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The total number of sites contaminated with radionuclides in the United States 
is in the thousands. These sites range in size from comers of laboratories to 
sprawling nuclear weapons facilities covering many square miles of land. 

The U.S. Environmental Protection Agency (EPA) is proposing regulations for 
the protection of the public from radionuclide contamination at sites that are to be 
cleaned up and released for public use. The rule will apply to sites under the control 
of Federal agencies, and to sites licensed by the Nuclear Regulatory Commission 
(NRC) or NRC Agreement States. 

In support of this rulemaking, EPA is conducting a comprehensive technical 
analysis which will provide information on the volumes of soil requiring remediation 
at various possible dose and risk levels. The analysis will also provide information at 
different cleanup levels on the number of potential adverse health effects among 
people living or working on or near a site following the cleanup of its radioactive 
contamination. This paper summarizes the overall approach for the technical 
analysis. 
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The U.S. Environmental Protection Agency (EPA) is proposing regulations 
that set cleanup standards for remediating soil and structures at sites contaminated 
with radioactive material. These proposed regulations will apply to Federally-owned 
or operated sites and to sites licensed by the Nuclear Regulatory Commission 
(NRC)/NRC Agreement States. 

In support of this rulemaking effort, EPA is conducting a comprehensive 
technical analysis of benefits and costs of alternative cleanup criteria. The present 
study discussed in this paper is part of that analysis, and presents the methodology 
used to determine how radiological health impacts and volumes of soil to be 
remediated vary as functions of the possible cleanup level. The analyses evaluate a set 
of typical sites that are considered representative of the sites to which this regulation 
will apply. For these "reference sites", the analytical work addresses: 1) the radiation 
doses and risks to an individual resulting from exposure, via all environmental 
pathways, to unit concentrations of radionuclides in soil; 2) the radionuclide soil 
concentration, in units of pCi/g, that would have to be achieved in order to meet 
various possible individual dose or risk levels; 3) the quantity of soil that contains 
radioactivity in excess of any given radionuclide soil concentration; 4) the number of 
potential radiogenic cancers, and cancer deaths averted, by remediating the soil to the 
radionuclide soil concentration corresponding to the various individual risk levels; and 
5) the number of radiogenic health effects that might eventually occur among 
remediation workers and the general public because of the remediation process itself. 
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In order to quantify these health and cost impacts, EPA has developed and 
used a technical methodology which can be summarized by the following steps. 

(1) Evaluation of the magnitude of the cleanup problem. Identification and 
estimation of the number of sites and approximate volumes of soil in 
the United States contaminated with radioactive materials. 

(2) Development of a set of models, scenarios, and assumptions that may 
be used to perform risk assessments in support of the regulations. 

(3) Development and analysis of a generic site as a means to test the 
models and derive generic risk factors which relate a given level of 
radionuclide contamination in soil to potential public health risks. 

(4) Development of a set of reference sites that encompass the 
characteristic of the sites that may fall within the scope of the soil 
cleanup rule. A reference site is defined in terms of the radionuclide 
concentration contamination pattern and the environmental, 
hydrogeological, demographic, and land use characteristics of the site. 

(5) Analysis of the reference sites to determine 1) the volumes of soil that 
must be remediated to achieve various levels of individual risk and/or 
dose; and 2) the number of potential radiogenic cancers averted, or 
caused, as a result of site cleanup to alternative risk-based cleanup 
goals. o v 

In addition, EPA analyses supporting the rulemaking consider the issue of 
implementation. The analyses include the derivation of generic soil cleanup levels that 
correspond to each of the alternative risk-based cleanup goals, and evaluation of their 
practicality in light of the lower limits of detection of field and laboratory analytical 
techniques and the presence of variable natural and manmade background radiation. 
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MAGNITUDE OF THE CLEANUP PROBLEM 

Number of Sites 

EPA has estimated that there are about 5000 sites known to be contaminated 
with radioactive materials in the United States. Included are sites on EPA's National 
Priorities List (NPL); sites under the authority of various Federal agencies, 
predominantly DOE and DoD; and sites licensed by the NRC and NRC Agreement 
States. In estimating the number of sites with radioactive contamination, EPA has 
adopted the following definition: 

A "site" is any installation, facility, or discrete, physically separate 
parcel of land, or any building or structure, or any body of water or 
surface water, that is known to be contaminated with radionuclides in 
concentrations greater then those naturally occurring. When a portion 
of such an entity is contaminated, the entire entity is considered a 
"site". For example, the Hanford Reservation, which has many 
contaminated buildings, discrete release sites, and groundwater 
contamination, is considered a single "site". 

