these
environments.

o Buildings trap radon emitted from the ground. The tighter the building and the
loger t_he_gxc ange rate with outside air, the higher will be the concentration of
radon inside.

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

o Buildings and contents provide high surface-to-volume ratios, which increase
plate-out of radon progeny and reduce the equilibrium factor.
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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
avera%e background radon concentrations outdoors rgnged 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 a?out 1.5 pCi/i (56 Bq/m?)
and a broad range extending past 20 pCi/L (740 Bq/m> ) in a few exceptional
houses (Cohen and Shah, 1991). These authors estimated that their methodology
Rrogluces anl 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 supplé, 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 o
deposition of radon Frogeny. 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) gresents the necessary equations for decay without
replenishment from background sources, and development of er 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
yields the following summary equations expressing radon equilibrium factor as a
function of travel time,t:

EF(0.8%,t) = 0.716 - 0.0459 e*/43 - 170 e¥/®5 + 1.02¢%/32

The working levels of radon progeny estimated by this equation are included
ianigur;: 6‘93.6 Note that at equilibrium, this equation yields an outdoor equilibrium
actor 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 o*)cn windows, all outdoor radon progeny enter and leave
freely, and the only effect of the house is to increase the age of the radon mix by the
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, all

articles are filtered out by the structure and only radon gas enters the interior.
is extreme is indistinguishable from an indoor source of radon gas, 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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outdoor radon over a broad range of conditions and travel times (Fig. 5-4). Asa
result, it is reasonable to use the standard assumption of an indoor equilibrium
factor of 0.5 for radon from all 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

The unit of exposure to mixtures of radon progeny is a "working 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 in 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:
(pCi/L Rn-222) * (EF of the mixture) * (hours exposure/170 hr/WLM) in WLM.

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

Size distribution of atmospheric particles;
Fraction of progeny attached to particles;
Equilibrium factor;

Lung morphology;

Depth of target cells;

Breathing volume;

Particle deposition fraction;

Thickness of mucus; and

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 is done because all of the useful dose-
response information 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 general agreement that the obvious differences between exposures to miners and
to the general population 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
earlier analyses yielded dose-conversion factors greater than one and the more
recent yielded factors less than one. The most recent study estimates the dose-
conversion factor to be 0.7 for adults and 0.8 for infants and children (NRC, 1991).

5.3.5 Dose-response Relationships

There is considerable controversy over the quantitative relationship between
magnitude of exposure to alpha radiation from radon progeny and resulting risk of
lung cancer (NRC, 1988). Much of the controversy arises from inadequacies of the
data available from which the relationship must be estimated.

o Allof 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 from smoking, which is almost
universal among miners; and

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

Studies of miners have consistently shown an increased risk of lung cancer
with increased cumulative exposure to radon (see, for example, Lubin et al., 1990).
The problem with evaluating the health effects of radon exposures to the public
arises not so much from the many inadequacies of these studies, themselves, but
from a need to extrapolate results from the high doses received by miners to the
much lower doses received by the public. Extrapolation to such different conditions
and people requires a much higher level of understanding of the effects of all
important variables than does extension to other, similar conditions.

Epidemiological studies of lung cancer risk for non-occupational exposures
to radon have repeatedly failed to demonstrate a statistically significant relationship
between dose and risk. Some have even shown lower lung cancer rates in areas with
higher radon exposures (Cohen, 1991). This is partly from lack of understanding of
the relative importance of the many variables involved, and partly because the risk,
if any, is so very low, that the statistical power of the tests is correspondingly low,
and huge sample sizes are required for any realistic study.

The most important question in low-dose extrapolation is a universal
assumption that there is no threshold dose below which risk of lung cancer is zero.
There are cellular repair mechanisms that could Froduce 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 tunction extrapolated
from the high doses of miners to the mnch 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 1074 deaths/WLM (NRC, 1988) is
a value that is widely used to estimate 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 dose 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 to be 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 reflecy these differences.
'/I’{l;Lr&sulting risk for the general population is about 2.2 x 10™ lung cancer deaths

ICRP (1991a) reviewed the epidemiological data and lung cancer risk
projection models that have been used to estimate lung cancer risk associated with
exgosure to radon and radon progeny. Table 5-2 lists the studies reviewed by ICRP
(1991a) and the associatid risk factors. ICRP (1991a) concludes that these studies
have a range of 1-4 x 10™ lung cancer 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 S-2. Dose-response function for exposure to radon and radon progeny
(modified after ICRP, 1991a).

Source Excess Lifctixgc Lung-Cancer Mortality
(deaths/10" person WLM)
NCRP (1984) 130
[ ]

ICRP (1987)“ 150

ICRP (1987) . 230

USEPA (1986) 115-400

UNSCEAR (1977) 200-450

BEIR IV (NRC, 1988) 350

: Lonstant absolute projection
SLonstant relative projection
Puskin and Yang (1988), Puskin and Nelson (1989)

The geometric mean of the values in this range is 2.0 x 104 lung cancer
deaths per WLM. If it is assumed that this range represents the 90% confidence
interval of a lognormal distribution, the geometric standard deviation is 1.53. This
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distribution was used to describe the risk factor for radon and radon daughter
induced lung cancer in this assessment. This distribution is broadly consistent with
that recently published by Puskin (1992) who derived a centra] estimate of‘)ifetime
risk of 2.24 x 10”7 deaths/WLM with a 90% range of 1.4 x 107" to 5.7 x 10°
deaths/WLM.

S.4 ldentification of Scenarios and Receptors

§.4.1 Release and Exposure Scenarios

Release Scenarios

Two major release scenarios are of concern for the K-65 silos. The first
scenario is a 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 risks associated with background radon concentrations
must also be taken into consideration. These scenarios are described below.

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 this assessment. A future analysis, using monitoring data collected after the
bentonite cap was installed, will assess the risk associated with the silos after this
corrective action.

ACCIDENTAL RELEASE. The second scenario is a loss of the integrity of
one silo dome. This is a reasonable scenario because the silo dome covers have
been found to be in poor condition, and to have no life exgectancy. This event
would result in 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 previously indicated, it has been estimated that there are about 33 Ci (1221
GBq) of radon available in the head space of each silo at any given time (BNI,
1990). In the event of a silo dome failure, this radon gas would be released. The
facility expects to respond to such an event within 1 week by covering the exposed
pitchblende waste with sand (BNI, 1990). During this week, there will be a
continuing routine loss of the radon ordinarily generated to the head space.

BACKGROUND. Because radium and radon occur naturally in soil in Ohio,
radon and its decay products are natural components of the air. Though the silos
are significant sources of radon, the radon that occurs naturally in the air is far

eater except for areas close to the silos. The concentrations of natural
ackground radon, and the associated exposures and risks were estimated for
comparison.

Exposure Scenarios

Radon is a gas and the important transport pathway is transport of the radon
and radon progeny in air. The exposure pathway of concern is the inhalation of
radon and radon progeny. The exposure scenarios considered include indoor and
outdoor exposure to radon and radon progeny.



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 workers

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 Individual Risk Population Risk
Onsite workers individual 500 -
meters from silos
Fenceline residents individual at -
fenceline residences
Population within individual living population
1 mile within 1 mile within 1 mile
Population within individual living population
S miles within 5 miles within § miles
Hamilton and individual with population
Cincinnati, Ohio average exposure in Hamilton
in Hamilton and and
Cincinnati Cincinnati
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 S00 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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radon progeny, the exposure to radon and radon progeny in units of WL will be
different for people working indoors than for outdoor workers. The exposure and
risk to both indoor and outdoor workers were estimated in this assessment.

Fenceline Residents

There are a number of houses located along the western and southern
boundaries of the FEMP (Figure 5-5). These represent potentially important
receptors because of their proximity to the K-65 silos.

Population Within 1 and S Miles

The area surrounding the FEMP is primarily rural, with some light industry
?nqra few scattered residences. There are a few villages within 5 miles of the
acility, ) .

The 1990 gopulation near the FEMP was estimated for a 16 sector (22.5
degrees) grid with annular rings every mile ug to 5 miles from the FEMP (SAIC,
1987, Figure 5-6). Census block maps for 1980 were combined into a working base
map onto which the polar grid was superimposed. Where necessary, populations in
census blocks were split among sectors based on the Fercentage of the block’s road
mileage contained within the sector. The 1980 population was agusted by an
annual growth rate for each census tract (ranged from 1.0 to 2.5% per year) to
obtain 1990 population estimates. These population estimates were done by SAIC
(SAIC, 198’75) in support of emergency response glanninf. This grid has its center at
the physical center of the plant site. The K-65 silos are located approximately 1800
feet from this location, A qualitative assessment of the population data indicated
that the distribution of the nearby population among sectors and rings SI-S miles)
would not be significantly affected by the change in the origin of the polar grid
(required by the transport models with the emissions source at the silos, not the
plant center). The SAIC population distribution for 1990 was used in this
assessment. The total estimated 1990 population within 1 mile of the site is 175.
Within § miles there are approximately 14,729 people (SAIC, 1987).

Population centers within 10 miles

Population centers within 10 miles of the K-65 silos were identified as
potentially important receptors for radon originating in the silos. Pogulation centers
within S miles of the facility were distributed among the 16 sector, 1-5 mile grid cells
of the polar grid described earlier. Population centers within 5-10 miles of the
facility were identified using 1990 census data (U.S. Department of Commerce,
1992) and associated with a sector and distance for use in later modeling
glrednctions. The two population centers identified for use in the assessment were

amilton and Cincinnati, Ohio (Figure 5-7). Cincinnati was included as a receptor
in this assessment because of its large population, and because its outer suburbs are
within 10 miles of the silos.
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Figure S-5. Individual receptors located along the western and southern boundaries
of the FEMP.

Figure 5-6. 1990 Population distribution within § miles of the FEMP. (data from
SAIC, 1987; outline at center of polar grid is the FEMP site boundary).
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Figure 5-7. Population centers near the FEMP.
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§.4.3 Exposure Periods

To estimate exposures to radon and the associated lifetime individual and
population (collective risks, some assumptions must be made concerning the length
of time a person may be exposed. The information needed in this assessment
includes the length of time a person will live in one place, the amount of time spent
indoors and outdoors, and how much time workers spend at the facility. For some
of these parameters simple assumptions have been made. Where possible, data
available in the literature were used to derive reasonable estimates for parameters
or parameter distributions. .

Offsite Populations
Time at Home

A number of studies are available which can be used to estimate the amount
of time people spend at home. USEPA (1990b) summarizes data from two studies
which indicate that adults spend a proximatelg 68 to 71% of their time at home
(Chapin, 1974 and Szalai, 1972). Geomet (1981) reported values of 61.6%, 91.5%
and 86.2% for a person employed away from home, a housewife and an elderly
person, respectively (Geomet, 1991, cited in Puskin, 1992).

In this assessment, it was conservatively assumed that people receive all of
their radon exposure where they live. This is not actually the case because most
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gcoplc 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 during the day. For receptors within five miles of the
FEMP, this assumption will probably result in an overestimate of exposure
associated with the K-6S 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 glume 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 't%llowing 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 all found
that %gople 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 peoFIe who spend most of their waking time outdoors. The most probable
amount 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 minus the fraction of time spent indoors.

Average Residence Time

For calculation of routine exposure to radon this assessment assumed a
distribution of average residence time based 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 (Israeli and 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 urban pupulation becausc moving could not be assumed
to remove the household from the impacted area.
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Figure 5-8. Fraction of rural houscholds living in the same residence for t years or
more.
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Onsite Exposures

Onsite workers at the FEMP were conservatively assumed to work at the
facility for S0 years, and to spend 250 days per year at work. Outdoor workers were
assumed to spend 8 hours per working day outdoors, and 1 hour indoors. Indoor
workers were assumed to spend 9 hours per working day indoors. Background
exposures for onsite workers assumed a 70-year exposure period and the time
indoors distribution described above.

5.5 Radon and Radon Progeny Concentrations
5.5.1 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. Tbesg
measurements have an arithmetic average of 0.53 pGi/L (19.4 B?/m and a
standard deviatiop 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 res;fonding to mail orders. Radon
concentration measurements were seasonally corrected (Cohen, 1990) and bias
reduction measures employed (Cohen, 1991). The authors believe that these values
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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
conccntratigns near the FEMP is lognormal, with a geometric mean of 2.45 pCi/L
(90.7 Bg/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
concentrations 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/m3)
1988 1989 1990

BKGR1 03 (11.1) 0.4 (14.8) 0.4 (14.8)

BKGR2 0.9 (333) 0.6 (22.2) 0.4 (14.8)

AMSIS 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. ﬁadgon and radon daughter concentrations were
g‘redicted in units of working levels (WL) for fenceline residents, onsite workers,

amilton and Cincinnati, and for the center points of the polar grid cells used to
describe the population distribution within S miles of the FEMP site.

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

OUTDOOR INDOOR
Radon Conc. mean: 0.5 geo mean: 2.45
(pCi/L) std dev: 0.18 geo sd: 2.78
Equilibrium Factor 0.7 05

5.5.2.1 Atmospheric Dispersion

Dispersion and resulting concentrations of radon and radon progeny from
emissions 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 aggregation 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 afoint source that include deposition o
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 mode
assumed wind speeds were in the middle of the reported ranﬁes (ie, 1,3,5,7,9,
and 11 m/s). Receptor height, stack height, and mixing height were assumed to be
2, 10, and 1585 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
grzg)hics 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.

5.5.2.2 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 monitors, 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 monitoring stations used tl?) estimate the
source term. The model was run for a unit emission (1 Ci/yr, 3.7 x 10°% Bq/yr) with
receptors at each site monitor, producing 16 source coefficients expressing the
predicted concentrations at the monitors per unit emission from the source -- pCi/I
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 oyer the 16 monitors. This yields an
estimated source term of 1150 gi/w (4.0 x 10" GBq/yr). This value is similar to the
estimate of 1084 Ci/yr (4.3 x 107 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 all 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 strorgly
influence the final risk estimates (gsee Section 5.8.2).

Figure 5-11 shows individual estimates of the source term from the data at
each monitor. 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 runs gaast the silos and which have the highest radon
concentration measurements (Fig. 5-12). These radon peaks are apparently caused
%gravitational flow of cold, heavy air in the creekbed under low-wind conditions.

is 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 blufty 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
(WSW and W) and three extreme low values from monitors in the creekbed (S,
NNW, and SS 1?,“ 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 background radon
concentration.
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Figure 5-9. Location of site radon monitors.
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Figure S-11. Predicted source term from data at each monitor.
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Figure 5-12. Measured and predicted radon concentrations.
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§.5.2.3 Radon Production Rate

The rate of production of radon within the silos is not known. It 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 fl(')%m decay and from escage to the outside. Each silo contains about 33 Ci
(1.2 x 10° GBq) of radon é’;\s (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 da{)(59 GBg/day). The total 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 (575 Ci/year) is 6.8
Ci/day, and the production rate for the maximum loss rate (4024 Ci/year) is 11.5

Ci/day.

The estimated physical u ger limit on the source term that corresponds with
a total production rate of 7.6 Ci? ay (281 GBq/day) is 5550 Ci/yr (2.1x 1

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 OfTsite

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/m"), 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 (16.7 Bq/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 0.33 outdoors for RES-1, RES-2 and RES-3, respectively (from
Figure 5-6). These six pairs of concentrations (indoor and outdoor) were used to
represeant the distribution of concentrations to which fenceline residents are
exposed.
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Figure 5-13. Locations of FEMP residential monitors.
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Tablc .‘5-6 Measured radon concentrations at three resldentlal monitors (pCi/L,

measm'e:ll988 net’ mt:asured1989 net
RES-1 13 (48.1) 0.8 (29.6) 038 (29.6) 03 (11.1)
RES-2 0.9 (333) 0.4 (14.8) 09 (333) 0.4 (14.8)
RES-3 1.0 (37.0) 05 (18.5) 0.8 (29.6) 03 (11.1)
data from USDOE (1990¢)

net radon increase associated with the silos; subtract background (0.5 pCi/L, 18.56 Bq/ms) from the
measured value.
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Table 5-7. Calculated radon concentrations at three residential monitors (WL).

Equilibrium Factor Concentrations in Working Levels
1988 1989
OuT IN OUT IN OuUT IN
RES-1 022 05 1.7E-3 40E-3 6.5SE-4 15E-3
RES-2 026 05 10E-3 20E-3 10E-3 2.0E-3
RES-3 033 0S5 16E-3 2S5E-3 98E-3 15E-3

Other Receptors - Gaussian Plume Model

The sector-average Gaussian ggume model was4a8%1ied to an assumed radon
emission rate of 1150 Ci/yr (36.5 x 10° pCi/s, 4.3 x 10 q/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 interaction
between the rate of buildup and the rate of dispersion. Under average weather
conditions, concentration of radon progeny is highest at about 500 m from the
source. The maximum concentration predicted at 500 m 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 Ysrogeny indoors and outdoors within 5 miles of
the FEMP in units of working levels.
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Figure 5-14. Predicted radon concentrations near the source.
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Table 5-8. Routine release scenario - models and parameters for predicting
concentrations.

OUTDOOR INDOOR
radon concentration predicted using predicted using

gaussian plume model gaussian plume model
source term 1150 Ci/ 1150 Ci/

(43x loxcégq/yr) (43x loxeéqu/yr)
equilibrium factor varies with time 05

since release

49



Table 5-9. Routine release scenario -- predicted concentrations at individual
receptors.

Receptor Predicted Concentration (WL)
OUTDOOR INDOOR

Worker (500 m)’ 8.4E-04 33E-03

Fenceline residents’ Table 5-7 Table 5-7

Within 1 mile Figure 5-15 Figure 5-15

Within 5 mile Figure 5-15 Figure 5-15

Hamilton 4.1E-05 3.0E-05

(21}
Cincinnati 1.8E-05 1.32E-05

[ ]
. Jaximum concentration at 500 m.
o+, Jacasurements at three monitored houses.
average predicted concentration for three polar grid nodes.

Figure 5-15. Estimated radon concentrations from routine emissions of 1150 Ci/yr

(43x 104 GBq/yr), outdoor concentrations in units of EG/L (range is 0.003 to 0.4
pCi/L, contours are from 0.02 to 0.38 pCi/L, interval shown is 0.04 pCi/L).

