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FOREWORD

This report presents preliminary operational guidelines and supporting work products
developed through the interagency Operational Guidelines Task Group (OGT). The report
consolidates preliminary operational guidelines, all ancillary work products, and a companion
software tool that facilitates their implementation into one reference source document. The report
is intended for interim use and comment and provides the foundation for fostering future reviews
of the operational guidelines and their implementation within emergency preparedness and
response initiatives in the event of a radiological dispersal device (RDD) incident. The report
principally focuses on the technical derivation and presentation of the operational guidelines.
End-user guidance providing more details on how to apply these operational guidelines within

planning and response settings is being considered and developed elsewhere.

The preliminary operational guidelines are categorized into seven groups on the basis of
their intended application within early, intermediate, and long-term recovery phases of
emergency response. We anticipate that these operational guidelines will be updated and refined
by interested government agencies in response to comments and lessons learned from their
review, consideration, and trial application. This review, comment, and trial application process
will facilitate the selection of a final set of operational guidelines that may be more or less
inclusive of the preliminary operational guidelines presented in this report. These and updated
versions of the operational guidelines will be made available through the OGT public Web site

(http://ogcms.energy.gov) as they become finalized for public distribution and comment.

Comments in the form of recommendations, pertinent data, and lessons learned that may
improve the methods employed for deriving operational guidelines, the resulting preliminary
operational guidelines contained in this report, and the companion software tool are requested by
March 31, 2007, and should be sent to:

Mr. Stephen Domotor Charley Yu, Ph.D., CHP
U.S. Department of Energy RESRAD Program Manager
Office of Nuclear Safety and Environmental Environmental Science Division
Assistance (HS-22) Argonne National Laboratory
1000 Independence Avenue, S.W. 9700 S. Cass Avenue
Washington, DC 20585-0019 Argonne, IL 60439
Stephen.Domotor@eh.doe.gov cyu@anl.gov
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1 INTRODUCTION

The government’s ability to respond to a radiological terrorist incident has been a central
focus since the terrorist attacks in New York City on September 11, 2001. At the direction of the
White House Office of Science and Technology Policy, the interagency Consequence
Management, Site Restoration/Clean-up and Decontamination Subgroup (CMS) of the
Radiological Dispersal Device (RDD)/Improvised Nuclear Device (IND) Preparedness Working
Group has addressed this issue. The CMS identified Protective Action Guides (PAGs)
appropriate for early and intermediate phases of response; proposed a risk management
framework for addressing long-term cleanup and recovery that incorporates the principles of
optimization, stakeholder involvement, and shared accountability; and highlighted needs and
concepts for operational guidelines to implement the PAGs. These three elements were published
as “Protective Action Guides for Radiological Dispersal Device (RDD) and Improvised Nuclear

Device (IND) Incidents” in the Federal Register (71 FR 174) for interim use and comment.

1.1 NEED FOR OPERATIONAL GUIDELINES

The basis and need for operational guidelines is discussed in Section 1.1.1, and the

process used to develop operational guidelines is described in Section 1.1.2.

1.1.1 Basis and Need for Operational Guidelines

A PAG is the projected dose to a reference individual from an accidental or deliberate
release of radioactive material at which a specific protective action (e.g., sheltering or evacuation
of the public and restriction of water and food consumption) to reduce or avoid that dose is
recommended. Protective actions are designed to be taken before the anticipated dose is realized.
The PAGs are not regulatory limits or firm distinctions between safe and unsafe. Rather, they are
guidelines for determining if protective actions for public and worker safety are warranted for a
specific radiological incident. Table 1.1 presents the PAGs appropriate for use in various phases
of emergency preparedness and in response to an RDD, as determined by the CMS. For context,
Figure 1.1 depicts the relationship between possible routes of exposure from an RDD incident,
protective measures, and time frames for exposure effects relative to the early, intermediate, and

late or long-term recovery phases of the emergency response.
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TABLE 1.1 Protective Action Guidelines for RDD and IND Incidents?

Phase Protective Action Protective Action Guide
Early Limit emergency worker exposure 50 mSv (5 rem)?
Shelter the public 10 to 50 mSv (1 to 5 rem)°®
Evacuate the public 10 to 50 mSv (1 to 5 rem)d
Administer potassium iodide FDA guidance®
Intermediate ~ Limit worker exposure 50 mSv yr! (5 rem yr'!)
Relocate the general public 20 mSv (2 rem) in first year

5 mSv yr! (500 mrem yr!) in subsequent years

Late Issue food interdiction 5 mSv yr'! (500 mrem yr!)
Issue drinking water interdiction 5 mSv yr-! (500 mrem yr-1)f
Conduct final cleanup actions Optimization cleanup process

@ The information presented in this table was derived from the Federal Register (SI units have been
added to the table) (71 FR 182, Table 1).

b When radiation control options are not available or when they are not sufficient because of the
magnitude of the incident, doses above 5 rem may be unavoidable.

¢ Sheltering should normally begin at 1 rem; however, it may begin at lower levels, if advantageous.
d Evacuation should normally begin at 1 rem.
¢ Provides protection from radioactive iodine only.

f Under development by the EPA.

The PAGs are dose-based, and it is often difficult to readily measure the dose. Therefore,
a need exists for operational measurements of radiation levels, or concentrations in various
media, that can be related to the PAGS to facilitate decisions regarding the need for protective
actions. As a result, operational guidelines are prederived levels of radioactivity or radionuclide
concentrations in various media that can be measured in the field and compared to the PAGs to
quickly determine if protective actions are warranted. For example, in the hours and days
following an incident, there could be an urgent need for decisions about evacuation or relocation
of the public. Determinations regarding critical infrastructures such as access to roads and
medical facilities, as well as restoration of power, water, and sewer facilities, may also have to be
made. Although some values already exist (e.g., derived intervention levels [DILs], for
foodstuffs; derived response levels [DRLs], for water) that could potentially serve as operational

guidelines, many more are needed.



EARLY

INTERMEDIATE

LATE

EXPOSURE ROUTE

Direct Plume

Inhalation Plume Material

Contamination of Skin and Clothes

Ground Shine (deposited material)

Inhalation of Resuspended Material

Ingestion of Contaminated Water

Ingestion of Contaminated Food

il

PROTECTIVE MEASURES

Evacuation

Sheltering

Control of Access to the Public

Administration of Prophylactic Drugs

Decontamination of Persons

Decontamination of Land and Property

Relocation

Food Controls

Water Controls

Livestock and Animal Protection

Waste Control

Refinement of Access Control

Release of Personal Property

Release of Real Property

Re-entry of Non-emergency Workforce

Re-entry to Homes

P I S

* Radiological release incident occurs

aFor some activities, the figure indicates that protective actions may be taken before a release occurs.

= Exposure or action occurs

This would be the case if authorities have forewarning about a potential RDD/IND incident.

bThis figure was derived from the Federal Register (71 FR 182, Figure 1).

FIGURE 1.1 Relationships among Exposure Routes, Protective Measures, and Time Frames

for Effectsd:b
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1.1.2 Operational Guidelines Development Process

Appropriations language from House Report 108-076, “Making Emergency Wartime
Supplemental Appropriations for the Fiscal Year 2003, and for Other Purposes,” directed the
U.S. Department of Energy (DOE) “to develop standards for the cleanup of contamination
resulting from a potential RDD event” (U.S. Congress 2003). In response to this direction and
the needs highlighted above, DOE established the interagency Operational Guidelines Task
Group (OGT), a technical support element of the CMS, to develop preliminary operational
guidelines for a wide range of property types (e.g., vehicles, roads and bridges, residential and
commercial buildings and lands, and special use areas such as parks and monuments) likely to be
affected by an RDD incident. The strategic objective of the operational guidelines initiative was
to provide numerical guidelines, along with end-user guidance for implementation, that could be
incorporated into Federal and state planning and response documents and used by decision

makers and first responders in emergency preparedness and emergency response activities.

The OGT consists of regulatory and subject matter experts in radiological and nuclear
preparedness and response from many agencies and organizations, including the
U.S Environmental Protection Agency (EPA), U.S. Nuclear Regulatory Commission (NRC),
U.S. Department of Defense (DOD), Centers for Disease Control and Prevention (CDC),
National Institute of Standards and Technology (NIST), DOE, Federal Radiological Monitoring
and Assessment Center (FRMAC), Washington State Department of Health, and others. The
OGT also included health physicists and radiological dose and risk assessment modelers from
Argonne National Laboratory (ANL) as a core technical resource, with additional health physics
support from Dade Moeller and Associates (DM&A). The OGT coordinated its work through
conference calls, formal meetings, and use of the OGT Web site. A set of core guiding principles
was agreed upon by the OGT as a foundation for the consensus-based approach used to develop
the guidelines (Table 1.2). Individual OGT members volunteered to serve as “lead coordinators”
for each of the operational guidelines groups and subgroups being developed. Lead coordinators
generally served as the primary OGT point of contact for facilitating the review and comment of
draft operational guidelines products by all OGT members, and leading and summarizing
discussions within the OGT on the resolution of comments and refinement of work products,
with a goal of achieving consensus among all OGT members on the appropriate operational

guidelines.
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TABLE 1.2 Guiding Principles Used to Focus the Development of Operational Guidelines
Within the OGT

1. Be consistent with PAGs developed through consensus by the CMS.

2. Strive for consistency with PAGs to be incorporated into the EPA Manual of Protective Action Guides and
Protective Actions for Nuclear Incidents (EPA 1992).

3. Strive for consistency with available methodologies from FRMAC.

4. Document the rationale and benefits of approaches that might be different from or represent refinements to
FRMAC methodologies. Use these to foster improvements to available FRMAC methodologies.

5. Apply the current state of the science in radiation protection appropriate for addressing an RDD.

6. Apply a consensus-based process, obtain independent technical peer review, and seek public comment on key
products and resources.

7. Respect the views and contributions of fellow OGT members as well as the integrity of OGT work products.

1.2 OPERATIONAL GUIDELINE GROUPS AND SUBGROUPS

The operational guidelines are organized into seven groups that are generally categorized
by the phase of emergency response in which they would be implemented or used for planning
purposes. Individual groups are further categorized into subgroups as appropriate. Table 1.3
provides a summary of the operational guideline groups and subgroups. A detailed overview of

these groups and subgroups is provided below.

1.2.1 Group A: Access Control during Emergency Response Operations

These operational guidelines are designed to assist responders in protective action
decision making for worker health and safety in the early phase of response to an RDD incident.
They are designed to guide responders in establishing radiological control zones or boundaries
for the areas directly impacted by the RDD or IND incident where first responders and
emergency response personnel are working. They are not intended to restrict emergency
responder access, but rather to inform responders of potential radiological hazards existing in the
areas and to provide tools to those persons who are responsible for radiation protection during
response activities. These operational guidelines may be used to restrict the access of
nonessential personnel and members of the public to specific areas. Examples of operational
guidelines developed in this group include life- and property-saving measures and emergency

worker demarcation.
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TABLE 1.3 Operational Guidelines: Groups and Subgroups

Groups

Subgroups

A. Access control during emergency response

Life- and property-saving measures

operations 2. Emergency worker demarcation
B. Early-phase protective action 1. Evacuation
2. Sheltering
C. Relocation from different areas and critical 1. Residential areas
infrastructure utilization in relocation areas 2. Commercial and industrial areas
3. Other areas, such as parks and monuments
4. Hospitals and other health care facilities
5. Critical transport facilities
6. Water and sewer facilities
7. Power and fuel facilities
D. Temporary access to relocation areas for 1. Worker access to businesses for essential actions
essential activities 2. Public access to residences for retrieval of
property, pets, records
E. Transportation and access routes 1. Bridges
2. Streets and thoroughfares
3. Sidewalks and walkways
F. Release of property from radiologically 1. Personal property, except wastes
controlled areas 2. Waste
3. Hazardous waste
4. Real property, such as lands and buildings
G. Food consumption 1. Early-phase food guidelines
2. Early-phase soil guidelines
3. Intermediate-phase soil guidelines
4. Intermediate- to late-phase soil guidelines

Group A operational guidelines are expressed as a series of reference “stay time” tables
for responders who may have access to only limited health physics information and personal
protective equipment at the time of the response. For example, the health physics information
could include or be limited to measurements of the external exposure rate, gross alpha surface
contamination, beta/gamma surface contamination, and/or air concentration. Radionuclide-
specific correction factors as well as radionuclide-specific and respiratory protection-specific

tables are provided. A detailed discussion about these stay time tables is provided in Chapter 3.
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1.2.2 Group B: Early-Phase Protective Action (Evacuation or Sheltering)

These operational guidelines are designed to help decision makers make timely protective
action decisions, such as evacuation or sheltering of the general public in the early response
phase (i.e., the first four days following the incident). Group B operational guidelines are
typically expressed as limiting concentrations of radioactivity in ground surface soil. Group B

operational guidelines are discussed in Chapter 4.

1.2.3 Group C: Relocation from Different Areas and Critical Infrastructure
Utilization in Relocation Areas

These operational guidelines are intended for early- to intermediate-phase protective
actions. They are designed for use in deciding whether to relocate the public from affected areas
for a protracted period of time. Screening values are provided to delineate areas that exceed the
relocation PAGs. These areas include residential areas, commercial/industrial areas, and other
areas such as parks, cemeteries, and monuments. Group C operational guidelines also ensure that
facilities critical to the public welfare can continue to operate, if needed. These facilities include
hospitals, airports, railroads and ports, water and sewer facilities, and power and fuel facilities.
These operational guidelines are typically expressed as soil, building, or street-surface
contamination concentrations (e.g., pCi/m2). Group C operational guidelines are discussed in
Chapters 5 and 6.

1.2.4 Group D: Temporary Access to Relocation Areas for Essential Activities

Group D operational guidelines pertain to intermediate-phase protective actions. They are
designed to assist in determining the protective action decisions or restrictions necessary to allow
for temporary access to relocation areas. For example, the public or owners/employees of
businesses may need temporary access to residences or commercial, agricultural, or industrial
facilities in order to retrieve essential records, conduct maintenance to protect facilities, prevent
environmental damage, attend to animals, or retrieve pets. These operational guidelines describe
the level at which these actions can be taken without radiological supervision. The public or
employees may occasionally access (i.e., a few days per month) areas that do not exceed these
guidelines. Temporary access to relocation areas that exceed these levels should be permitted

only under the supervision or with the permission of radiation protection personnel. Examples of
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these operational guidelines include worker access to businesses for essential actions and public
access to residences for retrieval of critical property, pets, or records. They are typically
expressed in terms of stay times during which the public or employees may access the areas
without receiving the prescribed dose. Group D operational guidelines are discussed in

Chapter 7.

1.2.5 Group E: Transportation and Access Routes

These operational guidelines apply to intermediate-phase protective actions. They are
designed to assist in determining whether transportation routes (e.g., bridges, highways, streets)
or access ways (e.g., sidewalks and walkways) may be used by the public for general, limited, or
restricted use. The relocation PAGs serve as the basis for the operational guidelines for general
access. For example, operational guidelines may be defined for industrial or commercial use of
various roads, bridges, or access ways. These may be necessary to allow for access between
nonrelocation areas via a highway that passes through a relocation area or for access to
emergency recovery activities in the immediate area of an incident. These operational guidelines
assume regular or periodic use and are not appropriate for one-time events, such as evacuation or
relocation actions. They are typically expressed as surface contamination concentrations

(e.g., pCi/m2). Group E operational guidelines are discussed in Chapter 8.

1.2.6 Group F: Release of Property from Radiologically Controlled Areas

Group F operational guidelines are intended for intermediate to long-term recovery-phase
protective actions. During response and recovery operations, property (e.g., vehicles, equipment,
debris, etc.) must be cleared from controlled areas. These operational guidelines support such
actions. Because retrieval of cleared or released properties will be difficult, wherever practicable,
these levels should be similar to those likely to define late-phase goals. For this reason, they
should not be applied to property that will remain in use in controlled areas. These operational
guidelines should also be used for screening property that was located outside the controlled
area. In general, the operational guidelines in this group provide reasonable assurance that the
cleared property is acceptable for long-term unrestricted use (or designated disposition, in the
case of wastes) without further reassessment. Property includes personal property, debris and

waste, hazardous waste, and real property (i.e., buildings and lands). The operational guidelines
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for release of real property are discussed in Chapter 9. The operational guidelines for release of

contaminated vehicles are discussed in Chapter 11.

It is noteworthy to highlight that, in particular, operational guidelines for real property
(Subgroup F4, buildings and lands) are designed to support implementation of the CMS’s risk
management framework, as presented in the PAGs for RDD and IND Incidents
(Federal Register [71 FR 174]). The CMS risk management framework for addressing long-term
cleanup and recovery incorporates the principles of optimization, stakeholder involvement, and
shared accountability. Subgroup F4 guidelines are unique in that there is no one specific
predefined numerical criterion (e.g., expressed in terms of dose or risk) on which to base
protective action decisions. These guidelines are intended to be applied in the optimization
process, which will likely consider the magnitude and extent of the contamination and the
radionuclide(s) involved, proposed long-term land and building use in the affected areas, degree
of need for expedited recovery, public welfare issues, cost impacts for each proposed cleanup
option, ecological considerations, and other factors. Group F4 operational guidelines are
provided as reference values (e.g., soil and building-surface concentrations or risks) that can be
used as a starting point for evaluating optimization process attributes and impacts relative to a
range of dose or risk-based benchmarks (e.g., 500, 100, 25, or 4 millirem per year; comparative
lifetime risk ranges, and others) that could be considered as part of recovery phase options. Thus,
they are not regulatory dose limits or criteria, but serve as concentration values that provide

perspective and aid in the optimization analyses.

1.2.7 Group G: Food Consumption

Group G operational guidelines apply to early through long-term recovery-phase
protective actions, as needed. They are designed to aid in decision making about the need for
placing restrictions on consumption of potentially contaminated foods or on agricultural

activities during and following an RDD or IND incident.

Four subgroups of operational guidelines were developed, which are intended for use in
conjunction with operational guidelines for other groups. Subgroup G.1 guidelines pertain to the
early response phase immediately after the RDD incident. These guidelines can be used to screen
against measured concentrations taken from previously harvested food or from animal products
exposed during the incident. Subgroup G.1 guidelines also can be used to determine the need for

placing an embargo and consumption restrictions on contaminated foods. Subgroup G.2
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guidelines also apply to the early phase of response, but they are intended for use in evaluating
crops or animal products exposed during the RDD incident (e.g., after the plume has passed).
They serve as a comparison with measured concentrations taken from surface soil in which plant
foods and fodder had been growing during the incident. Subgroups G.3 and G.4 are intended for
the intermediate to long-term recovery phases and can be used for placing land use restrictions
on agricultural activities after an RDD incident. They can be used to determine if crops can be
grown on residually contaminated soil to produce a harvest that would be acceptable for public

consumption. These operational guidelines are discussed in detail in Chapter 10.

1.3 MODELING OF RDD SCENARIOS AND DERIVATION OF OPERATIONAL
GUIDELINES

The core methodology and modeling employed in deriving the operational guidelines was
developed through a consensus-based process that involved all OGT members. Operational
guidelines (Groups A-G), which correspond to specific PAGs, were derived for 11 potential
RDD radionuclides: Am-241, Cf-252, Cm-244, Co-60, Cs-137, Ir-192, Po-210, Pu-238, Pu-239,
Ra-226, and Sr-90. These radionuclides were determined by a joint DOE and NRC study to be
the most likely sources available for potential terrorist use in an RDD (Interagency Working
Group on Radiological Dispersal Devices, May 2003) (DOE/NRC 2003). For the early response
phase (Group A), a straightforward concentration method or an exposure-to-dose conversion
method was used to derive stay time tables. For the late response phase (Group F), the
probabilistic RESRAD and RESRAD-BUILD programs (Yu et al. 2001, 2003) were used to
derive property release criteria. The concepts and overarching methodology used to derive
operational guidelines for RDD-related radionuclides could also be generally applied, with

modifications, to radionuclides associated with an IND.

The methodology developed for the intermediate response phase (Groups B-E) assumes
that an outdoor RDD event would contaminate streets, soils, and building surfaces with
radioactive materials. Building interiors would also be contaminated as a result of air exchange
and human traffic. The methodology can be modified for an indoor RDD event by considering
different source partitioning factors. The model considers decay, weathering, a time-dependent
resuspension factor, and concentration ratios (partitioning factors) between contaminated areas.
A set of exposure pathways was considered in the model: external exposure from contaminants
on streets, soils, and buildings; inhalation of dust particles; external exposure from submersion;

ingestion of dust particles and plant foods; and indoor radon inhalation. Operational guidelines
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for each group were derived by using a systematic approach in which (1) applicable scenarios for
each group were defined, (2) appropriate receptors for each scenario were identified, and (3) the
receptor doses from applicable exposure pathways were estimated. A detailed discussion of the
specific methodologies and approaches used to derive the operational guidelines is provided in
Chapter 2.

1.4 ADDITIONAL EXPOSURE SCENARIOS AND OPERATIONAL GUIDELINES

Chapter 11 presents additional RDD or IND incident scenarios that were analyzed to
support the derivation of the operational guideline groups and subgroups described earlier. Two
of these additional scenarios involve the use of water to flush streets and clean vehicles.
Accordingly, operational guidelines for street flushing and cleaning contaminated vehicles are

provided.

1.5 COMPANION SOFTWARE TOOL FOR FACILITATING
IMPLEMENTATION OF OPERATIONAL GUIDELINES

A companion software tool, RESRAD-RDD, was developed to facilitate application of
the default set of operational guidelines and to allow calculation of incident-specific operational
guidelines through application of user-specified assumptions and environmental transfer
parameters that correspond to exposure pathways for incident-specific analyses. The software
tool utilizes elements of other codes already within the RESRAD family of codes, along with
newly derived models and supporting parameters specific to the RDD scenarios used to
determine the operational guidelines. A detailed overview of the RESRAD-RDD software tool
and a general User’s Guide is provided in Chapter 12 of this report.

1.6 COORDINATION OF OGT AND DEVELOPMENT OF OPERATIONAL
GUIDELINES WITH FRMAC AND FRMAC ASSESSMENT METHODS

Consistent with the OGT’s guiding principles, development efforts for the operational
guidelines were coordinated with FRMAC on several occasions. Coordination was achieved
through participation of FRMAC representatives in OGT conference calls and meetings, and

through OGT representation in a FRMAC Assessment Working Group meeting. The goals of the
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coordination were (1) to identify areas of consistency between OGT methods and operational
guidelines with existing FRMAC assessment methods for response to more traditional
radiological incidents (e.g., nuclear power plant accidents); and (2) to determine the rationale and
benefits of OGT approaches that might differ from, or represent refinements to, FRMAC
methodologies, which might be applied in the future to foster improvements to currently
available FRMAC methodologies. A key activity that resulted from this coordination and set of
goals was a methods comparison exercise that involved independent OGT and FRMAC analysis
of mutually agreed upon, predefined assessment scenarios, sample data, and decision-support
questions that could likely be expected in the event of a radiological incident. The OGT analysis
of and results from the OGT/FRMAC methods comparison exercise is provided in Chapter 12 of
this report.
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2 RDD OPERATIONAL GUIDELINES METHODOLOGY:
CONCEPTUAL MODEL AND SENSITIVE PARAMETERS

2.1 INTRODUCTION

This chapter describes the model used to assess doses after an RDD event and discusses
the assumptions involved in its application. This model is applicable for deriving operational
guidelines for Groups B—E (Chapters 4—-7) in the intermediate response phase. To derive
operation guidelines for Group F (release of real property from a radiologically controlled area)
in the late response phase, the probabilistic RESRAD code (Yu et al. 2000, 2001) was used for
soil contamination, and the probabilistic RESRAD-BUILD code (Yu et al. 2003) was used for
building contamination. The conceptual model developed here is mainly applicable to situations
after the direct plume (early) phase is over. It was assumed that surface concentrations of
dispersal radionuclides were known (i.e., measured). The model was designed for flexibility and
ease of application under a variety of conditions. It was developed specifically for the derivation
of operational guidelines and/or stay time tables for Groups B—E.