Therefore with this definition, when only a portion of a "site" is known to be 
radioactively contaminated, the entire unit or location is designated a contaminated 
"site." Note that while, large DOE facilities are counted as single sites, they may be 
extensively more complex then sites in other categories. 

Categories of Sites 

The identified radioactively contaminated sites have been placed into three 
major administrative categories: Department of Energy (DOE), Department of 
Defense (DOD), and NRC/Agreement State licensees. Most of the sites in the DOE 
fall under the DOE Environmental Restoration Program and are large, complex, and 
multi-functional facilities. These major sites encompass most of the contaminated soil 
that falls within the scope of the rule. 

To facilitate the process of identifying and characterizing reference sites, a site 
categorization scheme was developed by EPA and representatives of DOE, DOD, and 
NRC. Eighteen functional categories were identified which cover the full range of 
sites containing radioactive materials. One of the eighteen categories is entitled 
"Entire Sites", and was created to account for large, unique, complex sites that cross 
functional category lines. Examples of such sites include the Hanford Reservation, 
Oak Ridge National Laboratory, the Savannah River Plant, and the Idaho National 
Engineering Laboratory. 
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Volume of Soil Contaminated with Radioactive Material 

The total national volume of radioactively contaminated soil is not known with 
any degree of certainty, and will not be known until cleanup criteria are defined and 
the sites are remediated. Based on preliminary information, however it is estimated 
that approximately 108 cubic meters of contaminated soil are located at Federal 
facilities and NRC licensees and fall within the scope of this rule. These estimates 
are based on information provided in DOE's Integrated Data Base (DOE 94) and 
ongoing EPA studies (EPA 94). 

SELECTION/DEVELOPMENT OF PATHWAYS, SCENARIOS, AND MODELS 

Two sets of mathematical pathway models and exposure scenarios were 
selected/developed to perform risk assessment in support of the rulemaking: those for 
assessing risks to individuals assuming reasonable maximum exposure (RME) 
conditions and those used to estimate the cumulative health impacts over time in the 
exposed populations (EPA 93). EPA also developed models and scenarios to compute 
risks to workers. 

Exposures and Risks to the RME Individual 

The development of cleanup regulations for soil contaminated with radioactive 
materials must be based on potential radiation dose and/or risk to the public from all 
significant exposure scenarios, and pathways. 

The selection of exposure scenarios, and pathways for deriving risks involved 
a review of EPA guidance and standardized methodologies applicable to the 
performance of risk assessment. After the identification of the significant scenarios 
and pathways, potential candidate multimedia models were identified; EPA then 
developed and used criteria for the pathway model selection. 

The methodology for evaluating radiation-induced cancer risks was selected to 
be essentially consistent and compatible with that used by EPA for evaluating cancer 
risks from non-radioactive hazardous chemicals. As such, the methodology generally 
follows the basic steps in the Superfund Remedial Investigation/Feasibility Study 
(RI/FS) process described in the EPA manual, Risk Assessment Guidance for 
Superfund (RAGS) (EPA 89, EPA 91), for baseline risk assessments. 

Exposure scenarios are combinations of exposure pathways and exposure 
assumptions that risk assessors use to evaluate site risks under different land-use 
classifications. Each scenario describes actual or potential contaminant releases, 
migration pathways, contaminated media, exposure point concentrations, and receptor 
characteristics for a specific land use and assumed set of site conditions. The purpose 
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of these scenarios is to ensure that every reasonable exposure pathway and assumption 
is considered and that all individual exposures and risks are assessed in a consistent 
and comprehensive manner. 