N
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5.5.2.5 Accidental Exposures

The accident analyzed is a collapse of the top of one silo with instantancous
release of the contents of the head space plus the entire radon production of the silo
contentgjor seven days before they are aﬁgin contained (BNI, 1990). Thisis a 33 Ci
8{.}!({ 1) GBq) puff plus a 53.2 Ci (2 x 10~ GBq) leak over seven days (i.e. 7.6

ay).

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 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 instantaneays release is equal to the distnbution 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 quantif{ing the effects
of weather. Lacking a statistical description of real weather patterns for 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
classes and wind speeds during 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.

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 exposures are shown in Table 5-11. The expected population exposure
within 5 miles is about 0.096 Person-WLM for both weather conditions.

51



B 1ol ‘

Table 5-10. Accidental release scenario - models and parameters for predicting
concentrations and calculating exposure.

OUTDOOR INDOOR
exposure in predicted using ‘ predicted using
(WLM) gaussian plume model gaussian plume modcl
source term initial release initial release
33 Ci (12 x 10° GBq) 33 Ci (1.2 x 10° GBq)
7 day continuous release 7 day continuous release
of 7.6 Ci/day (GBq) of 7.6 Ci/day { GBq)
equilibrium factor varies with time 0.5
since release

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

Exposure (P-WLM)
Weather Mean Median 95% Range
Constant? 0.09 0.0014 0.0-0.62
Annual Average® 0.096 0.057 0.050-0.34

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.

< Weather during the following week goes through the full annual distribution of stability classes and
wind speeds over all sectors.

5.6 Exposures to Radon and Radon Progeny

Exposure esiimates were developed for the receptors descrived 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 for individual
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
distributions rather than single point estimates. These exposure distributions were
calculated using Latin Hypercuge sampling of the parameter distributions included
in the formulae described below. :

Some of the estimates described below were calculated using single values,
producing a deterministic estimate of exposure. The individual routine exposure to
workers, and the individual exposures to workers and to offsite populations
associated with the accidental event were calculatsd deterministically, using the
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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 following formulae were used to calculate individual and population
hgetime exposures for the routine release scenario and for natural background levels
of radon.

Individual Lifetime Outdoor Exposure
OEXP (W1M/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/Lifetime) = IC (WL) x 51.5 (WM/year) x YE x IF

where:
IEXP = indoor exposure (W] .//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 samming the estimated lifetime indoor exposure (IEXP)

and the estimated lifetime outdoor exposure (OEXP).

TEXP (WLM/Lifetime) = OEXP + IEXP

Population (Collective) Lifetime Exposure

Population lifetime exposures in person-WLM (indoor, outdoor, total) were
calculated by multiplying the mean lifetime e.x?osurc 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

Exposure 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 hcours) 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. All 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
Wai 12\546.1 WLM, and 95% of individuals are expected to be exposed to less than 169

The natural background pol]:ulation exposures for all identified population
receptors (Hamilton, Cincinnati, the population within 1 mile and the population
within § mﬂesg 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 96E+3
Within 5-mile 14,729 81E+5§
Hamilton 61,368 34E+6
Cincinnati 441,732 24E+7

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 e?osure parameters used in the
analysis are summarized in Table 5-14. Table 5-15 presents the estimates of lifetime
exposure for individual rece\BLtors. 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
tl_\le exposure distribution for an individual living anywhere within 1 or 5 miles of the
silos.

Exposure distributions can be calculated for individuals living at all 80 nodes
of the polar grid used in the analysis, but this volume of information would be
difficult to present and interpret. Average exposures (rather than exposure
distributions) were calculated for each node of 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 multiplyipﬁ]the mean individual exposure for the location by the
population of the receptor. The population exposures for the within 1-mile and
within S-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 %rid node. Total population exposures for
these two receptor populations were calculated by multiplying the average
individual exposure at each grid node (Figure 5-16) by the &?fulation in that node
(Figure 5-7). The resulting population exposures (Person-WLM/Lifetime) at each
polar grid node are presented 1n Figure 5-17. The total population exposures for
the within 1-mile and within S-mile receptors were calculated by summing the
population exposures for all grids within the appropriate distance. Table 5-16
summarizes the population exposure estimates resulting from exposure to radon
released from the K-65 silos.
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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. 1.8 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
all 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 22 - -
Outdoor Worker 73E-1 - -
Fenceline residents 14 89E-1 46
Within 1-mile 5.7E-1 3.6E-1 18
Within 5-mile 1.7E-1 1.1E-1 55E-1
Hamilton 23E-2 14E-2 7.4E-2
Cincinnati 1.0E-2 6.3E-3 33E-2
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Figure 5-16. Avera ;,c 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).
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Table 5-16 Routine release scenario -- lifetime population exposure estimates.
Receptor population population exposure
(person-WLM/lifetime)
Within 1-mile 175 670
Within 5-mile 14,729 657.5
Hamilton 61,368 1393.1
Cincinnati 441,732 4461.5
57
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Figure 5-17. Average population exposures within 5 miles of the K-65 silos (outline
at center of the polar grid is the FEMP site boundary).

Chronic Release Scenario
Predicted Population
Exposures (person-WLM)

5.6.4 Accidental Release Scenario - Input Parameters and Exposure Estimates

Individual and population exposures were calculated as described in section
5.6.1. An analysis was performed for constant weather and annual average weather
conditions (Section 5.5.2.5). The mean predicted exposure is the same for both
weather conditions. The exposure estimates presented below are based on average
annual weather conditions.

Individual exposures were estimated for the most highly exposed workers
(indoor and outdoor workers), the most highly exposed fenceline resident, and
individuals in Hamilton and Cincinnati. Population exposures were calculated for
thel_?opulation living within 1 mile and 5 miles of the silos, and for the populations
of Hamilton and Cincinnati. The exposure period used in the estimation of
exposure for 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 (all indoors) for 7 days. Outdoor workers were
assumed exposed for 7 days, 1 hour per day indoors and 8 hours per day outdoors.
Table 5-17 presents the estimates of exposure for individual receptors. Table 5-18
summarizes the population exposure estimates for the accidental release scenario.
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Table 5-17. Accidental release -- individual exposure estimates.

Receptor Individual Exposure (WLM)
Indoor Worker 4,7E-3
Outdoor Worker 1.6E-3
Fenceline Resident” 3.1E-3
Hamilton 1.2E-4
Cincinnati S3E-5

[ ]
worker and 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 72
Cincinnati 441,732 233

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 xRF
where:
ILR = individual lifetime risk
TEXP = total lifetime expgsure (WLM/lifetime)
RF = risk factor (20 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, usin
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 = PExRF

where:

PR = total population risk (cancers)

PE = population exposure (person-WLM/lifetime)
RF = risk factor (2.0 x 104 deaths /person-WLM)

§.72 Natural Background -- 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 individual receptors. Table 5-20 and Figure 5-19 summarize the
population risks associated with exposure to natural background levels of radon and
radon progeny.

Individual lifetime risks associated with baﬁkground concentrations of radon
§nd radon progeny have a mean value of 1.2 x 10°4, and a median value of 7.3 x 10
. %5% of individuals 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

12E-2 73E-3 3.7E-2
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Figure S5-18. Distribution of individual lifetime risks associated with exposure to

background concentrations of radon and radon progeny.
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Table 5-20. Population (collective) risks due to natural background radon.

Receptor Lifetime Population Risks
(# of cancers)
Within 1-mile 20
Within 5-mile 1723
Hamilton 7180
Cincinnati 51683
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Figure 5-19, Population (colyctivc) risks due to natural backﬁround radon
) within § miles of the silos (out

(predicted # of cancers x 10°

ine at center of polar
grid 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 distribution 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 fenceline residents (median: 1.8 x 10’4). Median risks greater than 1 x 1
were predicted only for fenceline residents. The 95% CL is greater than 1 x 10
fenceline residents and for the individual living within 1 mile and S miles of the

4
for
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silos. Very few cancers (less than one in a lifetime) were predicted for the
populations within 1-mile, within S-miles, in Hamilton and Cincinnati (Table 5-22).

Table 8-21. Routine release scenario --lifetime Individual risk estimates.

Receptor Individual Lifetime Risk
mean median 95% CL

Indoor Worker 43E4 - -
Outdoor Worker 15E4 - -
Fenceline resident 3.0E4 18E4 10E-3
Within 1-mile 12E4 7.0E-$§ 42E-4
Within S-mile 3.6E-5 2.2B-5 12B4
Hamilton 49E-6 28E-6 1.6E-5
Cincinnati 2,1E-6 13E-6 73E-6

Figure 5-20. Routine release scenario -- distribution of individuai lifetime risks for
most highly exposed fenceline resident. (Note: the risks estimated for the routine
release scenario are much smaller than those associated with background exposures;
when comparing Figure 5-20 to Figure 5-18 please note that the units are different).
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Figure 5-21. Routine releasc scenario -- average individual lifetime risks (x 10‘3)
within § miles of the silos.
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Table 5-22. Routine release scenario -- lifetime population risks.

Receptor Lifetime Population Risks
(# cancers)

Within 1-mile 0.01

Within 5-mile 0.13

Hamilton 030

Cincinnati 0.95
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Figure 5-22. Population (colyctivc) risks based on the routine release scenario

(predicted # of cancers x 10

! [ ) within S miles of the silos (outline at center of polar
grid is FEMP site boundary.

5.7.4 Accidental Release - Risk Estimates

Individual and population risks associated with exposure to predicted
concentrations of radon and radon progeny resulting from an accidental release of
radon from one of the K-65 silos were calculated as described in section 5.7.1.
Table 5-23 summarizes the individual risks for specific receptors and Table 5-24
summarizes the population risks associated with exposure to radon and radon
progeny due to an accidental release.

Individual risks associated with tlhc accidental release of radon from )7he silos
are hiﬁhest for indoor workers (1.2 X 10"°) and fenceline residents (7.9 x 10°’). No

individual risks éreater than 1 x 107 were predicted. Population risks are highest in
Cincinnati (0.003), but no population receptor had population risks greater than 1.0.
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Table §-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 24E-8
Cincinnati 1.1E-8

* most highly exposed worker and fenceline resident

Table 5-24. Accidental release - population risks.

Receptor Fopulation Risks - # cancers
Within 1-mile 0.0001
Within 5-mile 0.0013
Hamilton 0.0014
Cincinnati 0.0047

5.8 Assumptions ard 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 Cuncentrations

The background concentraticn outdoors near the FEMP was desciibed 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 all be represented by this value (0.5 +/- 0.18 pCi/L).
In fact, natural background concentrations vary over spacs.

The indoor background concentrations near the FEMP site were described
by a distribution of values derived irom a study based on monitors sent to homes
;esgouding to a mail order survey (Cohen and Shah, 1991). Bias reduction
techniques were employed in this survey, but the authors believe that the reported
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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 background
concentration in homes near the FEMP is uncertain.

values mz(? be biased upward by as much as 20%. Sources of bias in this study

§.8.2 Prediction of Radon and Radon Progeny Concentrations

A sector-averaged gaussian plume model and site meteorological data were
used to: 1) estimate the routine and a:cidental release source terms; and 2) predict
the concentration of radon and radon progeny up to 10 miles from the silos R)r the
routine and accidental release scenarios. Uncertainties associated with this analysis
and its associated assumptions are discussed below.

The routine release source term estimate

The sector averaged Gaussian plume model and site meteorological data are
not good representations of the micrometeorology 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 «ver the 16 monitors would produce the best‘tsource term
estimate. This yields an estimated <ource term of 1150 Ci/yr (4.0 - 10" GBq/yr).
This agproach should produce a reasonable estimate of the source term, even
though we 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 tlirough the
silo domes and free 2ir exchange between the pore volume inside the domes and the
outside atmosphere.

The source term back-calculated from the radon monitors 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 Ci/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 risks for people living within 1-mile of the silos.

Source Individual Lifctime Risk

Term mean median 95% CL
Average 1.2E4 7.0E-5 42E-4
(1150 Ci/year)

Distribution 1.6E-4 7.6E-5 S.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, 1221 GBq, 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 accident based on the average routine source term
estimate is 33 Ci instantaneously, with an additional 53.2 Ci spread over 7 days. The
source term calculated for the minimum routine source termis 33 Ci + 47.6 Ci over
seven days, 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 risks ?ssociated with the accidental release of radon from a
single silo are small (6.3 x 10’ at the fenceline) and even a doubling of the 6
predicted concentration and risk would result in small estimates of risk (1.3 x 10™).

Treatment of meteorology during the accidental scenario

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 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
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
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classes and wind spceds during 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.

$.8.3 Exposure Periods
ime at Home and Time Spent Indoor

This assessment assumes that people receive all 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%for eople living within § 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 varying concentration of
radon in a plume, and because it is not possible to account for the movements of all
the people subject to exposure.

For 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 distribution assumes that
once a household moves, it moves away from the impacted area -- this may not
always be the case and could produce a small underestimate of the individual risks
associated with the routine loss scenario within S miles of the FEMP.

A residence time of 70 {\;ears 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 will produce an
overestimate of the individual risks associated with the routine loss scenario. P
However, th% risks predicted for Hamilton and Cincinnati were small, (1.3 x 10
and 3.0 x 10" for Cincinnati and Hamilton, respectively) and this conservative
assumption did not have an important effect on the assessment.

Time Spent Indoors

Because of the ingrowth and behavior of radon progeny, plus other factors,
the exposure to radon and radon progeny in units of Working Levels 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
analysis was 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,

5.8.4 Risk Factor for Radon

This assessment assumed a risk factor distribution for radon and radon 4
progeny described by a lognormal distribution, with a geometric mean of 2.0 x 10
per person-WLM and a geometric standard deviation of (Section 53.5). There is
considerable controversy 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 curreni state of knowledge is a linear, nonthreshold function
extrapolated from the high doses of miners 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

(ljigsguiib)ution of risk factors reported by a number of studies (ysection 5.3.5. ICRP,
a).

5.9 Summary - Risk Assessment for Radon Released from the 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
accidental scenario.

Table 5-27 summarizes 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 th_eal(-65 silos are estimated to
result in individyal lifetime risks greater than 1 x 107" only for indoor workers
(mean: 4.3 x 10™*) and fenceline residents (median: 1.8 x 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 5-26t). 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 from a silo by 2 to S orders of magnitude
(Table 5-26). Mean fopulation risks associated with background radon are 4 to 6
orders of magnitde larger than those associated with routine releases (Table 5-27).
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Table 5-26. Individual lifetime risks.

Receptor Background. Routine Accidental””
Indoor Worker 13E-3 43E-4" 9.4E-6
Outdoor Worker 73E-3 15E4" 32E-7
Fenceline Resident 73E-3 1.8E-4 6.3E-7
Within 1 mile 73E-3 7.0E-5 -
Within § mile 7;3E-3 2.2E-5 -
Hamilton 7.3E-3 2.8E-6 2.4-8
Cincinnati 73E-3 13E-6 1.1E-8
* Joedian

average
Table S-27. Population risks.
Receptor Background®*  Routine* Accidental**
Within 1-mile 20 0.01 0.0001
Within 5-mile 17123 013 0.0013
Hamilton 718.0 0.30 0.0014
Cincinnati 5,2683 095 0.0047
: Jcdian

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 information on uranium transport and fate (section 6.2)
3. Review dose-response information and identify appropriate cancer risk
factors and toxicity threshold distributions (section g.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).

. Estimate intakes (section 6.72 by people in the potentially exposed groups.
7. Estimate individual lifetime tatal 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.

Deflne the Problem I

¥

Review Uranlum Transport and Fate I

Review Dose-Response

Identify Scenarioa and Receptors

Esatimate Source Term and
Predict Environmental Concentrations

Estimate Intakes

Estimate Risk
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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 20pﬁ/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 (Fifgure 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 runoff in 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 underwa
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 ongoin
modeling effort to better characterize uranium contamination of ground water, an
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
completicn 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), and the preferred alternative for the south plume removal action
includes 1) providing an alternate water supply to two industrial users along Paddy’s
Run; 22 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) installation of an interim advanced wastewater treatment system within
FEMP boundaries to treat an existing discharge to the Great Miami River, and 4)
monitoring and industrial controls.
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Figure 6-2. 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- 450 4g/L, contour interval shown is S0 ug/L.

")

6.2 Uranium - Physical Properties and Environmental Fate

This section summarizes the physical and chemical properties of uranium, its
geochemisu& in soil and ground water, and the factors affecting uranium transport
d fate in the environment.

6.2.1 Physical and Chemical Properties
Physi ropertie

Uranium is a dense, silvery metal with a meggsatomic wejght of 238.03.
tural uranium contains three isotopes - 99.27% “<*U, 0.72% <-°U, and 0.0055%
U. The isotopes of uranium ultimately decay to stable isotoF%of lead 7‘;ilgrough a
series of steps via beta and or alpha decay. The %ga' series of ““U and “-U are
E{gsented in Figmigg6-3. ?ecause the half life of is shorter than the; half-life of

U, the ratio of /B gghas?gg)t been constant throughout earth’s history. 4.55
biléign years ago the ratio <°U/<°U was only 3.33, 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 Nuclear Reactio

The two natural uranium decay serjes shown in Figure 6-3 lead to the

formation of two stable jsotopes of lead - ©°U decays via the production of § alpha
particles to gotg;b, and zEU cﬁ:cays with the release of 7 alphapparticles to £°§Pbp

Each radionuclide in the 28 decay chain has a much longey half-life than
the corresponding member of the 2°U chain wjth the exception of <“Pa. Because of

their relative longevity the presence of some daughters in tk= envirpnment is
of particular concern - namely (ionium), ZS‘%Ra, Rn,]ﬂ&lt’b, and %lglo.

Uranium can undergo spgnfaneous fission in nature, or fission can he
induced by bombarding 25U or 2°U with neutrons. The enrichment of 23U in
natural uranium leads to the production of ﬁssiog?omb and fuel uranium. The by-
product of that enrichment process, from ‘vhich “°U has been removed, is known as
depleted uranium.
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Activity to Mass Ratio

The concentration of uranium in air or in aqueous solution can be expressed
either as %ﬁ/%ume orzggtivity /volume. The principle isotopes of natura
uranium, , U and “°U 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
ways of expressing uranium concentration requires some assumption about the
relative alﬁ‘wdance of each uranium iso%ge. The activity ratio is deﬁnegfs tl}jﬂ
decays of ~*U relative to the decays of ~°U per unit time in a sample (~*U/<°U).
The activity ratio of natural uranium at equilibrium is 1.