The model assumes that an RDD event occurred outdoors and contaminated streets and
soils, exterior walls and roofs of buildings, and interior walls and floors of buildings with
radioactive materials. With some modifications, the model can also be used for an RDD event
occurring inside a building. The model considers default concentration ratios (partitioning
factors) between streets/soils and other contaminated areas, accounts for change in surface
concentration over time (includes decay and weathering), and uses a time-dependent

resuspension factor to calculate air concentration.

To derive operational guidelines for each group (Groups B—E), different receptors were
considered. The doses from different exposure pathways and contaminated areas were added to
arrive at the total dose for an individual receptor. The RESRAD-BUILD computer code was
used to calculate the external exposure and radon inhalation pathway doses. The dose for the

critical receptor was used to derive the operational guideline for a particular group.

The operational guidelines were derived for 11 radionuclides: Am-241, Cf-252, Cm-244,
Co-60, Cs-137, Ir-192, Po-210, Pu-238, Pu-239, Ra-226, and Sr-90. Calculations indicated that
for Groups B—E, the progeny contribution to the dose for these 11 radionuclides would not be

significant for at least the first 9 years after the RDD event. However, the radon dose from
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Ra-226 was computed separately. For Group B, which corresponds to operational guidelines for
early phase protective action (evacuation or sheltering), the PAGs are 1 rem (for the general
public) or 5 rem (for early response workers). The early phase was defined as the first four days
following the RDD event. For Groups C—E, the PAG for occupational exposure is 5 rem/yr. For
the general public, the PAGs are 2 rem/yr for the first year and 0.5 rem/yr for subsequent years.
Unless otherwise specified, the doses calculated were the average yearly dose for the first and
second years. For Group F, the PAG is optimization, not to exceed 0.1 rem annually. The

operational guidelines were derived on the basis of two PAGs (0.1 and 0.004 rem).

2.2 CONCEPTUAL MODEL

The conceptual model of radiological contaminant transport following an RDD event is
illustrated in Figure 2.1. It was assumed that the RDD event occurred outdoors. It was also
assumed that the event resulted in surface contamination on the streets (in an urban/suburban
environment) or soil (in a rural environment) and on the exterior walls and roof of
residential/commercial building. In addition, the contaminants were assumed to get inside the
residential/commercial building and be deposited on indoor floors and walls, either directly
during the event through open windows or indirectly after the event through indoor/outdoor air
exchange or through contaminants trapped to the bottom or on the surface of shoes of people
who entered the building.

The model accepts input surface contaminant concentration values for soil/street, outdoor
walls, roof, indoor floor, and indoor walls. If the surface concentration values for outdoor walls,
roof, indoor floor, and indoor walls are not known, the model calculates values on the basis of
the assumption that no matter how the contamination gets there, the default relative surface
concentrations for soil/street, outdoor walls, roof, indoor floor, and indoor walls are 1, 0.5, 1, 0.1,
and 0.05, respectively. The indoor wall concentration was assumed to be half (factor of 0.5) the
concentration of the floor contamination, which is consistent with indoor deposition patterns
(Raunemaa et al. 1989). The outdoor wall concentration was also assumed to be a factor of 0.5 of
the soil/street contamination. The concentrations on outdoor walls actually could be much lower

than the soil/street contamination level (Andersson et al. 2003).
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FIGURE 2.1 Conceptual Model of Environmental Transport after an RDD Event

At a minimum, soil/street surface concentration data should be available to use with this
model. If data become available for other surfaces or surface measurements indicate other

partitions, these other values can be used to obtain specific guidelines.

The surface contamination results in external exposure and inadvertent ingestion of
contaminated dust particles deposited on the surface. The external dose was corrected by a factor
that accounts for radioactive decay and weathering. In accordance with the specific scenarios
developed for various operational groups, different dimensions were used for the

commercial/residential buildings.

As shown in Figure 2.1, the second contamination layer is the resuspended outdoor air. A
time-dependent resuspension factor accounting for weathering, source depletion, and radioactive
decay was applied. In addition, the average resuspension factor was corrected to account for

vehicular traffic. In accordance with the scenario defined for each operational group or subgroup,



24

the resuspension factor was averaged over the appropriate time, and the resulting outdoor air

concentration was used to calculate the outdoor inhalation and submersion dose.

The third contamination layer in Figure 2.1 is represented by indoor air contamination. It
represents computed values and has two components. The exposure of a receptor inside the
building is from the outdoor contaminated air, as well as through the resuspension of
contaminated material deposited on the floor. A distribution function was developed for the
indoor dust filtration factor (Yu et al. 2000). The dust filtration factor represents the fraction of
outdoor contaminated dust that is available indoors. The median value (0.55) from this
distribution was assumed for the ratio indoor/outdoor air. The indoor resuspension factor was
assumed to be constant at 10-6 m-!1 (IAEA 2002; NRC 2001; EPA 1991). The calculated
contaminated indoor air concentration was then used to compute the indoor inhalation and
submersion dose. Plants also may get contaminated from foliar deposition and root uptake, but
the dose contribution from the plant ingestion pathway was not included in deriving the

operational guidelines for Groups B—E.

2.3 EXPOSURE PATHWAYS

The model considers the following exposure pathways:

1. External exposure (groundshine) to contaminants on streets/soils while the

receptor is staying outdoors,
2. External exposure to contaminants on exterior walls while staying indoors,
3. External exposure to contaminants on roofs while staying indoors,
4. External exposure to contaminants on interior walls while staying indoors,
5. External exposure to contaminants on interior floors while staying indoors,
6. External exposure to contaminants on streets/soils while staying indoors,

7. Inhalation exposure while staying outdoors (resuspension of contaminants

from streets/soils only),
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8. Inhalation exposure while staying indoors (indoor air contamination results
from both outdoor air contamination and resuspension from contaminants on

interior floors),

9. Submersion in contaminated air while staying outdoors,

10. Submersion in contaminated air while staying indoors,

11. Ingestion of dust particles on streets/soils while staying outdoors,

12. Ingestion of dust particles while staying indoors (assumed to be from the

floors or walls, whichever is more conservative),

13. Radon inhalation while staying indoors.

Outdoor radon concentration was expected to be much smaller than indoor radon concentration
because of the large dilution in an open environment. Therefore, the radiation dose from radon

inhalation while staying outdoors was not included in the model.

The operational guidelines for Groups B—E were derived on the basis of appropriate
exposure scenarios. The computations involved in the derivations were coded in a series of
spreadsheets that are directed by a master sheet accepting input parameter values. These
spreadsheets are the precursor of the RESRAD-RDD software. To obtain incident-specific
operational guidelines for Groups B-E, the RESRAD-RDD user may input measured
concentration values and adjust transfer factors as that information becomes available. The
operational guidelines for Group F (release of real property) were obtained by using the
RESRAD (onsite) code to simulate a subsistence farmer scenario for soil contamination and the

RESRAD-BUILD code to simulate building occupancy scenarios for building contamination.

2.4 SENSITIVE PARAMETERS

The generic guidelines for each operational guideline group were developed on the basis
of several assumptions and the corresponding parameter values. The common and most sensitive

scenario parameters were as follows:
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* Outdoor and indoor resuspension factors,
* Multiplication factor for outdoor resuspension,
* Dust ingestion rate,

* Indoor/outdoor exposure duration and time fractions in different

environments,
* Indoor/outdoor inhalation rates, and
* Building dimensions for external exposure.

The scenario-specific parameters used to derive the operational guidelines for each group
(Groups B—E) are discussed in separate operational guideline reports for each group.
Probabilistic dose analysis was performed for Group F, and the default parameter distribution
values in the RESRAD and RESRAD-BUILD codes were used. The 50th percentile and
mean + 2c values from peak dose/source ratio distributions were used to derive operational

guideline values for Group F.

2.5 WEATHERING CORRECTION

Surface contamination would result in external exposure, inadvertent ingestion of
contaminated dust particles deposited on the surface, and inhalation of contaminated air resulting

from resuspension of dust particulates from contaminated surfaces.

It was observed from the Chernobyl accident data that in an urban environment, different
surfaces have different initial retentions when compared with the reference surface and that they
behave differently over time (Andersson et al. 2003). The reference surface was defined as an
infinite smooth (surface with no roughness associated with it) air-ground interface with
radionuclides deposited on the ground with no initial penetration. According to the Andersson
study, the weathering process and the effect of migration generally follow a two-class

exponential behavior with time, as represented by Equation 2.1:

wit) = ae™ +(1-a)e ', 2.1
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where w(?) is the activity fraction retained after weathering at time ¢, and a, b, and c are
parameters for each surface. In this equation, there is a mobile fraction a with a shorter half-life b
due to loose binding to the surface or due to the higher migration rate in the case of permeable
surfaces. There is also a fixed fraction (1 — a) with a longer half-life ¢ due to strong binding to
the surface or the lower migration rate. Table 2.1 summarizes the values for these parameters for
various media as well as the initial retention factors. The data were collected primarily for
Cs-137, but are used as defaults for other radionuclides in the analysis. However, the user may
input radionuclide-specific values in the RESRAD-RDD software if data are available. It is
expected that the longer half-life ¢ is more likely to be radionuclide dependent. For the short time
period (less than a few years) considered in the derivation of operational guidelines and stay-time

tables, this radionuclide dependency of the longer half-life may not be important.

External and ingestion pathway doses from different contaminated media (surfaces) were
corrected by a factor that accounts for radioactive decay and weathering. The average weathering
correction from time ¢ to 7, which includes correction for radioactive decay, can be given by

Equation 2.2:

[rae ™ +1-aje < jeMar . (2.2)

The weathering correction factors reported by Andersson et al. (2003) are for outdoor
surfaces. In the dose assessments, the weathering correction factors for the outdoor soil/street

were also applied to the interior floor, and those for exterior walls were applied to interior walls,

TABLE 2.1 Weathering and Migration of
Contaminants for Urban Surfaces

Mobile Shorter Half-  Longer Half-
Surface Fraction (@) Life (In2/b), yr Life (In2/c), yr

Windows 0.8 0.2 2
Vertical walls 0.2 0.2 20
Roofs with tiles 0.5 1-4 25-50
Paved areas 0.5 0.2 2
Trees 0.8 0.2 2
Lawn 0.46 1.5 50

Source: Andersson et al. (2003).
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to consider the transport of contaminants by human activities (e.g., walking from outdoors to

indoors) and air exchange.

The average weathering correction factors for different radionuclides were calculated for
the first and second year, as well as for short durations (first 4 days, first 2 weeks, and 6 months)
of exposure. The first 4-day period was considered because it was assumed in the operational
decision making on evacuation or sheltering (Group B) that the early phase would last for 4 days.
The 6-month period was considered because it was assumed (in the description for the
operational guideline Group C) that the remediation for critical infrastructure could be completed
within this period. Similarly, the correction factors for the first 2 weeks of exposure were used in
Group C dose assessment and guideline calculations. Table 2.2 provides the correction factors
for various surfaces and radionuclides. The operational decision making on evacuation and
sheltering (Group B) also involved guideline derivation based on FRMAC methodology
(Rhodes et al. 2003a), which does not include any weathering correction. To simulate the
FRMAC methodology, it was assumed that the mobile fraction (a)was zero and that the half-life
for the fixed fraction (1 —a)was very large, thus ensuring that the “weathering correction”

consisted of only the correction for radioactive decay.

2.6 RESUSPENSION FACTOR CORRECTION

Walsh (2002) reviewed two types of resuspension methodologies — those using a
resuspension factor and those using a dust-loading approach — and found that resuspension
factor methodology is appropriate for use with fresh deposits and, therefore, is applicable to
emergency response. For these situations, Walsh (2002) recommends a time-dependent
resuspension factor based on Garland’s formula, modified to account for long-term outdoor

resuspension, as shown in Equation 2.3:

RF, (1) :%Jr B, (2.3)

where ¢ is time in days after deposition and the coefficients A (1.2 x 10-6) and B (1 x 10-% m-1)
were the initial and long-term resuspension factors, respectively. Equation 2.3 is applicable only
for times greater than 1 day; during the first day, a resuspension factor of 1.2 x 10-6 m-1 was

assumed.



TABLE 2.2 Average Correction Factors

Interior Floor  Interior Floor

for Buildings  for Buildings Outdoor  Outdoor
Exterior Surrounded by  Surrounded by  Interior  Air above Air above
Radionuclide Streets Soil Walls Roofs Streets Soils Walls Streets Soils
Average Correction FactoraP for First Year
Am-241 5.62E-01  9.04E-01 8.42E-01 9.55E-01 5.62E-01 9.04E-01 8.42E-01 1.60E-08 1.84E-08
Cf-252 5.05E-01  7.99E-01 7.44E-01 8.42E-01 5.05E-01 7.99E-01 7.44E-01 1.56E-08 1.78E-08
Cm-244 5.53E-01 8.88E-01 8.27E-01 9.38E-01 5.53E-01 8.88E-01 8.27E-01 1.59E-08  1.83E-08
Co-60 5.33E-01 8.49E-01 7.91E-01 8.96E-01 5.33E-01 8.49E-01 791E-01 1.58E-08  1.80E-08
Cs-137 5.57E-01 8.95E-01 8.33E-01 9.45E-01 5.57E-01 8.95E-01 8.33E-01 1.59E-08  1.83E-08
Ir-192 2.02E-01 2.68E-01 2.53E-01 2.76E-01 2.02E-01 2.68E-01 2.53E-01 1.29E-08  1.38E-08
Po-210 298E-01 4.27E-01 4.00E-01 4.44E-01 2.98E-01 4.27E-01 4.00E-01 1.39E-08  1.52E-08
Pu-238 5.60E-01 9.01E-01 8.39E-01 9.52E-01 5.60E-01 9.01E-01 8.39E-01 1.60E-08  1.83E-08
Pu-239 5.62E-01  9.05E-01  8.42E-01 9.56E-01 5.62E-01 9.05E-01 8.42E-01 1.60E-08  1.84E-08
Ra-226 5.62E-01  9.04E-01 8.42E-01 9.55E-01 5.62E-01 9.04E-01 8.42E-01 1.60E-08  1.84E-08
. Sr9% 5.57E-01  8.94E-01 ~ 8.33E-01 9.45E-01  S5.57E-01 8.94E-01  8.33E-01 1.59E-08 1.83E-08
Average Correction FactoraP for Second Year
Am-241 3.02E-01  7.59E-01 7.59E-01 8.74E-01 3.02E-01 7.59E-01 7.59E-01 5.87E-10  1.45E-09
Cf-252 2.07E-01  5.16E-01  5.15E-01 5.93E-01 2.07E-01 5.16E-01 5.15E-01 4.07E-10  1.00E-09
Cm-244 2.87E-01  7.19E-01 7.19E-01 8.27E-01 2.87E-01 7.19E-01 7.19E-01 5.58E-10  1.38E-09
Co-60 2.50E-01 6.26E-01  6.26E-01 7.20E-01 2.50E-01 6.26E-01 6.26E-01 4.89E-10  1.21E-09
Cs-137 2.93E-01 7.35E-01 7.35E-01 8.46E-01 2.93E-01 7.35E-01 7.35E-01 5.70E-10  1.41E-09
Ir-192 3.07E-03  7.30E-03  7.11E-03 8.27E-03 3.07E-03 7.30E-03 7.11E-03 6.97E-12  1.64E-11
Po-210 2.36E-02  5.73E-02  5.64E-02 6.53E-02 2.36E-02 5.73E-02 5.64E-02 5.03E-11  1.21E-10
Pu-238 3.00E-01  7.52E-01 7.52E-01 8.65E-01 3.00E-01 7.52E-01 7.52E-01 5.82E-10  1.44E-09
Pu-239 3.03E-01 7.61E-01 7.61E-01 8.76E-01 3.03E-01 7.61E-01 7.61E-01 5.89E-10  1.46E-09
Ra-226 3.03E-01  7.60E-01 7.61E-01 8.75E-01 3.03E-01 7.60E-01 7.61E-01 5.88E-10  1.46E-09

Sr-90 2.93E-01 7.34E-01 7.35E-01 8.45E-01 2.93E-01 7.34E-01 7.35E-01 5.69E-10  1.41E-09

6-C




TABLE 2.2 (Cont.)

Interior Floor  Interior Floor

for Buildings  for Buildings Outdoor  Outdoor
Exterior Surrounded by  Surrounded by  Interior  Air above Air above
Radionuclide Streets Soil Walls Roofs Streets Soils Walls Streets Soils
Average Correction FactoraP for 6 Months
Am-241 6.97E-01 9.49E-01 8.88E-01 9.77E-01 6.97E-01 9.49E-01 8.88E-01 3.04E-08  3.35E-08
Cf-252 6.58E-01 8.90E-01 8.34E-01 9.16E-01 6.58E-01 8.90E-01 8.34E-01 2.99E-08  3.29E-08
Cm-244 6.91E-01 9.40E-01 8.80E-01 9.68E-01 6.91E-01 9.40E-01 8.80E-01 3.03E-08  3.34E-08
Co-60 6.77E-01  9.19E-01  8.61E-01 9.46E-01 6.77E-01 9.19E-01 8.61E-01 3.01E-08 3.32E-08
Cs-137 6.94E-01 9.44E-01 8.83E-01 9.72E-01 6.94E-01 9.44E-01 8.83E-01 3.03E-08  3.35E-08
Ir-192 3.66E-01 4.62E-01 4.38E-01 4.72E-01 3.66E-01 4.62E-01 4.38E-01 2.57E-08  2.73E-08
Po-210 481E-01 6.27E-01 5.91E-01 6.43E-01 4.81E-01 6.27E-01 591E-01 2.75E-08 2.97E-08
Pu-238 6.96E-01 9.47E-01 8.87E-01 9.75E-01 6.96E-01 9.47E-01 8.87E-01 3.03E-08  3.35E-08
Pu-239 6.97E-01 9.49E-01 8.88E-01 9.77E-01 6.97E-01 9.49E-01 8.88E-01 3.04E-08  3.35E-08
Ra-226 6.97E-01 9.49E-01 8.88E-01 9.77E-01 6.97E-01 9.49E-01 8.88E-01 3.04E-08  3.35E-08
S0 693E-01 943E-01 883E-01 9.72E01  693E-01 943E-01  883E-01 3.03E-08 335E-08
Average Correction FactoraP for 2 Weeks

Am-241 9.65E-01 9.96E-01 9.87E-01 9.98E-01 9.65E-01 9.96E-01 9.87E-01 2.55E-07 2.59E-07
Cf-252 9.60E-01 9.91E-01 9.82E-01 9.93E-01 9.60E-01 9.91E-01 9.82E-01 2.54E-07 2.59E-07
Cm-244 9.64E-01 9.95E-01 9.86E-01 9.97E-01 9.64E-01 9.95E-01 9.86E-01 2.55E-07 2.59E-07
Co-60 9.62E-01 9.93E-01 9.84E-01 9.96E-01 9.62E-01 9.93E-01 9.84E-01 2.55E-07 2.59E-07
Cs-137 9.64E-01 9.95E-01 9.86E-01 9.98E-01 9.64E-01 9.95E-01 9.86E-01 2.55E-07 2.59E-07
Ir-192 9.05E-01  9.33E-01 9.25E-01 9.36E-01 9.05E-01 9.33E-01 9.25E-01 247E-07 2.51E-07
Po-210 9.32E-01  9.62E-01  9.53E-01 9.64E-01 9.32E-01 9.62E-01 9.53E-01 2.50E-07 2.55E-07
Pu-238 9.65E-01 9.96E-01 9.87E-01 9.98E-01 9.65E-01 9.96E-01 9.87E-01 2.55E-07 2.59E-07
Pu-239 9.65E-01 9.96E-01 9.87E-01 9.98E-01 9.65E-01 9.96E-01 9.87E-01 2.55E-07 2.59E-07
Ra-226 9.65E-01 9.96E-01 9.87E-01 9.98E-01 9.65E-01 9.96E-01 9.87E-01 2.55E-07 2.59E-07

Sr-90 9.64E-01 9.95E-01 9.86E-01 9.98E-01 9.64E-01 9.95E-01 9.86E-01 2.55E-07  2.59E-07

0l-¢




TABLE 2.2 (Cont.)