For the purpose of this rulemaking, EPA has evaluated three land-use 
scenarios: a rural residential scenario, a commercial/industrial scenario, and a 
suburban scenario. Pathways assessed by the rural residential scenario are: 

• External radiation exposure from photon-emitting radionuclides in soil. 

• Inhalation of resuspended soil and dust containing radionuclides. 

• Inhalation of radon (Rn-222 and Rn-220) and radon decay products 
from soil containing radium (Ra-226). 

• Incidental ingestion of soil containing radionuclides. 

• Ingestion of drinking water containing radionuclides transported from 
soil to potable groundwater sources. 

• Ingestion of home-grown produce ( fruits and vegetables) contaminated 
with radionuclides taken up from soil. 

• Ingestion of meat (beef) containing radionuclides taken up by cows 
grazing on contaminated plants (fodder). 

• Ingestion of milk containing radionuclides taken up by cows grazing on 
contaminated plants (fodder). 

• Ingestion of locally caught fish containing radionuclides. 

The suburban scenario makes use of the first six of these, and the commercial 
industrial employs the first five. Exposure assumptions differ significantly among the 
three land use scenarios. 

Twenty-seven multimedia radioactivity transport models were reviewed to 
determine the degree to which each model fulfilled modeling needs. Five criteria 
were identified and used for the evaluation and selection of pathway models for use in 
dose and risk calculations. These criteria require: that pathway models be capable of 
addressing multiple exposure pathways and risks from radionuclides in soil; are 
currently in use or planned for use at radiation sites; are validated, peer-reviewed, or 
generally accepted by radiation risk assessors (with preference given to EPA-approved 
or accepted methods); are user-friendly with a manageable number of input 
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parameters requiring minimal or modest amount of site data; and are computer 
encoded or amenable to simple hand calculations. 

Three pathway models were selected to perform the risk assessment 
calculations; DOE's RESRAD Version 5.19 (DOE 93), EPA PRESTO-CPG (EPA-
87), and a code based upon an expanded version of EPA's RAGS/HHEM Part B 
equations. EPA determined that all three of these models would be used in order to 
evaluate the sensitivity of the risk assessments to alternative models. The analysis of 
reference sites, described below, were carried out with RESRAD. 

Cumulative Population Impacts 

To evaluate potential radiological impacts of a site on public health, it is not 
sufficient simply to derive the risks to the RME individual prior to and following 
cleanup. It is also necessary to derive the cumulative impacts to the population in the 
vicinity of the site. The process used to select an approach for modeling cumulative 
population impacts was similar to that used for modeling the RME individual. 

It was determined that time integration periods of 100, 1000, and 10,000 years 
needed to be considered. Alternative pathways were explicitly addressed in 
consideration of future land-use scenarios. At this time analyses have been completed 
using a conservative bounding model similar to the RAGS/HHEM equations. 

ANALYSIS OF A GENERIC SITE 

A generic site was defined and evaluated to test the models and derive generic 
risk factors and soil-cleanup criteria. EPA also used the generic site to perform 
sensitivity and uncertainty analyses of the models and assumptions. The generic site, 
or some variation of it, may be used to create tables of soil cleanup levels for actual 
implementation at real sites. 

As defined, the generic site consists of a contaminated zone, an unsaturated 
zone, and an aquifer. The contaminated zone is defined as a 10,000 m2 area of soil 
with radionuclide contamination extending from the surface to a depth of 2 m. Each 
radionuclide considered is assumed to be uniformly distributed throughout this soil 
volume at a concentration of I pCi/g. All impacts are directly proportional to the 
radionuclide concentration in the soil. The unsaturated zone extends down 4 meters 
from the bottom of the contaminated zone to the top of the aquifer, and is initially 
u neon tarn inated. The aquifer represents a groundwater resource that is assumed to 
supply 100 percent of the daily drinking water intake for onsite residents (i.e., 2 
L/day) or half of the drinking water intake for workers (i.e., 1 L/day). Also, it is 
assumed to be a source for water used to irrigate crops and feed livestock. A well is 
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assumed to be constructed onsite at the downgradient edge of the site, with an intake 
3 meters below the top of the aquifer. The aquifer is assumed to be uncontaminated 
initially. 