Because the concentration of 25U in non-enriched uranium is so?jgnall,
(Weston, 1987 iggjcates that the average plant product was depleted in <°U) the
contribution of “°U to contaminant uranium at FEMP can be ignored. For the
assessment %he FEMP, it was assumed that the uranium in ground water consists
of “*U and ~°U.

The activity/mass (pCi/mg) of naturally-gccurring uranium can then be
calculated fro%he measured act%vity ratio of wu/zﬁ‘f AR, and the specific
activity, ag, of “°U:

pCi/mg = (1+AR)*ag

wh%e the specific activity ag of 28(J is calculaged from the decay constant, A, 4.889 x
10 sec'1i3é\vogadro number, AV, 6.02 x 10“° atoms/mol; the atomic/molecular
weight of 33U, molyy, 238 g/mol; and the value for a pico-Curie, pCi, (3.7 x 102
dis/sec'pCi):

= * AV
% pCi * moly

ag = 4.889x 1018 sec’1 - 6.02x 108 atoms/mol * 100 Be/e
3.7x 10°2 dis/secpCi - 238.03 g/mol
ag = 0334 pCi/ug

The estimate of the relative abundance of each uranium isotope for a given
field situation should be based on an assessment of the geochemical environmental
processes which alter the relative abundance of each isotope. For the purpose of
this discussion it can be safely generalized that the relative abundance of uranium
isotopes in solid rock and most soil materials will be 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&sn%o, 1971). Heavily weathered surficial rocks will have activity ratios
(“*U/~°U) lower than 1.00. Activity ratios as low as 0.5ggve been measured in
some weathered rocks (Richét;dson, 964). The decay of “°U %?duces two
intennediateé%dio%slides, Pa and 2*Th which along with “*U may be more
soluble than <°U. “*U is therefore preferentially removed by solution from
weathered rogks, and dissolved uranium can be expected to have an exgess of “*U
activity over “°U, over the expected equilibrium concentration while =~U will
remain relatively unchanged. Therefore the activity of dissolved uranium will
Fenera be greater than the activity of uranium at decay %géxilibrium singe the half-
ife of 23U (2.47 x 10° y) is much less than the half-life of ~°U (4.51x 107 y).
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Most investigators use an activity to mass ratio of 0.68 pCi/ug (AR =1.00) to
estimate the activity in a sample that has been measured as total uranium by mass.
This conversion factor assumes that the three natural uranium 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 1.3 pCi/ug in natural water. This higher
value can occur because natural geochemical and radiological processes may alter
the proportions of isotopes. Because the contaminant uranium present at FEMP is
not "natural’, i.e., it is not leaching from soil and rock, and because concentrations
of uranium in the contaminant plume are relatively high (> 1ug/L), the conversion
factor of 0.68 is used here. For background values where disequilibrium may have
been established over long periods of time, and where the concentrations of
dissolved uranium are relatively low (< 14g/L), the higher activity/mass ratio may
be appropriate.

6.2.2 Geochemistry of Uranium
6.2.2.1 Occurrence and Distribution of Natural Uranium

The elements of which the earth is composed are distributed in
concentrations that are roughly inversely proportional to the element’s Jpass - the
heavier the element, the rarer it is. Yet uranium, element 92, is the 46*"' 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
assemblages and its behavior in solution.

6.2.2.2 Solid Earth
Rocks

Uranium is present in measurable amounts in almost all common minerals.
Some minerals, zircon for example, may have notably high concentrations of
uranium, but the major ore of uranium is the oxide uraninite or "pitchblende”,
ranging in composition from UO, to U3;Og. Another common mineral association
of uranium is carnotite, Ko{UO,],V,0g. l?ram'um commonly occurs in association
with apatite, organic shales and peat in quantities that may be economic to recover
if the mined material is used for other purposes.

Uranium in rocks at FEMP is not a significant source of background levels of
the isotopes of importance in the study of ground water contamination since the
contaminant plume is restricted to the soil ho1 zons and alluvial deposits
immediately west and south of the site. The behavior of uranium in soil is,
therefore, much more important to understanding the nature of contaminant
i -ansport than is the concentration of uranium in rock.

Soil

Uranium not associated with unweathered rock minerals will be contained in
or sorbed on the surface of organics, clays, oxides and other detrital and authigenic
components of soils.
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Soils in the FEMP area Sscc Lerch et al., 1982) were formed from parent
materials, primarily loess and till, deposited by Pleistocene glaciers of Wisconsinan
and lllinoian 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
clay contents for each soil are moderate to low. The Fincastle soil is found at the
FEMP itself while the Fox-Genesee soil is located along Paddy’s Run.

Fincastle-Xenia silt loam (an alfisol Imesic Aeric Ochraqualf-Aquic
Hapludalf}) developed on 18 to 40 inches ot loess over a limey silty till. This soil
has poor drainage retaining high water contents during the winter and spring. Fox-
Genesee loam (an alfisol Lrnesxc Typic Hapludalf]), in contrast, is a well-drained soil
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 28U concentrations in the soil in Ohio range from about
0.6 to 2.2 pGi &(Myrich et al,, 1983). The 1989 Envim%ental 'ton'r:jg report
(USDOE, 1990c) assumes secular equilibrium between “<*U and “*U and states
that the total uranium activity will be about twice this amount because the three
isotopes occur together in soil. The value used as "background" appears to be 4.4
pCi/g total uranium (6.5 s g/g) (USDOE, 1990c).

6.2.2.3 Ground Water

Uranium which 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 mjnerals; the second is by a
gggli?chenﬁcal process which preferentially delivers “*U into solution relative to
L

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 heavily-weathered terrain with thick, permeable regolith
will tend to have high concentrations of uranium. Similarly, ground water in contact
with aquifer rocks under aerobic conditions will tend to continuously increase in
uranium concentration with time.

The second proces%zadiochemical, is unigue i ngtyre to uranium and
uranium-series elements. ~*U, a product of the decay of <°U is preferentially
removed from minerals following the decay. A mineral grain which in its
unweathered state is in secular equilibrium with respect to the uranium-gﬁies
isotopes will, in contact with water during weathering, tend to acquire 3 >4U/28U
activity ratio somewhat less than unity depending on the rate at wh'igg 73}’15
removed from its surface. Consequently most natural waters have <*U/~*U
activity ratios greater than unity.

The source of ground water is recharge through soils and weathered rock.
Since soils and weathered rock are areas where uranium-series isotopes will be
fractionated it is to be expected that most ground water will exhibit some degree of
uranium-series disequilibrium dependent on conditions within the recharge zone.

As a consequence of uranium’s redox-dependant behavior, for the purpose of

discussing uranium in ground waters, such waters can be divided into three types
(Osmond & Cowart, 1976):
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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 COp or H2S
activities. A steady-state, equilibrium model could be used to pregict 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 1n applying equilibrium geochemistry to solute behavior in surface and
ground waters, namely:

1. heterogeneous adsorption surfaces;

2. particle concentration effects;

3. non-additivity 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 basis 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
function gnm y of pH and redox potential (Eh). The traditional way to present
this two-dimensional behavior is by use of pH-Eh diagrams (Garrels & Christ, 1965;
Krauskopf, 1979). In such diagrams predominance field for species of concern are
plotted with boundaries defined either by a line of equal concentration with other
species or by limits of the stability of water. To produce a diagram such as that
given in Figure 6-4, one evaluates each reaction in turn for its dependance on pH
and/or Eh. For example, the reaction:

vott+ 2 > U0
is entirely redox dependent and independent of pH. In contrast, the reaction:
Ut + 2H,0 —> UOZY+ et Y 2

is dependent on both pH and redox potential. The position of the lines delineating
fields on an Eh/pH diagram 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 anc% lower bounds on the figure above and below
which one 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 examjm'r;F Figure 6-4. Note that uranium (as UO3
or U(OH)4) is insoluble under virtually ali 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 CO or H3S
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 in applying equilibrium geochemistry to solute behavior in surface and
ground waters, namely:

1. heterogeneous adsorption surfaces;

2. particle concentration effects,

3. non-additivity 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 basis 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
function primarily of gH and redox potential (Eh). The traditional way to present
this two-dimensional behavior is by use of pH-Eh diagrams (Garrels & Christ, 1965;
Krauskopf, 1979). In such diagrams predominance field for species of concern are
plotted with boundaries defined either by a line of equal concentration with other
species or by limits of the stability of water. To produce a diagram such as that
given in Figure 6-4, one evaluates each reaction in turn for its dependance on pH
and/or Eh. For example, the reaction:

vo2t+ 2.  —> UO,
is entirely redox dependent and independent of pH. In contrast, the reaction:
vt 4+ 20 —> UORt+ aHt Y 2

is dependent on both pH and redox potential. The position of the lines delineating
fields on an Eh/pH diagram are calculated from the Nernst equation and are based
on free energies (o Gs) 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 fre2 oxygen and a lower limit for reduction of water
releasing hydrogen gas, fix upper and lower bounds on the figure above and below
which one would normally not expect aqueous reactions to occur.

The implications for the behavior of uranium and one of its daughters,

thoriurn, can be summarized by examining Figure 6-4. Note that uranium (as UO2
or U(OH)4) is insoluble under virtually all 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 all redox conditions at é)Hs greater than about 3.5. This sharp
contrast between the behavior of U and Th 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).
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Sorption, Kiand retardation coefficient

The transport of solutes through ground water is often not a conservative
process, i.e. solutes may interact with the solid matrix of the saturated zone so that
solute concentrations may change with 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 reversible, 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 processes as cation and anion exchange, hydrophobic and hydrophilic
reactions, etc. In practice all sorption phenomena are included within the concept
of the distribution coefficient or defined as the ratio of the concentration on
solids, S, relative to the concentration in the solution, C:
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K4 - concentration on solids = mass sorbed/mass of soil = s/C
concentration in solution mass dissolved/volume of solution

If S is measured in terms of mg/g and C in mg/ml, then Kg will bs expressed
in terms of ml/g. The curve defining concentration in 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.

. Anparallel and related concept to that of Ky is the retardation coefficient, R,
which is a measure of the degree to which contaminants have their flow velocity

S{’lowed down by interaction with solids relative to the solvent, water. R is defined
y:

R

1+ dp.Ky
De

where dp, is the bulk density, and n, the effective porosity of the soil or aquifer
matrix.

Because geochemical conditions are often so difficult to quantify and
because solute/matrix reactions are likely to be controlled by kinetic rather than
equilibrium processes, detailed speciation modeling of ground water regimes is
rarely performed. As a consequence the Kg and R concepts become a catchall for
both sorption and solution/precipitation processes some of which may be
irreversible and/or non-linear. Several authors have cautioned about the
indiscriminate use of K{ls- For example, Domenico and Schwartz (1990) point out
that "the processes are far too complex to be represented accurately by a simple
one-parameter mccel." Honeyman and Santschi (1988) note, also, that Kgs tend to
be site and material specific.

Despite these limitations, Kgs are used in every attempt to realistically
model solute transport. Without the use of Kgs and R, velocities of solute transport
under most field conditions would be unrealistically high since virtually all
contaminants interact with the solid aquifer matrix. At FEMP, IT Corporation has
calculated a range of Kgs and Rs based on calibration of a three-dimensional solute
transport model (IT, 1991a). They re‘port a range of Kgs from 1.0 to 1.34 and a
corr::f)onding range of 9 to 12 for R for the matrix of the south plume. While these
K values are low relative to those general purpose values (K about 40
recommended by reviewers (see, e.g., Looney et al., 1987; Shep&ard et al,, 1984,
Baes & Sharp, 1983; Ames & Rai, 1978; Caliahan 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 soils. Sheppard et al. (1983) found uptake by swiss chard restricted to the
root system. NCRP ?1984) recommends default values of the sog to plant
concentration ratios for uranium ranging from 3 x 10™ 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 (fjm) is the



fraction of a nuclide ingested daily by a lactatinf animal that is secreted in 1 liter of
milk under steady state conditions (NCRP, 198 % Thg‘default range of values for
fim recommended by NCRP (NCRP, 1984) is 1.2 x 10™ 10 6.0 x 10" day/L.

The parameter fif is the fraction of a nuclide ingested daily by an animal that
is found in 1 kg of musc\e under steady state conditions (NCRP, 1984). NCRP
(1984) recommends default values from 1.6 x 107 to 5.0 x 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
1ghground 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 of uranium in food and water, and document the parameters and dose-
response relationships used in the risk assessment for uranium 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 kidneys. 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). Effects
in animals include an increase in glucose, low molecular weight proteins and amino
il?(iids in the plasma and urine, and lesions in the proximal convoluted tubules of the

ney.

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 11 patients (Luessonhop et al. (1958), and Basset et al., (1948) as reported in
Moore (1984) and USEPA (1991b)) su%gested that kidney may be a target organ but
did not clearly demonstrate effects on the kidney (USEPA, 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
two towns 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.

6.3.2.2 Realistic Risk Analysis for Uranium Toxicity

Kidney damiﬁe 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
unsatisfactori\]' or use in risk assessments for several reasons: 1) it provides no
insight into the relative uncertainty contributed from different tactors making up the
dose-response function, and so does not grovide 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 inarpropriate
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 ?propriate for science. en combined with exposure estimates that also
include explicit uncertainty estimates, the public will have sufficient information to
make rational decisions balancing cost and benefit.

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.

6.32.3 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
rharacterized as probability distributions to explicitly iriclude uncertainty. The
model was then solved using a Monte Carlo technique.” 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
i_ngest?d uranium in the kidney at t days after ingestion is given by the following
ormula:

Rk(1) = f;* PN" In2/T1 az-e" ln2/T2]

Where:

fy = fractional transfer gut to blood

a; = fractional transfer blood to kidney term i
T; = biological half life of U in kidney term i

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

RK(Y) = (@1 T1/2)(1-¢t 22/ T1) & @ T/t In2)(1-07t 192/T2))

For equilibrium conditions (t = infinity), the amount in the kidney (Ay) is:
Ap = I*(fy/In2)*fx Ty +a3Ty]
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 51989) 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 ingested uranium reaches the bloodstream. Uptake
through the gut is fairly quick, so it is not necessary to consider time dynamics,
especially when the concern is for the risk associated with chronic exposure. It 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 analysis of the reviewed data. They concluded that all data for
man and animals, except rats, fell on the same curve (linear on a log-log plot). This
curve (Wrenn et al,, 1985, Figure A-1) suggested a decline in absorption with
increasing dose, but the slope was not statistically significant. Their curve for
absorption in rats appeared similar in slope, but more than an order of magnitude
lower (mean of 1.2% Y 0.57 vs 0.055% Y 0.016, with the "least reliable result"
omitted in each case). Their "consensus” estimate of f; was 1.4%. In reaching this
value, they took into account the _glaon-signiﬁcant) slope and omitted what they
termed the least reliable result. The latter was a mixture of analysis of city-wide
“market basket" samples with uranium excretion rates from selected small
populations.

LaTouche et al. (1987), regoning new experimental results, demonstrated
that rats were not different; but that the displacement of the rat data represented
feeding ad libitum while data on humans and other animals were based generally on
overnight fasting. This was further supported by a recent correction in one data
point for rabbits fed ad libitum (Tracy et al., 1992), which put this data point among
those for the rats.

We repeated Wrenn et al.’s analysis (Wrenn et al.’s Figm‘e. A-1, LaTouche et
al’s Figure 7), separating "fasted" and "ted" groups. For the "fasted" group, we
followed Wrenn et al. by omitting their point E1 (the least reliable poin?. We
moved the rat studies used by Wrenn et al. (Their Table A-2, points 6a-6¢) and
Tracy et al’s rabbit study (Wrenn et al.’s Table A-2, point 2) to the fed group. We
added LaTouche et al.’s rat results and new results on fasting human volunteers
(Wrenn et al., 1989, 1990). We also analyzed results of four studies of human
populations exposed only to natural background levels (Singh et al., 1990; Spencer
etal,, 1990; Dang et al., 1992; Masuda, 1971). The analysis examined the variation
among the individual study results. It did not consider the uncertainty within each
individual study; in some cases insufficient information was available to calculate
this uncertainty.

There were thus three data sets: the fasted grou_F, the fed group, and the
environmental background group. These are listed in Table 6-1. None of the data
sets showed a statistically significant trend in absorption with intake. We also
combined the fasted and environmental background groups, seeking a trend in all
studies below 0.1 .g/kg/d and below 1.0 sg/kg/d; no statistically significant trend
was found. With no dose rate effect, one would expect that the free human
population would exhibit absorption between the fed and fasted groups, nearer to
the "fed" group, but including some ingestion of uranium in water before breakfast.
This was not borne out by the results. The mean of the environmental background
studies was remarkably similar to that of the fasted group and incompatible with the
fed group (Table 6-2).

We represent absorption of uranium through the gut to the bloodstream with
the lognormal distribution described in Table 6-2 for the environmental background
oup. ’1':131i57distn'bution has a geometric mean of 1.03, and 95 percentile bounds of

.33 and 3.17.
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Table 6-1. Data used to estimate uranium uptake through the gut.