Interior Floor  Interior Floor

for Buildings  for Buildings Outdoor  Outdoor
Exterior Surrounded by  Surrounded by  Interior  Air above Air above
Radionuclide Streets Soil Walls Roofs Streets Soils Walls Streets Soils
Average Correction FactoraP for 4 Days

Am-241 9.90E-01 9.99E-01 9.96E-01 9.99E-01 9.90E-01 9.99E-01 9.96E-01 5.92E-07 5.96E-07
Cf-252 9.88E-01 9.97E-01 9.95E-01 9.98E-01 9.88E-01 9.97E-01 9.95E-01 5.91E-07 5.95E-07
Cm-244 9.89E-01 9.99E-01 9.96E-01 9.99E-01 9.89E-01 9.99E-01 9.96E-01 5.92E-07 5.96E-07
Co-60 9.89E-01 9.98E-01  9.95E-01 9.99E-01 9.89E-01 9.98E-01 9.95E-01 5.92E-07 5.96E-07
Cs-137 9.90E-01 9.99E-01 9.96E-01 9.99E-01 9.90E-01 9.99E-01 9.96E-01 5.92E-07 5.96E-07
Ir-192 9.71E-01  9.80E-01 9.78E-01 9.81E-01 9.71E-01 9.80E-01 9.78E-01 5.84E-07  5.88E-07
Po-210 9.80E-01 9.89E-01 9.86E-01 9.90E-01 9.80E-01 9.89E-01 9.86E-01 5.88E-07 5.92E-07
Pu-238 9.90E-01 9.99E-01 9.96E-01 9.99E-01 9.90E-01 9.99E-01 9.96E-01 5.92E-07 5.96E-07
Pu-239 9.90E-01 9.99E-01 9.96E-01 9.99E-01 9.90E-01 9.99E-01 9.96E-01 5.92E-07 5.96E-07
Ra-226 9.90E-01 9.99E-01 9.96E-01 9.99E-01 9.90E-01 9.99E-01 9.96E-01 5.92E-07 5.96E-07
Sr-90 9.90E-01 9.99E-01 9.96E-01 9.99E-01 9.90E-01 9.99E-01 9.96E-01 5.92E-07 5.96E-07

Average Correction FactoraP for 4 Days (considering only radionuclide decay for FRAMC methodology)

Am-241 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 5.97E-07  5.97E-07
Cf-252 9.99E-01 9.99E-01 9.99E-01 9.99E-01 9.99E-01 9.99E-01 9.99E-01 5.96E-07 5.96E-07
Cm-244 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 5.96E-07  5.96E-07
Co-60 9.99E-01 9.99E-01 9.99E-01 9.99E-01 9.99E-01 9.99E-01 9.99E-01 5.96E-07 5.96E-07
Cs-137 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 5.97E-07 5.97E-07
Ir-192 9.81E-01 9.81E-01 9.81E-01 9.81E-01 9.81E-01 9.81E-01 9.81E-01 5.88E-07  5.88E-07
Po-210 9.90E-01 9.90E-01 9.90E-01 9.90E-01 9.90E-01 9.90E-01 9.90E-01 5.92E-07 5.92E-07
Pu-238 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 5.97E-07  5.97E-07
Pu-239 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 5.97E-07 5.97E-07
Ra-226 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 5.97E-07 5.97E-07
Sr-90 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 5.97E-07  5.97E-07

I7-c

2 Average correction factors are WCFs for streets, soils, exterior walls, roofs, interior floors, and interior walls. For outdoor air, they are
products of the WCEF for streets/soil and resuspension factor averaging over the considered period.

b Scientific notation: 5.62E-01 = 5.62 x 10!, or 0.562.
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However, somewhat different resuspension factor coefficients were used in the FRMAC
methodology (Rhodes 2003a), where the coefficient A is 1 x 10-6 (m-1) for days 1 to 1,000 after
plume deposition, then changes to zero after 1,000 days; the coefficient B is initially zero for
1,000 days, then changes to 1 x 10-° m-! for longer times. To be consistent with the FRMAC
methodology in the default case, it is assumed that the resuspension factor is fixed at
1 x 10-6 m-! for the first day; for days 1 to 1,000, it varies with time as 1 x 10-6/¢ (m-1); it then
remains fixed at 1 x 109 m-! after 1,000 days. The RESRAD-RDD software has the flexibility

of accepting two user-defined coefficients, A and B, for use in resuspension factor calculations.

Combining with the average weathering correction factor discussed in Section 2.5, an
average outdoor air concentration correction factor from time ¢ to #, that accounts for
radioactive decay, resuspension, and source depletion due to weathering, can be defined as

follows:

1)
[RF,(t)[a e (") (1—a)e (<) je™ M ar

WCF x RF, =11 p— . (2.4)
274

This factor is used in the analyses to obtain an average outdoor air concentration of
contaminants from a contaminated surface source (see Figure 2.1). As opposed to the integration
in Equation 2.2, which has an analytic solution, the integration in Equation 4 was solved
numerically by using the Gautschi and Cahill approximation (Gautschi and Cahill 1965). The
results of the calculation for the first and second exposure years, as well as for the shorter

durations of exposure (first 6 months, 2 weeks, and first 4 days) are also shown in Table 2.2.

In addition to the resuspension factors discussed above, a list of “rule of thumb”
multiplication factors is given by Walsh (2002) to adjust for resuspended air concentrations
resulting from variations in atmospheric conditions. The multiplication factors (Table 2.3) were
used to adjust the average resuspension factors in accordance with the specific scenarios defined

in deriving the operational guidelines for Groups B—E.
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TABLE 2.3 Multiplication Factors to Be Applied to the
Resuspension Factor Results

Multiplication
Condition Factor
Rural conditions, light-medium winds 1
Arid climate 10
Urban conditions, light traffic, light pedestrian activity? 10
Urban conditions, heavy traffic 100
Plowing in dry conditions 100

a  @Given that some countermeasures might restrict the movement of
vehicles, this factor need not always be applied.

2.7 DOSE CALCULATION

It is assumed that a receptor could be exposed via up to 13 exposure pathways, as
described in Section 2.3. To calculate doses, first the dose-to-source ratio (DSR) for each
exposure pathway resulting from different contaminated media (street/soil, building roof,
exterior walls of the building, interior floor of the building, and interior walls of the building) are
calculated by using the relationships discussed previously among the media for each receptor in a
group/subgroup. The doses from relevant pathways are then added to obtain the total dose for

each receptor.

2.7.1 External Pathway Dosel

For pathway 1, a 10,000-m2 homogenously contaminated surface area is assumed for
outdoor external pathway dose calculations. An exception is made for the operational Group B,
which involved guideline derivation based on the FRMAC methodology where it is assumed that
an infinitely large ground surface is contaminated. The outdoor receptor is assumed to be at the
center of the contaminated area. The RESRAD-BUILD computer code is used to calculate the
external exposure pathway dose (Yu et al. 2003). The external pathway dose is corrected for

source configuration, receptor distance from the source, and shielding between the source and

1 Pathway numbers correspond to the list of potential exposure pathways given in Section 2.3.
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receptor. The external pathway dose is also corrected for ground roughness; a correction factor
of 0.7 based on the default value in FRMAC was used (Rhodes 2003a).

For pathways 2-5, the indoor receptor is assumed to be located at the center of the
contaminated building and is exposed to contamination on the floor, indoor walls, outdoor walls,
and outdoor roof. The RESRAD-BUILD computer code is used to calculate the external dose
(Yu et al. 2003), which is corrected for source configuration, receptor distance from the source,
and shielding between the source and receptor. In accordance with the specific scenarios
developed for various groups, different dimensions are used for the commercial/residential
buildings. Table 2.4 lists different dimensions (geometries) used to calculate the external dose

from different contaminated media (roof, exterior walls, interior walls, and floor).

For pathway 6, the external exposure to contaminants on streets/soils while staying
indoors is calculated by using the dose-conversion factor (DCF) from contaminated streets/soil
corrected by a shielding factor. The FRMAC provides shielding factors for a receptor inside the
building from ground surface deposition for different structures (Rhodes 2003b). The values vary
from 0.4 (one- and two-story wood frame house) to 0.005 (in the basement of a multistory

structure). Table 2.4 provides the shielding factor used in different exposure configurations.

The dose from external exposure pathways (pathways 1-6) is calculated by using
Equation 2.5. The receptor could spend some time outdoors and some time indoors inside the
contaminated building and could be exposed to all contaminated media. The total external
pathway dose would be the sum from all external exposure to these media. The RESRAD-
BUILD computer code is used to calculate the dose conversion factors from these six exposure
pathways, as shown in Equation 2.5:

pathway dose =C, x P, xWCF, xOF, ,xSF, ,xGRC, ,xDCF, , (2.5)

ext,n,g
where:
pathway doseexs, ng = dose from external radiation pathways (mrem/yr);

Cy = concentration on streets/soil at ¢ = 0 (pCi/m?2);



TABLE 2.4 Different Geometries Used in External Pathway Dose Calculations

Air Shielding Shielding
Receptor Shielding Exchange Floor Area Building  Thickness Shielding  Density
Geometry Location Factor  Rate (h']) (m?) Height (m) (cm) Material  (g/cm?)
Rural house Indoor 0.4 1.52 36 2.4 3.5 Concrete 1
Suburban house  Indoor 0.4 1 196 2.4 3.5 Concrete 1
Urban apartment Indoor 0.2 0.63 100 2.4 10 Concrete 1
Store Indoor 0.2 1.52 36 2.4 5 Concrete 2.4
Warehouse Indoor 0.2 2 900 3.7 10 Concrete 2.4
Monument Indoor 0.2 2 900 9.1 10 Concrete 24
Street/soil Outdoor 1 NA? 10,000 NA NA NA NA
Street/soil Outdoor 1 NA Infinitely large NA NA NA NA
Street Inside vehicle 1 NA 10,000 NA 0.07 Steel 7.8
Bridgeb Inside vehicle 1 NA 10,000 NA 0.07 Steel 7.8
Subway station  Indoor 0.2 5 Rectangular (4 x 46) 4 5 Concrete 24
Rail car Indoor 0.4 5 Rectangular (2.8 x 17) 2.4 0.1 Steel 7.8

(Y A4

2 NA = not applicable.

b The bridge geometry includes two additional surface sources of 610 m? that are set perpendicular to the contaminated street to
represent guard rails on a bridge.
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P, = partitioning factor (concentration ratio between media n
and streets/soil) at £ =0 (1 for street/soil and roof, 0.5 for
exterior walls, 0.1 for interior floor, and 0.05 for interior
walls);

WCF, = average weathering and radiological decay correction

factor (ratio of average concentration during the first or
second year to the concentration at # = 0 for media »; see
Equation 2.2 and Table 2.2);

n = index for media (1 and 6 for street/soil, 2 for roof, 3 for
exterior walls, 4 for interior floor, and 5 for interior

walls);

g = index for geometries (see Table 2.4 for different

geometries for which external DCFs were calculated);
OF},,¢ = occupancy factor (time fraction);

SF ¢ = shielding factor (1 forn=1to 5, for n = 6; see Table 2.4

for values for different geometries);

GRC ¢ = ground roughness correction factor (0.7 forn =1, 1 for
n =2 to 6); and

DCFy, o = external dose conversion factor (dose per unit exposure
for 1 year from different contaminated media for receptor

indoors and outdoors) (mrem/yr per pCi/m?2).

2.7.2 Inhalation Pathway Dose

To calculate the dose from inhalation pathways, first, the air concentrations outdoors and
indoors are calculated by using Equations 2.6 and 2.7. As discussed in Sections 2.5 and 2.6, a

time-dependent resuspension factor and weathering correction are then applied.
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C, =C, xWCF. x RF, x MF , (2.6)

x RF, x WCF (2.7)

C,=C,xSHF 1+ C o >

floor
where:
C, = outdoor air concentration (pCi/m3);
C; = indoor air concentration (pCi/m3);
Cy = concentration on streets/soil at £ = 0 (pCi/m2);
Cfioor = concentration on interior floor at £ = 0 (pCi/m2);

WCF, x RF, = average outdoor air concentration correction factor (weathering

and radioactive decay included; see Equation 2.4) (m-1);

MF = multiplication factor to account for influence of meteorological

conditions or traffic (see Table 2.3);
SHF I = indoor dust filtration factor = 0.55;

WCF = weathering correction factor for interior floor, including

Sfloor

radioactive decay; and
RF; = indoor resuspension factor =1 x 10-6 m-1.

As shown in Equation 2.7, the indoor air concentration is calculated from contamination
in outdoor air corrected by the indoor dust filtration factor and from contamination on the
interior floor corrected by a resuspension factor. The outdoor (pathway 7) and indoor
(pathway 8) doses from inhalation exposure can be calculated with Equations 2.8 and 2.9,
respectively:

(2.8)

pathway dose,,, =C, xOF, x IR, x DCF,

—outdoor inh >
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pathway dose,

inh—indoor

=C, xOF, xIR, x DCF,, , (2.9)

where:
IR = inhalation rate while staying outdoors or indoors, respectively (m3/yr);

OF = occupancy factor (time fraction spent outdoors or indoors,

respectively); and

DCFj,; = inhalation dose conversion factor from Federal Guidance Report
(FGR) No. 11 (Eckerman et al. 1988) (mrem/pCi).

2.7.3 Air Submersion Pathway Dose

The outdoor (pathway 9) and indoor (pathway 10) doses from air submersion exposure
can be calculated with Equations 2.10 and 2.11, respectively. For pathway 9, the dose is
calculated by using only outdoor air concentration; for pathway 10, the dose is calculated by

using indoor air concentration:

pathway dose =C, xOF, x DCF,

sub >

(2.10)

sub—outdoor

pathway dose =C, xOF, x DCF,

sub >

2.11)

sub—indoor
where:

DCFg,;, = submersion dose conversion factor from FGR No. 12 (Eckerman and

Ryman 1993) (mrem/yr per pCi/m3).

2.7.4 Dust Ingestion Pathway Dose

The outdoor (pathway 11) and indoor (pathway 12) doses from dust ingestion exposure
are calculated using Equation 2.12. For pathway 11, the dose is calculated from contamination
on the streets/soil. For pathway 12, the dose is calculated from the contamination on the interior

floor of the building. An ingestion rate of 6 x 10-4 m2/d is assumed for residents and workers
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(Rhodes et al. 2003a). This assumed value is within the range reported in the literature for
secondary ingestion (Kennedy and Strenge 1992):

pathway dose,,, = C_. x P xWCF x IngR x OF x DCF,

ing >

(2.12)
where:
pathway dosejng = dose from dust ingestion pathways (mrem/yr);
Cy = concentration on streets/soil at £ = 0 (pCi/m2);
P = partitioning factor (1 for pathway 11, and 0.1 for pathway 12);

WCF = weathering correction factor (WCF, for pathway 11, and
WCF,,, for pathway 12);

IngR = ingestion rate (6 x 10-4 m?/day); and

DCFjng = ingestion dose conversion factor (mrem/pCi).

2.7.5 Radon Inhalation Pathway Dose

The dose from the radon inhalation pathway (pathway 13) is calculated only for indoor
exposure. The calculation uses the methodology described in the RESRAD-BUILD manual for
surface sources (Yu et al. 2003). The radon emanation fraction is set at 0.1. The radon DSR
(mrem/yr per pCi of radium on interior surfaces) is calculated for different building geometries
with the RESRAD-BUILD code. The building geometries are listed in Table 2.4. The radon
pathway dose for an indoor receptor can be calculated with Equation 2.13. First, the total radon
activity corrected for weathering is calculated for a given building. The total activity is then

multiplied by the corresponding DSR to get the radon inhalation pathway dose:

pathway dose

radon _inh _g

= (Z C, xP , xsurface area, x WCF,) x OF, x DSR, (2.13)
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where:

pathway doseyqdon inh ¢ = dose from radon inhalation pathway in a given
building (mrem/yr),

Cy = concentration on streets/soil at ¢ = 0 (pCi/m?2);

P,, = partitioning factor (concentration ratio between
indoor media n and streets/soil) at = 0 (0.1 for
interior floor [# = 1], and 0.05 for interior walls
[n=2-5]);

WCF,, = weathering correction factor (ratio of average
concentration over the exposure duration to the
concentration at £ = 0 for a surface media, see

Equation 2.2 and Table 2.2);

n = index for indoor media (1 interior floor and 2-5 for

interior walls);
g = index for building geometry (see Table 2.4);
surface area, = area for surface media n (m?2);
OF; = occupancy factor (time fraction spent indoors); and

DSRg = dose-to-source ratio calculated by using RESRAD-
BUILD for radon inhalation in the given building
(mrem/yr per pCi).

2.8 GUIDELINE DERIVATION
To derive operational guidelines for each group (Groups B—E), a systematic approach

was applied. First, scenarios applicable to each group were defined. Each scenario identified

appropriate receptors. Then, for each receptor, doses from all applicable exposure pathways and
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contaminated areas were computed in accordance with the methodology described in Section 2.7.
Finally, the pathway doses were added to get the total dose for each individual receptor. The
dose for the critical receptor (the receptor that gives the highest total dose) was used to derive the

concentration guideline for that particular operational group, as shown in Equation 2.14:

Group Guideline = PAG / Z( pathway dose ), for the critical receptor, (2.14)
p
where PAG is the protective action guide (rem/yr) and p is the index for each pathway, as
discussed in Sections 2.3 and 2.7.

The PAG for decision making on evacuation or sheltering in the early phase is 1 rem for
the general public and 5 rem for the workers. After the early phase, the PAG for occupational
exposure is set to 5 rem/yr, and PAGs for the general public are set to 2 rem/yr for the first year
and 0.5 rem/yr for subsequent years.

Unless otherwise stated, the operational guidelines are given in surface activity
concentration deposited on soil or streets (pCi/m?2). Depending on the analyzed scenario within
the operational group, other guidelines may be expressed in volume concentration (pCi/g), as for
Group F, or in stay times (the maximum time a person could stay and still remain within the
PAG) as for Group D.

Table 2.5 provides brief descriptions for the receptors considered in different groups.
Table 2.6 summarizes the exposure pathways considered applicable for each receptor. Table 2.7

lists the common and most important parameters assumed for the generic guideline derivation.
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TABLE 2.5 Receptors and Group Descriptions

Applicable PAGs
(rem)
After
Receptor First First
ID Group Description Receptor Description Year®  Year
Bl1-1 Evacuation - FRMAC Method Receptor spending 100% time indoors 1,5
B1-2 Evacuation —- FRMAC Method Receptor spending time working 1,5
outdoors
B1-3 Evacuation - FRMAC Method Receptor spending 100% time outdoors L5
B2-1 Evacuation — OGT Method Receptor spending 100% time indoors 1,5
B2-2 Evacuation — OGT Method Receptor spending time working 1,5
outdoors
B2-3 Evacuation — OGT Method Receptor spending 100% time outdoor 1,5
Cl-1 Relocation from Residential Areas (urban ~ Resident spending 100% of the time 2 0.5
setting) indoors
C1-2 Relocation from Residential Areas (urban  Adults working outside 2 0.5
setting)
C1-3 Relocation from Residential Areas (rural)  Resident spending 100% of the time 2 0.5
indoors
Cl-4 Relocation from Residential Areas (rural)  Adults working outside 2 0.5
C2-1 Relocation from Commercial/Industrial Indoor office worker 2 0.5
Areas
C2-2 Relocation from Commercial/Industrial Outdoor worker 2 0.5
Areas
C3-1 Relocation from Other Areas Indoor worker at a monument or park 2 0.5
C3-2 Relocation from Other Areas Outdoor worker at a monument or park 2 0.5
C4-1 Hospital and Other Health Care Facilities Hospital outdoor worker 5
C4-2 Hospital and Other Health Care Facilities Hospital indoor worker 5
C4-3 Hospital and Other Health Care Facilities Patient staying in hospital 2 0.5
C5-1 _ Critical Transport Facilities  Ticketclerk staying inside S
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Applicable PAGs
(rem)
After
Receptor First First
ID Group Description Receptor Description Year®  Year
C5-2 Critical Transport Facilities Baggage handler staying outside 5
C5-3 Critical Transport Facilities Passenger staying inside 2 0.5
C5-4 Critical Transport Facilities Passenger staying both outside and 2 0.5
inside
Co6-1 Water and Sewer Facilities Facility outdoor worker 5
C6-2 Water and Sewer Facilities Facility indoor worker 5
C6-3 Water and Sewer Facilities Contractor works indoors 2 0.5
C6-4 Water and Sewer Facilities Contractor works outdoors 2 0.5
C7-1 Power and Fuel Facilities Facility outdoor worker 5
C7-2 Power and Fuel Facilities Facility indoor worker 5
C7-3 Power and Fuel Facilities Contractor works indoors 2 0.5
C7-4 Power and Fuel Facilities Contractor works outdoors 2 0.5
DI-1 Temporary Access to Relocation Area Outdoor worker accessing essential 0.5
business location
DI1-2 Temporary Access to Relocation Area Indoor worker accessing essential 0.5
business buildings
D2-1 Temporary Access to Relocation Area Public accessing residential area and 0.5
staying outside
D2-2 Temporary Access to Relocation Area Public accessing residential area and 0.5
staying inside
El-1 Bridges Occupational workers drive through 5
bridges under restricted condition
El1-2 Bridges Public drive through bridges under 2 0.5
unrestricted condition
E2-1 Streets and Thoroughfares Occupational workers drive through 5

streets under restricted condition
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TABLE 2.5 (Cont.)

Applicable PAGs
(rem)
After
Receptor First First
ID Group Description Receptor Description Year®  Year
E2-2 Streets and Thoroughfares Public drive through streets under 2 0.5
unrestricted condition
E3-1 Sidewalks and Walkways Essential service worker under 5
restricted condition
E3-2 Sidewalks and Walkways Volunteer collecting donations near 2 0.5
streets
E3-3 Sidewalks and Walkways Vendor selling merchandise away from 2 0.5
streets
F4-1 Release of Real Property from Subsistence farmer 0.1,
Radiologically Controlled Area (Soil) 0.004
F4-2 Release of Real Property from Urban resident 0.1,
Radiologically Controlled Area (Soil) 0.004
F4-3 Release of Real Property from Indoor worker 0.1,
Radiologically Controlled Area (Soil) 0.004
F4-4 Release of Real Property from Outdoor worker 0.1,
Radiologically Controlled Area (Soil) 0.004
F4-5 Release of Real Property from Urban resident 0.1,
Radiologically Controlled Area (Residency) 0.004
F4-6 Release of Property Real Property from Suburban resident 0.1,
Radiologically Controlled (Residency) 0.004
F4-7 Release of Real Property from Rural resident 0.1,
Radiologically Controlled Area (Residency) 0.004
F4-8 Release of Real Property from Large warehouse indoor worker 0.1,
Radiologically Controlled Area 0.004
(Commercial Buildings)
F4-9 Release of Real Property from Small store/office indoor worker 0.1,
Radiologically Controlled Area 0.004

(Commercial Buildings)

2 The applicable PAG for Group B for decision making on evacuation or sheltering in the early phase is set to
1 rem or 5 rem. The early phase is defined as the first four days following the RDD incident. The applicable
PAG for Group F for release of real properties is set to 0.1 rem or 0.004 rem.



TABLE 2.6 Exposure Pathways Considered in Operational Guideline Derivation

External
Exterior Interior  Interior Inhalation Radon Air Submersion Dust Ingestion
Scenarios/  Street, Street, Walls, Roof, Walls, Floor,
Pathways Outdoor  Indoor Indoor  Indoor Indoor  Indoor Outdoor  Indoor Indoor Outdoor  Indoor Outdoor  Indoor

Bl-1 X X X

B1-2 X X X X X X X

B1-3 X X X X

B2-1 X X X X X

B2-2 X X X X X X X X X

B2-3 X X X X

Cl-1 X X X X X X X X X X X X X
C1-2 X X X X X X X X X X X X X
Cl1-3 X X X X X X X X X X X X X
Cl-4 X X X X X X X X X X X X X
C2-1 X X X X X X X X X
C2-2 X X X X

C3-1 X X X X X X X X X
C3-2 X X X X

C4-1 X X X X

C4-2 X X X X X X X X X
C4-3 X X X X X X X X X
Cs-1 X X X X X X X X X
C5-2 X X X X

C5-3 X X X X X X X X X
C5-4 X X X X X X X X X X X X X
Co6-1 X X X X

Co6-2 X X X X X X X X X
C6-3 X X X X X X X X X
C6-4 X X X X

C7-1 X X X X

C7-2 X X X X X X X X X
C7-3 X X X X X X X X X
C7-4 X X X X

Dl1-1 X X X X

DI1-2 X X X X X X X X X
D2-1 X X X X

D2-2 X X X X X X X X X

(Yard



TABLE 2.6 (Cont.)