The selection of the parameters describing the generic site was based on (1) a 
review of the range of similar features observed at actual radiation sites, (2) the 
assumption that the site had to be of sufficient size to support the exposure pathways 
and scenarios considered, and (3) the results of sensitivity analysis calculations; for 
sensitive parameters, realistic, but conservative values were selected. 

Derivation of Generic Risk Factors 

Risk factors define the relationship between a given concentration of a 
radionuclide in soil and the risk to individuals who may reside or work at the site. 
For each radionuclide, risk factors are expressed in terms of lifetime risk of cancer 
per pCi/g of a radionuclide in soil. This is a convenient relationship because the 
individual risk is directly proportional to the radionuclide concentration in the soil. 
As a result, once a risk factor for a radionuclide is determined for a site, the 
radionuclide concentration corresponding to a given risk-based cleanup goal for the 
RME individual can be readily derived by dividing the cleanup goal by the risk 
factor. 

Generic risk factors were derived for 67 radionuclides for the three selected 
scenarios using RESRAD, HHEM Part B, and PRESTO. Studies of the differences 
in results obtained with the three models (which tend to be relatively small for most 
radionuclides) sheds light on their respective strengths and weaknesses. 

Sensitivity Analysis 

Among the most sensitive site parameters that can affect the values of risk 
factors are the contaminated zone area and thickness, infiltration rates, distribution 
coefficients, and unsaturated zone thickness. The values for these parameters were 
varied individually to determine their affect on the risk factors. 

In addition to posing a risk to the RME individual, contaminated soil at a site 
could pose a health risk to the population living on or in the vicinity of a site. 
Sensitivity analyses were performed to determine the cumulative population impacts 
for the generic site, by varying the infiltration rate, the thicknesses of the 
contaminated zone, the distribution coefficient, the thicknesses of the unsaturated 
zone, and the time integration periods. Similar calculations were undertaken for the 
reference sites, as described below. 
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DEVELOPMENT OF REFERENCE SITES 

It is not feasible to assess fully all the sites that may fall within the scope of 
the rule because there are thousands of them, and many have highly complex 
contaminant, environmental, demographic, and ecological characteristics. Moreover, 
detailed site characterization data simply do not exist for most sites. Site 
characterization supporting the rulemaking is limited to a representative sample of 
sites. In addition, these representative sites or reference sites are only partially based 
on real sites and cannot be taken as complete and accurate characterizations of those 
sites. 

Data on several hundred sites representing a broad range of administrative and 
functional categories were used to select a set of reference sites that are representative 
of: the major administrative categories of sites (i.e., DOE facilities, NRC licensees, 
DOD facilities); the major functional categories of sites (e.g., weapons production 
and R&D facilities, fuel cycle facilities, materials licensees); the major facilities with 
unique characteristics (e.g., Hanford, Savannah River, Oak Ridge, etc.); the range of 
source characteristics (e.g., radionuclides, concentrations, depth and area of 
contamination, chemical and physical form); and the range of environmental settings 
(i.e., climatology, hydrogeology, demography). 

For DOE nuclear facilities, EPA obtained data from DOE Public Reading 
Rooms and libraries and from EPA Regional Offices. Document review began with 
acquisition of Federal Facility Agreements for each DOE facility, which identify the 
waste management units at each site and the status of the remedial investigation, and 
also indicate what reports are available concerning a site. Where available, Records 
of Decision (RODs) and Remedial Investigation/Feasibility Studies (RI/FS) were 
obtained. For sites where RODs and RI/FS materials have not yet been completed, 
an attempt was made to obtain Preliminary Assessment/Site Investigation (PA/SI) 
reports; Environmental Audit Reports; Environmental Assessment Reports; 
Environmental Monitoring Reports; Environmental Data Packages; and Effluent 
Reports. Significant use was made of the DOE's Integrated Data Base (IDB). Data 
on DOD sites were obtained from similar sources. 