Fasted Group from Wrenn et al., 1985, with LaTouche and Wrenn 89 added

Data Set Species ug/kg/d |%Absorb
A2-1 Harrison and Stather, 81 hamster 630 0.77
A2-3 Fish et al., 60 dogQ 700 1.55
A2-4 Larson et al., 84 baboon 0.5 1.2
A2-5a Butterworth, 58 man 6700 0.73
A2-5b Hursh et al, 69 man 132 1.4
A5-2 Yamamoto et al., 68; Masuda, 1971 a-d man 0.15 1.6
A5-3 Fisher et al., 83 man 0.34 0.76
Ab5-4 Somayajula et al, 1980 - man 0.76 2.2
LaT-1 Latouche et al., 87 rat 30 0.78
LaT-2 Latouche et al., 87 rat 300 1.08
LaT-3 Latouche et al., 87 rat 3000 1.78
LaT-4 Latouche et al., 87 rat 3.00E + 04 0.64
LaT-5 Latouche et al., 87 rat 4.50E + 04 2.82
wr89 Wrenn et al., 89 man 3.57E+00 0.6
Environmental Exposure Studies of Humans

Data Set ug/kg/d %Absorb
Dang Dang et al., 92 man . 0.011 1.6
Masuas-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
Masude-U  {Masuda, 71 man 0.025 0.34
Spencer |Spencer et al, 90 man 0.063 1.5
Singh Singh et al, 90 man 0.067 1
*Fed" Group from Wrenn Table A-2, with Tracy rabbits added

Data Set ug/kg/d %Absorb
Tracy Tracy et al., 92 rabbit 3.80E+04 0.06
6a Hamilton, 48 rat 3.00E +02 0.35
6b1 Sullivan, 80 rat 2.3 0.06
6b2 Sullivan, 80 rat 4.00E +03 0.06
6¢c1 Sullivan, 83 rat 5.10E+03 0.044
6¢c2 Sullivan, 83 rat 1.30E +04 0.044
6¢3 Sullivan, 83 rat 2.50E+04 0.088
6d Tracy et al., 1983 rat 3.30E+04 0.035
'Gel Maynard et al, 53 rat 2.00E+04 0.052
'‘6e2 Maynard et al, 53 rat 9.60E + 04 0.059
‘6ed Maynard et al, 53 rat 2.00E+05 0.06
'6ed Maynard et al, 53 rat 1.20E+05 0.038
'6e5 Maynard et al, 53 rat 4.70E + 05 0.078
'6e6 Maynard et al, 563 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 Dcsign Gcometric Mean Geometric Std. Dev.
Overnight Fasting 1.14 1.63
Environmental Background 1.03 1.78
Fed Ad Libitium 0.06 1.7

Much clearly remains to be explained about factors affecting absorption of
uranium through the gut. There is some suggestion that absorption rates may be
different for uranium ingested in water relative to food. Spencer et al. (19903', using
total intake (food plus water), estimated 1.5% uptake, while if only water was
considered, uptake was 5%. They concluded that water was the principal source of

astrointestinal uptake of uranium in humans; uptake from food was insignificant.

is would agpear to be contradictory to results of animal studies 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 being 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 suggests an u%e value of 0.2% for insoluble uranium
compounds such as UO, and U30g). While some of these suggestions have merit,
there is inadequate data at present to adequately quantify their implication.

Fractional transfer, blood to kidney (a) and retention half-time (T)

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 primaa-{{ site of concern
for toxic effects, uranium is transferred to other sites also, especially bone. In
experiments that follow the effect of a single injected dose, as uranium 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
than would otherwise be expected because of the (continually declining) deposition
of "new" uranium released?om bone. Here, however, we treat equilibrium
conditions associated with long term, chronic exposure.

The Wrenn results were supplemenicd with those of a recently published
study (Tracy et al,, 1992). These data, used to derive probability distributions fora
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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 eifects of
a chronic exposure in man. The use of a single a value by Wrenn et al. 31985) and
Tracy et al.§992) missed the long-term flattening out of the curve, clearly 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 ard rabbits in
which the dose was given via drinking water. They developed a biokinetic mode! for
uranium, using their own and other data. Although uptake from the gut to blood
a]gpears 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 all three species” [rats, rabbits, and mzan). One might expect
to find an inverse correlation betweena and T since they are estimated together; it
can be seen from Table 6-3, however, that this is not the case. Independent
IVOfnonnal distributions of both parameters based on the tabulated values from

renn et al. and Tracy et al. were used in the analysis. Wrenn et al. (1985)
indicated that, below an (unspecified) critical uranium concentration, uranium
remains in solution, indicating the possibility of a threshold below which there is no
retention. This possibility was not included 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.

ay(%) Ty (days) a2 (%) T (days)
ICRP 1979* 12, 6. 0.052 1500.
Wrenn ct al. 11, 15. 0 0
Tracyetal. - Rats  >7.2°* 59 0 0
Tracy et al. - 32 13.6 0 0
Rabbits
Geometric mean 63 111 - -
Geometric Std. 187 155 - -
Dev.

Rat and Rabbit estimates from Tracy et al. (1992).

*ICRP 1979 numbers for comparison only, not included in the calculation of
means and standard deviations.

**Tracy et al. (1992) begin with an upper bound of 45%, but then show through
their analysis that it is unrealistically high.

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 4g/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
histopathology of kidneys from long-term, retired workers, occupationally exposed
to uranium at this level could not be distinguished from unexposed individuals.
Although experience with occupational exposure appears widely accepted to
validate the 3 ug/g threshold, uranium concentrations in the urine of workers was
closely monitored and, when it appeared a worker had reached the threshold levels,
he would be 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
exposure before kidne{_gamage was done or that repair takes place once the
exposure is removed. The occupational exposure experience thus is inadequate to
demonstrate the a%plicabili of this threshold level to chronic, unmonitored
exposure to the public. Furthermore, recent reviews (Liggett, 1989; Diamond, 1989;
Diamond et al., 1989; Kathren and Weber, 1988) contain arguments that a lower
threshold be used.

We assume nephrotoxicity to be a threshold effect. There are several
{eas;ms for the complexity, however, in characterizing an appropriate threshold
evel:

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

ermanent renal damage, transient renal injury, and no effect thresholds

McGuire, 1991). The severity of the effects produced increases with dose.
A kidney concentration of 3 g U /g has been used as a threshold of
chemical toxicity (Rich et al., 1988{. This level was believed to be sufficient
to prevent serious damage in Seop e who were occupationally exposed and
who generally were monitored with routine bioassay of urine. Even early
experiments indicated mild renal injury at lower kidney concentrations
(Liggett, 1989). In a review of different kinds of effects, Dia-1ond (1989)
noted nephrotoxicity in animal studies at kidney concentrations below 1,g U
/g. There is some controversy over the conclusions from animal studiec
(ﬁathren and Weber, 1988). ile some interpret the earlier studies as
supporting the 3 ug/g threshold, others conclude that kidney damage was
shown to occur in all 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 e?osures. Few studies directly
address long-term, chronic exposure of the kind likely to be associated with
exposure to low levels of uranium in drinking water. Acute exposure studies
indicate that 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 overl
concerned with minor, repairable damage from an acute exposure, but if the
exposure is chronic, reliance on repair becomes problematic. We assume no
repair.

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 m% 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 %ogle
occupationally exposed under the limit of 3 ug U/g (Kathren and Weber
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1988). Reducing reserve is clearly not as important as a direct and
immediate reduction in function, but it is clearly an adverse effect.

4, Althou'gh 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
allg)showinilow-lcvel effects used fluoridated uranium compounds ge(.}.,
UO3F»), which are of special concern for occupational inhalation of UFs,
but of less concern in drinking water. Without greater evidence, however, it
seems better to retain the assumption that the chemical form affects only
absorption into the bloodstream.

S. Most studies of kidney toxicity relate toxic effects directly to dose,
described either as intake by mouth or breathing or injection. This ignores
the pharmacokinetics discussed above and makes direct interspecies
extrapolation difficult. In many cases kidney concentrations were calculated
using the ICRP (1979) formula. Inconsistencies can arise when comparing
reports of measured kidney concentration with reports in which kidney
concentration has been estimated from intake.

Wrenn et al. (1985) suggest a threshold of 1 4g U/g. Kocher (1989) agplicd a
safety factor of 10 to this to protect maximally exposed individuals in the public,
using 0.1 ug U/‘g. Several reports of animal experiments demonstrate effects in the
range 0.5-14g U/g. These effects are %ahaps not as severe as those on which the
original occupational standard of 3 ug U/ g was based, but may be more appropriate
end-points for chronic exposure to the public, whose members do not have the
additional protection of routine medical surveillance and bioassay. A range of 0.1-1
B8 Uég appears anropriate. The threshold value was characterized as a Weibull
distribution with location parameter 0.1 to reflect a lower limit of 0.1,g U/g, a scale
parameter of 0.6 and shape parameter of 4. These produce a maximum value of
about 1, g U/g with a mean of 0.6 (Figure 6-5).

Figure 6-S. Distribution of threshold of effect of uranium in kidney.
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6.3.3 Carcinogei: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 on uranium millers or workers in a uranium enrichment plant. Only one
of these 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. 51985) estimated a risk of bone sarcoma over a lifetime
associated with a daily ingestion of 1 pCi uranium to be 1.5 bone sarcomas per
million persons. This calculation assumed a linear dose-response relationsllm)ip.

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 toxicokiiietic model
developed by the ICRP (1979). Distribution and retention of uranium is modeled
for three compartments: bone, kidney, and other soft tissues:

Rpope(t) = 02 ¢0693t/20d | g,gp3 0-0693t/5000d

Rogher(t) = 012 0693t/6d , g 00052 ¢0.693t/1500d

where Ryones Rkidney and Rother are the retention functions for bone, kidney and
other tissues, respecn\yely.

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, respectivgg' éICRP' 1979). Fractions 0.12
and 0.00052 go to kidney with half-lives of 6 and 1500 days, respectively glCRP,
1979). Fractions 0.12 and 0.00052 go to all other tissues with half-lives of 6 and 1500
days, respectively (ICRP, 1979). The remainder of the uranium entering the
transfer compartment (fraction: 0.536) is assumed to be directly excreted through
the urinary pathway.
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The whole-body retention function for uranium is thus:

R() = 024 ¢0693/64 3 069U/204 , 00104 ¢ 0693/1500d 4 9,023 £-0.693t/5000d
+ 0,536 ¢0.6931/0.25d

Figure 6-6 presents the integrated retention function for uranium for all tissue over
time.

Figure 6-6. Integrated retention function for uranium in bumans.
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6.3.33 Effective Dose

Because uranium concentrates in bone and delivers a dose over time, we
used the concept of the committed effective dose (ICRP, 1991a) to estimate the
dose and risk associated with uranium ingested in food and water.

ICRP (1991b) gives ALI values (annual limits on intake) in units of Bq, for
workers, assuming the dose is integrated over a working lifetime of 50 years. These
ALI values are associated with a committed effective dose (Esq) of 0.02 Sv, and
rcgresent the limits for intake in one year. The values for uranium given in ICRP
(1991b) are listed in Table 6-4.

The Es values derived by the ICRP (ICRP, 1991b) were adjusted for a
population thg an average lifetime of 70 years. The retention ratio for a 70 year vs.
a 50 year lifetime was calculated using the dominant retention function for uranium
.- the retention function for bone. The retention function for bone (ICRP, 1979, see
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section on retention function above) was integrated over S0 years to derive Rgog
and 70 years to derive R(70). This calculation yields a R(50) of 1600, and an R(70)
of 1700. The retention ratio is R(70)/R(50) = 1700/1600 = 1.1

The population 70 year committed effective dose (E7q) was then calculated
%multiplying the 50 year worker committed effective dose 70? by 1.1 (Table 6-4).
e committed effective dose (Esg, E7¢) 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, E5, E7 for uranium
isotopes.

ALI (Bqyr *) Esg(Sv) Eqg (SV)
U-24 7x10° 286 x10°8 315x10°
U-235 7x10° 286x108 315x 10"
U-238 8x10° 250x10°8 2.75x10°8
Total U* - 250x108 275x 108

* assuming natural 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
each year 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 commutted effective dose
received for each year of life was calculated by subtracting the fraction of the
committed effective dose that would be received in the years after age 70.

Finally, t.Pe effective dose delivered over a lifetime (70 years) for a unit
intake (1 Bqyr ') in each year of life (Table 6-4, column 5) was calculated by
multiplying the fraction of the committed effective dose for each intake year
(column 4§b the comgnitted effective dose for uranium estimated as described
above (E70, 2.75 x 10°° Sv). 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 function, fraction of committed effective dose
delivered over timf: 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 f1=5%).

URANIUM RETENTION FXN Eq9 PER UNIT (1 Bqyr 1) INTAKE

year post 'mtegl fraction® fraction> lifetime?
intake  retfxm  Eqgintake E-qg intake modificd E7q (Sv)
year 1 (Sv) each year (Sv)

1 16.58 0.0967 1.000 2.75E-08

2 24.06 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-05

6 5292 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 2.711E-08
10 75.76 0.0307 0.984 2.71E-08
1 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
3 124.36 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 14335 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 14938 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 Eq9 PER UNIT (1 Bq‘yr'i) INTAKE

year post inlcg1 fraction? fraction’ lifetime®
intake  retfxn  Eqgintake E7qintake modificd E7g (Sv)
year 1 (Sv) each year (Sv)

41 155.38 0.0063 0.815 2.24E-08
42 156.41 0.0050 0.804 2.21E-08
43 157.39 0.0057 0.793 2.18E-08
4 158.32 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 2.04E-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 0.00>~ 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 137E-08
60 168.26 0.0024 0471 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 17143 0.0015 0.097 2.65E-09

Tintegrated retention function for uranium

fraction of committed effective dose delivered each year after intake in year 1

fraction of committed effective dose received over a lifetime for intake in each year of life

lifetime modified effective dose delivered over a lifetime for a unit intake (1 Bq'yr'l) in each year of
life

Gut Uptake Factor and Calculation of Effective Dose

Not all uranium taken into the body through ingestion is taken up through
the gut (See section 6.3.2). The ICRP recommends a value of 5% for the gut uptake
factor, f1. The committed effective dose estimates presented in Table 6-5 are based
on an f1 of 5%.

An independent analysis of the available data suggested a distribution of f;
values, described by a lognormal distribution, with a geometric mean of 1.03 and a
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geometric standard deviation of 1.78 (section 6.3.2.4, see section 6.8.2). This
distribution was used to describe f1 for the calculation of dose and risk in this
assessment. The lifetime modified committed effective dose given in Table 6-5 was
multiplied by a correction factor equal to a sample from the fistribution of the fy
derived in section 6.3.2.4 divided by the ICRP f (5%).

6.3.3.5 Risk Factor

ICRP (1991a) derived an "average" value of 10 x 102 deaths/Sv for the
grobability of fatal cancer associated with acute, high dose ex}gosure. This value is
ased on estimates given by UNSCEAR (1988), BEIR V (NRC, 1990) and ICRP
(1991a). ICRP (1991a) a})glied azdose 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

pepulation after ,low__g.ios__e,._l.ow dose rate irradiation.

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 dose rate
effectiveness factor; and uncertainty contributed from external factors such as 1
extragolating 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 only on sampling variation are 1,100

ai_u;gAOO in 200,000 people. These values result in 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 sx;:p ort 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 ognormal 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 ina
combined GSD for external factors of 1.4. The method for combining these two
GSDs is given in BEIR V (NRC, 1990):

GSDexternal = 'exy(ln GSDmalc)2 + (In GSchmale)z)

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:

GSDsu = expl(In 1.3)2 + (In 1.3) + (In 1.4)2) = 165
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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 1dentification 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
runofi. The second scenario is based on the assumption that the runoff contributing
to the uranium in ground 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 area just south of the FEMP. These
receptors are discussed in more detail in section 6.5.2.4.

6.4.3 Exposure Scenarios

The sure scenarios considered in this assessment are those associated
with the use of ground water south of the FEMP. Potential uses of ground water
jnclude ingestion of drinking water, irrigation of crops, and watering of dairy cattle.
Important exposure pathways include direct ingestion in water, ingestion in
homegrown fruits and vegetables, and ingestion in homeproduced milk. Uranium is
not easily taken I:P 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, and it
was assumed that all milk was home produced, but that other dairy products were
not.
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Exposures and 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
this assessment. 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 entering the river will be quickly diluted.
The exposure route associated with the ingestion of uranium in fish caught in the
C}i‘re%tE Mila)lmi River will be included in a second risk assessment study for uranium at
the .

6.4.4 Incremental vs. Total Exposure and Risk

The uranium cancer risk assessment was based on an assessment of the
incremental cancer risk associated with uranium in the ground water plume
emanating from the FEMP. For the cancer risk assessment, uranium concentrations
in drinking water, homegrown food and homeproduced milk were estimated based
only on predicted uranium concentrations associated with the plume. Exposures
and risks associated with natural background uranium concentrations in water, soil
or vegetation, or uranium in soil and vegetation associated with historical airborne
uranium releases were not included in the cancer risk assessment.

Uranium toxicity, however, was assumed to be a threshold effect, and the
toxicity assessment required that other sources of uranium exposure throu
ingestion be considered in the analysis. Additional sources of uranium include
natural background concentrations in water, milk, soil and vegetation; uranium in
soil, milk and vegetation associated with the facility, and uranium in the diet from
sources other than home gardens.

Figure 6-7. Currently located potential receptors for uranium in ground water
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6.5 Uranium Concentrations in Ground Water
6.5.1 Natural Background Concentrations

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 back&round concentrations of uranium in ground
water range from about 0.068 to 2.0 pCi/L (0.0025 to 0.074 Bq/L; 0.1 to 2.94 sg/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
these samples may have been impacted by the facilitg. Average concentrations of
total uranium in offsite wells in 1989 are given in Table 6-6. Wells 12, 15 and 17 are
obviously impacted (1990 concentration of 27 - 190 pCi/L; 1.0 - 7.0 Bq/L). Average
background concentrations of uranium in ground water appear to be in the range of
about 0.093 to 1.2 pCi/L (0.0034 to 0.044 Bq/L, 0.14 to 1.76 sg/L). This assessment
used the average uranium concentration measured in offsite wells (excluding wells
12, 15 and 17) as an estimate of background concentrations near the FEMP (0.63
pCi/L, 0.023 Bq/L, 0.926 s g/L.).

Figure 6-8. Offsite wells (from USDOE, 1990c).
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Table 6-6. Concentration of uranium in offsite wells, 1989,

Well Avcrage Concentration in Water

(pCi/L) (Ba/L) (ug/L)
1 0.17 0.01 0.25
3 0.17 0.01 0.25
4 14 0.05 2.06
5 15 0.06 221
7 1.1 0.04 1.62
8 0.6 0.02 0.88
9 1.0 0.04 147
10 0.52 0.02 . 076
1 11 0.04 1.62

12 170 6.29 250.0
13 037 0.01 0.54
14 0.88 0.03 1.29

15 190 7.03 2194
16 0.52 0.02 0.76
17 27 1.00 39.7
18 034 0.01 0.50
19 0.12 0.00 0.18
21 0.25 0.01 037
2 0.79 0.03 1.16
3 0.58 0.02 0.85
2 04 0.01 0.59
25 027 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 11 0.04 1.62
3 038 0.01 0.56
32 0.093 0.00 0.14
34 0.83 0.03 1.22
35 12 0.04 1.76

6.5.2 Prediction of Uranium Concentrations in the South Plume
6.5.2.1 Introduction

A three-dimensional flow and transport model of the ground water at the
FEMP is being developed in support of the ongoing Remedial Investigation
g'easibility Studies (RI/FS). The modeling work is being performed for the U.S.

epartment of Energy by I'T Corporation.

The model is complex and is still being fine-tuned for use at the FEMP. A
preliminary set of results was made available by 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 River 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
analysis was based on model predictions of uranium concentrations in ground water
70 years into the future.