External
Exterior Interior  Interior Inhalation Radon Air Submersion Dust Ingestion
Scenarios/  Street, Street, Walls, Roof, Walls, Floor,
Pathways Outdoor Indoor Indoor  Indoor Indoor  Indoor Outdoor  Indoor Indoor Outdoor  Indoor Outdoor  Indoor
El-1 X X X
B2 x x x
E2-1 X X X
E3-1 X X X X
E3-2 X X X X
E3-3 X X X X

9



TABLE 2.7 Common Most Sensitive Parameters and Receptor Descriptions Used in Operational Guideline Derivation

Multiplication Dust Indoor Outdoor Indoor Outdoor  Geometry No.
Group- Factor for Exposure  Ingestion Exposure Exposure Inhalation Inhalation  for External
Receptor Outdoor Frequency Rate Duration  Duration Rate Rate Exposure to  Building/Source  Initial Outdoor

No. Resuspension (d/yr) (m2/h) (h/d) (h/d) (m3/h) (m3/h) Buildings Description Source
BI1-1 1 4 0.000025 24 0 0.958 1.4 3 Urban house Streets
BI1-2 1 4 0.000025 16.4 7.6 0.958 1.4 3 Urban house Streets
B1-3 1 4 0.000025 0 24 1.2 1.2 3 Urban house Streets
B2-1 10 4 0.000025 24 0 0.958 1.4 3 Urban house Streets
B2-2 10 4 0.000025 16.4 7.6 0.958 1.4 3 Urban house Streets
B2-3 10 4 0.000025 0 24 1.2 1.2 3 Urban house Streets
Cl-1 10 365 0.000025 24 0 0.958 1.4 3 Urban house Streets
C1-2 10 365 0.000025 16.4 7.6 0.958 1.4 3 Urban house Streets
C1-3 1 365 0.000025 24 0 0.958 1.4 1 Rural house Soils

Cl-4 1 365 0.000025 16.4 7.6 0.958 1.4 1 Rural house Soils

C2-1 10 250 0.000025 8 0 1.2 1.4 5 Warehouse Streets
C2-2 10 250 0.000025 0 8 1.2 1.4 5 Warehouse Streets
C3-1 10 250 0.000025 8 0 1.2 1.4 6 Monument Soils

C3-2 10 250 0.000025 0 8 1.2 1.4 6 Monument Soils

C4-1 10 125 0.000025 0 8 1.2 1.4 5 Warehouse Streets
C4-2 10 125 0.000025 8 0 1.2 1.4 5 Warehouse Streets
C4-3 10 14 0.000025 24 0 0.958 1.4 5 Warehouse Streets
C5-1 10 250 0.000025 8 0 1.2 1.4 7 Subway station Streets
C5-2 10 250 0.000025 0 8 1.2 1.4 7 Subway station Streets
C5-3 10 250 0.000025 1.25 0 1.2 1.4 8 Rail car Streets
C5-4 10 250 0.000025 1 0.25 1.2 1.4 8 Rail car Streets
Co6-1 10 250 0.000025 0 8 1.2 1.4 5 Warehouse Streets
Co6-2 10 250 0.000025 8 0 1.2 1.4 5 Warehouse Streets
Co6-3 10 250 0.000025 2 0 1.2 1.4 5 Warehouse Streets
C6-4 10 250 0.000025 0 2 1.2 1.4 5 Warehouse Streets
C7-1 10 250 0.000025 0 8 1.2 1.4 5 Warehouse Streets
C7-2 10 250 0.000025 8 0 1.2 1.4 5 Warehouse Streets
C7-3 10 250 0.000025 2 0 1.2 1.4 5 Warehouse Streets
C7-4 10 250 0.000025 0 2 1.2 1.4 5 Warehouse Streets

LT



TABLE 2.7 (Cont.)

Multiplication Dust Indoor Outdoor Indoor Outdoor  Geometry No.
Group- Factor for Exposure  Ingestion Exposure Exposure Inhalation Inhalation  for External
Receptor Outdoor Frequency Rate Duration  Duration Rate Rate Exposure to  Building/Source  Initial Outdoor

No. Resuspension (d/yr) (m?/h) (h/d) (h/d) (m3/h) (m3/h) Buildings Description Source

DI1-1 1 NA?2 0.000025 NA NA 1.2 1.4 5 Warehouse Streets

DI1-2 1 NA 0.000025 NA NA 1.2 1.4 5 Warehouse Streets

D2-1 1 NA 0.000025 NA NA 0.958 1.4 3 Urban house Streets

D2-2 1 NA 0.000025 NA NA 0.958 1.4 3 Urban house Streets

El-1 10 250 0 0 1 1.2 1.4 NA Vehicle passing Streets
bridges

El-2 100 250 0 0 0.02 1.2 1.4 NA Vehicle passing Streets
bridges

E2-1 10 250 0 0 | 1.2 1.4 NA Vehicle passing Streets
streets

E2-2 100 250 0 0 0.02 1.2 1.4 NA Vehicle passing Streets
streets

E3-1 10 250 0.000025 0 1 1.2 1.4 NA Streets Streets

E3-2 100 250 0.000025 0 1 1.2 1.4 NA Streets Streets

E3-3 10 250 0.000025 0 8 1.2 1.4 NA Streets Streets

F4-1 NA NA NA NA NA NA NA NA NA Soil

F4-2 NA NA NA NA NA NA NA NA NA Soil

F4-3 NA NA NA NA NA NA NA NA NA Soil

F4-4 NA NA NA NA NA NA NA NA NA Soil

F4-5 NA NA NA NA NA NA NA NA Urban house Building

F4-6 NA NA NA NA NA NA NA NA Suburban house Building

F4-7 NA NA NA NA NA NA NA NA Rural house Building

F4-8 NA NA NA NA NA NA NA NA Warehouse Building

F4-9 NA NA NA NA NA NA NA NA Store/office Building

a

NA = not applicable.
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3 GROUP A: ACCESS CONTROL DURING EMERGENCY RESPONSE OPERATIONS

The release of radionuclides in an RDD event could occur inside or outside a building
and could result from different dispersion mechanisms, such as the explosion of a conventional
bomb, spray from an aircraft, or spray from an injection into an air-handling system. Due to the
potential risks that could result from radiation exposures incurred by the first responders who
arrive at the scene, stay times at the event location would need to be limited in order to protect
human health and save lives. Since little information would be known on the type and extent of
radiation contamination shortly after the event, the following objectives were considered when
developing stay times for use in the early response phase (Group A): (1) the stay times are to be
applicable immediately after an RDD event, (2) they are independent of the location and type of

release, and (3) they are simple to implement.

The stay time tables for Group A were developed for controlling access to the RDD event
location during emergency response operations. They can be applied to provide life and property

saving measures (Group Al) and to set emergency worker demarcation (Group A2).

In many cases, the first responders may use respirators, which would reduce the dose
from inhalation of airborne particulates. Therefore, stay-time tables were developed for three
different cases: (1) without a respirator, (2) with a full-face air-purifying respirator, and (3) with
a full-face continuous-flow atmosphere-supplying respirator. The assigned protection factor of
100 and 1,000, respectively, for a full-face air-purifying respirator and a full-face continuous
flow atmosphere-supplying respirator are based on the values provided in Appendix A to 10 CFR
Part 20.

To use the stay-time tables, the first responders would need to know either the air
concentration or the ground surface concentration and have obtained data from one of the
following: (1) gross alpha measurements, (2) gross -y measurements, (3) y exposure rate

measurements, or (4) radionuclide-specific measurements.

3.1 SCENARIO DESCRIPTION

It was assumed that a large area (either inside or outside a building) was contaminated
during an RDD event. Even though the distribution of contamination would most likely be

uneven, in order to develop the stay-time tables, it was assumed that the contamination was
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uniformly distributed. It was further assumed that receptors were exposed to contaminated air as

well as contaminated material deposited on the ground surface.

The first responders were assumed to stay in the event location continuously searching
for evidence and conducting investigations. The potential radiation dose would result from
(1) inhalation of airborne radioactive particulates, (2) external exposure due to air submersion,
and (3) external exposure to materials deposited on the ground surface. For the responders that
do not wear respirators (case 1), the radiation dose would also result from direct ingestion of
contaminated dust particles.

3.2 PARAMETER ASSUMPTIONS

The airborne radionuclides could be due to the remnant of the dispersion triggered by the
RDD event as well as the resuspension of deposited radionuclides disturbed by the first
responders. In the stay-time development, it was assumed that the air concentration and ground
deposition were linearly related by a surrogate resuspension factor, with a value reflecting the

above two mechanisms for air contamination.

The following five key parameters were used in the calculations: (1) the resuspension
factor was 1 x 10-6 m-1, which is used in NCRP 129 (NCRP 1999; Loosmore 2003), to
simulate exposures of first responders in emergency scenarios; (2) the inhalation rate was
1.4 m3/h, which was the most likely value for outdoor activities, from Section A.3 of
Biwer et al. (2002); (3) the inhalation and ingestion dose conversion factors were taken from
FGR 11 (Eckerman et al. 1988); (4) the dose coefficients for air submersion and exposure to
contaminated ground surface were taken from FGR 12 (Eckerman and Ryman 1993); and
(5) the dust ingestion rate of 3 x 10-4 m?/day for the emergency workers without respirators was
taken from the FRMAC manual (Rhodes 2003). Table 3.1 provides dose conversion factors for
the contaminants considered in developing stay time tables. The dose conversion factors include
the contribution from short-lived (half-life <30 days) progenies along with the parent
radionuclides. For example, Sr-90 dose conversion factors in Table 3.1 include the contribution
from short-lived progeny Y-90.

Table 3.2 provides the DSRs for different exposure pathways based on unit air
concentrations. (The surface deposition concentration was calculated from the air concentration

by using a resuspension factor of 1 x 10-6 m-1.) The instantaneous doses were calculated
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TABLE 3.1 Dose Coefficients for Exposure to Contaminated
Ground Surface, Air Submersion, and Inhalation

Ground Surface Submersion

(mrem/yr per (mrem/yr Inhalation  Ingestion
Radionuclide pCi/cm?) per pCi/m®) (mrem/pCi) (mrem/pCi)
Am-241 3.21E-02 9.57E-05 4.44E-01 3.64E-03
Cf-252 8.43E-04 5.92E-07 1.57E-01 1.08E-03
Cm-244 1.03E-03 5.74E-07 2.48E-01 2.02E-03
Co-60 2.74E+00 1.47E-02 2.19E-04 2.69E-05
Cs-137 6.48E-01 3.19E-03 3.19E-05 5.00E-05
Ir-192 9.38E-01 4.57E-03 2.82E-05 5.74E-06
Po-210 9.68E-06 4.86E-08 9.40E-03 1.90E-03
Pu-238 9.79E-04 5.71E-07 3.92E-01 3.20E-03
Pu-239 4.29E-04 4.96E-07 4.29E-01 3.54E-03
Ra-226 1.94E+00 1.04E-02 8.63E-03 1.33E-03
Sr-90 6.55E-03 2.31E-05 1.31E-03 1.53E-04

TABLE 3.2 Pathway-Specific and Total Dose-to-Source Ratio (mrem/h per pCi/m3)
from Unit Air Concentration?

Deposited
Surface
Concentration Inhalation  Ingestion = Submersion Groundshine  Total
Radionuclide (pCi/m?) (mrem/h) (mrem/h) (mrem/h) (mrem/h)  (mrem/h)
Am-241 1,000,000 6.22E-01 4.55E-02 1.09E-08 3.66E-04  6.67E-01
Cf-252 1,000,000 2.20E-01 1.35E-02 6.76E-11 9.62E-06  2.33E-01
Cm-244 1,000,000 3.47E-01 2.53E-02 6.55E-11 1.18E-05  3.72E-01
Co-60 1,000,000 3.07E-04  3.36E-04 1.68E-06 3.13E-02  3.19E-02
Cs-137 1,000,000 4.47E-05 6.25E-04 3.64E-07 7.40E-03  8.07E-03
Ir-192 1,000,000 3.95E-05 7.18E-05 5.22E-07 1.07E-02  1.08E-02
Po-210 1,000,000 1.32E-02  2.38E-02 5.55E-12 1.11E-07  3.69E-02
Pu-238 1,000,000 5.49E-01 4.00E-02 6.52E-11 1.12E-05  5.89E-01
Pu-239 1,000,000 6.01E-01 4.43E-02 5.66E-11 4.90E-06 6.45E-01
Ra-226 1,000,000 1.21E-02 1.66E-02 1.19E-06 2.21E-02  5.09E-02
Sr-90 1,000,000 1.83E-03 1.91E-03 2.64E-09 748E-05  3.82E-03

a  Air concentration = 1 pCi/m3 in all cases.
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(i.e., no decay and ingrowth were included). It was assumed that the ground contamination was

infinite in extent.

Although the calculation of the external dose from an infinitely large ground surface is
more representative for an outdoor situation, the dose results are either more conservative than or
comparable with those from contaminated building surfaces representative of an indoor situation.
To compare the groundshine dose with the dose from contaminated building surfaces, the total
external dose was calculated for buildings with different geometries. It was assumed that all the
interior surfaces of buildings were uniformly contaminated with Co-60 (a high-energy gamma
emitter). The external doses from all six contaminated surfaces (floor, ceiling, and four walls)
were added to get the total external dose. Table 3.3 shows the external dose to a receptor located
at the center of the contaminated floor. (This receptor would receive the maximum dose.) The
building area was varied from 36 m? (representative of a small store) to 2,500 m? (representative
of a large warehouse), and the building height was varied from 2.5 to 6 m. In Table 3.2,
groundshine dose for Co-60 is 3.13E-2 mrem/h for a deposition concentration of 106 pCi/m2 on
an infinitely large ground surface; when this dose is converted to mrem/yr per pCi/m2, it results
in a groundshine dose of 3.13E-2 x 1E-6 x 365.25 x 24 = 2.74E-4 mrem/yr per pCi/m2. As
shown in Table 3.3, for most of the building geometries considered, the external dose is
significantly lower than this value. Even for the building geometries with very large areas and
small heights (area = 900 m? and height = 2.5 m; area = 2,500 m? and height = 2.5 m; and area =
2,500 m2 and height = 4 m), the total external doses are not significantly different from this
value. In any case, it is very unlikely that a receptor would be exposed to a large building without
any shielding from the contaminated walls. On the basis of the above comparison, it is concluded
that the groundshine dose from an infinitely large contaminated surface (listed in Table 3.2) can

be used to develop stay times that are protective for both indoor and outdoor situations.

The following sections provide stay time tables for the three different cases: without a
respirator, with a full-face respirator, and with a full-face continuous-flow atmosphere-supplying
respirator. If multiple radionuclides are present, and the measured activity concentrations (gross
alpha, beta and gamma, or exposure rates) are the sum from all radionuclides, the stay time based
on the most restrictive radionuclide should be used. If radionuclides are identified and the
relative concentration ratios among radionuclides are known, the sum of fractions rule should be

used in determining the stay times.
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TABLE 3.3 External Exposure Pathway Dose (mrem/yr
per pCi/m2) to a Receptor in Buildings with Co-60
Contamination and Different Geometries?

Area (m?) Height=25m Height=40m Height=6.0m

36 1.55E-04 1.47E-04 1.48E-04
100 1.88E-04 1.70E-04 1.65E-04
900 2.80E-04 2.50E-04 2.32E-04
2,500 3.27E-04 2.95E-04 2.73E-04

8  Receptor is at the center of the building, I m above the
contaminated floor.

3.3 STAY TIME TABLES WITHOUT A RESPIRATOR

Table 3.4 provides the stay times without a respirator for given doses when the surface
concentration is known. Since Am-241 has the maximum DSR (see Table 3.2), it was used as a
reference radionuclide for calculating stay times. This table should be used only when the
surface concentration (in terms of gross alpha concentration) is known but the radionuclides are
not identified. If the contaminants are B-y emitters (rather than alpha emitters), the stay times for
B-v surface concentration (listed in Table 3.5) should be used. (Note that values in Table 3.4 are
more restrictive than values in Table 3.5.) To determine the stay times for -y emitters, Co-60
was used as a reference radionuclide because it has the maximum DSR among the -y emitters
(see Table 3.2). One important note is that Table 3.5 stay times should be used only when the
possibility of alpha emitters is excluded. Table 3.6 provides stay times for given doses when the
air concentration is known. Since Am-241 has the maximum DSR (see Table 3.2), it was used as
a reference radionuclide for calculating stay times. Table 3.7 presents stay time tables for -y
emitters when exposure rates are known. It is assumed that an exposure rate of 1 R would result
in a dose of 0.7 rem (effective dose equivalent). Since the fractional dose contribution from
submersion and groundshine to the total dose is the least for Po-210 (see Table 3.2), it was used

as a reference radionuclide for calculating stay times based on the exposure rate measurement.

Stay times listed in Tables 3.4-3.7 are for use when radionuclides are not identified. If
radionuclides are identified, the radionuclide correction factors listed in Table 3.8 can be used to
adjust the stay times. For stay times developed based on air concentration or surface
concentration measurements, the correction factors were calculated as the ratio of the DSR of the

reference radionuclide to the DSR of the radionuclide of concern. For stay times developed
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TABLE 3.4 Stay Times? without a Respirator Based on Gross Alpha Surface Measurement

Activity per Unit Area Stay Time? for Given Dose, h
pCi/em? Bg/cm?  dpm/100 cm? 0.1rem 0.5 rem 1 rem 2 rem Srem 10rem 25rem 100 rem
10 0.37 2,220 1.50E+03 - - - - - - -
100 3.7 22,200 1.50E+02 7.5E+02 1.5E+03 - - - - -
1,000 37 222,000 1.50E+01 7.5E+01 1.5E+02 3.0E+02 7.5E+02 1.5E+03 - -
10,000 370 222 x 100 1.50E+00 7.5E+00 1.5E+01 3.0E+01 7.5E+01 1.5E+02 3.7E+02 1.5E+03
100,000 3,700 2.22 x 107 1.50E-01 7.5E-01 1.5E+00 3.0E+00 7.5E+00 1.5E+01 3.7E+01 1.5E+02
1x10° 37,000 2.22 % 108 1.50E-02 7.5E-02 1.5E-01 3.0E-01 7.5E-01 1.5E+00 3.7E+00 1.5E+01

2 For stay time calculations, Am-241 was used as a reference radionuclide. If the contaminant is known and is other than
Am-241, stay times can be adjusted with multiplication by the correction factors. The correction factors were calculated as
the ratio of the DSR of a reference radionuclide to the DSR of the radionuclide of concern. The correction factors for
different radionuclides are as follows: Am-241 = 1; Cf-252 = 3; Cm-244 = 2; Po-210 = 20; Pu-238 = 1; Pu-239 = 1; and
Ra-226 = 10. For example, if the contaminant is Cf-252 and the measured surface concentration is 100 pCi/cm?, the first
responder who does not use a respirator can spend up to 150 x 3 =450 hours at the RDD event location without receiving a
dose greater than 100 mrem.

TABLE 3.5 Stay Times®P without a Respirator Based on B-y Surface Measurement

Activity per Unit Area Stay Time? for Given Dose, h
pCi/em? Bg/em?  dpm/100 cm? 0.lrem 0.5rem 1 rem 2 rem 5 rem 10 rem 25rem 100 rem
1,000 37 222,200 3.1E+02 1.6E+03 - - - - - -

10,000 370 2.22 % 100 3.1E+01 1.6E+02 3.1E+02 6.3E+02 1.6E+03 - - -
100,000 3,700 2.22 x 107 3.1E+00 1.6E+01 3.1E+01 6.3E+01 1.6E+02 3.1E+02 7.8E+02 -
1x10° 37,000 2.22 x 108 3.1E-01 1.6E+00 3.1E+00 6.3E+00 1.6E+01 3.1E+01 7.8E+01 3.1E+02
1x107 370,000 2.22x 10° 3.1E-02 1.6E-01 3.1E-01 6.3E-01 1.6E+00 3.1E+00 7.8E+00 3.1E+01

2 For stay time calculations, Co-60 was used as a reference radionuclide. If the contaminant is known and is other than Co-60,
stay times can be adjusted with multiplication by the correction factors. The correction factors were calculated as the ratio of
the DSR of a reference radionuclide to the DSR of the radionuclide of concern. The correction factors for different
radionuclides are as follows: Am-241 = 0.05; Co-60 = 1; Cs-137 = 4; Ir-192 = 3; Ra-226 = 0.6; and Sr-90 = 8. For example,
if the contaminant is Cs-137 and the measured surface concentration is 1,000 pCi cm™2, the first responder who does not use
a respirator can spend up to 310 x 4 = 1,240 hours at the RDD event location without receiving a dose greater than
100 mrem.

Stay times in this table should be used only after the exclusion of potential alpha emitters.
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TABLE 3.6 Stay Times? without a Respirator Based on Air Concentration Measurement

Air Concentration Stay Time? for Given Dose, h

pCi/m3 Bg/m3 dpm/m> 0Olrem 05rem Irem 2rem Srem 10rem 25rem 100 rem

0.1 0.0037  0.222 1.5E+03 - - - - - - -
1 0.037 222 1.5E+02 7.5E+02 1.5E+03 - - - - -
10 0.37 22.2 1.5E+01 7.5E+01 1.5E+02 3.0E+02 7.5E+02 1.5E+03 - -
100 3.7 222 1.5E+00 7.5E+00 1.5E+01 3.0E+01 7.5E+01 1.5E+02 3.7E+02 1.5E+03
1,000 37 2,220 1.5E-01 7.5E-01 1.5E+00 3.0E+00 7.5E+00 I1.5E+01 3.7E+01 1.5E+02

10,000 370 22,200 1.5E-02 7.5E-02 1.5E-01 3.0E-01 7.5E-01 I1.5E+00 3.7E+00 1.5E+01
100,000 3,700 222,000 1.5E-03 7.5E-03 1.5E-02 3.0E-02 7.5E-02 1.5E-01 3.7E-01 1.5E+00

2 For stay time calculations, Am-241 was used as a reference radionuclide. If the contaminant is known and is

other than Am-241, stay times can be adjusted with multiplication by the correction factors. The correction
factors were calculated as the ratio of the DSR of a reference radionuclide to the DSR of the radionuclide of
concern. The correction factors for different radionuclides are as follows: Am-241 = 1; Cf-252 =3;

Cm-244 =2; Co-60 = 20; Cs-137 = 80; Ir-192 = 60; Po-210 = 20; Pu-238 = 1; Pu-239 = 1; Ra-226 = 10; and
Sr-90 = 200. For example, if the contaminant is Cf-252 and the measured air concentration is 1 pCi m3, the first
responder who does not use a respirator can spend up to 150 x 3 =450 hours at the RDD event location without
receiving a dose greater than 100 mrem.