EPA obtained data characterizing NRC licensed facilities from site descriptions 
provided by the NRC in the preliminary draft of the Generic Environmental Impact 
Statement (GEIS) for the NRC rulemaking on decontamination and decommissioning, 
and documentation available on the NRC's Sites Decommissioning Management 
Program (SDMP). 

Soil volume versus radionuclide concentration curves for the reference sites 
were derived using these data and a combination of three different analytical methods. 
The method, or combination of methods, depended on the type and completeness of 
the data characterizing the soil contamination at the actual sites upon which the 
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reference sites are based. For sites where detailed soil contamination characterization 
data were available, such as sites with completed Remedial Investigation/Feasibility 
Study (RI/FS) reports, the data were used directly to derive the curves. For sites 
with aerial radiological survey data, these data were used to supplement the soil 
sampling data. For sites lacking adequate soil sampling data or aerial surveys, curves 
were developed by extrapolating from data from other sites which were judged to be 
generally applicable to the sites with limited data. 

ANALYSIS OF REFERENCE SITES 

The reference sites were analyzed to estimate (1) the volumes of soil that may 
require remediation, (2) the number of potential cancers averted as a result of 
achieving various site cleanup levels, and (3) the number of potential cancers caused 
among workers and the public during remediation, to achieve levels of individual risk 
to post-cleanup users of the sites. 

Soil Cleanup Volumes for Reference Sites 

EPA has calculated, for each reference site, the volume of soil that may need 
to be remediated at each site to ensure that no individuals will receive radiation 
exposures which could result in a lifetime cancer risk exceeding the alternative risk-
based cleanup goals ranging from lxlO"6 to lxlO"2. A three-step process was used to 
estimate the volumes of soil at each reference site requiring remediation as a function 
of the cleanup levels: 

Step 1 - Construct curves which relate the volume of soil as a function of 
contaminant concentration. 

Step 2 - Determine the relationship between a given concentration of a 
radionuclide in soil and risks to individuals. This relationship was established 
for each radionuclide and each reference site and is defined as a site-specific 
risk factor, which is expressed in units of lifetime risk of cancer per pCi/g. 

Step 3 - Using the site-specific risk factors and the site-specific soil volume 
versus contaminant concentration curves, determine the soil cleanup volume as 
a function of the risk-based cleanup goals. 
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Radiological Impacts Due to Soil Cleanup 

One of the benefits associated with site cleanup is the reduction in the 
cumulative exposure and associated health risks to the population residing on, or in 
the vicinity of, the contaminated property following cleanup. For each reference site 
it is assumed that in the future the site could be heavily populated, used extensively 
for farming, and that the groundwater is used extensively for domestic purposes. 

The specific population exposure pathways addressed include: 

• Direct radiation from living on contaminated soil, 
• Inhalation of suspended dust, 
• Exposure to indoor radon progeny, 
• Ingestion of crops raised on contaminated soil, and 
• Ingestion of contaminated groundwater 

Cumulative population exposures and the adverse health effects attributable to 
these exposures were derived for each pathway and for time integration periods of 
100, 1000, and 10,000 years. These alternative pathways and time periods were 
addressed explicitly for the consideration of future land-use scenarios and time periods 
of interest for the rulemaking. 

Four future demographic patterns were also considered in deriving the long 
term impacts associated with radioactively contaminated soil: rural, intermediate, 
suburban, and "most likely". In the rural demographic setting, one assumes that the 
population density is 10 persons/km2, with and without farming. In the intermediate 
demographic setting the population density is assumed to be 100 persons/km2, with 
and without farming. In the suburban setting, the population density is assumed to be 
1,000 persons/km2, without farming. Finally, the "most likely" scenario for each 
reference site adopted the population density of the corresponding actual site upon 
which it was based, and rounded off to the nearest hundred/km2. 
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