These limitations were not considered serious ir: the current assessment of
risk associated with the ingestion of uranium in ground water. Predictions of
uranium transport 70 J’ears 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 entering the river will be quickly diluted. The exposure route associated
with the ingestion of uranium in fish caught in the Great Miami River will be
included in a future assessment for uranium at 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.

6.5.2.2 Ground Water Flow and Transport Model
Modeling Approach

A comprehensive effort was undertaken to define the ground-water flow
system and the transport of dissolved uranium at the FEMP. SWIFT Il was
selected as the code for use in the hydrogeologic investigation of the FEMP site-
wide RI/FS.

The SWIFT (Sandia Waste Isolation, Flow and Transport) code was
originally developed by Sandia National Laboratory for use in the high-level nuclear
waste isolation program. Modifications to the original code (S Il and SWIFT
II) are documented in Reeves (1985) and Geotrans (1988).

SWIFT Il is a fully transient, three-dimensional, block centered, finite
difference code. The model can solve the ground water flow, solute transport, heat
transport and density dependent flow equations. These equations, as programmed
in the code, also account for water-table conditions, attenuation/retardation
g&q&es;»es, decay chains, adsorption, and temperature or concentration effects on

viscosity.

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
numerical three-dimensional local solute transpor* model are discussed here. The
other models were constructed and run as part of the effort to determine hydraulic

arameters and initial conditions to be used in the three-dimensional models and to
acilitate sensitivity analysis.

The description of the modeling effort given here was extracted from reports

prepared bg IT Corporation for the United States Department of Energy (USDOE,
1990b, USDOE 1990d).
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W ] .- Model Cons ion and Input Param

The flow model grid and boundaries include the main collector wells, the
Great Miami River and important features of the bedrock valleys. The boundaries
are considered to be outside the area of influence of any pumping wells that affect
ground-water flow within the site and/or plume area. ’1th modngrid covers
approximately 29 square miles and is shown in Figure 6-9.

The model was vertically discretized into five la(v;rs which represent the full
thickness of the Great Miami Aquifer. The top layer, Layer 1, re‘fresems the water
table. Layer 2 represents the lower part of the u%per aquifer, and overlies the clay
interbed. Model layer 3 represents the clay unit beneath the FEMP and, where the
clay is absent, is considered to be a sand and gravel unit. Layers 4 and 5 represent
the lower Sart of the aquifer and overlie the bedrock surface. The bedrock, which is
considered to be impermeable, is the lower boundary of the model.

Figure 6-9. 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 lag&;s.
Conductivity of the clay interbed beneath the site was approximately 0.0003 ft/d.
Several local areas, along bedrock valley walls, in layers 1 through 4 had
conductivities as low as 60 ft/d. The ratio of horizontal to vertical conductivity was
10:1 throughout the model.

Recharge rates varied from 6.0 in/yr north and we:t of the site, to 14.0 in/yr
and 6.0 in/_ﬁ 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 1986 ground-water conditions,
assuming that the ground water system was in equilibrium at that time.

Transport Model -- Model Construction and Input Parameters

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

The distribution of recharge was similar to the flow model except in the area
of Paddy’s 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.

r din

Initial loading rates and time periods were taken from literature reviews of
the site’s operation and estimates of the rates of contaminant escape. Four distinct
time periods were identified during which different source loading rates existed. The
four periods (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.8 él'he final calibration run included a fifth loading period representing the
year 1989.

After extensive literature review, it was determined that six potential source
areas existed. Those areas chosen for inclusion in the model were the Storm Sewer
Outfall Ditch area (including the fly ash piles and Southfield),

Paddy’s Run downstream of the Storm Sewer Qutfall Ditch, Paddy’s Run between
the Storm Sewer Outfall Ditch and the Waste Storage Area, the Waste Pit Area, the
Production Area, and the Silos Area.

Model Calibration

The model was calibrated by dividing model time into source loading
periods, introducing reasonable initial estimates of uranium source loading for each
source cell, and establishing the best initial values for longitudinal and transverse
dispersivity and the distribution coefficient for uranium. Adjustments were then
made in source loading, source loading periods, dispersivities, and the distribution
coefficient until concenirations calculated by the model were close to those
measured in the field.
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3 The preferred calibrated value for the distribution coefficients was 0.022
ft°/Ib which corresponds to a retardation factor of 12. The associated longitudinal
and transverse dispersivities were 100 feet and 10 feet, respectively.

Calibrated total loading rates for all source areas combined were 0.552,
0.986, 0.149, 0.571, and 0.318 (1b/day) for the five loading periods respectively. The
two areas delineated as the highest contributing source areas during the 1952 to
1989 time period were along Paddy’s Run from the Waste Storage Area to the
Storm Sewer Outfall Ditch and from the Storm Sewer Outfall Ditch to the Albright-
Wilson Company wells.

6.5.2.3 Simulations and Model Predictions

Two predictive simulations 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). All 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
Eresented here. Although part of the plume migrates within lower model layers, the

ighest observed concentrations have occurred in the upper part of the aquifer. In
the analysis presented 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 first predictive simulation was run assuming that after ten years, all
sources of uranjum were removed. Contours of predicted uranium concentrations
in ground water at time zero and 70 years are given in Figure 6-10. Because the
concentrations in the plume rise so rapidly, it is difficult to show the values
associated with each contour interval in Figure 6-10, and the reader is referred to
the figure captions which give the contour ranges and intervals. Over the simulated
seventy dye:ar period, the predicted plume concentrations continually diminish as the
plume dissipates and flows beyond the boundary of the local model area. At the
end of the simulation period, the majority of the plume area exhibits concentrations
of under 10 ug/L.

Continuing Source

The second simulation assumed that a continuing source of uranium existed
and that loading to the aquifer occurred at the same source locations and rates as
defined during the last period (1989) of the final calibration run.

Contours of predicted uranium concentrations in ground water at time zero
and 70 Xears argl%ven in Figure 6-11. Because the concentrations in the plume rise
so rapidly, it is difficult to show the values associated with each contour interval in
Figure 6-11, and the reader is referred to the figure captions which give the contour
ranges and intervals over the seventy year period simulated. Predicted uranium
concentrations in the original plume (1989 conditions) continually diminish as the
plume dissipates and moves beyond the boundary of the local model (Figure 6-11).
At the same time, a second plume develops from an area designated as a 1989
source loading area (primanly the storm sewer outfall ditch). This indicates that the
highest concentrations found within the observed plume did not originate at one of
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Figure 6-10. Predicted uranium concentrations (ug/l), source removed, initial
conditions and 70 years.

Initia! Cenditions 70 Yeors

- : | int 1=50
(0-420 ug/l; contour interval=50) (0-15 ug/l; contour Interval=5)

Figure 6-11. Predicted uranium concentrations (ug/1), source continued, initial
conditions and 70 years.

Imitial Conditions 70 Years

(0-420 ug/t; contour Interval=50) (0-463 ug/t; contour interval=20)
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the locations designated as a source area (storm sewer outfall ditch) for the seventy
year predictive simulation. It also reiterates a conclusion drawn during previous
efforts, that the hi%hest present concentrations are not found at any of the
designated source loading areas for the 70 year simulation. This is due to higher
loading rates which occurred in the past, wf;ich are now manifest as the plume core
downgradient from the source loading areas. The highest concentrations at the
continuing source area (storm sewer outfall ditch) are approximately 460 ug/L.

6.5.2.4 Predicted Concentrations at Receptor Locations

The model output available for this assessment included predictions of
uranium concentrations at identified receptors for model years 0 (1989), 10, 20, 30,
40, 50, 60 and 70. The assessment of uranium toxicity was performed for the
concentrations in water, food and milk predicted for these model years.

Cancer risk was estimated over a lifetime. Because uranium is deposited in
bone it delivers its dose over a period of years after the initial intake (see section
6.3.3). Exposures had to be estimated on a yearly basis to allow a reasonable
estimate of the effective dose received over a lifetime.

For predictions at individual well locations, a simple interpolation approach
was used to estimate the concentrations of uranium in ground water for the years
between those simulated by the ground water model. The predicted concentration
at year 5 was estimated by averaging the concentrations predicted for year 0 and
year 10. Years 1-4 were estimated by averaging the predicted concentrations for
year 0 and year 5. Years 6-9 were estimated by averaging the predicted
concentrations for year S and year 10. This approach was extended to all 70 years of
model predictions, and applied to all identified receptors.

Representative Residential Wells

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

Predicted uranium concentrations in Model Layer 1 for the stop source and
continue source scenarios at the 5 "representative” well locations for time 0, 10, 20,
.’(5.(1)3 g(l), %),1(;0 and 70 years are shown 1n Figure 6-13 and are given in Appendix B

able B-1).

Centerline wells

Four wells were located along the approximate centerline of the developing
Plume to represent potential receptors with worst-case exposures. These
centerline” locations are approximately evenly spaced along the centerline of the
developing plume. The location of these centerline wells are shown in Figure 6-12.

The concentration of uranium was predicted for the four centerline receptor
locations for 70 years in increments of 10 years. Concentrations over time are given
in Figure 6-14 (and Table B-2 in Appendix B) for both the continuing source
simulation and 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), concentration levels, which rise and fall over the first half of the simulation,
reflect the migration of the existing plume even though the receptor location was

chosen to monitor the developing plume.

Figure 6-12. Representative and centerline receptor wells.
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Figure 6-13. Predicted uranium concentrations (ug/1) over time at five
representative well locations.
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Figure 6-14. Predicted uranium concentrations (ug/1) over time at four centerline
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Potential Wells

The area covered by the transport model domain (Figure 6-15) was examined
to identify grid cells (125 x 125 feet) that have the potential of being impacted by the
south plume. These grid cells are those downgradient of the facility, excluding grid
cells located above bedrock or west of Paddy’s Run (Figure 6-15) and total 21 g
cells. Each grid cell was assumed to represent a potential future well location.

The average uranium concentration gredicted for each ten-year interval (0-
10, 10-20, 20-30, 30-40, 40-50, 50-60 and 60-70 yearsz was calculated for each grid
cell. For each ten-year period, the number of cells r%gfesentin J)otential future
wells) in the concentration ranges 0-1, 1-20, 20-100, 100-300 and 300-500 » ﬁ/L were
counted. These counts give an estimate of the probabili of locating a well in areas
associated with high uranium concentrations. These pro abilities are presented in
Figure 6-16 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 (ug/L) for each year &redicted by the
model (note that the frequency of low concentration grid cells (0-1sg/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.
Single estimates of the uranium concentrations at each grid cell and model time
period 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 uncertain?' analysis as
a lognormal distribution with a geometric mean of 1 and a 95% range ot + /- 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-S. For the assessment of toxicity risks, average background
concentrations in water (0.926 ug/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
arameters used in these calculations were drawn from a position paper prepared by
(1991b) in support of the Remedial Investigation/Feasibility 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 all 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
im}ated with contaminated ground water results from deposition onto plant foliage
and uptake from the soil. The concentration of uranium in the edible portions of
homegrown fruits and vegetables was calculated using the following equation

(USNRG, 1977).
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dj= CwxIR

Ag; = Aj + Aw
Civ = f{1-exp(-AEite)] + fiBiul1-exp(-X itp)]
d; exp(-Ajth)
YWEi PAj
where:

Cw = concentration of uranium ip irrigation water (mg/L)

IR = average irrigation rate (1/m*/hr)

d; = deposition rate (mg/m“/hr)

AE; = cffective removal rate constant for the crop (hr'l)

A; = uranium radioactive decay constant (hr™™)

A = removal rate constant for loss by weathering (hr'l)

C;y = 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 gowing season (hrs)

Y, = agricultural productivity (kg/m*, plant wet weight)

f; = fraction of the year crops are irrigated

B;y = concentration factor for uptake of uranium from soil by edible parts of crops (mg/kg wet weight
per mg/kg dry soil)

tp, = period of time soil is exposed to contaminated water (hrs)

t, = holdup time - interval between harvest and con;zumption (hrs).

P = effective surface density for soil (kg(dry soil)/m®)

6.62 Calculation of Uranium Concentrations in Homeproduced Milk

Uranium in homeproduced milk can come from uranium ingested by dairy
cattle in drinking water, forage and feed, and soil. Irrigation of farmland is not
widely practiced near the FEMP (IT, 1991b) and it was assumed that dairy cattle did
not ingest forage or feed grown with contaminated irrigation water. It was assumed
that dairy cows were fed entirely with locally grown feed and forage. Cows may also
ingest a significant amount of uranium in soil near the FEMP. Uranium in soil and
vegetation was assumed to be available to cows only for the toxicity assessment.

The concentration of uranium in homeproduced milk was calculated using
e?uations presented in USNRC (1977). The equation calculates the concentration
)

uranium in milk resulting from the ingestion of uranium in contaminated feed,
water and soil:

Ciyp = Fim [(CW)(Qmw) * (CHQmP) * (C5)(QmS)]
where:

= uranium concentration in milk (mg/L)
Fjp = stablc clement transfer coefficient to milk (day/L)
Cy = concentration of uranium in water (mg/L)
Qpw = consumption rate of contaminated water by an animal (1/day).
CF = concentration of uranium in feed (mg/kg dry weight)
QpF = consumption rate of contaminated feed by an animal (kg/day dry weight).
Cg = concentration of uranium in soil (mg/kg)
Qs = 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 the values used in the calculation of uranium

concentrations in homeproduced food and milk. Each value and its source is
Values of Cyy (concentration of uranium in

discussed in the following sections.
Section 6.4 for each identified receptor and

irrigation water) were estimated in

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 Physical and Transfer Parameters

A (U-234) 3.23E-10 (br'}) BRH, 1970

A; (U-235) 1.12E-13 (br'}) BRH, 1970

A; (U-238) 1.77E-14 (br'}) BRH, 1970

By 0.0025 NCRP (1984)

Fim 0.0006 (day/L) NCRP (1984)
Agricuitural Parameters

R 0.08 (I/m2/hr) IT (1991b)

4 0.25 USNRC (1977)

Ay 0.0021 (br'l) USNRC (1977)

£ 038 IT (1991b)

% 131000 USNRC (1977)

P 25 (kg/m%) IT (1991b), USDA(1979)
te 1440 (brs), USNRC (1977)

Y, 1.5 (kg/m?) IT (1991b), USDA (1979)
ty 24 (hrs) USNRC (1977)

Animal Consumption Parameters

Quw 60 (1/day) USNRC (1977)

QmF 16 (kg/day dry wt) Shor and Ficlds (1979)
Qps 0.5 (kg/day) Zack and Mayoh (1984)
Uranium Concentration in Soil and Grass

Cg (toxicity) 6.91 (mg/kg dry weight) Section 6.63

Cp (toxicity) 0.054 (mg/kg dry weight) Section 6.63

Cg (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 Physical and Transfer Parameters

The decay constants (Al') for the Frinciqal isotopes of uranitim (U-234, U-235
and U-238) are 3.23E-10 (hr'1), 1.12E-13 (hr'1) and 1.77E-14 (hr'1), respectively.
These decay constants correspond to 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 fo&uptake of uranium from soil by the edible parts
of crops (Bjy) ranges from 2.9 x 107 to 2.5 x 10" (mg/kg wet weight per mg/kg dry
soil) SRB, 1984). This assessment used the more conservative default value of
2.5x 10™ recommended in NCRP (1984). Sugges&d values fo_r4the transfer factor
coefficient of uranium to milk range from 1.2 x 10" to 6.0 x l_g (NCRP, 1984).
This assessment used the more conservative value of 6.0 x 107,

Agricultural Parameters

The average irrigation rate (IR) for the area near the FEMP was calculated

in I'T2(1991b%ll])ased on the water needs for a corn crop. This value is 0.08
1/m éhr&. e fraction of the year crops are irrigated (fi) was estimated to be 0.38
o % 91b) based on a growing season in Hamilton County of 138 days (USDA,

The fraction of deposited activity retained on crops (r) was assumed to be
.25 (USNRC, 197 g, and the removal rate constant for loss by weathering (i (hr”
)) was 0.0021 (hr™*) (USNRC, 1977).

The period of time the soil is e?osed to contaminated water was assumed to
131000 hours (15 years) (USNRC, 197 )2 The effective surface density for soil near
the FEMP was assumed to be 225 kg/m*“ (IT, 1991b from USDA, 1979), and the
period of crop exposure during growing season te (hrs) was 1440 hours (USNRC,
1977)2 Agricultural lqgoductivnty Yy for crops ingested by man was assumed to be 1.5
kg/m* wet weight (IT, 1991, USDA, 1979) and the holdup time or interval between
harvest and consumption of homegrown crops was 24 hours (USNRC, 1977).

Animal Consumption Parameters

The consumption rate of contaminated water by a da.i:ly cow (Qpw) was
assumed to be 60 lﬁlay éUSNRC, 1977). The consumption of feed amﬂorage by
dairy cattle was assumed to be 16 kg/day dry weight § hor and Fields, 1979), and
tll;e84 c;)nsumption rate of soil by livestock (Qg) was 0.5 (kg/day) (Zack and Mayoh,

Uranium Concentration in Soil and Vegetation

Cancer Risk - For the assessment of uranium cancer risk, it was assumed that
no uranium was available to cows in feed or soil. All 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.

Toxicity - For the assessment of uranium toxicity, the concentration of
uranium in soil (Cg) and vegetation (CF) near the FEMP was estimated from data
published in the Annual Environmental Monitoring Report for Calendar Year 1989
(USDQOE, 1990c). Some of the uranium measured in soil and vegetation samples
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taken near the FEMP is associated with natural background levels of uranium, and
some is associated with airborne releases from the facility.

Figure 6-17 shows the location of stations sampled for uranium in soil and
vegetation in 1989. Uranium concentrations measured in soil and grass at the
samgliqlg stations close to the area impacted by the south plume (Stations 10,
11,15,17,20 and 32) are gvcn in Table 6-8. The average concentration in soil for

these stations was 4.7 pCi/g dry weight (0.17 Bq/g, 6.91 mg/kg), and the average
concentration in vegetxz)nion was 0.01?7 p&i/g dry weight (0.%)01 %q/g, 0.054 mgﬁ(g).

Figurc 6-17. Locations sampled for uranium in soil and vegetation in 1989 (from
USDOE, 1990c).
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Table 6-8. Concentratiop of total uranium in soil and vegetation samples near the
FEMP (USDOE 1990c) .