TABLE 3.7 Stay Times? without a Respirator Based on Gamma Exposure Rate Measurement

Exposure Rate Stay Time? for Given Dose, h

pR/h mR/h 0.lrem 0.5rem 1 rem 2 rem S rem 10 rem 25rem 100 rem
10 0.01 43E-02 2.1E-01 4.3E-01 8.6E-01 2.1E+00 4.3E+00 1.1E+01 4.3E+01
100 0.1 43E-03 2.1E-02 4.3E-02  8.6E-02 2.1E-01 43E-01 1.1E+00 4.3E+00
1,000 1 43E-04 2.1E-03 4.3E-03  8.6E-03 2.1E-02 43E-02 1.1E-01 4.3E-01
10,000 10 43E-05 2.1E-04 4.3E-04 8.6E-04 2.1E-03 43E-03 1.1E-02 4.3E-02
100,000 100 43E-06 2.1E-05 4.3E-05 8.6E-05 2.1E-04 43E-04 1.1E-03 4.3E-03

1 x 100 1,000 43E-07 2.1E-06 4.3E-06 8.6E-06  2.1E-05 43E-05 1.1E-04 4.3E-04
1 x 107 10,000 43E-08 2.1E-07 4.3E-07 8.6E-07 2.1E-06 43E-06 1.1E-05 4.3E-05

@ For stay time calculations, Po-210 was used as a reference radionuclide. If the contaminant is known and is
other than Po-210, stay times can be adjusted with multiplication by the correction factors. The correction
factors were calculated as the ratio of the fractional dose contribution from submersion and groundshine to the
total for the radionuclide of concern to the fractional dose contribution from submersion and groundshine to the
total for Po-210. The correction factors for different radionuclides are as follows: Am-241 = 180; Cf-252 = 14,
Cm-244 = 10; Co-60 = 330,000; Cs-137 = 300,000; Ir-192 = 330,000; Po-210 = 1; Pu-238 = 6; Pu-239 = 3;
Ra-226 = 140,000; and Sr-90 = 6,500. For example, if the contaminant is Cs-137 and the measured exposure
rate is 10 mR/h, the first responder who does not use a respirator can spend up to 4.3E-5 x 300,000 = 13 hours
at the RDD event location without receiving a dose greater than 100 mrem.



TABLE 3.8 Radionuclide Correction Factors without a Respirator

Correction Factor for Stay Times Based on
Surface Concentration Measurement

Air Concentration Alpha B-y Exposure Rate
Radionuclide Measurement? Emitters®  Emitters  Measurementd
Am-241 1 1 0.05 180
Cf-252 3 3 - 14
Cm-244 2 2 - 10
Co-60 20 - 1 330,000
Cs-137 80 - 4 300,000
Ir-192 60 - 3 330,000
Po-210 20 20 - 1
Pu-238 1 1 - 6
Pu-239 1 1 - 3
Ra-226 10 10 0.6 140,000
Sr-90 200 — 8 6,500

2 For stay times based on the air concentration measurement, Am-241 is used
as the reference radionuclide.

For stay times based on the surface concentration measurement, Am-241 is
used as the reference radionuclide for alpha emitters.

¢ For stay times based on the surface concentration measurement, Co-60 is used
as the reference radionuclide for B-y emitters.

For stay times based on the exposure rate measurement, Po-210 is used as the
reference radionuclide.

based on exposure rate measurements, the correction factors were calculated as the ratio of the
fractional dose contribution from submersion and groundshine to the total for the radionuclide of
concern to the fractional dose contribution from submersion and groundshine to the total for the

reference radionuclide.

3.4 STAY TIME TABLES WITH A FULL-FACE AIR-PURIFYING RESPIRATOR

The stay time tables for this case apply to emergency workers who wear full-face air-
purifying respirators operating at a negative pressure. The assigned protection factor for this type
of respirator was 100 (Appendix A to 10 CFR Part 20). The ground surface concentration was
calculated from the air concentration by using a resuspension factor of 1 x 106 m-1. The

instantaneous dose was calculated (i.e., no decay and ingrowth were included). It was assumed
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that ground surface contamination was infinite in extent. Table 3.9 provides the DSRs for
different exposure pathways based on unit air concentrations to which workers would be

exposed.

Table 3.10 provides the stay times for given doses when the gross alpha surface
concentration is known. Since Ra-226 has the maximum DSR among alpha emitters (see
Table 3.9), it was used as a reference radionuclide for calculating stay times. This table should be
used when the surface concentration (in terms of gross alpha) is known but the radionuclides are
not identified. If there is the possibility of B-y emitters, the stay times for B-y surface
concentrations (listed in Table 3.11) should be used. (Note that values in Table 3.11 are more
restrictive than values in Table 3.10.) Table 3.11 can also be used when the contaminant type
(alpha or B-y) is not known. To get the stay times for B-y emitters, Co-60 was used as a reference
radionuclide because it has the maximum DSR. Table 3.12 provides stay times for given doses
when the air concentration is known. Since Co-60 has the maximum DSR (see Table 3.9), it was
used as a reference radionuclide for calculating stay times. Table 3.13 presents stay times for -y
emitters when exposure rates are known. It is assumed that an exposure rate of 1 R would result
in a dose of 0.7 rem (effective dose equivalent). Since the fractional dose contribution from air
submersion and groundshine to the total dose is the least for Pu-239 (see Table 3.9), it was used
as a reference radionuclide for calculating is the least for Pu-239 stay times based on the

exposure rate measurement.

Stay times listed in Tables 3.10-3.13 are for use when radionuclides are not identified. If
radionuclides are identified, the radionuclide correction factors listed in Table 3.14 can be used
to adjust the stay times. For stay times developed based on air concentration or surface
concentration measurements, the correction factors were calculated as the ratio of the DSR of the
reference radionuclide to the DSR of the radionuclide of concern. For stay times developed
based on exposure rate measurements, the correction factors were calculated as the ratio of the
fractional dose contribution from submersion and groundshine to the total for the radionuclide of
concern to the fractional dose contribution from submersion and groundshine to the total for the

reference radionuclide.
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TABLE 3.9 Pathway-Specific and Total Dose-to-Source Ratio
(mrem/h per pCi/m3) with a Full-Face Respirator from Unit Air

Concentration?
Deposited
Surface
Concentration Inhalation Submersion Groundshine Total

Radionuclide (pCi/m?) (mrem/h)  (mrem/h) (mrem/h)  (mrem/h)
Am-241 1,000,000 6.22E-03 1.09E-08 3.66E-04  6.58E-03
Cf-252 1,000,000 2.20E-03 6.76E-11 9.62E-06  2.21E-03
Cm-244 1,000,000 3.47E-03 6.55E-11 1.18E-05 3.48E-03
Co-60 1,000,000 3.07E-06 1.68E-06 3.13E-02  3.13E-02
Cs-137 1,000,000 4.47E-07 3.64E-07 7.40E-03 7.40E-03
Ir-192 1,000,000 3.95E-07 5.22E-07 1.07E-02 1.07E-02
Po-210 1,000,000 1.32E-04 5.55E-12 1.11E-07 1.32E-04
Pu-238 1,000,000 5.49E-03 6.52E-11 1.12E-05 5.50E-03
Pu-239 1,000,000 6.01E-03 5.66E-11 4.90E-06  6.01E-03
Ra-226 1,000,000 1.21E-04 1.19E-06 2.21E-02  2.23E-02
Sr-90 1,000,000 1.83E-05 2.64E-09 7.48E-05 9.31E-05

a  Air concentration = 1 pCi/m3 in all cases.

TABLE 3.10 Stay Times? with Full-Face Air-Purifying Respirators Based on Gross Alpha Surface

Measurement
Activity per Unit Area Stay Time? for Given Dose, h

pCi/em? Bg/cm?  dpm/100 cm? 0O.lrem O0S5rem 1rem 2 rem 5 rem 10rem 25rem 100 rem
1,000 37 222,200 4.5E+02 - - - - - - -
10,000 370 2.22 x 106 4.5E+01 2.2E+02 4.5E+02 9.0E+02 - - - -
100,000 3,700 2.22 x 107 4.5E+00 2.2E+01 4.5E+01 9.0E+01 2.2E+02 4.5E+02 1.1E+03 -
1x10° 37,000 2.22x108 4.5E-01 2.2E+00 4.5E+00 9.0E+00 2.2E+01 4.5E+01 1.1E+02 4.5E+02
1x107 370,000 2.22x 10° 4.5E-02 2.2E-01 4.5E-01 9.0E-01 2.2E+00 4.5E+00 1.1E+01 4.5E+01

2 For stay time calculations, Ra-226 was used as a reference radionuclide. If the contaminant is known and is
other than Ra-226, stay times can be adjusted with multiplication by the correction factors. The correction
factors were calculated as the ratio of the DSR of the reference radionuclide to the DSR of the radionuclide of
concern. The correction factors for different radionuclides are as follows: Am-241 = 3; Cf-252 = 10;
Cm-244 = 6; Po-210 = 200; Pu-238 = 4; Pu-239 = 4; and Ra-226 = 1. For example, if the contaminant is Cf-252
and the measured surface concentration is 1,000 pCi/cm?, the first responder with a full-face air-purifying
respirator can spend up to 450 x 10 = 4,500 hours at the RDD event location without receiving a radiation dose

greater than 100 mrem.
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TABLE 3.11 Stay Times? with Full-Face Air-Purifying Respirators Based on p-y Surface
Measurement

Activity per Unit Area Stay Time? for Given Dose, h

pCi/cm? Bg/cm? dpm/100cm? 0O.lrem 0S5rem lrem 2rem Srem 10rem 25rem 100 rem

1,000 37 222,200 3.2E+02 1.6E+03 - - -
10,000 370 2.22 x 10° 3.2E+01 1.6E+02 3.2E+02 6.4E+02 1.6E+03 - -
100,000 3,700 2.22 x 107 3.2E+00 1.6E+01 3.2E+01 6.4E+01 1.6E+02 3.2E+02 8.0E+02 -

1 x
1 x

106 37,000 2.22x108 3.2E-01 1.6E+00 3.2E+00 6.4E+00 1.6E+01 3.2E+01 8.0E+01 3.2E+02
107 370,000 222 x 10° 3.2E-02 1.6E-01 3.2E-01 6.4E-01 1.6E+00 3.2E+00 8.0E+00 3.2E+01

a

For stay time calculations, Co-60 was used as a reference radionuclide. If the contaminant is known and is other
than Co-60, stay times can be adjusted with multiplication by the correction factors. The correction factors were
calculated as the ratio of the DSR of the reference radionuclide to the DSR of the radionuclide of concern. The
correction factors for different radionuclides are as follows: Am-241 =5; Co-60 = 1; Cs-137 =4; Ir-192 = 3;
Ra-226 = 1; and Sr-90 = 300. For example, if the contaminant is Cs-137 and the measured surface concentration is
1,000 pCi/cm?, the first responder with a full-face air-purifying respirator can spend up to 320 x 4 = 1,280 hours at
the RDD event location without receiving a radiation dose greater than 100 mrem.

TABLE 3.12 Stay Times? with Full-Face Air-Purifying Respirators Based on Air Concentration
Measurement

Air Concentration Stay Time? for Given Dose, h

pCi/m3 Bg/m3 Dpm/m> 0lrem 05rem lrem 2rem Srem 10rem 25rem 100 rem

10 0.37 22.2 3.2E+02 1.6E+03 - - -
100 3.7 222 3.2E+01 1.6E+02 3.2E+02 6.4E+02 1.6E+03 - -
1,000 37 2,220 3.2E+00 1.6E+01 3.2E+01 6.4E+01 1.6E+02 3.2E+02 8.0E+02 -
10,000 370 22,200 3.2E-01 1.6E+00 3.2E+00 6.4E+00 1.6E+01 3.2E+01 8.0E+01 3.2E+02

100,000 3,700 222,000 3.2E-02 1.6E-01 3.2E-01 6.4E-01 1.6E+00 3.2E+00 8.0E+00 3.2E+01

For stay time calculations, Co-60 is used as a reference radionuclide. If the contaminant is known and is other
than Co-60, stay times can be adjusted with multiplication by the correction factors. The correction factors were
calculated as the ratio of the DSR of the reference radionuclide to the DSR of the radionuclide of concern. The
correction factors for different radionuclides are as follows: Am-241 = 5; Cf-252 = 10; Cm-244 = 9; Co-60 = 1;
Cs-137 =4; Ir-192 = 3; Po-210 = 200; Pu-238 = 6; Pu-239 = 5; Ra-226 = 1; and Sr-90 = 300. For example, if the
contaminant is Cf-252 and the measured air concentration is 100 pCi/m3, the first responder who uses a full-face
air-purifying respirator can spend up to 32 x 10 = 320 hours at the RDD event location without receiving a
radiation dose greater than 100 mrem.
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TABLE 3.13 Stay Times? with Full-Face Air-Purifying Respirators Based on Gamma Exposure
Rate Measurement

Exposure Rate Stay Time? for Given Dose, h

uR/h mR/h 0.1rem  0.5rem 1 rem 2 rem 5 rem 10 rem 25 rem 100 rem

10 0.01 1.2E+01 5.8E+01 1.2E+02 23E+02 5.8E+02 1.2E+03

100 0.1 1.2E+00 5.8E+00 1.2E+01 23E+01 5.8E+01 1.2E+02 29E+02 1.2E+03
1,000 1 1.2E-01 5.8E-01 1.2E+00 23E+00 S5.8E+00 1.2E+01 2.9E+01 1.2E+02
10,000 10 1.2E-02 58E-02 1.2E-01 23E-01 5.8E-01 1.2E+00 2.9E+00 1.2E+01
100,000 100 1.2E-03 5.8E-03 1.2E-02 23E-02 5.8E-02 1.2E-01 29E-01 1.2E+00

1 x 106 1,000 1.2E-04 58E-04 1.2E-03 23E-03 5.8E-03 1.2E-02 29E-02 1.2E-01
1x107 10,000 1.2E-05 5.8E-05 1.2E-04 23E-04 5.8E-04 1.2E-03 29E-03 1.2E-02

2 For stay time calculations, Pu-239 was used as a reference radionuclide. If the contaminant is known and is
other than Pu-239, stay times can be adjusted with multiplication by the correction factors. The correction
factors were calculated as the ratio of the fractional dose contribution from submersion and groundshine to the
total for the radionuclide of concern to the fractional dose contribution from submersion and groundshine to the
total for Pu-239. The correction factors for different radionuclides are as follows: Am-241 = 70; Cf-252 = 5;
Cm-244 = 4; Co-60 = 1,200; Cs-137 = 1,200, Ir-192 = 1,200; Po-210 = 1; Pu-238 =2; Pu-239 =1;

Ra-226 = 1,200; and Sr-90 = 1,000. For example, if the contaminant is Cm-244 and the measured exposure
rate is 10 mR/h, the first responder who wears a full-face air-purifying respirator can spend up to

1.2E-2 x 4 = 3 minutes (0.048 hours) at the RDD event location without receiving a radiation dose greater than
100 mrem.

3.5 STAY TIME TABLES WITH FULL-FACE CONTINUOUS-FLOW
ATMOSPHERE-SUPPLYING RESPIRATORS

The stay time tables for this case apply to emergency workers who wear full-face
continuous-flow atmosphere-supplying respirators. The assigned protection factor for this type of
respirator was 1,000 (Appendix A to 10 CFR Part 20). The ground surface concentration was
calculated from the air concentration by using a resuspension factor of 1 x 10-6 m-1. The
instantaneous dose was calculated (i.e., no decay and ingrowth were included). It was assumed
that ground contamination was infinite in extent. Table 3.15 provides the DSRs for different

exposure pathways based on the air concentration to which workers would be exposed.

Table 3.16 provides the stay times for given doses when the surface concentration is
known. Since Ra-226 has the maximum DSR among the alpha emitters (see Table 3.15), it was
used as a reference radionuclide for calculating stay times. This table should be used only when

the total surface concentration (in terms of gross alpha concentration) is known but radionuclides
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TABLE 3.14 Radionuclide Correction Factor with Full-Face
Air-Purifying Respirators

Correction Factor for Stay Times Based on
Surface Concentration Measurement

Air Concentration Alpha Exposure Rate
Radionuclide Measurement®  Emitters®  B-y Emitters*  Measurementd
Am-241 5 3 5 70
Cf-252 10 10 - 5
Cm-244 9 6 - 4
Co-60 1 - 1 1,200
Cs-137 4 - 4 1,200
Ir-192 3 - 3 1,200
Po-210 200 200 - 1
Pu-238 6 4 - 2
Pu-239 5 4 - 1
Ra-226 1 1 1 1,200
Sr-90 300 — 300 1,000

@ For stay times based on the air concentration measurement, Co-60 was used as
the reference radionuclide.

For stay times based on the surface concentration measurements, Ra-226 was
used as the reference radionuclide for alpha emitters.

¢ For stay times based on the surface concentration measurements, Co-60 was
used as the reference radionuclide for B-y emitters.

For stay times based on the exposure rate measurement, Pu-239 was used as the
reference radionuclide.

are not identified. If the contaminants are -y emitters (rather than alpha emitters), the stay times
for B-y surface concentration (listed in Table 3.17) should be used. (Note that values in

Table 3.17 are more restrictive than values in Table 3.16.) Table 3.17 can also be used when the
contaminant type (alpha or B-y) is not known. To get the stay times for -y emitters, Co-60 was
used as a reference radionuclide because it has the maximum DSR. Table 3.18 provides stay
times for given doses when the air concentration is known. Since Co-60 has the maximum DSR
(see Table 3.15), it was used as a reference radionuclide for calculating stay times. Table 3.19
presents stay times for B-y emitters when exposure rates are known. It is assumed that an
exposure rate of 1 R would result in a dose of 0.7 rem (effective dose equivalent). Since the
fractional contribution of submersion and groundshine to the total dose is the least for Pu-239, it
was used as a reference radionuclide for calculating stay times based on the exposure rate

measurement.
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TABLE 3.15 Pathway-Specific and Total Dose-to-Source Ratio
(mrem/h per pCi/m3) with Full-Face Continuous-Flow Atmosphere-
Supplying Respirator from Unit Air Concentration?

Deposited

Surface
Concentration Inhalation Submersion Groundshine Total
Radionuclide (pCi/m?) (mrem/h) (mrem/h) (mrem/h)  (mrem/h)

Am-241 1,000,000 6.22E-04 1.09E-08 3.66E-04  9.88E-04
Cf-252 1,000,000 2.20E-04  6.76E-11 9.62E-06  2.29E-04
Cm-244 1,000,000 3.47E-04  6.55E-11 1.18E-05  3.59E-04
Co-60 1,000,000 3.07E-07 1.68E-06 3.13E-02  3.13E-02
Cs-137 1,000,000 4.47E-08 3.64E-07 7.40E-03  7.40E-03
Ir-192 1,000,000 3.95E-08 5.22E-07 1.07E-02 1.07E-02
Po-210 1,000,000 1.32E-05 5.55E-12 1.11E-07 1.33E-05
Pu-238 1,000,000 5.49E-04  6.52E-11 1.12E-05  5.60E-04
Pu-239 1,000,000 6.01E-04  5.66E-11 4.90E-06  6.05E-04
Ra-226 1,000,000 1.21E-05 1.19E-06 221E-02  2.22E-02
Sr-90 1,000,000 1.83E-06  2.64E-09 748E-05  7.66E-05

a  Air concentration = 1 pCi/m3 in all cases.

TABLE 3.16 Stay Times? with Full-Face Continuous-Flow Atmosphere-Supplying Respirators
Based on Gross Alpha Surface Measurement

Activity per Unit Area Stay Time? for Given Dose, h
pCi/em?* Bg/em?  dpm/100 cm? O.lrem 0.5rem 1 rem 2 rem Srem 10rem 25rem 100 rem
1,000 37 222,200 4.5E+02 - - - - - - -

10,000 370 2.22 x 100 4.5E+01 23E+02 4.5E+02 9.0E+02 - - - -
100,000 3,700 2.22 x 107 4.5E+00 23E+01 4.5E+01 9.0E+01 2.3E+02 4.5E+02 1.1E+03 -
1 x10° 37,000 222 x 108 4.5E-01 23E+00 4.5E+00 9.0E+00 2.3E+01 4.5E+01 1.1E+02 4.5E+02
1x107 370,000 2.22x 107 4.5E-02 2.3E-01 4.5E-01 9.0E-01 2.3E+00 4.5E+00 1.1E+01 4.5E+01

2 For stay time calculations, Ra-226 was used as a reference radionuclide. If the contaminant is known and is other than
Ra-226, stay times can be adjusted with multiplication by the correction factors. The correction factors were calculated as
the ratio of the DSR of a reference radionuclide to the DSR of the radionuclide of concern. The correction factors for
different radionuclides are as follows: Am-241 = 20; Cf-252 = 100; Cm-244 = 60; Po-210 = 2,000; Pu-238 = 40;

Pu-239 = 40; and Ra-226 = 1. For example, if the contaminant is Cf-252 and the measured surface concentration is
100,000 pCi/cm?, the first responder with a full-face continuous-flow atmosphere-supplying respirator can spend up to
4.5 x 100 =450 hours at the RDD event location without receiving a radiation dose greater than 100 mrem.
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TABLE 3.17 Stay Times? with Full-Face Continuous-Flow Atmosphere-Supplying Respirators
Based on p-y Surface Measurement

Activity per Unit Area Stay Time? for Given Dose, h
pCicm2 Bgem? dpm/100 cm? 0.lrem 0.5rem 1 rem 2 rem Srem 10rem  25rem 100 rem
1,000 37 222,200 3.2E+02 1.6E+03 - - - - - -
10,000 370 222 x 106 3.2E+01 1.6E+02 3.2E+02 6.4E+02 1.6E+03 - - -
100,000 3,700 2.22 x 107 3.2E+00 1.6E+01 3.2E+01 6.4E+01 1.6E+02 3.2E+02 8.0E+02 -
1% 10° 37,000 2.22 % 108 3.2E-01 1.6E+00 3.2E+00 6.4E+00 1.6E+01 3.2E+01 8.0E+01 3.2E+02
1 x 107 370,000 2.22 x 10° 3.2E-02  1.6E-01 3.2E-01 6.4E-01 1.6E+00 3.2E+00 8.0E+00 3.2E+01

For stay time calculations, Co-60 was used as a reference radionuclide. If the contaminant is known and is other than
Co-60, stay times can be adjusted with multiplication by the correction factors. The correction factors were calculated as the
ratio of the DSR of a reference radionuclide to the DSR of the radionuclide of concern. The correction factors for different
radionuclides are as follows: Am-241 = 30; Co-60 = 1; Cs-137 = 4; Ir-192 = 3; Ra-226 = 1; and Sr-90 = 400. For example,
if the contaminant is Cs-137 and the measured surface concentration is 1,000 pCi/cm?, the first responder with a full-face
continuous-flow atmosphere-supplying respirator can spend up to 320 x 4 = 1,280 hours at the RDD event location without
receiving a radiation dose greater than 100 mrem.