Station Conc. in Soil Conc. in Vcgetation

(pCi/g) (Bq/g) (mg/kg) (pCi/g) (Bq/g) (mg/kg)

impacted Area

10 32 012 4m 008 0.003 0.118
11 59 022 868 006 0002 0.088
15 22 008 324 003 0001 0044
17 68 025 100 003 0001 0.044
20 24 009 353 001  0.0004 0015
2 74 027 109 001  0.0004 0.015
average 4.7 017 691 004 0001 0.053
Background” _

14 27 010 397 002  0.0007 0.029
19 38 0.14 559 003 0001 0.044
28 28 010 412 001 00004 0.015
29 .es 8.0 030 1176 001  0.0004 0.015
average 31 011 456 002 0.0007 0.029

Al cqnccntrations are dry weight .
Jostations greater that 5.4 km from the site
soil average excludes station 29

Natural Background

Naturally occurring 233U concentrations in Ohio range from about 0.6 to 2.2
11)Ci/ (Myrich et al,, 1983). The 1989 Envir%}‘mental onitoring report (USDOE,
990) assumes secular equilibrium between U and states that the total
uranium activity will be about twice the activity of ““U because the three isotopes
occur together in 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 vegetation near the FEMP
were estimated from monitoring data. Samples at large distances from the FEMP
(greater than 5.4 km) were used to describe the average background uranium
concentrations in soil and vegetation near the facility. The average uranium
concentration measured in soil at station 29 (8.0 pCi/g) was excluded from the
calculation of average background concentrations because it was almost twice the
background concentration expected for Ohio (4.4 pCi/g). The average total
uranium concentration in soil for background stations was 3.1 pCi/g %IZ weight (0.11
Bq/g, 4.6 mg/kg), and the average concentration in vegetation was 0.02 pCi/g dry
weight (0.0007 Bq/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 ug/L, section 6.5.1) and on vegetation and milk
concentrations estimated using the food chain model described in section 6.6. Food
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and milk uranium concentrations based on background water, vegetation and soil
measurements are higher than these values (see section 6.6.4). This results in an
under-estimate of the risks associated with background uranium near the FEMP,

6.6.4 Estimated Uranium Concentrations in Homeproduced Food and Milk at
Identified Receptors

Natural Background Concentrations

Based on a natural background concentration of 0.924 » g&k uranium in
round water, the estimated background conce‘ptrations were 0. mg/klg (0.15
q/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 background uranium
concentration at the FEMP facility. Background concentrations in food and milk
estimated from monitoring data near the facility are higher (food: 0.028 mg/kg, 0.7
Bq/kg, milk 0.0017 mg/L, 0.043 Bq/L).

Representative Residential Wells

Tables B-3 and B-4 in Appendix B give estimated uranium concentrations in
ground water, homegrown food and homeproduced milk over time at the five
representative well locations for the two discharge scenarios (stop source, continue
source). These tables include estimates for both the cancer nisk assessment (no
contribution from background ground water concentrations or contribution of
uranium in soil and vegetation to milk) and the toxicity assessment (contribution
from background ground water concentrations and contribution of uranium in soil
and vegetation to milk included). Estimated uranium concentrations in homegrown
food ragge from 0.009 to 2.87 mg/kg. Concentrations in homeproduced milk range
from 0.003 to 0.02 mg/L.

Centerline Wells

Tables B-5 and B-6 in Appendix B give estimated uranium concentrations in
ground water, homegrown food and homegrown milk over time at the four
centerline well locations for the two discharge scenarios (stop source, continue
source). These tables include estimates for both the cancer risk assessment (no
contribution from background ground water concentrations or contribution of
uranium in soil and vegetation to milk) and the toxicity assessment (contribution
from background ground water concentrations and contribution of uranium in soil
and vegetation to milk included). Estimated uranium concentrations in homegrown
food rasge from 0.006 to 1.47 mg/kg. Concentrations in homeproduced milk range
from 0.003 to 0.011 mg/L.

Potential Wells

The concentration ranges chosen to describe the probability of locating a
well in ground water with high uranium concentrations (0-1, 1-20, 20-100, 100-300
pg/L) were used to estimate the associated ranges of uranium concentrations in
homeproduced food and milk. Table 6-9 gives the predicted concentration of
uranium in food and milk associated with uranium ground water concentrations for
each concentration in these identified ranges. This table contains estimates for the
toxicity assessment which includes contributions of uranium from soil and vegetation
to milk concentrations, and for the cancer assessment which excludes these sources
of uranium.
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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 (ug/L) (mg/kg)(mg/L) (mg/kg)(mg/L)
0 0 0.0026 0 0
1 0006  0.0026 0.006  0.000036
20 0122  0.0033 0.122  0.00072
100 0.608  0.006 0.608  0.0036
300 1825 0.0134 1825 0.0108
500 304  0.0206 304 0018
6.6.5 Model Uncertainty

Because of the complexity of the food chain model, predictions of uraniuin
concentrations 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 single 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 ingestiofS, 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,
psti:l% the predicted concentrations of uranium in ground water and food. Uranium
in

es 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 calculated using
Latin Hypercube sampling of the parameter distributions included in the formulae
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

Inrciion in Water

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

Cyc (Ba/L) = Cyq (s8/L) x 068 (pCi/ug) x 0.037 (Bq/pCi)

WI, (Bq/day) = Cyc (Bq/L) x W (1/day)
WI (ug/day) = Cyq /L) x W (1/day)

where:

Cywc = uranium coucentration (Bg/L)
Cwt = uranium concentration (ug/L)
WI, = uranium intake (Bq/day)

WI; = uranium intake (4 g/day)

W = water intake (1/day)

Ingestion in Homeproduced Milk

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

Cimc (Ba/L) = Cim (mg/L) x 0.68 (pCi/ug) x 1000 (4 g/mg) x 0.037 (Bq/pCi)

MI, (Bq/day) = Cimc (8q/L) x M (I/day)
MI, (ug/day) = Cim¢ (mg/L) x 1000 (sg/mg) x M (1/day)

where:

Cimc = Uranium concentration in milk (Bq/L)
Cim¢ = uranium concentration in milk (mg/L)
MI, = uranium intake in milk (Bq/day)
MI, = uranium intake in milk (ug/day)
M = homeproduced milk intake (1/day)

Ingestion in Homegrown Fruits and Vegetables
Uranium intake through ingestion of homegrown fruits and vegetables (VI

V1) was calculated using the concentration of uranium in food (Cjyy mg/g)
estimated for each receptor identified in section 6.6.

Coc (Ba/ke) = Cive (mg/ke) X 0.68 (pCi/g) x 1000 (ug/mg) x 0.037 (Ba/pCi)

VI (Bq/day) = F (kg/day) x FH x Cjyc (Ba/ke)
VI, (ug/day) = F (kg/day) x FH x Cjy (mg/kg) x 1000 (4 g/mg)
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where:

F = amount of {ruits and vegctables consumed (kg/day wet weight)

FH = fraction of fruits and vegetables that are homegrown

Ciwt = concentration of uranium in food from homegrown sources (mg/kg)
Cjvc = concentration of uranium in food from homegrown sources (Bq/kg)
V1, = uranium intake in homegrown food (Bq/day)

V1| = uranium intake in homegrown food (4 g/day)

Ingestion in Food From Other Sources

The toxicity assessment for uranium in the south plume considered other
sources of uranium in the diet which contribute to total vrarium exposure. The
amount of uranium ingested from other sources (Oly) was calculated as:

Ol (sg/day) = OF (ug/day) x FN

Ol = amount of uranium consumed in fruits and vegetables from other sources for identified

receptors (4 g/day)
OF = amount of uranium consumed in fruits and vegetables from other sources for general population

(u g/day)
FN = fraction of fruits and vegetables not grown at home (1-FH)
Total Intake

Total uranium intake (T, Bq/day; TI; ug/day) was calculated by summing
all of the intake rate estimates described above.

Tl (Bg/day) = W1, + MI. + VI,
Tlt ng/day) = WI‘ + MI‘ + Vl"" OI[
6.7.2 Parameter Distributions
Parameters distributions used in the exposure calculations described above

are given in Table 6-10. The following sections describe these distributions and
document their sources.
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Table 6-10. Parameter distributions used in exposure calculations .

Parameter

Value

Reference

w
(water intake)

M
(milk intake)

F
(food intake)

FH
(fraction grown at home)

FN

(fraction not grown at home)

OF
(conc. in other

food)

lognormal distribution
mean: 1.203 I/day
sd: 0.689

logormal distribution
mean: 0.254 1/day
sd: 0.87

lognormal distribution

mean: 0.36 kg/day wet wt.

sd: 0.13

lognormal
mean: 0.23
sd: 0.09

1-FH
normal distribution

mean: 0.934 u g/day
sd: 0.069

Ershow and Cantor (1989)

derived from USEPA (1984)

derived from USEPA (1990b)

derived from USEPA (1990b)

Section 6.7.2

USEPA (1991b)

all means and standard deviations are arithmetic
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Water Intake

Ershow and Cantor (1989) estimated total water and total tapwater intake
for the golpulation of the United States. This analysis was based on data collected in
the 1977-1978 Nationwide Food Consumption Survey of the United States
Department of Agriculture (USDA, 1984%.

The water intake distributions regorted by Ershow and Cantor (1989) are
generally lognormall!\; distributed (Roseberry and Burmaster, 1992). The average
tapwater intake for the Midwest (all ages, both sexes) reported by Ershow and
Cantor 31989) is 1.203 1/day, with a standard deviation of 0.689. This assessment
assumed a lognormal distribution for water intake (W), with the parameters for the

Midwest population reported by Ershow and Cantor (1989).

Intake of Fruits and Vegetables

USDA (1984, 1989) conducted a Nationwide Food Consumption Survey in
1977-1978 and estimated that the average amount of total fruits consumed on any
one day was 140 g/day, and the average amount of vegetables consumed on any one
day was 200 g/ 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 individual fruit or vegetable gipes (e.g. oranges or green beans), but not for the
larger categories of all fruits or vegetables.

The USDA also gathered data on the percentage of consumed fruits and
vegetables that were homegrown (U SDA, 1989). These data were also summarized
as distributions only for single fruit and vegetable types. Assuming a mix of all listed
vegetables, the USEPA (1990b) estimated the overall average homegrown fraction
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 varies with 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 intake of fruits and \§§etables ﬂF =340 g/day) and the average fraction
of food that is grown at home (0.25 vegetables, 0.2 fruits). These assumptions result
in an assumed fraction of total fruit and ve%etable consumption that is grown at
home (FH) equal to 0.22 ([S0 g/day vegeta les + 28 g/day fruit]/ 340 g/day).

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

123



RLLE_

FOOD INTAKE FRACTION HOMEGROWN

geometric mean: 0.34 kg/day 0.22
geometric sd: 142 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.

ntake of Homeproduced 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 1/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 all dairy products was 308.6 g/day.

For the purpose of this assessment it was assumed that all milk consumption
was homeproduced, and all other dairy products were obtained from other sources.
The distribution of milk intake was described by a lognormal distribution with an
arithmetic mean and standard deviation of 0.245 1/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, Chicago and San Francisco. The average daily intake
for adults in the three cities was similar: 1.3 yg/day in New York City, 1.4 ug/day in
Chicago and 1.3 sg/day in San Francisco.

USEPA sponsored a re-evaluation of the data reported by Welford and
Baird (1967). Meglen (1985, as cited in USEPA, 1991b) used the average uranium
concentrations measured in various food groups in the Welford and Baird (1967)
studi')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 sg/day.

USEPA (1991b) assumed a normal distribution of uranium intakes, with an
aver?ige of 0.934 ug/day and a standard deviation of 0.069. This distribution was
based on 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.
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6.7.3 Intake Calculations: Background, Toxicity Assessment, and Cancer Risk
6.7.3.1 Natural Background

Intakes associated with background concentrations of uranium in ground
water (0.924 ug/L, Section 6.5.1) were calculated using the formulae described
above, and the predicted concentrations in foodjand milk given 32 Section 6.6.4
(food: 0.006 mg/kg, 0.15 Bq/kg ; milk: 3.6 x 10™° mg/L; 9.1 x 107 Bq/L).

6.7.32 Toxicity Assessment

Intake Estimates for Individual Wells

For the prediction of toxic effects, individual exposures were calculated in
units of s g/day, using water, food and milk concentrations for the years simulated by
the ground water 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 %r-l, 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
covering the stated range of concentrations. These concentrations were then
gnlx})t;'phed by the distributions of amount eaten or drunk daily (section 6.7.2 , Table

6.7.3.3 Cancer Risk
Intake Estimates for Individual Wells

For the calculation of cancer risk, intake distributions were estimated in units
of Bq/da for the estimated concentrations of uranium in water, food and milk
predicted for each year of a 70-year lifetime. These distributions were used to
estimate the committed effective dose (Sv) and risk associated with chronic uranium
intake over a lifetime. These dose calculations and results are described in the
section on risk characterization (Section 6.8.2).

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
year increment of a lifetime, based on the average uranium concentration predicted
for 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).

125



LU

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 fy, the fractional transfer of uranium
from gut to blood.

A =TI x(fy/Ln2) x @T)
where:

A = concentration of uranium in kidney (u g/g)

Tl; = uranium intake rate (u g/day)

f; = fractional transfer gut to blood

a = fractional transfer blood to kidney compartment 1

T = biological half-life of uranium in kidney compartment 1

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 o? uranium in the kidney. The intake distributions
(TIp) used in the analysis were those calculated in Section 6.7.

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

Geometric Mean Geometric Std. Dev.
f 1.03 1.78
a 63% 187
T 11.1 days 155
*all distributions are lognormal

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 xg/g, scale parameter of 0.6 and a shape parameter of 4. These
parameters produce a maximum threshold value of about 14g/g with a mean of 0.6.

The probability 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 Toxic Effects at Background Water Concentrations

Risks associated with the intake of uranium associated with background
ground water concentrations (0.924 ug/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 range of kidney
concentrations expected for the four centerline and five residential well locations.
In all 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 mofel year).
The five groupings were: 0-1, 1-20, 20-100, 100-300 and 300-500 sg/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 grouF. None of the concentration
roups had any probability of exceeding the threshold. The full range of equilibrium

drey concentrations were:

WATER KIDNEY

0-1ug/L 0-0.001 ug/g
1-20 pg/L 0-0.015ug/g
20-100 pg/L 0-0.074 g /g

100-300 ug/L 0-0.22ug/g
300-500 pg/L 0-0.38ug/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 process to develop probabilitg
distributions representing uncertainty of parameters in a model, it 1s more difficult
to express the uncertainty in the model formulation itself. As a practical approach
to this problem, we assumed that uncertainty from this source was + /- a factor of
two. We implemented this by specig'ing a lognormal distribution with geometric
mean of one and geometric standard deviation 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 sg/L. In all other groups
the probability of exceeding the threshold remained zero.

Water concentrations above 300 ug/L were predicted only for the initial
conditions (Model Year 0, 1989). In Mo el Year 0, 2% of the grid cells in the
otentially impacted area had predicted uranium concentrations in the range 300-
00 sg/L. The overall probability of exceeding the toxic threshold in a random]
drilledlgugure well in Model Year 0 (1989) and in the next 70 years was 0.02 x 0.0002
=4x10™. :

6.8.2 Cancer Risk , 4

Because uranium delivers an internal dose over a period of time (Section
6.3.3), the calculation of the integrated lifetime dose (and risk) 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 eac
annual exposure 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. Thisis 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 (E7(, Sv? per unit annual intake (Bq'yr‘l) were
calculated for intake during each year of life in Section 6.3.3. The committed
effective dose for intake during each year was ceilculated for each receptor by
multiplying the estimated annual intake (Bqyr™") times the "lifetime modified"
committed effective dose for a unit intake in that year of life, correcting for the f)
distribution derived in section 6.3.2. These effective doses for intake each year were
then summed to calculate the effective dose associated with the lifetime intake of
uranium.

Eqo(Y) = CFx (Eg /1 [Bayr™) x TI(Y) x 365 [dyr”!)

Eql = SUMy=0,70 E7pA(Y)

where:

E7g (Y) = cffective dose (Sv) integrated over a 70-year lifetime, for intake in year y

CF= f; distribution (section 6.3.2)/5

TIL(Y) = daily intake in year y (Bq'd™})

E7gL = 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 effective dose (E7qL) for lifetime
exposure to uranium as described above, by the distribution for the risk factor (RF)
derived in section 6.3.3.4 (lognormal distribution, geometric mean 0.05 deaths/Sv,
geometric standard deviation 1.4).

ILR = EqgL [Sv] x RF [deaths/Sv]
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Cancer Risk for Natural Background Water Concentrations

The individual lifetime fatal cancer risk predicted for backgc?und uranium
concentrations in ground water had an arithmetic mean of 6.9 x 10"/, a median of
4.9 x 10"/ and an upper 95% confidence level of 1.8 x 107°.

Cancer Risk at Individual Well Locations

Table 6-12 presents the individual lifetime fatal cancer risk distributions
estimated for the five representative residential and four centerlipe well locatigns.
Average predicted individual lifetime risks f'imged from 72 x 10"*“ to 1.2 x 10™ for
the stop source scenario and from 5.6 x 10" * to 1.3 x 10™ for the continue source
scenario. The largest average individual ligetime risk was predicted for Residential
Well 1 (continue source scenario, 1.3 x 10°7).

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
lifetime cancer risk for both the stop source and continue source scenarios was 2.2 x
10", The distribution of risks are similar for the two scenarios 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 12E-5 7.7E-6 34E-5 1.3E-5 8.7E-6 38E-5
2 22E-6 16E-6 S5.TE-6 2.2E-6 17E-7 59E-6
3 7.2E-12 5.0E-12 2.0E-11 5.6E-11 4.0E-11 1.6E-10
4 22E-6 16E-6 64E-6 22E-6 16E-6 6.7E-6
5 86E-6 6.0E-6 24E-5 8.7E-7 6.1E-6 24E-5
CENTERLINE
1 94E-6 7.0E-6 26E-5 1.1E-5 85E-6 3.1E-5
2 44E-6 3.2E-6 13E-5 46E-6 3.3E-6 13E-5
3 79E-6 57E-6 23E-5 8.1E-6 58E-6 23E-S§
4 9.0E-6 6.7E-6 23E-5 9.1E-6 68E-6 24E-5
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Figure 6-18. Median individual lifetime cancer risk (x 10’ 6) for potential future

wells in the im a%ted area, st source and continue sourc
0%t021x 10 , contour interval is 2.5 x 10°
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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 Pharmacokinetic Model and Toxicity Threshold

The values for the parameters used in the pharmacokinetic model and the
toxicity threshold for uranium in the kidney are sources of uncertainty in the toxicity
assessment. This uncertainty was incorporated into the risk assessment by
gescribing these parameters as distributions derived from the range of published

ata.