TABLE 3.18 Stay Times? with Full-Face Continuous-Flow Atmosphere-Supplying Respirators
Based on Air Concentration Measurement

Air Concentration Stay Time? for Given Dose, h

pCi/m3 Bg/m3 Dpm/m3 0lrem 05rem 1lrem 2rem Srem 10rem 25rem 100 rem

10 0.37 222 3.2E+02 1.6E+03 - - - - - -
100 3.7 222 32E+01 1.6E+02 3.2E+02 6.4E+02 1.6E+03 - - -
1,000 37 2,220 32E+00 1.6E+01 3.2E+01 6.4E+01 1.6E+02 3.2E+02 8.0E+02 -

10,000 370 22,200 3.2E-01 1.6E+00 3.2E+00 6.4E+00 1.6E+01 3.2E+01 8.0E+01 3.2E+02
100,000 3,700 222,000 3.2E-02 1.6E-01 3.2E-01 64E-01 1.6E+00 3.2E+00 8.0E+00 3.2E+01

@ For stay time calculations, Co-60 was used as a reference radionuclide. If the contaminant is known and is

other than Co-60, stay times can be adjusted with multiplication by the correction factors. The correction
factors were calculated as the ratio of the DSR of a reference radionuclide to the DSR of the radionuclide of
concern. The correction factors for different radionuclides are as follows: Am-241 = 30; Cf-252 = 100;
Cm-244 =90; Co-60 = 1; Cs-137 = 4; Ir-192 = 3; Po-210 = 2,000; Pu-238 = 60; Pu-239 = 50; Ra-226 = 1;
and Sr-90 = 400. For example, if the contaminant is Cf-252 and the measured air concentration is

100 pCi/m3, the first responder who uses a full-face continuous-flow atmosphere-supplying respirator can
spend up to 32 x 100 = 3,200 hours at the RDD event location without receiving a radiation dose greater
than 100 mrem.
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TABLE 3.19 Stay Times? with Full-Face Continuous-Flow Atmosphere-Supplying Respirators

Based on Gamma Exposure Rate Measurement

Exposure Rate

Stay Time? for Given Dose, h

uR/h mR/h 0.lrem  0.5rem 1 rem 2 rem 5 rem 10 rem 25 rem 100 rem
10 0.01 1.2E+02 58E+02 1.2E+03

100 0.1 1.2E+01 5.8E+01 1.2E+02 23E+02 5.8E+02 1.2E+03

1,000 1 1.2E+00 5.8E+00 1.2E+01 23E+01 5.8E+01 1.2E+02 2.9E+02 1.2E+03
10,000 10 1.2E-01 5.8E-01 1.2E+00 2.3E+00 S5.8E+00 1.2E+01 2.9E+01 1.2E+02
100,000 100 1.2E-02 5.8E-02 1.2E-01 23E-01 5.8E-01 1.2E+00 2.9E+00 1.2E+01
1x10° 1,000 1.2E-03 5.8E-03 1.2E-02 23E-02 5.8E-02 1.2E-01 29E-01 1.2E+00
1x107 10,000 1.2E-04 58E-04 1.2E-03 23E-03 5.8E-03 1.2E-02 2.9E-02 1.2E-01

a

For stay time calculations, Pu-239 was used as a reference radionuclide. If the contaminant is known and is

other than Pu-239, stay times can be adjusted with multiplication by the correction factors. The correction
factors were calculated as the ratio of the fractional dose contribution from submersion and groundshine to the
total for the radionuclide of concern to the fractional dose contribution from submersion and groundshine to the
total for Pu-239. The correction factors for different radionuclides are as follows: Am-241 =50; Cf-252 = 5;
Cm-244 = 4; Co-60 = 120; Cs-137 = 120; Ir-192 = 120; Po-210 = 1; Pu-238 = 2; Pu-239 = 1; Ra-226 = 120;
and Sr-90 = 120. For example, if the contaminant is Cm-244 and the measured exposure rate is 10 mR/h, the

first responder who wears a full-face continuous-flow atmosphere-supplying respirator can spend up to

1.2E-1 x 4 =0.48 hours = 30 minutes at the RDD event location without receiving a radiation dose greater

than 100 mrem.

Stay times listed in Tables 3.16—3.19 are for use when radionuclides are not identified. If

radionuclides are identified, the radionuclide correction factors listed in Table 3.20 can be used

to adjust the stay times. For stay times developed based on air concentration or surface

concentration measurements, the correction factors were calculated as the ratio of the DSR of the

reference radionuclide to the DSR of the radionuclide of concern. For stay times developed

based on exposure rate measurements, the correction factors were calculated as the ratio of the

fractional dose contribution from submersion and groundshine to the total for the radionuclide of

concern to the fractional dose contribution from submersion and groundshine to the total for the

reference radionuclide.
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TABLE 3.20 Radionuclide Correction Factor with Full-Face
Continuous-Flow Atmosphere-Supplying Respirators

Correction Factor for Stay Times Based on
Surface Concentration Measurement

Air Concentration Alpha Exposure Rate
Radionuclide Measurement? Emitters®  B-y Emitters® Measurementd
Am-241 30 20 30 50
Cf-252 100 100 - 5
Cm-244 90 60 - 4
Co-60 1 - 1 120
Cs-137 4 - 4 120
Ir-192 3 - 3 120
Po-210 2,000 2,000 - 1
Pu-238 60 40 - 2
Pu-239 50 40 - 1
Ra-226 1 1 1 120
Sr-90 400 - 400 120

2 For stay times based on the air concentration measurement, Co-60 was used as
the reference radionuclide.

b For stay times based on the surface concentration measurements, Ra-226 was
used as the reference radionuclide for alpha emitters.

¢ For stay times based on the surface concentration measurements, Co-60 was
used as the reference radionuclide for f-y emitters.

4 For stay times based on the exposure rate measurement, Pu-239 was used as
the reference radionuclide.
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4 GROUP B: EARLY-PHASE PROTECTIVE ACTION
(EVACUATION OR SHELTERING)

The operational guidelines for early phase protective action were developed to use in
deciding whether to evacuate or shelter the general public after an RDD incident. “Early phase”
is defined as the first 4 days following the RDD event. The 4-day integrated dose was calculated,
and the operational guidelines were derived on the basis of a total effective dose equivalent of
1 rem or 5 rem. The operational guidelines are expressed as limiting concentrations in ground
surface soil. If the measured surface soil concentration is higher than the values in the
operational guidelines, the protective actions would be justified in the early phase of an RDD

event.

Three potential exposure scenarios were considered for deriving the Group B operational
guidelines. The scenarios take into account the different time fractions spent in an indoor and
outdoor environment by different receptors. The scenarios assume that the receptor would spend
100% of the time (either indoors or outdoors) in the contaminated area. The concentration was
corrected for radioactive decay. The operational guidelines were derived by using two
methodologies.?2 One methodology is used by FRMAC. The other methodology is used by OGT.

The differences between these two methodologies are discussed in the following sections.

4.1 FRMAC METHODOLOGY

When the FRMAC methodology was used to decide which protective action to
implement in the early phase, it was assumed that an infinitely large ground surface was
contaminated. No correction for weathering was implemented. A receptor was assumed to incur
radiation doses through (1) exposure to external radiation from the contaminated ground surface,
(2) inhalation of contaminated air, (3) exposure to external radiation from submersion in
contaminated air, and/or (4) ingestion of contamination deposited on the surface. The external

doses were corrected for ground surface roughness. When the receptor was indoors, the indoor

2 The FRMAC method is designed primarily for the early phase application, whereas the OGT method can be used
for all (early, intermediate, and late) phases. The OGT method is used here to demonstrate the derivation of
operational guidelines using consistent methodology. The FRMAC method is currently being updated, and some
of the models used in the OGT method (or similar models) are being included in FRMAC. It is expected that
both methods will produce similar (if not identical) operational guidelines.
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air concentration was corrected by the indoor dust filtration factor (dose reduction due to

sheltering), and the external dose was also corrected for shielding provided by the building.

4.2 OGT METHODOLOGY

In the OGT methodology, for the early phase, it was assumed that a ground surface
measuring 10,000 m2, as well as the exterior of a building (four walls and the roof), were
contaminated after an RDD event. It was assumed that the RDD event occurred in an urban
environment. It was further assumed that the indoor surfaces were not contaminated during the
first four days (early phase). The contamination level on the roof was assumed to be the same as
that on the ground surface, and the contamination level on the other exterior walls was assumed
to be half of the contamination level on the ground surface. This is a conservative assumption
because the concentration levels on exterior walls could actually be much lower than half of the
soil/street contamination level (Andersson et al. 2003). If the actual contamination data are
available for roof and exterior walls, then those values can be used in deriving site-specific

operational guidelines.

To be consistent with the overall OGT methodology, the weathering correction was
applied for the 4-day period, even though it would not be significant for the first 4-day period. A
receptor was assumed to incur radiation doses through (1) exposure to external radiation from the
multiple contaminated surfaces, (2) inhalation of contaminated air, (3) exposure to external
radiation from submersion in contaminated air, and (4) ingestion of contamination deposited on
the surfaces. The external doses from the ground surface were corrected for surface roughness,
but no correction was applied to the contamination on the building surfaces. That is, the
roughness correction factor for building surfaces is assumed to be unity. The roughness for
building surfaces would depend on the type of material used. Rochedo et al. (1996) provided
initial shielding factors (roughness correction factors) for different urban building surfaces. The
surface roughness correction factors for the roof and exterior walls were 1 and 0.95, respectively.
For derivation of operational guidelines, it was conservatively assumed that both the roof and

exterior walls have smooth surfaces, so a roughness correction factor of unity was applied.

The average resuspension factor accounting for weathering, radionuclide decay, and
vehicular traffic was used to calculate the outdoor air concentration. A multiplication factor of 10
was used to account for vehicular traffic in an urban environment (Walsh 2002). The indoor air

concentration had two components: one from resuspension of interior surface contamination and



the other from air exchange with outdoor air contamination. The outdoor air concentration was
corrected by the indoor dust filtration factor to get the second component for the indoor air
concentration. The indoor resuspension factor was assumed to be constant at 10-6 m-!

(IAEA 2002; NRC 2001; EPA 1991). However, for the 4-day period, since the contamination
was only outdoors, the first component for the indoor air concentration would be zero. The
external dose for the inside receptor from outside contamination was also corrected for shielding
provided by the building.

4.3 KEY PARAMETERS USED

An average resuspension factor for the 4-day exposure period was used in calculating the
outdoor air concentration for the early phase protective action (evacuation/sheltering) operational
guidelines. The resuspension factors used to calculate the average values were 10-6 m-1 for the
first day, which decreased at 10-6/¢ (¢ = time in days) for times from 1 day to 1,000 days and was
constant at 10-2 m-! for times greater than 1,000 days. For the OGT method, an average
resuspension factor was also multiplied by a factor of 10 to account for the higher resuspension

due to vehicular traffic in an urban environment (Walsh 2002).

The indoor dust infiltration factor of 0.55 was used, which is the mean value from the
uniform distribution in NUREG/CR-6697 (Yu et al. 2000). Although the FRMAC default
scenario deals with outdoor receptors only, the FRMAC manual suggests using a 50% reduction
in the inhalation dose if the structure is closed up (Rhodes et al. 2003a). This value (50%) is
close to the value (0.55) used in this analysis for calculating the Group B operational guidelines
by using both the FRMAC and OGT methodologies.

The roughness correction factor of 0.7 for the ground surface, based on the default value
from FRMAC, was used in both methodologies. The FRMAC provides shielding factors for
different structures for external radiation incurred by a receptor inside a building from outdoor
ground surface deposition (Rhodes et al. 2003b). The values vary from 0.4 (one- and two-story
wood frame house) to 0.005 (in the basement of a multistory structure). Since the RDD event
was assumed to occur in an urban environment, a shielding factor of 0.2 was used in the dose
calculations, which is the value suggested by the FRMAC methodology for one- and two-story
block and brick houses. The ingestion rate of 2.5 x 10-5 m2/h was used for direct ingestion of the
contamination on the ground surface. This ingestion rate was based on the default ingestion rate
of 6 x 104 m2/d used by FRMAC for the public (Rhodes et al. 2003a).
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The urban building modeled with the OGT methodology was the urban apartment
(geometry number 3) listed in Table 2.4 in Chapter 2. It has a floor area of 100 m2, a ceiling

height of 2.4 m, and a shielding thickness of 10 cm of concrete for walls and roof.

4.4 SCENARIO DESCRIPTION

Scenario B-1 (resident spending time indoors) assumes that the outside ground surface is
contaminated and that the resident spends 100% of the time indoors. Under this scenario, the
resident would incur radiation doses through (1) exposure to external radiation from the
contaminated surfaces while indoors, (2) inhalation of contaminated air while indoors, and
(3) exposure to external radiation from submersion in contaminated air while indoors. In the dose
calculations, the inhalation rate used for the resident was 0.96 m3/h (23 m3/d). This value
corresponds to the breathing rate for the “reference man” from ICRP Publication 23
(ICRP 1974). This value is also consistent with the mode of distribution for the inhalation rates
of residents in NUREG/CR-6697 (Yu et al. 2000). Since the resident would not be in direct
contact with contaminated surfaces, there would not be any direct ingestion dose. The external
dose was corrected for ground surface roughness and the shielding provided by the building. The

air concentration inside the building was corrected by the dust filtration factor.

Scenario B-2 (resident spending time both indoors and outdoors) assumes that the
resident spends 16.4 h/d indoors and 7.6 h/d outdoors. The value chosen for the time spent
indoors is based on the recommendation in the Exposure Factor Handbook (EPA 1997). Under
this scenario, it is assumed that the resident would incur radiation doses through (1) exposure to
external radiation from the contaminated surfaces while indoors, (2) exposure to external
radiation from the contaminated ground surface while outdoors, (3) inhalation of contaminated
air while indoors, (4) inhalation of contaminated air while outdoors, (5) exposure to external
radiation from submersion in contaminated air while indoors, (6) exposure to external radiation
from submersion in contaminated air while outdoors, and (7) ingestion of contamination
deposited on the ground surface while outdoors. In the dose calculations, the inhalation rate used
for the resident indoors was 0.96 m3/h. This inhalation rate was same as that used in
Scenario B-1. When the receptor was outdoors, the resident was assumed to have a higher
inhalation rate of 1.4 m3/h. This value is consistent with the mode of distribution for the
inhalation rates of workers in NUREG/CR-6697 (Yu et al. 2000). The external ground surface
dose was corrected for surface roughness. While the receptor was indoors, the external dose from

the ground surface was corrected for the shielding provided by the building, and the air



concentration inside the building resulting from resuspension from the outside ground surface

contamination was corrected by the dust filtration factor.

Scenario B-3 (worker spending time outdoors) assumes that the worker spends 100% of
the time outdoors. Under this scenario, it is assumed that the worker would incur radiation doses
through (1) exposure to external radiation from the contaminated ground surface, (2) inhalation
of contaminated air, (3) exposure to external radiation from submersion in contaminated air, and
(4) ingestion of contamination deposited on the ground surface. In the dose calculations, the
inhalation rate used for the worker was 1.2 m2/h, which is the same as the breathing rate for the
reference man performing light activity in ICRP Publication 23 (ICRP 1974). The FRMAC
manual assumes the same default breathing rate for an adult (Rhodes et al. 2003b). This
assumption for the breathing rate would overestimate the dose for 24 hours per day exposure (as
stated in the FRMAC manual). The external dose from ground surface contamination was

corrected for ground surface roughness.

4.5 DOSE CALCULATION BASED ON FRMAC METHODOLOGY

Tables 4.1-4.3 provide the time-integrated dose for the 4-day period calculated by using
the FRMAC methodology. Table 4.1 shows the DSRs for the B-1 scenario (resident spending
100% of the time indoors) from individual pathways. The doses from individual pathways were
added to get the total DSRs. Since the receptor spends all the time indoors, the doses from
external radiation from the contaminated ground surface while outdoors, inhalation of
contaminated air while outdoors, external radiation from submersion in contaminated air while
outdoors, and ingestion of contamination deposited on the ground surface while outdoors were

all zero.

Table 4.2 shows DSRs for the B-2 scenario (resident spending 16.4 h/d indoors and
7.6 h/d outdoors) from individual pathways. Doses from individual pathways were added to get
the total DSRs. Since the receptor spends time indoors as well as outdoors, all the pathways were

active.

Table 4.3 shows DSRs for the B-3 scenario (worker spending 100% of the time outdoors)
from individual pathways. Doses from individual pathways were added to get the total DSRs.

Since the receptor spends all the time outdoors, doses from external radiation from the
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TABLE 4.1 DSRs (mrem per pCi/m2) for 4-Day Exposure Calculated with the FRMAC
Methodology for a Resident Spending 100% of the Time Indoors

DSR from Individual Exposure Pathway

Dust
External, External, Inhalation, Inhalation, Submersion, Submersion, Ingestion,

Radionuclide  Outside Inside Outside Inside Outside Inside Outside Total

Am-241 0.0E+00 4.9E-09 0.0E+00 1.3E-05 0.00E+00 3.4E-13 0.00E+00  1.3E-05
Cf-252 0.0E+00 1.3E-10 0.0E+00 4.7E-06 0.00E+00 2.1E-15 0.00E+00 4.7E-06
Cm-244 0.0E+00  1.6E-10 0.0E+00 7.5E-06 0.00E+00 2.1E-15 0.00E+00  7.5E-06
Co-60 0.0E+00  4.2E-07 0.0E+00 6.6E-09 0.00E+00 5.3E-11 0.00E+00  4.3E-07
Cs-137 0.0E+00  9.9E-08 0.0E+00 9.6E-10 0.00E+00 1.1E-11 0.00E+00  1.0E-07
Ir-192 0.0E+00 1.4E-07 0.0E+00 8.4E-10 0.00E+00 1.6E-11 0.00E+00  1.4E-07
Po-210 0.0E+00 1.5E-12 0.0E+00 2.8E-07 0.00E+00 1.7E-16 0.00E+00  2.8E-07
Pu-238 0.0E+00 1.5E-10 0.0E+00 1.2E-05 0.00E+00 2.1E-15 0.00E+00  1.2E-05
Pu-239 0.0E+00 6.6E-11 0.0E+00 1.3E-05 0.00E+00 1.8E-15 0.00E+00 1.3E-05
Ra-226 0.0E+00 3.0E-07 0.0E+00 2.6E-07 0.00E+00 3.7E-11 0.00E+00 5.6E-07
Sr-90 0.0E+00 1.0E-09 0.0E+00 4.0E-08 0.00E+00 8.3E-14 0.00E+00  4.1E-08

TABLE 4.2 DSRs (mrem per pCi/m2) for 4-Day Exposure Calculated with the FRMAC
Methodology for a Resident Spending 16.4 h/d Indoors and 7.6 h/d Working Outdoors

DSR from Individual Exposure Pathway

Dust
External, External, Inhalation, Inhalation, Submersion, Submersion, Ingestion,

Radionuclide Outside Inside Outside Inside Outside Inside Outside Total

Am-241 7.8E-09 3.4E-09 1.1E-05 9.2E-06 2.0E-13 2.4E-13 2.8E-06 2.3E-05
Cf-252 2.0E-10 8.8E-11 4.0E-06 3.2E-06 1.2E-15 1.5E-15 8.2E-07 8.0E-06
Cm-244 2.5E-10 1.1E-10 6.3E-06 5.1E-06 1.2E-15 1.4E-15 1.5E-06 1.3E-05
Co-60 6.7E-07 2.9E-07 5.6E-09 4.5E-09 3.0E-11 3.6E-11 2.0E-08 9.8E-07
Cs-137 1.6E-07 6.8E-08 8.1E-10 6.6E-10 6.6E-12 7.8E-12 3.8E-08 2.6E-07
Ir-192 2.2E-07 9.7E-08 7.0E-10 5.7E-10 9.3E-12 1.1E-11 4.3E-09 3.3E-07
Po-210 2.3E-12 1.0E-12 2.4E-07 1.9E-07 1.0E-16 1.2E-16 1.4E-06 1.9E-06
Pu-238 2.4E-10 1.0E-10 1.0E-05 8.1E-06 1.2E-15 1.4E-15 2.4E-06 2.0E-05
Pu-239 1.0E-10 4.5E-11 1.1E-05 8.8E-06 1.0E-15 1.2E-15 2.7E-06 2.2E-05
Ra-226 4.7E-07 2.0E-07 2.2E-07 1.8E-07 2.2E-11 2.6E-11 1.0E-06 2.1E-06

Sr-90 1.6E-09 6.9E-10 3.3E-08 2.7E-08 4.8E-14 5.7E-14 1.2E-07 1.8E-07
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TABLE 4.3 DSRs (mrem per pCi/m2) for 4-Day Exposure Calculated with the FRMAC

Methodology for a Worker Spending 100% of the Time Outdoors

DSR from Individual Exposure Pathway

Dust
External, External, Inhalation, Inhalation, Submersion, Submersion, Ingestion,

Radionuclide Outside Inside Outside Inside Outside Inside Outside Total

Am-241 2.5E-08 0.00E+00 3.1E-05 0.00E+00 6.3E-13 0.00E+00 8.7E-06 3.9E-05
Cf-252 6.5E-10 0.00E+00 1.1E-05 0.00E+00 3.9E-15 0.00E+00 2.6E-06 1.3E-05
Cm-244 7.9E-10 0.00E+00 1.7E-05 0.00E+00 3.8E-15 0.00E+00 4.8E-06 2.2E-05
Co-60 2.1E-06 0.00E+00 1.5E-08 0.00E+00 9.6E-11 0.00E+00 6.5E-08 2.2E-06
Cs-137 5.0E-07 0.00E+00 2.2E-09 0.00E+00 2.1E-11 0.00E+00 1.2E-07 6.2E-07
Ir-192 7.1E-07 0.00E+00 1.9E-09 0.00E+00 2.9E-11 0.00E+00 1.4E-08 7.2E-07
Po-210 7.4E-12 0.00E+00 6.4E-07 0.00E+00 3.2E-16 0.00E+00 4.5E-06 5.2E-06
Pu-238 7.5E-10 0.00E+00 2.7E-05 0.00E+00 3.7E-15 0.00E+00 7.7E-06 3.5E-05
Pu-239 3.3E-10 0.00E+00 2.9E-05 0.00E+00 3.2E-15 0.00E+00 8.5E-06 3.8E-05
Ra-226 1.5E-06 0.00E+00 5.9E-07 0.00E+00 6.8E-11 0.00E+00 3.2E-06 5.3E-06
Sr-90 5.0E-09 0.00E+00 9.0E-08 0.00E+00 1.5E-13 0.00E+00 3.7E-07 4.6E-07

contaminated ground surface while indoors, inhalation of contaminated air while indoors, and

external radiation from submersion in contaminated air while indoors were all zero.

4.6 DOSE CALCULATION BASED ON OGT METHODOLOGY

Tables 4.4—4.6 provide dose results by using the OGT methodology. Table 4.4 shows

DSRs for the B-1 scenario (resident spending 100% of the time indoors) from individual

pathways. Doses from individual pathways were added to get the total DSRs. Since the receptor

spends all the time indoors, doses from external radiation from the contaminated ground surface

while outdoors, inhalation of contaminated air while outdoors, external radiation from

submersion in contaminated air while outdoors, and ingestion of contamination deposited on the

ground surface were all zero. Table 4.5 shows DSRs for the B-2 scenario (resident spending

16.4 h/d indoors and 7.6 h/d outdoors) from individual pathways. Since the receptor spends time

indoors as well as outdoors, all the pathways were active. Table 4.6 shows DSRs for the B-3

scenario (worker spending 100% of the time outdoors) from individual pathways. Since the

receptor spends all the time outdoors, doses from external radiation from the contaminated

ground surface while indoors, inhalation of contaminated air while indoors, and external

radiation from submersion in contaminated air while indoors were all zero.



TABLE 4.4 DSRs (mrem per pCi/m2) for 4-Day Exposure Calculated with the OGT Methodology for a Resident Spending
100% of the Time Indoors

DSR from Individual Exposure Pathway

External,
External, External, Exterior External, Dust
Street, Street, Walls, Roof, Inhalation, Inhalation, Submersion, Submersion, Ingestion,

Radionuclide  Outside Inside Inside Inside Outside Inside Outside Inside Outside Total

Am-241 0.0E+00 5.6E-09 2.6E-12  22E-12 0.0E+00 1.3E-04 0.0E+00 3.4E-12 0.0E+00  1.3E-04
Cf-252 0.0E+00 1.3E-10 7.3E-14  7.2E-14 0.0E+00 4.7E-05 0.0E+00 2.1E-14 0.0E+00  4.7E-05
Cm-244 0.0E+00 6.1E-11 0.0E+00  0.0E+00 0.0E+00 7.4E-05 0.0E+00 2.0E-14 0.0E+00 7.4E-05
Co-60 0.0E+00  3.1E-07  7.3E-08 1.9E-07 0.0E+00 6.6E-08 0.0E+00 5.2E-10 0.0E+00  6.4E-07
Cs-137 0.0E+00  7.5E-08 1.5E-08 3.4E-08 0.0E+00 9.6E-09 0.0E+00 1.1E-10 0.0E+00  1.3E-07
Ir-192 0.0E+00  1.1E-07 1.8E-08 3.6E-08 0.0E+00 8.3E-09 0.0E+00 1.6E-10 0.0E+00  1.7E-07
Po-210 0.0E+00 1.1E-12  2.2E-13 5.4E-13 0.0E+00 2.8E-06 0.0E+00 1.7E-15 0.0E+00  2.8E-06
Pu-238 0.0E+00 1.5E-10 2.7E-14  2.0E-14 0.0E+00 1.2E-04 0.0E+00 2.0E-14 0.0E+00  1.2E-04
Pu-239 0.0E+00  6.7E-11 7.4E-13 1.2E-12 0.0E+00 1.3E-04 0.0E+00 1.8E-14 0.0E+00  1.3E-04
Ra-226 0.0E+00 2.2E-07 4.9E-08 1.3E-07 0.0E+00 2.6E-06 0.0E+00 3.7E-10 0.0E+00  3.0E-06

Sr-90 0.0E+00  7.5E-10  6.6E-11 1.6E-10 0.0E+00 3.9E-07 0.0E+00 8.2E-13 0.0E+00  3.9E-07

87



TABLE 4.5 DSRs (mrem per pCi/m2) for 4-Day Exposure Calculated with the OGT Methodology for a Resident Spending
16.4 h/d Indoors and 7.6 h/d Working Outdoors

DSR from Individual Exposure Pathway

External,
External, External, Exterior External, Dust
Street, Street, Walls, Roof, Inhalation, Inhalation, Submersion, Submersion, Ingestion,

Radionuclide ~ Outside Inside Inside Inside Outside Inside Outside Inside Outside Total

Am-241 8.9E-09  3.8E-09 1.8E-12 1.5E-12 1.1E-04 9.1E-05 2.0E-12 2.3E-12 2.7E-06  2.1E-04
Cf-252 2.0E-10  8.7E-11 5.0E-14  49E-14 4.0E-05 3.2E-05 1.2E-14 1.4E-14 8.1E-07  7.2E-05
Cm-244 9.6E-11 41E-11  0.0E+00  0.0E+00 6.2E-05 5.1E-05 1.2E-14 1.4E-14 1.5E-06 1.1E-04
Co-60 49E-07 2.1E-07 5.0E-08 1.3E-07 5.5E-08 4.5E-08 3.0E-10 3.6E-10 2.0E-08 1.0E-06
Cs-137 1.2E-07  5.1E-08 1.0E-08  2.3E-08 8.0E-09 6.5E-09 6.6E-11 7.8E-11 3.8E-08  2.5E-07
Ir-192 1.7E-07  7.4E-08 1.3E-08  2.4E-08 7.0E-09 5.7E-09 9.3E-11 1.1E-10 42E-09  3.0E-07
Po-210 1.7E-12  7.5E-13 1.5E-13 3.7E-13 2.4E-06 1.9E-06 9.9E-16 1.2E-15 1.4E-06  5.7E-06
Pu-238 2.4E-10 1.0E-10 1.8E-14 1.4E-14 9.9E-05 8.0E-05 1.2E-14 1.4E-14 2.4E-06 1.8E-04
Pu-239 1.1E-10  4.6E-11 5.1E-13 7.9E-13 1.1E-04 8.8E-05 1.0E-14 1.2E-14 2.7E-06  2.0E-04
Ra-226 3.5E-07 1.5E-07  3.4E-08 8.6E-08 2.2E-06 1.8E-06 2.1E-10 2.5E-10 1.0E-06  5.6E-06

Sr-90 1.2E-09  5.2E-10 4.5E-11 1.1E-10 3.3E-07 2.7E-07 4.7E-13 5.6E-13 1.2E-07  7.2E-07

6%



TABLE 4.6 DSRs (mrem per pCi/m2) for 4-Day Exposure Calculated with the OGT Methodology for a Resident Spending
100% of the Time Outdoors

DSR from Individual Exposure Pathway

External,
External, External, Exterior External, Dust
Street, Street, Walls, Roof, Inhalation, Inhalation, Submersion, Submersion, Ingestion,

Radionuclide ~ Outside Inside Inside Inside Outside Inside Outside Inside Outside Total

Am-241 2.8E-08  0.0E+00 0.0E+00  0.0E+00 3.0E-04 0.0E+00 6.2E-12 0.0E+00 8.6E-06 3.1E-04
Cf-252 6.4E-10  0.0E+00 0.0E+00  0.0E+00 1.1E-04 0.0E+00 3.8E-14 0.0E+00 2.6E-06 1.1E-04
Cm-244 3.0E-10  0.0E+00 0.0E+00  0.0E+00 1.7E-04 0.0E+00 3.7E-14 0.0E+00 4 .8E-06 1.7E-04
Co-60 1.5E-06  0.0E+00 0.0E+00  0.0E+00 1.5E-07 0.0E+00 9.5E-10 0.0E+00 6.4E-08 1.8E-06
Cs-137 3.7E-07 0.0E+00 0.0E+00  0.0E+00 2.2E-08 0.0E+00 2.1E-10 0.0E+00 1.2E-07  5.1E-07
Ir-192 54E-07 0.0E+00 0.0E+00  0.0E+00 1.9E-08 0.0E+00 2.9E-10 0.0E+00 1.3E-08  5.7E-07
Po-210 5.5E-12  0.0E+00 0.0E+00  0.0E+00 6.4E-06 0.0E+00 3.1E-15 0.0E+00 4.5E-06 1.1E-05
Pu-238 7.7E-10  0.0E+00 0.0E+00  0.0E+00 2.7E-04 0.0E+00 3.7E-14 0.0E+00 7.6E-06  2.7E-04
Pu-239 33E-10  0.0E+00 0.0E+00  0.0E+00 2.9E-04 0.0E+00 3.2E-14 0.0E+00 8.4E-06  3.0E-04
Ra-226 1.1E-06  0.0E+00 0.0E+00  0.0E+00 5.9E-06 0.0E+00 6.7E-10 0.0E+00 3.2E-06 1.0E-05

Sr-90 3.8E-09  0.0E+00 0.0E+00  0.0E+00 8.9E-07 0.0E+00 1.5E-12 0.0E+00 3.6E-07  1.3E-06

0l-¢
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4.7 OPERATIONAL GUIDELINE DERIVATION BASED
ON FRMAC METHODOLOGY

Table 4.7 provides the operational guidelines (for deciding which protective action to
implement after an RDD event for a contaminated area) that are based on the FRMAC
methodology. Operational guidelines listed in Table 4.7 were obtained by using the total DSRs
(listed in Tables 4.1—4.3) with dose criteria of 1 and 5 rem. They were obtained for a resident
spending 100% of the time indoors, a resident spending 16.4 h/d indoors and 7.6 h/d outdoors in
the contaminated area, and a worker spending 100% of the time outdoors. The most restrictive
operational guidelines were for a worker spending 100% of the time outdoors, because the
radiation doses that the outdoor workers received would be greater than those received by indoor
residents (spending 100% of the time indoors or spending some time indoors and some time
outdoors), if the workers and the residents spent the same amount of time in the contaminated
area. Depending on the contamination levels, these different operational guidelines can be used

to choose the protective action (evacuation or sheltering) after an RDD event.

TABLE 4.7 Operational Guidelines (pCi/m?2) for Early Phase Calculated with the FRMAC
Methodology?

Resident Spending 100% Resident Spending 16.4 h/d Worker Spending 100%
of the Time Indoors Indoors and 7.6 h/d Outdoors of the Time Outdoors

Radionuclide PAG=1rem PAG=5rem PAG=1rem PAG=5rem PAG=1rem PAG=5rem
Am-241 7.5E+07 3.7E+08 4.3E+07 2.2E+08 2.5E+07 1.3E+08
Cf-252 2.1E+08 1.1E+09 1.2E+08 6.2E+08 7.5E+07 3.7E+08
Cm-244 1.3E+08 6.7E+08 7.7E+07 3.9E+08 4.6E+07 2.3E+08
Co-60 2.3E+09 1.2E+10 1.0E+09 5.1E+09 4.6E+08 2.3E+09
Cs-137 1.0E+10 5.0E+10 3.8E+09 1.9E+10 1.6E+09 8.1E+09
Ir-192 7.0E+09 3.5E+10 3.1E+09 1.5E+10 1.4E+09 6.9E+09
Po-210 3.6E+09 1.8E+10 5.4E+08 2.7E+09 1.9E+08 9.7E+08
Pu-238 8.5E+07 4.2E+08 4.9E+07 2.4E+08 2.9E+07 1.4E+08
Pu-239 7.7E+07 3.9E+08 4 5E+07 2.2E+08 2.6E+07 1.3E+08
Ra-226 1.8E+09 9.0E+09 4.8E+08 2.4E+09 1.9E+08 9.5E+08
Sr-90 2.5E+10 1.2E+11 5.6E+09 2.8E+10 2.2E+09 1.1E+10

4 PAG = Protective Action Guide.
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4.8 OPERATIONAL GUIDELINE DERIVATION BASED ON OGT METHODOLOGY

Table 4.8 provides the operational guidelines (for deciding which protective action to
implement after an RDD event for a contaminated area) that are based on the OGT methodology.
Operational guidelines listed in Table 4.8 were obtained by using the total DSR ratios (listed in
Tables 4.4—4.6) with dose criteria of 1 and 5 rem. They were obtained for a resident spending
100% of the time indoors, a resident spending 16.4 h/d indoors and 7.6 h/d outdoors in the
contaminated area, and a worker spending 100% of the time outdoors. The most restrictive
operational guidelines were for a worker spending 100% of the time outdoors, because the
radiation doses that outdoor workers would receive would be greater than those received by
indoor residents (spending 100% of the time indoors or spending some time indoors and some
time outdoors), if the workers and residents spent the same amount of time in the contaminated

arca.

4.9 DISCUSSION

For all three scenarios, in most cases, the operational guidelines obtained by using the
OGT methodology were more restrictive. The OGT methodology calculated a higher

concentration in the air in an urban environment as a result of vehicular traffic. The OGT

TABLE 4.8 Operational Guidelines (pCi/m2) for Early Phase Calculated with the OGT
Methodology?

Resident Spending 100% Resident Spending 16.4 h/d Worker Spending 100%
of the Time Indoors Indoors and 7.6 h/d Outdoors of the Time Outdoors
Radionuclide PAG=1rem PAG=5rem PAG=1rem PAG=5rem PAG=1rem PAG=5rem
Am-241 7.5E+06 3.8E+07 4.9E+06 2.4E+07 3.2E+06 1.6E+07
Cf-252 2.1E+07 1.1E+08 1.4E+07 6.9E+07 9.1E+06 4.6E+07
Cm-244 1.3E+07 6.7E+07 8.7E+06 4.4E+07 5.7E+06 2.9E+07
Co-60 1.6E+09 7.8E+09 9.9E+08 5.0E+09 5.7E+08 2.8E+09
Cs-137 7.6E+09 3.8E+10 3.9E+09 2.0E+10 1.9E+09 9.7E+09
Ir-192 5.9E+09 2.9E+10 3.3E+09 1.7E+10 1.7E+09 8.7E+09
Po-210 3.6E+08 1.8E+09 1.8E+08 8.8E+08 9.2E+07 4.6E+08
Pu-238 8.5E+06 4.3E+07 5.5E+06 2.8E+07 3.6E+06 1.8E+07
Pu-239 7.8E+06 3.9E+07 5.0E+06 2.5E+07 3.3E+06 1.7E+07
Ra-226 3.4E+08 1.7E+09 1.8E+08 9.0E+08 9.9E+07 4 9E+08
Sr-90 2.5E+09 1.3E+10 1.4E+09 7.0E+09 7.9E+08 4.0E+09

@ PAG = Protective Action Guide.
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methodology also considered multiple contamination sources including the building surfaces,
which also resulted in a higher exposure to external radiation for the indoor receptor. However,
for a few strong gamma emitters, when the receptor was outdoors for 100% of the time, the
FRMAC methodology provided somewhat more restrictive guidelines. This was due to the
different initial size assumption for ground surface contamination in the methodologies. The
FRMAC methodology assumed that an infinitely large ground surface was contaminated after an
RDD event, whereas the OGT methodology assumed that a finite area of 10,000 m2 was

contaminated after an RDD event.
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S GROUP C: RELOCATION, PART 1 — RELOCATION FROM RESIDENTIAL,
COMMERCIAL/INDUSTRIAL, AND OTHER AREAS

The operational guidelines for Group C (Part 1) were developed to delineate areas that
could result in radiological doses exceeding the relocation PAGs (i.e., 2 rem in the first year and
0.5 rem per year thereafter). Operational guidelines in this group address residential areas
(Group C1), commercial/industrial areas (Group C2), and other areas (Group C3) as separate
subgroups. The other areas could be monuments, parks, cemeteries, or other special areas. If
such areas exceed the above dose criteria, access to those areas should be limited. These
relocation operational guidelines provide reasonable assurance that workers or members of the
public, as appropriate, would not incur radiation exposure exceeding the dose criteria. A total of
eight receptors (see Table 2.5 in Chapter 2) were considered for the derivation of operational

guidelines for these three subgroups.

5.1 RELOCATION FROM RESIDENTIAL AREAS (GROUP C1)

Calculations for relocation from residential areas assume both urban and rural settings.
Four potential exposure scenarios were considered for the derivation of operational guidelines.
Potential radiation doses resulting from 13 exposure pathways were considered. The applicability
of these exposure pathways to the four scenarios evaluated is summarized in Table 2.6 in
Chapter 2.

Two scenarios were considered in an urban environment, and two scenarios were
considered in a rural environment. The building dimensions considered for external exposure
were based on an average urban house or a rural house. For the urban environment, initial
outdoor contamination was assumed on streets; for the rural environment, initial outdoor
contamination was assumed on soil. The outdoor resuspension factor in the urban area was

multiplied by 10 to account for traffic under urban conditions (see Table 2.3 in Chapter 2).

Both the urban and rural residential scenarios considered for the derivation of relocation
operational guidelines do not include the food ingestion pathway, because potential radiation
exposure from food ingestion would be covered by a separate PAG, which is discussed in
Chapter 10 on Group G. In addition to food ingestion, ingestion of contaminated water was also
not considered prior to the implementation of the late-phase PAGs for unrestricted release of

properties (see Chapter 9 on Group F).



To account for the differences in the time fractions spent indoors and outdoors by
different people, two receptors, one that would spend 100% of the time indoors and the other that
would spend some time working outdoors, were considered for each environmental setting. The
time fractions spent indoors and outdoors by the working residents were based on the guidance
provided in the EPA Exposure Factor Handbook (EPA 1997). The other exposure parameters

used in the different exposure scenarios are listed in Table 2.7 in Chapter 2.

5.1.1 Scenario Description for Relocation from Residential Areas

Scenario C1-1 (relocation from a residential area in an urban setting) assumes continued
use of the contaminated area in an urban environment. Under this scenario, a resident was
assumed to spend all the time indoors in the contaminated area, which is consistent with the
Group B1 scenario. The building dimensions considered for external exposure were based on an

average urban house, as shown in Table 2.4 in Chapter 2.

Scenario C1-2 (relocation from a residential area in an urban setting) also assumes
continued use of the contaminated area in an urban environment. Under this scenario, an adult
worker was assumed to spend all the time in the contaminated area, sometimes indoors and
sometimes outdoors (an average of 16.4 h/d indoors and 7.6 h/d outdoors). The building

dimensions considered for external exposure were based on an average urban house.

Scenario C1-3 (relocation from a residential area in a rural setting) assumes continued
use of the contaminated area in a rural environment. Under this scenario, a resident was assumed
to spend all the time indoors in the contaminated area. The building dimensions considered for

external exposure were based on an average rural house, as shown in Table 2.4 in Chapter 2.

Scenario C1-4 (relocation from a residential area in a rural setting) assumes continued
use of the contaminated area in a rural environment. Under this scenario, an adult worker was
assumed to spend all the time in the contaminated area, sometimes indoors and sometimes
outdoors (an average of 16.4 h/d indoors and 7.6 h/d outdoors). The building dimensions

considered for external exposure were based on an average rural house.



5.1.2 Dose Calculation for Relocation from Residential Areas

In Appendix 5.A, Tables 5.A.1 through 5.A.4 provide the DSRs from individual exposure
pathways for Group C1 (relocation from a residential area) for the first year, and Tables 5.A.5
through 5.A.8 provide the DSRs from individual exposure pathways for the same group for the
second year. Table 5.1 lists the total DSRs for all four scenarios (C1-1 through C1-4) for the first

and second years.

5.1.3 Operational Guideline Derivation for Relocation from Residential Areas

Table 5.2 provides the operational guidelines for relocating from residential areas. The
PAGs used in deriving guidelines for different scenarios are provided in Table 2.5 in Chapter 2.
These operational guidelines apply to residential areas and are not applicable for locations such
as parks, cemeteries, monuments, or industrial/commercial properties. The PAGs used were

2 rem for the first year and 0.5 rem per year after that.

Four different receptors/scenarios were considered in deriving generic operational
guideline values. Scenarios C1-1 and C1-2 are for relocating from residential areas in an urban
setting. For all radionuclides, Scenario C1-2 (an adult working outdoors) would result in the
most restrictive operational guideline for the first year and subsequent years following an RDD
event. Scenarios C1-3 and C1-4 are for relocating from residential areas in a rural setting. For all
radionuclides, Scenarios C1-4 (an adult working outdoors) would result in the most restrictive
operational guideline for the first year and after the first year following an RDD event. Table 5.3
lists the most restrictive operational guidelines for Group C1 scenarios in urban and rural settings

for the first year and after the first year following an RDD event.

5.2 RELOCATION FROM COMMERCIAL/INDUSTRIAL AREAS (GROUP C2)

Two potential exposure scenarios were considered for the derivation of operational
guidelines for relocating from commercial/industrial areas (Group C2). The commercial/
industrial area was assumed to be located in an urban environment. Potential radiation doses

resulting from 13 exposure pathways were considered, as shown in Table 2.6 in Chapter 2.
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TABLE 5.1 Generic Dose-to-Source Ratios (DSRs) for Relocation from
Residential Areas (Group C1) Scenarios

DSR (mrem/yr per pCi/m2) Based on Initial Street/Soil Contamination
for the First Year following an RDD Event, by Scenario

Radionuclide Cl-12 Cl1-2b C1-3¢ Cl1-44

Am-241 5.82E-04 8.15E-04 4.48E-04 5.67E-04
Cf-252 1.91E-04 2.64E-04 1.37E-04 1.64E-04
Cm-244 3.22E-04 4.51E-04 2.45E-04 3.09E-04
Co-60 4.29E-05 5.45E-05 1.07E-04 1.13E-04
Cs-137 9.95E-06 1.48E-05 2.85E-05 3.23E-05
Ir-192 4.20E-06 6.21E-06 1.24E-05 1.29E-05
Po-210 2.08E-05 5.85E-05 2.18E-05 7.17E-05
Pu-238 5.12E-04 7.17E-04 3.93E-04 4.96E-04
Pu-239 5.62E-04 7.88E-04 4.32E-04 5.48E-04
Ra-226 5.83E-05 1.15E-04 1.16E-04 1.93E-04
Sr-90 3.51E-06 9.18E-06 4.34E-06 1.26E-05

DSR (mrem/yr per pCi/m?) Based on Initial Street/Soil Contamination
after First Year following an RDD Event, by Scenario

Radionuclide Cl-12 C1-2b C1-3¢ C1-44

Am-241 1.78E-04 2.08E-04 3.48E-04 4.32E-04
Cf-252 4.18E-05 4.65E-05 8.10E-05 9.46E-05
Cm-244 9.39E-05 1.10E-04 1.83E-04 2.27E-04
Co-60 2.74E-05 3.05E-05 8.17E-05 8.53E-05
Cs-137 6.79E-06 8.84E-06 2.44E-05 2.72E-05
Ir-192 8.42E-08 1.08E-07 3.50E-07 3.59E-07
Po-210 1.23E-06 3.96E-06 2.84E-06 9.49E-06
Pu-238 1.55E-04 1.81E-04 3.03E-04 3.76E-04
Pu-239 1.72E-04 2.02E-04 3.36E-04 4.19E-04
Ra-226 3.47E-05 6.18E-05 1.00E-04 1.63E-04
Sr-90 1.47E-06 4.17E-06 3.49E-06 1.03E-05

8 Cl1-1: relocation from residential areas (urban setting); residents spending 100%
of the time indoors.

C1-2: relocation from residential areas (urban setting); adults working outdoors.

¢ C1-3: relocation from residential areas (rural); residents spending 100% of the
time indoors.

d C1-4: relocation from residential areas (rural); adults working outdoors.