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.
Jranium 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 qur'l) 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, leading to a geometric standard deviation of 1.4 (arithmetic mean=1.06,
standard deviation = 0.37). Including this uncertainty in the assessment had only a
small effect on the resulting risk distribution (Table 6-13).

131



Maodel Predictions

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, leading 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.

INDIVIDUAL LIFETIME CANCER RISK
ADDITIONAL SOURCES OF UNCERTAINTY

NONE DOSE TRANSPORT BOTH DOSE'

ESTIMATES MODELS  AND MODELS
Mean 13E-5 14E-5 13E-5 14E5
Median 8.7E-6 9.3E6 8.9E-6 9.0E-6
Maximum 1.1-4 13E4 13E-4 1.5E-4
95% CL 38E-5 4.0E-S 38E-5 4.0E-5

o Residential Well 1, continuing source scenario
analysis incorporating uncertainty in both dose estimates and transport model predictions

Risk Factor

The uncertainty in the risk factor for low dose radiation was incorporated
into the assessment bylderiving a distribution about the value recommended by
ICRP (0.05 deaths'Sv %, 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 risk assessment 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 well. An assessment
incorporating the uncertainty in transport and food chain model predictions resulted
in a predicted probability of toxic effects of 4 x 10™ for any well located south of the
FEMP in the next 70 years.

All estimated cancer risks were small. Thg largest predicted individual
lifetime risk was for Residential Well 1 (1.3 x 10™7). ‘lghe 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.

7 SUMMARY AND CONCLUSIONS

Two imlportant environmental problems 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)
hli\%h score in the USDOE Environmental Survey’s implementation of the MEPAS
(Multi Media Environmental 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 the4K-65 silos were estimated to
result in individua] lifetime risks greater than 1 x 107 only fo_r4indoor workers
(median: 4.3 x 107") 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 all identified receptor populations. The individual
and population risks ass?ciated 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 %round 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 all 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
contributions to milk from soil and vegetation 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 well. An assessment
incorporating the uncertainty in transport and food chain model predictions and the
phannacokinetic6model formulation resulted 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.

All estimzted cancer risks were small. Thg lam_l;;st predicted individual
lifetime risk was for Residential Well 1 (1.3 x 10™). The predicted individual
lifetime cancer fatality risks for gvells 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. Including additional uncertainties (from ground water and

food chain model and dose estimate) had little effect on the risk estimates.
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APPENDIX A

COMPARISON OF URANIUM TOXICITY ASSESSMENT
TO USEPA APPROACH

The USEPA recentl l:proposed regulations for limits on the concentration of
uranium in drinking water Z' ederal Register, 1991). The limit (20 »g/L) was based
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 u tgeir analysis --
these values are usually conservatively high, although sometimes USEPA terms
them "best estimates." 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 directly with toxic effect,
extrapolating to humans on a mg U/kg body weight basis. We use a
pharmacokinetic model for both radiocarcinogenic and toxic effects. 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 equivalent 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 (animals and humans), ad lib feeding, and human studies with
environmental doses. The ad lib feeding group had considerably lower uptake, but
the two other groups were similar. We tased our estimate on the environmental
group and characterized the results as lognormal (geometric mean = 1.03, standard
deviation = 1.78, 95% bounds 0.0033 to (.0317 and total range ¢-0.05).

USEPA used a value of 0.05, whicl: they called a "best estimate.” They
review values from the literature ranging from <0.01 to 0.30 (Federal Regé}stcr,
1991, p. 33076; USEPA, 1991, pp. IV-1to 1V-12). Although not noted by USEPA,
the onginal 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 all 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 authors therselves estimated muck 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 absorpiion greater than
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about 5%, even at intakes of the order of 1to 2 mg/day for Reference Man. ..."
(Wrenn et al.,, 1985, pp. 626-62'2. 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 Lintake-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. It is well known that it is not possible to determine uptake of trace
elemnents quantitatively in this manner..." [emphasis added]. As a minor point,
it can be noted that, although Spencer et al. made the calculation for 23‘%
and 28U separately, USEPA reported only the higher number, even though it
applied to 24U, which constituted only about 1/10,000th of the total mass
concentration of the intake.

2. Soma{\zy'ulo et al,, 1980 (26%): In USEPA'’s review of this study (USEPA,
1991 p. 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 given. 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 abserption would be 3.8%.

3. Hamilton, *372 (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 5]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
gp;}z‘lke is 1.22% compared to USEPA's estimate of 5%, about a factor of four
igher.

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
rom the gut, once in the blood uranium uptake and retention by the kidney are
similar among rats, rabbits, and humans. We model the two distributions as
loenormal distributions with mean and standard deviations taken directly from the

tenn et al. and Tracy et al. data. The 95% confidence intervals of our
distributions for kidney uptake and biological half-life are 1.84-21.4% and 4.70-26.2
days, respectively. We assume the two distributions are inversely correlated with a
correlation coefficient 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
a 6 day half time and 0.4% with a 1500 day half-time (USEPA, 1991, p. 1V-23). The
12% uptake is at the 85th percentile level of our distribution.

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. Asa
practical approach to account for this uncertainty, we assume that the range ot
uncertainty from this source is about a factor of two. We achieve this by specifying a
lognormal distribution with geometric mean 1 and geometric standard deviation 1.4.

Water Intake

We took the distribution of water intake from Ershow and Cantor (1989),
based on the 1977-1978 Nationwide Food Consumption Survey of the U.S.
De&aétment of Agriculture (USDA, 1984). We used a lognormal distribution with
arithmetic mean and standard deviation of 1.203 and 0.689 1/d representing intake
of tap water in the mid-west.

USEPA uses a value of 2 1/d. This is at the 89th percentile of our
distribution and introduces a mean overestimate of 1.7.

Kidney Concentration Threshold

Wrenn et al. (1985) suggest a threshold of 1 mg U/g. Kocher (1989) ag lied
a safeg' factor of 10 to this to protect maximally exposed individuals in the public,
using 0.1 mg U/ 6 Several reports of animal experiments demonstrate effects in the
range 0.5-1 mg U/g. These effects are Berhaps not as severe as those on which the
original occupational standard of 3 mg U/g was based, but may be more appropriate
end-points for chronic exposure to the public, whose members do not have the
additional protection of routine medical surveillance and bioassay. A rang&lof 0.1-1
mg U/g appears appropriate. The threshold value was characterized as a Weibull
distribution with location parameter 0.1 to reflect a lower limit of 0.1 mg U/g, a
scale parameter of 0.6 and shape parameter of 4. These produce a maximum value
of about 1 mg U/g with a mean of 0.6.

EPA bases their toxicity threshold on a 1949 study of rabbits which was
clearly a 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

150



N I i )

uranium/kg/day, higher than any other estimate found in the literature. For a 70 kg
adult, this is 19 ml%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% 193 165.

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, J) 96). The
Committee on Metabolism and Dosimetry of High LET Radionuclides for the
National Workshop on Radioactiv;'?' in Drinking Water (Wrenn et al., 1985),
recommended, "that based on the NAS definition, U should be assigned an
uncertainty factor of 10-100" (pg. 612-632). It then selected 50 as a factor "that
should provide a high margin of safety” (pp. 632-633).

We do not agfly an arbitrary safety factor, but express uncertainties explicitly
in the input and results, allowing the degree of safety to be chosen as an explicit
level of confidence.

Conclusions

USEPA selected values for each garameter that fall in the upper end of a
distribution designed 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 factor of

-1000 on top of all this.
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APPENDIX B
TABLES -- PREDICTED URANIUM CONCENTRATIONS
IN WATER, FOOD AND MILK

Table B-1. Predicted uranium concentrations in ground water at five representative
wells for the stop source and continue source scenarios.

STOP SOURCE CONTINUE SOURCE
water water
well year {ug/) (ugh)
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 4]
30 0 0
40 0 0
50 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 2.32 283
50 0.72 1.71
60 0.33 1.25
70 0.13 1.1
5 0 244 244
10 21.58 21.58
20 59.03 58.95
30 63.61 63.1
40 435 43.15
50 25.82 2948
60 18.38 20.14
70 i2.53 15.66
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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/ {ug)
i 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
20 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
60 173 19.3
70 123 16
4 e 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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Table B-3 - Estimated concentrations in water, food and milk for five residential

wells -- data for toxicity assessment.

: STOP SOURCE CONTINUE BOURCE
well year water Jood milk water Jood milk
(ug/) (ug/kg)  Kugh) (ug/) (ug/kg)  Kugn)
1 0 242.1] 1473.227] 11.30618 24211 1473.227] 11.30618
10 108.0] 657.3166] 6.478938| .- 108.0| 657.3168| 6.478936
20 41.4| 252.1906] 4.082056 43.0| 261.5612| 4.137496
30 16.0{ 97.14992] 3.164776 22.8] 138.7699| 3.411016
40 6.4] 38.91838| 2820256 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
0 1.1] 6.486397| 2.628376 1.1]| 6.486397| 2.628376
10 23| 14.02546| 267298 23| 14.02548| 2.67298
20 6.6] 40.13534| 2.827456 6.6] 40.13534| 2.827458
30 12.8] 78.10449| 3.052096 12.9] 78.46958! 3.054258
40 17.8[ 108.1634| 3.229936 18.2| 110.5365| 3.243976
50 18.9| 114.7958| 3.269176 20.4] 123.9839] 3.323536
60 17.0f 103.539)| 3.202576 20.9] 127.3305; 3.343336
70 13.1] 79.99078| 3.063256 19.9] 121.0023| 3.305896
£ 0 0.9] 5.534525| 2.623336 0.9] 5.634525| 2623338
10 0.9| 5.634525| 2.623336 0.9]| 5.634525| 2.623336
20 0.9] 5.634525| 2.623336 09| 5.634525]| 2.623336
30 0.9] 5.634525| 2623336 0.9| 5.634525| 2.623336
40 0.9]| 5.634525] 2623336 0.9] 5.634525] 2.623336
50 0.9] 5.634525| 2.623336 0.9]| 5.634525| 2.623338
60 0.9] 5.635133]| 262334 0.9] 5.635133] 2.62334
70 0.9] 5.64061] 2.623372 0.9| 5.695373] 2623696
r4 0 9.5| 57.9638| 29832936 9.5] 67.9638| 2.932936
10 26.2] 159.2757| 3.532338 26.2] 159.2757| 3.532338
20 16.6] 101.0442| 3.187816 16.6| 101.2267! 3.188896
30 7.7] 47.07201) 2.868496 7.7| 46.82862| 2.837058
40 32| 19.75126| 2.706856 3.8| 22.85451| 2.725216
50 1.6| 10.01558| 2649256 26| 16.03953]| 2.684898
60 1.3| 7.642509| 2.635216 22| 13.24052| 2.668336
70 1.1] 6.425549| 2628016 20| 123278| 2.662938
IS 0 34| 20.48144| 2711178 3.4] 20.48144| 2711176
10 22.5| 136.9445| 3.400216 22.5| 136.9445| 3.400216
20 60.0| 364.8203| 4.748416 59.8] 364.3335| 4.745536
30 64.5| 392.6887| 4.913296 64.0| 389.5854] 4.894938
40 44.4| 270.3233| 4.189336 44.1| 268.1936] 4.176736
26.7| 162.7441| 3.552858 30.4] 185.0144| 3.684616
60 19.3[ 117.4731] 3.285016 21.1| 128.1824] 3.348376
70 13.5] 81.87707| 3.074416 16.6| 100.9225| 3.187096
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Table B-4 - Estimated concentrations in water, food and milk for five residential

wells -- data for cancer risk assessment.

yoar

CONOUMSEWN -0

STOP SOURCE
watet food
(ugn) (mg/kQ)
241.2 1.468
207.7 1.264
207.7 1.264
207.7 1.264
207.7 1.264
174.1 1.060
140.6 0.856
140.8 0.856
140.6 0.856
140.6 0.856
107.1 0.652
90.5 0.550
90.5 0.550
90.5 0.550
90.5 0.550
73.8 0.449
57.2 0.348
57.2 0.348
§7.2 0.348
57.2 0.348
40.5 0.247
342 0.208
34.2 0.208
34.2 0.208
34.2 0.208
27.8 0.169
214 0.130
214 0.130
214 0.130
21.4 0.130
15.0 0.092
126 0.077
12.6 0.077
12,6 0.077
126 0.077
103 0.062
7.9 0.048
7.9 0.048
79 0.048
7.9 0.048
5.5 0.033
46 0.028
4.6 0.028
46 0.028
4.6 0.028
38 0.023
3.0 0.018
3.0 0.018
3.0 0.018
3.0 0.018
2.1 0.013
1.9 0.011
1.9 0.011
1.9 0.011

milk
(mg/l)

157

0.009
0.007
0.007
0.007
0.007
0.006
0.005
0.005
0.005
0.005
0.004
0.003
0.003
0.003
0.003
0.003
0.002
0.002
0.002
0.002
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

CONTINUE SOURCE

water
{ugh)

241.2
207.7
207.7
207.7
207.7
174.1
140.6
140.6
140.6
140.6
107.1
90.8
90.8
90.8
90.8
74.6
58.3
58.3
58.3
58.3
421
37.0
37.0
37.0
37.0
320
26.9
26.9
26.9
26.9
21.9

20.4
20.4
20.4
19.0
17.6
17.6
176
17.6
16.1
15.8
15.8
15.8
15.8
15.4
18.0
15.0
15.0
15.0
14.7
14.5
14.5
14.5

focd
(mg/kg)

1.468
1.264
1.264
1.264
1.264
1.060
0.856
0.856
0.856
0.856
0.652
0.553
0.553
0.553
0.553
0.454
0.355
0.355
0.355
0.355
0.256
0.225
0.225
0.225
0.225
0.195
0.164
0.164
0.164
0.164
0.133
0.124
0.124
0.124
0.124
0.116
0.107
0.107
0.107
0.107
0.098
0.096
0.096
0.096
0.096
0.094
0.091
0.091
0.091
0.091
0.089
0.088
0.088
0.088

milk
(mg/)

0.009
0.007
0.007
0.007
0.007
0.006
0.005
0.005
0.005
0.005
0.004
0.003
0.003
0.003
0.003
0.003
0.002
0.002
0.002
0.002
0.002
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
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59
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63
64
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66
67
68
69
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0011
0010
0008
0.008
0.008
0.008
0.006
0.006
0.006
0.006
0.006
0.005
0.004
0.004
0.004
0.004
0.003

0.001
0.003
0.003
0.003
0.003
0.005
0.007
0.007
0.007
0.007
0.008
0.015
0.015
0.015
0.015
0.021
0.028
0.028
0.028
0.928
0.035
0.044
0.044
0.044
0.044
0.053
0.063
0.063
0.063
0.063
0.072
0.080
0.080
0.080
0.080
0.087
0.095
0.095
0.095
0.095
0.103
0.104
0.104
0.104

158

0 000
0.000
0000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001

14.5
143
142
142
14.2
14.2
14.0
140
14.0
14.0
14.0
13.9
13.9
13.9
13.9
13.9
13.8

0.088
0.087
0.086
0.086
0.086
0.086
0.085
0.085
0.085
0.085
0.085
0.085
0.084
0.084
0.084
0.084
0.084

0.001
0.003
0.003
0.003
0.003
0.006
0.007
0.007
0.007
0.007
0.008
0.015
0.015
0.015
0.015
0.021
0.028
0.028
0.028
0.028
0.035
0.044
0.044
0.044
0.044
0.054
0.063
0.063
0.063
0.063
0.073
0.081
0.081
0.081
0.081
0.089
0.097
0.097
0.097
0.097
0.105
0.108
0.108
0.108

0001
0.001
0001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.0c0
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001



171
174
17.7
17.7
17.7
17.7
17.9
17.5
17.5
17.5
17.5
17.0
16.6
16.6
16.6
16.6
16.1
15.1
15.1
156.1
15.1
142
13.2

0.104
0.106
0.108
0.108
0.108
0.108
0.109
0.106
0.106
0.106
0.106
0.104
0.101
0.101
0.101
0.101
0.098
0.092
0.092
0.092
0.092
0.086
0.080
0.080
0.080
0.080
0.074

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.001
0.001
0001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
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17.8
18.3
189
18.9
18.9
18.9
19.5
19.6
19.6
19.6
19.6
19.7
199
199
19.9
19.9
20.0
19.7
19.7
19.7
19.7
19.5
19.2
19.2
19.2
19.2
19.0

0.0
0.0

0.0
0.0
0.0
0.0
0.0
0.0
0.0

0.0
0.0
0.0
0.0
0.0
0.0

.0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

0.108
0.112
0.115
0.115
0.115
0.115
0.118
0.119
0.119
0.119
0.119
0.120
0121
0.121
0.121
o121
0.122
0.120
0.120
0.120
0.120
0.119
0.117
0.117
0.117
0.117
0.115

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000



34
35
36
37
38
39
40
4
42
43
44
45
46
47
48
49
50
51
52

54
1]
56
57
58

60
61

63
64
65
66
67
68
69
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229
229
20.5
18.1
18.1
18.1
1841
15.7
13.5
13.5
13.5

0000
0.000
0 000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.052
0.078
0.078
0.078
0.078
0.103
0.128
0.128
0.128
0.128
0.154
0.139
0.139
0.139
0.139
0.125
0.110
0.110
0.110
0.110
0.095
0.082
0.082
0.082

0000
0 000
0000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.000
0.000
0.000
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211
211
211
211
25.3
22.9
22.9
229
229
205
18.1
18.1
18.1
18.1
16.7
13.5
13.5
13.5

0000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.052
0.078
0.078
0.078
0.078
0.103
0.128
0.128
0.128
0.128
0.154
0.139
0.139
0.139
0.139
0.125
0.110
0.110
0.110
0.110
0.096
0.082
0.082
0.082

0000
0.000
0000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.000
0.000
0.000
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0.3

0.082
0.068
0.055
0.055
0.055
0.055
0.041
0.035
0.035
0.035
0.035
0.028
0.021
0.021
0.021
0.021
0.014
0.012
0.012
0.012
0.012
0.009
0.007
0.007
0.007
0.007
0.004
0.004
0.004
0.004
0.004
0.003
0.003
0.003
0.003
0.003
0.002
0.002
0.002
0.002
0.002
0.001
0.001
0.001
0.001
0.001
0.001

0.015
0.044
0.044
0.044
0.044
0.073
0.102
0.102
0.102
0.102
0.131
0.188
0.188
0.188

0 000
0 000
0 000
0.000
0.000
0.000
0.000
0.000
0000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
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24
7.2
7.2
7.2
7.2
12.0
16.8
16.8
6.8
16.8
21.6
30.9
30.9
30.9

0082
0.068
0085
0055
0.055
0.055
0.041
0035
0.035
0035
0.035
0.029
0.023
0.023
0.023
0.023
0.017
0.016
0.016
0.016
0.016
0.014
0.012
0.012
0.012
0.012
0.010
0.010
0.010
0.010
0.010
0.009
0.008
0.008
0.008
0.008
0.008
0.007
0.007
0.007
0.007
0.007
0.007
0.007
0.007
0.007
0.007

0.015
0.044
0.044
0.044
0.044
0.073
0.102
0.102
0.102
0.102
0.131
0.188
0.188
0.188

0000
0 000
0000
0000
0.000
0.000
0.000
0.000
0000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
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14
15
16
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22
a3
24
25

7
28

N
32
kK]
35

37
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42

44
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309
403
497
49.7
49.7
49.7
$9.0
60.2
60.2
602
60.2
61.3
62.5
62.5
62.5
62.5
63.6
58.6
58.6
58.6
58.6
53.6
48.5
48.5
48.5
48.5
435
39.1
39.1
39.1
39.1
34.7
30.2
30.2
30.7
30.2
25.8
24.0
24.0
24.0
24.0
22.1
20.2
20.2
20.2
20.2
18.4
16.9
16.9
16.9
16.9
15.5
14.0
14.0
14.0
14.0
125

0.188
0 245
0302
0 302
0.302
0.302
0.359
0.366
0.366
0.366
0.366
0.373
0.380
0.380
0.380
0.380
0.387
0.356
0.356
0.356
0.356
0.326
0.295
0.295
0.295
0.295
0.265
0.238
0.238
0.238
0.238
0.211
0.184

0.184

0.184
0.184
0.157
0.146
0.146
0.146
0.146
0.134
0.123
0.123
0.123
0.123
0.112
0.103
0.103
0.3
0.103
0.094
0.08s5
0.085
0.085
0.085
0.076

0 001
0001
0 002
0002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
€.001
0.001
0.001
0.001
0.001
0.001
0.001
0.000

l62

309
403
496
49.6
49.6
49.6
§9.0
60.0
60.0
60.0
60.0
61.0
62.1
62.1
62.1
62.1
63.1
58.1
58.1
58.1
$8.1
§3.1
48.1
48.1
48.1
48.1
43.2
39.7
39.7
39.7
39.7
36.3
329
329
329
329
29.5
27.1
7.1
271
27.1
248
228
22,5
225
225
20.1
19.0
19.0
18.0
19.0
17.9
16.8
16.8
16.8
16.8
16.7

0.188
0.245
0.302
0.302
0.302
0.302
0.359
0.365
0.365
0.365
0.365
0.371
0.378
0.378
0.378
0.378
0.384
0.354
0.354
0.354
0.354
0.323
0.293
0.293
0.293
0.293
0.263
0.242
0.242
0.242
0.242
0.221
0.200

0.200
0.200
0.179
0.165
0.165
0.165
0.165
0.151
0.137
0.137
0.137
0.137
0.123
0.116
0.116
0.116
0.116
0.109
0.102
0.102
0.102
0.102
0.095

0 001
0.001
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.602
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
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Table B-S - Estimategj concentrations in water, food and milk for four centerline
wells -- data for toxicity assessment.

|
STOP SOURCE CONTINUE SOURCE
well year water Jood milk water ood milk
(ugh) ugkg)  Xugl) ug/) (ug/g)  Kugh)

X 0 9.2| 56.13836 3 9.2] 56.13838 3
10 31.8| 193.6548] 3.735736 31.8] 193.6548| 3.735736
20 46.3| 281.8844| 4.257736 46.3| 281.8844| 4.257736
30 45.6| 277.6251| 4.232536 46.8| 284.9268| 4.275736
40 355, 216.1686] 3.868936 43.4| 264.2385| 4.153336
50 22.8| 138.8916] 3.411736 40.4| 2459841 4.045336
60 14.5| 683878 3.112936 37.3| 227.1212] 3.933736
70 8.2] 50.05356| 2.886136 35.4] 2155601 3.865336

c2 0 28| 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| 157.1545| 3.523336 25.9| 157.7545| 3.523338
30 29.9| 182.0937| 3.667336 29.9| 182.0037| 3.667336
40 26.6| 162.0139] 3.548536 26.7| 162.6224]| 3.552136
50 22.0] 134.0238] 3.382936 239| 145.5849] 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| 3.339736

£3 0 51| 31.19068] 2.774536 50| 30.5822| 2.77093%
10 27.2] 165.6648] 3.570136 27.2, 155.6648| 3.570136
20 57.4| 349.4257| 4.657338 67.4] 349.4257| 4.657336
30 §5.7] 339.0816| 4.556138 65.2| 336.0392| 4.578136
40 38.0] 231.3806] 3.958938 37.8] 230.1636| 3.951736
50 24.1| 146.8019( 3.458536 27.2| 165.6648| 3.570136
60 18.2] 110.9016] 3.246136 20.2] 123.0712] 3.318136
70 13.2| 80.47756] 3.066136 16.9| 102.9913| 3.199336

A 0 1.5| 9.285405| 2.644936 15| 9.285405| 2644936
i0 13.8| 84.12844( 3.087736 13.8| 84.12844| 3.087738

- 20 58.0] 353.0768] 4.676936 57.8] 3518596 4.671736
30 79.0] 480.8574| 5.424936 787 479.032| 5.424136
40 68.5| 356.119] 4.696936 6771 351.2512| 4.668136
50 32.4] 197.3057| 3.757336 37.6| 228.9467| 3.944536
60 21.0] 127.939]| 3.346936 227| 138.2832] 3.408136
70 12.6| 76.82668] 3.044538 15.3] 93.25564| 3.141736

163
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Table B-6 - Estimated concentrations in water, food and milk for four centerline

wells -- data for cancer risk Assessment,

STOP SOURCE

year water food milk
(ugh) (mg/kg)  (mg/)

0 8.3 0.051

1 14.0 0.085

2 14.0 0.085

3 14.0 0.085

4 14.0 0.085

5 19.6 0.118

6 253 0.154

7 25.3 0.154

8 2c.3 0.154

9 25.3 0.154
10 30.9 0.188
" 348 0.210
12 34.5 0.210
13 34.5 0.210
14 34.5 0.210
15 38.2 0.232
16 41.8 0.254
17 41.8 0.254
18 41.8 0.254
19 41.8 0.254
20 45.4 0.276
21 45.2 0.275
22 45.2 0.275
23 45.2 0.275
24 45.2 0.275
25 45.1 0.274
26 44.9 0.273
27 44.9 0.273
28 44.9 0.273
26 44.9 0.273
30 44.7 0.272
31 422 0.257
32 42.2 0.257
33 422 0.257
34 42.2 0.257
35 39.7 0.241
36 371 0.226
37 37.1 0.226
38 37.1 0.226
39 37.1 0.226
40 34.6 0.211
41 314 0.191
42 314 0.191
43 31.4 0.191
44 314 0.191
45 28.3 0.172
46 25.1 0.153
4 25.1 0.153
48 25.1 0.153
49 25.1 0.153
50 219 0.133
51 19.8 0.121

164

0.000
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.001
0.001
0.0601
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.00%

CONTINUE SOURCE

water
(ugh)

83
14.0
14.0
14.0
14.0
19.6
25.3
25.3
25.3
253
30.9
34.5
34.5
34.5
345
38.2
41.8
418
41.8
41.8
45.4
45.5
45.5
45.5
45.5
45.7
45.8
45.8
45.8
45.8
45.9
45.1
45.1
45.1
45.1
44.2
43.4
43.4
43.4
43.4
42.5
41.8
41.8
41.8
41.8
41.0
403
40.3
40.3
40.3
39.5
38.7

food
(mg/kg)

0.051
0.085
0.085
0.085
0.085
0.119
0.154
0.154
0.154
0.154
0.188
0.210
0.210
0.210
0.210
0.232
0.254
0.254
0.254
0.254
0.276
0.277
0.277
0.277
0.277
0.278
0.279
0.279
0.279
0.279
0.279
0.274
0.274
0.274
0.274
0.269
0.264
0.264
0.264
0.264
0.259
0.254
0.254
0.254
0.254
0.249
0.245
0.245
0.245
0.245
0.240
0.236

milk
(mafl)

0.000
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.001
0.001
0.001
0.001
0.001
0.001
0.001



52
§3
54
55
56
57
58
$9
60
61
62
63
64
65
66
67
68
69

OCONOOMEWN-—-O

198
19.8
19.8
17.8
15.7
15.7
15.7
15.7
13.6
12.0
120
12.0
12.0
10.5

89

89

8.9

73

1.9
4.3
43
4.3
43
6.6
9.0
9.0
8.0

11.3
14.7
14.7
14.7
14.7
18.2
21.6
21.6
21.6
21.6
25.0
26.0
26.0
26.0
26.0
27.0
28.0
28.0
28.0
28.0
29.0
28.2
28.2
28.2
28.2
27.4
26.5
26.5
26.5
26.5
25.7
24.6

0.121
0.121
o1
0.108
0.095
0.095
0.095
0.095
0.083
0.073
0.073
0.073
0.073
0.064
0.054
0.054
0.054
0.054
0.044

0.012
0.026
0.026
0.026
0.026
0.040
0.054
0.054
0.054
0.054
0.069
0.090
0.090
0.090
0.090
0.110
0.131
0.131
0.131
0.131
0.152
0.158
0.158
0.158
0.158
0.164
0.170
0.170
0.170
0.170
0.178
0.171
0.171
0.171
0.171
0.166
0.161
0.161
0.161
0.161
0.156
0.149

0001
0.001
0001
0 001
0.001
0.001
0.001
0.001
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001

165

387
87
387
380
37.2
37.2
37.2
37.2
36.4
359
35.9
359
359
35.5
35.0
35.0
35.0
35.0
345

1.8
4.3
4.3
4.3
4.3
6.6
9.0
9.0
9.0

1.3
14.7
14.7
14.7
14.7
18.2
21.6
21.6
21.6
216
25.0
26.0
26.0
26.0
26.0
21.0
28.0
28.0
28.0
28.0

28.2
28.2
28.2
28.2
27.4
26.6
26.6
26.6
26.6
25.8
25.1

0.236
0.236
0.236
0.231
0.226
0.226
0.226
0.226
0.221
0.218
0.219
0.219
0.219
0.216
0.213
0.213
0.213
0.213
0.210

0.012
0.026
0.026
0.026
0.026
0.040
0.054
0.054
0.054
0.054
0.069
0.090
0.090
0.090
0.090
0.110
0.131
0.131
0.131
0.131
0.152
0.158
0.158
0.158
0.158
0.164
0.170
0.170
0.170
0.170
0.176
0.172
0.172
0.172
0.172
0.167
0.162
0.162
0.162
0.162
0.157
0.153

0 001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001



i ooy o

246
246
246
23.4
223
223
223
223
211

203

20.3
203
20.3
19.4
18.6
18.6
18.6
18.6
17.7
16.7
16.7
16.7
16.7
15.6
14.6
14.6
14.6
14.6
13.5

4.2
9.7

9.7

9.7
15.3
20.8
20.8
20.8
20.8
26.3
33.9
33.9
33.9
33.9
41.4
49.0
49.0
49.0
49.0
56.5
56.1
56.1
56.1
56.1
85.7
§5.2
55.2
§5.2
55.2
54.8
50.4

0.149
0 149
0 149
0.142
0.135
0.135
0.135
0.135
0.128
0.123
0.123
0.123
0.123
0.118
0.113
0.113
0.113
0.113
0.108
0.101
0.101
0.101
0.101
0.095
0.089
0.089
0.089
0.089
0.082

0.026
0.059
0.059
0.c59
0.059
0.093
0.126
0.126
0.126
0.126
0.160
0.206
0.206
0.206
0.206
0.252
0.298
0.298
0.298
0.298
0.344
0.341
0.341
0.341
0.341
0.339
0.336
0.336
0.336
6.336
0.333
0.307
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0 001
0001
0 001
0 001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.000

0.000
0.000
0.000
0.000
0.000
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002

251
251
251
24 4
237
23.7
23.7
23.7
23.0
225
22,5
225
22,5
22.0
21.5
21.5
21.5
215
21.0
20.7
20.7
20.7
20.7
20.5
20.2
20.2
20.2
20.2
19.9

4.1
9.7
9.7
9.7

16.2
20.8
20.8
20.8
20.8
263
339
33.9
33.¢
339
414
49.0
49.0
49.0
49.0
56.5
56.0
56.0
56.0
56.0
55.4
549
54.9
54.9
54,9
54.3
50.0

0.153
0.153
0.183
0.148
0.144
0.144
0.144
0.144
0.140
0.137
0.137
0.137
0.137
0.134
0.131
0.131
0.131
0.131
0.128
0.126
0.126
0.126
0.126
0.124
0.123
0.123
0.123
0.123
0121

0.025
0.059
0.059
0.059
0.059
0.092
0.126
0.126
0.126
0.126
0.160
0.206
0.206
0.206
0.206
0.252
0.298
0.298
0.298
0.298
0.344
0.340
0.34y
0.340
0.340
0.337
0.334
0.334
0.334
0.334
0.330
0.304

0 001
0 001
0.001
0001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.c01
0.001
0.001

0.000
0.000
0.000
0.000
0.000
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002



50.4
50.4
50.4
46 0
41.5
41.5
41.5
41.5
37.1
33.6
336
33.6
33.6
30.2
26.7
26.7
26.7
26.7
23.2
21.7
21.7
1.7
21.7
20.3
18.8
18.8
18.8
18.8
17.3
16.1
16.1
16.1
16.1
14.8
13.6
13.6
13.6
13.6
12.3

0307
0307
0.307
0.280
0.253
0.253
0.253
0.253
0.226
0.205
0.205
0.205
0.205
0.183
0.162
0.162
0.162
0.162
0.141%
0.132
0.132
0.132
0.132
0.123
0.114
0.114
0.114
0.114
0.105
0.098
0.098
0.098
0.098
0.090
0.082
0.082
0.082
0.082
0.075

0.004
0.022
0.022
0.022
0.022
0.041
0.060
0.060
0.060
0.060
0.078
0.146
0.146
0.146
0.146
0.213
0.280
0.280
0.280
0.280
0.347
0.379

0002
0002
0 002
0002
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.001
0.001
0.001
0.001
0.001
0.002
0.002
0.002
0.002
0.002
0.002

i67

s00
500
50.0
456
413
413
41.3
413
36.9
343
343
343
343
31.6
29.0
29.0
29.0
29.0
26.3
24.6
24.6
24.6
246
22.8
211
211
211
211
19.3
18.5
18.5
18.5
18.5
17.7
16.8
16.8
16.8
16.8
16.0

0.6
3.7
3.7
3.7
3.7
6.8
.9.8
9.8
9.8
9.8
12.9
23.9
23.9
23.9
23.9
349
45.9
45.9
45.9
459
56.9
62.1

0.304
0.304
0304
0.277
0.251
0.251
0.251
0.251
0.225
0.208
0.208
0.208
0.208
0.192
0.176
0.176
0.176
0.176
0.160
0.149
0.149
0.149
0.149
0.139
0.128
0.128
0.128
0.128
0.117
0.112
0.112
0.112
0.112
0.107
0.102
0.102
0.102
0.102
0.097

0.004
0.022
0.022
0.022
0.022
0.041
0.060
0.060
0.060
0.060
0.078
0.145
0.145
0.145
0.145
0.212
0.279
0.279
0.279
0.279
0.346
0.378

0 002
0 002
0002
0 002
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.001
0.001
0.001
0.001
0.001
0.002
0.002
0.002
0.002
0.002
0.002
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22
23
24
25
26
27
28
29
30
31
32
33
34
35

37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70

62.4
62.4
62.4
67.6
729
729
729
729
78.1
73.0
73.0
73.0
73.0
67.9
62.7
62.7
62.7
62.7
57.6
51.1
S51.1
51.1
51.1
44.6
38.0
38.0
38.0
38.0
31.5
28.7
28.7
28.7
28.7
25.8
23.0
23.0
23.0
23.0
20.1
14.0
18.0
18.0
18.0
15.9
13.8
13.8
13.8
13.8
117

0.379
0379
0.379
0.411
0.443
0.443
0.443
0.443
0.475
0.444
0.444
0.444
0.444
0.413
0.382
0.382
0.382
0.382
0.350
0.311
0.311
0.311
0.311
0.2M
0.231
0.231
0.231
0.231
0.192
0.174
0.174
0.174
0.174
0.157
0.140
0.140
0.140
0.140
0.122
0.110
0.110
0.110
0.110
0.097
0.084
0.084
0.084
0.084
0.071

168

0.002
0.002
0.002
0.002
0.003
0.003
0.003
0.003
0.003
0.003
0.003
0.003
0.003
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.000
0.000
0.000
0.000
0.000

62.1
62.1
62.1
67.4
726
726
726
726
778
726
726
726
726
67.3
62.1
62.1
62.1
62.1
56.8
51.8
51.8
51.8
51.8
46.8
41.7
41.7
41.7
417
36.7
33.0
33.0
33.0
33.0
29.3
25.5
25.5
25.5
25.5
21.8
20.0
20.0
20.0
20.0
18.1
16.3
16.3
16.3
16.3
14.4

0.378
0378
0.378
0410
0.442
0.442
0.442
0.442
0.473
0.441
0.441
0.441
0.441
0.410
0.378
0.378
0.378
0.378
0.346
0.315
0.315
0.315
0.315
0.284
0.254
0.254
0.254
0.254
0.223
0.201
0.201
0.201
0.201
0.178
0.155
0.185
0.155
0.155
0.133
0.121
0.121
0.121
0.121
0.110
0.099
0.099
0.099
0.099
0.088

0 002
0 002
0002
0 002
0003
0.003
0003
0 003
0003
0.003
0.003
0.003
0.003
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
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