5-5

TABLE 5.2 Generic Operational Guidelines for Relocation from
Residential Areas (Group C1) Scenarios

Operational Guideline (pCi/m?) Based on Initial Street/Soil
Contamination for the First Year following an RDD Event, by Scenario

Radionuclide Cl-12 C1-2b C1-3¢ C1-44

Am-241 3.44E+06 2.45E+06 4 47E+06 3.53E+06
Cf-252 1.04E+07 7.58E+06 1.46E+07 1.22E+07
Cm-244 6.21E+06 4. 44E+06 8.16E+06 6.46E+06
Co-60 4.66E+07 3.67E+07 1.88E+07 1.77E+07
Cs-137 2.01E+08 1.35E+08 7.02E+07 6.19E+07
Ir-192 4.77E+08 3.22E+08 1.62E+08 1.56E+08
Po-210 9.63E+07 3.42E+07 9.18E+07 2.79E+07
Pu-238 3.90E+06 2.79E+06 5.09E+06 4.03E+06
Pu-239 3.56E+06 2.54E+06 4.63E+06 3.65E+06
Ra-226 3.43E+07 1.73E+07 1.72E+07 1.04E+07
Sr-90 5.69E+08 2.18E+08 4.61E+08 1.58E+08

Operational Guideline (pCi/m?) Based on Initial Street/Soil
Contamination after First Year following an RDD Event, by Scenario

Radionuclide Cl-12 C1-2b C1-3¢ C1-44

Am-241 2.81E+06 2.40E+06 1.44E+06 1.16E+06
Cf-252 1.20E+07 1.07E+07 6.18E+06 5.28E+06
Cm-244 5.33E+06 4.56E+06 2.73E+06 2.20E+06
Co-60 1.82E+07 1.64E+07 6.12E+06 5.86E+06
Cs-137 7.37E+07 5.65E+07 2.05E+07 1.84E+07
Ir-192 5.94E+09 4.63E+09 1.43E+09 1.39E+09
Po-210 4.08E+08 1.26E+08 1.76E+08 5.27E+07
Pu-238 3.22E+06 2.76E+06 1.65E+06 1.33E+06
Pu-239 2.90E+06 2. 48E+06 1.49E+06 1.19E+06
Ra-226 1. 44E+07 8.10E+06 5.00E+06 3.06E+06
Sr-90 3.41E+08 1.20E+08 1.43E+08 4 87E+07

8 Cl1-1: relocation from residential areas (urban setting); residents spending 100% of
the time indoors.

b C1-2: relocation from residential areas (urban setting); adults working outdoors.

¢ C1-3: relocation from residential areas (rural); residents spending 100% of the time
indoors.

d Cl1-4: relocation from residential areas (rural); adults working outdoors.
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TABLE 5.3 Most Restrictive Operational Guidelines for Relocation from
Residential Areas (Group C1)

Street/Soil Contamination (pCi/m?)

Urban Rural
2 rem in 0.5 rem after 2 rem in 0.5 rem after

Radionuclide First Year First Year First Year First Year
Am-241 2.45E+06 2.40E+06 3.53E+06 1.16E+06
Cf-252 7.58E+06 1.07E+07 1.22E+07 5.28E+06
Cm-244 4.44E+06 4.56E+06 6.46E+06 2.20E+06
Co-60 3.67E+07 1.64E+07 1.77E+07 5.86E+06
Cs-137 1.35E+08 5.65E+07 6.19E+07 1.84E+07
Ir-192 3.22E+08 4.63E+09 1.56E+08 1.39E+09
Po-210 3.42E+07 1.26E+08 2.79E+07 5.27E+07
Pu-238 2.79E+06 2.76E+06 4.03E+06 1.33E+06
Pu-239 2.54E+06 2.48E+06 3.65E+06 1.19E+06
Ra-226 1.73E+07 8.10E+06 1.04E+07 3.06E+06
Sr-90 2.18E+08 1.20E+08 1.58E+08 4 87E+07

To account for the differences in the time fractions spent indoors and outdoors by different
people, two receptors — one who would spend all the time indoors and the other who would
spend all the time outdoors — were considered. The exposure parameters used in different
exposure scenarios are listed in Table 2.7 in Chapter 2. The building dimensions considered for
external exposure were based on a warehouse with dimensions shown in Table 2.4 in Chapter 2,
and the initial outdoor contamination was assumed on streets. The outdoor resuspension factor

was multiplied by 10 to account for traffic in urban conditions (see Table 2.7 in Chapter 2).

5.2.1 Scenario Description for Relocation from Commercial/Industrial Areas

Scenario C2-1 (relocation from commercial/industrial area, indoor office worker)
assumes continued use of the contaminated area in an urban environment. Under this scenario, an
indoor office worker was assumed to spend all the time (an average of 8 h/d for 250 days in

1 year) indoors in the contaminated building.

Scenario C2-2 (relocation from commercial/industrial area, outdoor worker) also assumes

continued use of the contaminated area in an urban environment. Under this scenario, an outdoor



worker was assumed to spend all the time (an average of 8 h/d for 250 days in 1 year) outdoors

in the contaminated area.

5.2.2 Dose Calculation for Relocation from Commercial/Industrial Areas (Group C2)

In Appendix 5.A, Tables 5.A.9 and 5.A.10 provide the DSRs from individual exposure
pathways for Group C2 (relocation from commercial/industrial area) for the first year, and
Tables 5.A.11 and 5.A.12 provide the DSRs from individual exposure pathways for the second
year for this group. Table 5.4 provides the total DSRs for both scenarios for the first and second

years.

TABLE 5.4 Generic Dose-to-Source Ratios (DSRs)
for Relocation from Commercial/Industrial Areas
(Group C2) Scenarios

DSR (mrem/yr per pCi/m?) Based on Initial
Street Contamination following

an RDD Event
First Year After First Year

Radionuclide  C2-12 C2-2b C2-12 C2-2b

Am-241 1.64E-04 3.01E-04 495E-05 6.25E-05
Cf-252 5.41E-05 9.58E-05 1.17E-05 1.30E-05
Cm-244 9.06E-05 1.66E-04 2.61E-05 3.28E-05
Co-60 9.82E-06 1.82E-05 6.07E-06 8.49E-06
Cs-137 2.29E-06 5.78E-06 1.51E-06 3.03E-06
Ir-192 9.89E-07 2.41E-06 1.89E-08 3.64E-08
Po-210 5.23E-06 3.19E-05 2.94E-07 2.25E-06
Pu-238 1.44E-04 2.65E-04 4.32E-05 5.43E-05
Pu-239 1.58E-04 2.91E-04 4.79E-05 6.07E-05
Ra-226 1.38E-05 5.44E-05 7.85E-06 2.74E-05
Sr-90 8.94E-07 4.89E-06 3.60E-07 2.28E-06

a  (C2-1: relocation from commercial/industrial areas, indoor
office worker.

b (C2-2: relocation from commercial/industrial areas, outdoor
worker.



5.2.3 Operational Guideline Derivation for Relocation from Commercial/Industrial Areas

Table 5.5 lists the operational guidelines for relocating from commercial/industrial areas.
The PAGs used in deriving guidelines for different scenarios are provided in Table 2.5 in
Chapter 2. These operational guidelines apply to commercial/industrial areas that are not used as
residences, nor are they used as parks, cemeteries, or monuments. The PAGs used were 2 rem for

the first year and 0.5 rem per year after that.

Two scenarios, C2-1 and C2-2, were considered in deriving generic operational
guidelines for relocating from commercial/industrial areas in an urban setting. For all
radionuclides, Scenario C2-2, an outdoor worker, resulted in the most restrictive operational
guidelines for the first year and after the first year following an RDD event. Table 5.6 provides
the most restrictive operational guidelines for Group C2 scenarios for the first year and after the

first year following an RDD event.

TABLE 5.5 Generic Operational Guidelines for
Relocation from Commercial/Industrial Areas
(Group C2) Scenarios

Operational Guidelines (pCi/m?) Based on
Initial Street Contamination following
an RDD Event, by Scenario

First Year After First Year

Radionuclide  C2-12 C2-2b C2-12 C2-2b

Am-241 1.22E+07 6.64E+06 1.01E+07 8.00E+06
Cf-252 3.70E+07 2.09E+07  4.29E+07 3.86E+07
Cm-244 2.21E+07 1.20E+07 1.91E+07 1.52E+07
Co-60 2.04E+08 1.10E+08 8.24E+07 5.89E+07
Cs-137 8.72E+08 3.46E+08  3.32E+08 1.65E+08
Ir-192 2.02E+09 831E+08  2.65E+10 1.37E+10
Po-210 3.83E+08 6.26E+07 1.70E+09 2.22E+08
Pu-238 1.39E+07 7.55E+06 1.16E+07 9.20E+06
Pu-239 1.26E+07 6.86E+06 1.04E+07 8.23E+06
Ra-226 1.45E+08 3.67E+07  6.37E+07 1.82E+07
Sr-90 2.24E+09 4.09E+08 1.39E+09 2.19E+08

&  (C2-1: relocation from commercial/industrial areas, indoor
office worker.

b (2-2: relocation from commercial/industrial areas, outdoor
worker.
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TABLE 5.6 Most Restrictive Operational
Guidelines for Relocation from Commercial/
Industrial Areas (Group C2)

Street Contamination (pCi/m?)

Radionuclide 2 remin First Year 0.5 rem after First Year

Am-241 6.64E+06 8.00E+06
Cf-252 2.09E+07 3.86E+07
Cm-244 1.20E+07 1.52E+07
Co-60 1.10E+08 5.89E+07
Cs-137 3.46E+08 1.65E+08
Ir-192 8.31E+08 1.37E+10
Po-210 6.26E+07 2.22E+08
Pu-238 7.55E+06 9.20E+06
Pu-239 6.86E+06 8.23E+06
Ra-226 3.67E+07 1.82E+07
Sr-90 4.09E+08 2.19E+08

5.3 RELOCATION FROM OTHER AREAS (GROUP C3)

Two potential exposure scenarios were considered for the derivation of operational
guidelines for relocating from other areas. The “other area” was assumed to be a special building
or open area located in an urban environment. It could be a monument, a cemetery, or a park.
Potential radiation doses resulting from 13 exposure pathways were considered, as summarized
in Table 2.6 in Chapter 2. To account for the differences in the time fractions spent indoors and
outdoors by different people, two receptors — one spending all the time indoors and the other
spending all of the time outdoors — were considered. The most common parameters used in the
different exposure scenarios are listed in Table 2.7 in Chapter 2. The building dimensions
considered for external exposure were based on a monument with dimensions specified in
Table 2.4 in Chapter 2. The initial outdoor contamination was assumed to be on the soil. The
outdoor resuspension factor was multiplied by 10 to account for light pedestrian activity under
urban conditions (see Table 2.3 in Chapter 2).

5.3.1 Scenario Description for Relocation from Other Areas

Scenario C3-1 (relocation from other areas, indoor worker at a monument) assumes

continued use of the contaminated area in an urban environment. Under this scenario, an indoor
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worker at a monument was assumed to spend all the time (an average of 8 h/d for 250 days in

1 year) inside the contaminated building.

Under Scenario C3-2 (relocation from other areas, outdoor worker at a monument or a
park), an outdoor worker outside a monument or in a park was assumed to spend all the time (an
average of 8 h/d for 250 days in one year) outdoors in the contaminated area in an urban

environment.

5.3.2 Dose Calculation for Relocation from Other Areas

In Appendix 5.A, Tables 5.A.13 and 5.A.14 provide the DSRs from individual exposure
pathways for Group C3 (relocation from other areas) for the first year, and Tables 5.A.15 and
5.A.16 provide the DSRs for the second year. Table 5.7 provides the total DSRs for both
scenarios for the first and second years.

5.3.3 Operational Guideline Derivation for Relocation from Other Areas

Table 5.8 lists the operational guidelines for relocating from other areas. The PAGs used
in deriving guidelines for the two different scenarios are provided in Table 2.5 in Chapter 2.
These operational guidelines apply to areas other than residential and industrial/commercial

areas (normal work places). Such areas include parks, cemeteries, and monuments.

Two scenarios, C3-1 and C3-2, were considered in deriving generic operation guidelines
for relocating from other areas. For all radionuclides, Scenario C3-2, an outdoor worker at a
monument or park, resulted in the most restrictive operational guidelines for the first year and
after the first year following an RDD event. Table 5.9 lists the most restrictive operational
guidelines for Group C3 scenarios for the first year and after the first year following an RDD

event.
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TABLE 5.7 Generic Dose-to-Source Ratios (DSRs)
for Relocation from Other Areas (Group C3)

Scenarios

DSR (mrem/yr per pCi/m?) Based on Initial

Soil Contamination following
an RDD Event, by Scenario
First Year After First Year

Radionuclide  C3-12 C3-2b C3-12 C3-2b
Am-241 2.21E-04 3.93E-04 1.03E-04 1.57E-04
Cf-252 7.12E-05 1.21E-04  2.43E-05 3.23E-05
Cm-244 1.22E-04 2.17E-04 5.46E-05 8.22E-05
Co-60 1.49E-05 2.89E-05 1.13E-05 2.13E-05
Cs-137 3.55E-06 9.27E-06  2.99E-06 7.61E-06
Ir-192 1.35E-06 3.19E-06 3.71E-08 8.66E-08
Po-210 6.91E-06 4.46E-05 6.88E-07 5.47E-06
Pu-238 1.94E-04 3.46E-04 9.02E-05 1.36E-04
Pu-239 2.13E-04 3.81E-04 1.00E-04 1.52E-04
Ra-226 2.08E-05 8.58E-05 1.62E-05 6.88E-05
Sr-90 1.31E-06 7.58E-06 8.40E-07 5.73E-06

4 (C3-1: relocation from other areas, indoor worker at a
monument or park.

b (C3-2: relocation from other areas, outdoor worker at a
monument or park.

5.4 SUMMARY OF OPERATIONAL GUIDELINES FOR RELOCATION
FROM DIFFERENT AREAS

Table 5.10 compares the final operational guidelines for relocation from the three
different areas considered in Subgroups C1-C3. They are the most conservative values between
the first year and the subsequent years after an RDD event. From the comparison, it is shown that
for all radionuclides, the operational guidelines for relocation from a residential area are the most
restrictive, and those for relocation from an industrial/commercial area are the least restrictive;
however, the differences are within an order of magnitude. Considering the level of uncertainties
involved in developing the operational guidelines, a final set of guideline values, selected to be
the most restrictive ones and listed in the last column, were proposed for use as the generic

guidelines for relocation regardless of the characteristics of the impacted area.
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TABLE 5.8 Generic Operational Guidelines for Relocation
from Other Areas (Group C3) Scenarios

Operational Guidelines (pCi/m?) Based on Initial
Soil Contamination following
an RDD Event, by Scenario

First Year After First Year

Radionuclide C3-12 C3-2b C3-12 C3-2b

Am-241 9.07E+06  5.09E+06 4.84E+06 3.19E+06
Cf-252 2.81E+07 1.65E+07 2.06E+07 1.55E+07
Cm-244 1.64E+07  9.24E+06 9.16E+06 6.08E+06
Co-60 1.35E+08  6.91E+07 4 44E+07 2.35E+07
Cs-137 5.63E+08  2.16E+08 1.67E+08 6.57E+07
Ir-192 1.48E+09  6.27E+08 1.35E+10 5.78E+09
Po-210 2.89E+08  4.49E+07 7.26E+08 9.14E+07
Pu-238 1.03E+07  5.79E+06 5.54E+06 3.67E+06
Pu-239 9.38E+06  5.25E+06 5.00E+06 3.29E+06
Ra-226 9.62E+07  2.33E+07 3.09E+07 7.27E+06
Sr-90 1.53E+09  2.64E+08 5.95E+08 8.73E+07

4 (C3-1: relocation from other areas, indoor worker at a monument

or park.

b (C3-2: relocation from other areas, outdoor worker at a monument

or park.

TABLE 5.9 Most Restrictive Operational
Guidelines for Relocation from Other Areas
(Group C3)

Soil Contamination (pCi/m?)

Radionuclide 2 rem in First Year 0.5 rem after First Year

Am-241
Cf-252
Cm-244
Co-60
Cs-137
Ir-192
Po-210
Pu-238
Pu-239
Ra-226
Sr-90

5.09E+06
1.65E+07
9.24E+06
6.91E+07
2.16E+08
6.27E+08
4.49E+07
5.79E+06
5.25E+06
2.33E+07
2.64E+08

3.19E+06
1.55E+07
6.08E+06
2.35E+07
6.57E+07
5.78E+09
9.14E+07
3.67E+06
3.29E+06
7.27E+06
8.73E+07
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TABLE 5.10 Summary of Operational Guidelines for
Relocations from Different Areas?

Industrial/ Most

Residential Commercial Other Restrictive
Radionuclide Area Area Areas Guideline
Am-241 1.16E+06 6.64E+06  3.19E+06 1.16E+06
Cf-252 5.28E+06 2.09E+07  1.55E+07 5.28E+06
Cm-244 2.20E+06 1.20E+07  6.08E+06  2.20E+06
Co-60 5.86E+06 5.89E+07  2.35E+07 5.86E+06
Cs-137 1.84E+07 1.65E+08  6.57E+07  1.84E+07
Ir-192 1.56E+08 8.31E+08  6.27E+08 1.56E+08
Po-210 2.79E+07 6.26E+07  4.49E+07  2.79E+07
Pu-238 1.33E+06 7.55E+06  3.67E+06  1.33E+06
Pu-239 1.19E+06 6.86E+06  3.29E+06 1.19E+06
Ra-226 3.06E+06 1.82E+07  7.27E+06  3.06E+06
Sr-90 4 87E+07 2.19E+08  8.73E+07  4.87E+07

a  All guidelines are in pCi/m?2, and the values for relocation from
the residential area are the most restrictive.

5.5 REFERENCE

EPA (U.S. Environmental Protection Agency), 1997, Exposure Factor Handbook,
EPA/600/P-95/002Fa, Office of Research and Development, National Center for Environmental
Assessment, Washington, D.C.
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APPENDIX 5.A:
DOSE-TO-SOURCE RATIOS (DSRs)
FOR GROUP C1-C3 SCENARIOS
Group C1: Tables 5.A.1 through 5.A.8

Group C2: Tables 5.A.9 through 5.A.12

Group C3: Tables 5.A.13 through 5.A.16



5.4-2



TABLE 5.A.1 Individual Pathway DSRs for Scenario C1-1: Resident Spending 100% of the Time Indoors in Urban Setting, First Year

Dose-to-Source Ratio from Individual Exposure Pathways (mrem/yr per pCi/m? of street/soil contamination)

External Inhalation Radon Air Submersion Dust Ingestion
Exterior Interior Interior
Street, Street, Walls, Roof, Walls, Floor,

Radionuclide Outside Inside Inside Inside Inside Inside Outside Inside Inside Outside Inside Outside Inside Total
Am-241 0.00E+00 2.90E-07  2.02E-10  1.92E-10  1.95E-08  8.82E-08 | 0.00E+00 5.37E-04 | 0.00E+00 | 0.00E+00 1.38E-11 | 0.00E+00 4.48E-05 | 5.82E-04
Cf-252 0.00E+00 5.97E-09  4.97E-12  5.55E-12  3.59E-10  1.51E-09 | 0.00E+00 1.80E-04 | 0.00E+00 | 0.00E+00 8.07E-14 | 0.00E+00 1.20E-05 1.91E-04
Cm-244 0.00E+00  3.09E-09  0.00E+00  0.00E+00  3.03E-10  1.82E-09 | 0.00E+00 2.97E-04 | 0.00E+00 | 0.00E+00 8.20E-14 | 0.00E+00 2.45E-05 | 3.22E-04
Co-60 0.00E+00  1.52E-05  5.27E-06  1.60E-05  1.08E-06  4.79E-06 | 0.00E+00 2.57E-07 | 0.00E+00 | 0.00E+00 2.06E-09 | 0.00E+00 3.14E-07 | 4.29E-05
Cs-137 0.00E+00 3.83E-06  1.12E-06  2.89E-06  2.70E-07  1.19E-06 | 0.00E+00 3.84E-08 | 0.00E+00 | 0.00E+00 4.57E-10 | 0.00E+00 6.10E-07 | 9.95E-06
Ir-192 0.00E+00 2.05E-06  4.33E-07 9.20E-07  1.20E-07  6.27E-07 | 0.00E+00 2.15E-08 | 0.00E+00 | 0.00E+00 4.16E-10 | 0.00E+00 2.54E-08 | 4.20E-06
Po-210 0.00E+00  3.05E-11  8.32E-12  2.23E-11  1.94E-12  9.55E-12 | 0.00E+00 8.39E-06 | 0.00E+00 | 0.00E+00 5.17E-15 | 0.00E+00 1.24E-05 | 2.08E-05
Pu-238 0.00E+00  7.92E-09  2.05E-12  1.76E-12  7.50E-10  4.68E-09 | 0.00E+00 4.73E-04 | 0.00E+00 | 0.00E+00 8.21E-14 | 0.00E+00 3.93E-05 | 5.12E-04
Pu-239 0.00E+00 3.46E-09  5.71E-11  1.01E-10  1.68E-10  2.27E-09 | 0.00E+00 5.19E-04 | 0.00E+00 | 0.00E+00 7.15E-14 | 0.00E+00 4.36E-05 | 5.62E-04
Ra-226 0.00E+00 1.16E-05  3.79E-06  1.10E-05  8.17E-07  3.60E-06 | 0.00E+00 1.04E-05 | 7.89E-07 | 0.00E+00 1.50E-09 | 0.00E+00 1.64E-05 | 5.83E-05
Sr-90 0.00E+00 3.87E-08  5.01E-09 141E-08 2.75E-09 1.21E-08 | 0.00E+00 1.58E-06 | 0.00E+00 | 0.00E+00 3.31E-12 | 0.00E+00 1.87E-06 | 3.51E-06

TABLE 5.A.2 Individual Pathway DSRs for Scenario C1-2: Adults Working Outside in Urban Setting, First Year

Dose-to-Source Ratio from Individual Exposure Pathways (mrem/yr per pCi/m? of street/soil contamination)
External Inhalation Radon Air Submersion Dust Ingestion
Exterior Interior Interior
Street, Street, Walls, Roof, Walls, Floor,

Radionuclide | Outside Inside Inside Inside Inside Inside Outside Inside Inside Outside Inside Outside Inside Total
Am-241 4.60E-07  1.98E-07  1.38E-10 1.31E-10  1.33E-08  6.03E-08 | 2.75E-04  3.67E-04 | 0.00E+00 | 4.84E-12  9.42E-12 | 1.42E-04 3.06E-05 | 8.15E-04
Cf-252 9.45E-09 4.08E-09  3.40E-12  3.79E-12  2.45E-10  1.03E-09 | 9.50E-05  1.23E-04 | 0.00E+00 | 2.92E-14  5.51E-14 | 3.78E-05 8.17E-06 | 2.64E-04
Cm-244 4.89E-09  2.11E-09  0.00E+00 0.00E+00  2.07E-10  1.24E-09 | 1.53E-04  2.03E-04 | 0.00E+00 | 2.89E-14  5.60E-14 | 7.75E-05 1.67E-05 | 4.51E-04
Co-60 2.41E-05  1.04E-05  3.60E-06  1.09E-05  7.35E-07 3.27E-06 | 1.34E-07  1.76E-07 | 0.00E+00 | 7.34E-10  1.41E-09 | 9.94E-07  2.14E-07 | 5.45E-05
Cs-137 6.06E-06  2.62E-06  7.64E-07  1.98E-06  1.84E-07  8.14E-07 | 1.97E-08  2.62E-08 | 0.00E+00 | 1.61E-10 ~ 3.12E-10 | 1.93E-06  4.17E-07 1.48E-05
Ir-192 3.25E-06 1.40E-06 2.96E-07 6.29E-07 8.17E-08 4.28E-07 | 1.41E-08 1.47E-08 | 0.00E+00 | 1.86E-10  2.84E-10 | 8.05E-08  1.74E-08 | 6.21E-06
Po-210 4.83E-11 2.08E-11  5.69E-12  1.52E-11 1.33E-12  6.53E-12 | 5.09E-06  5.74E-06 | 0.00E+00 | 2.14E-15  3.53E-15 | 3.92E-05 8.46E-06 | 5.85E-05
Pu-238 1.25E-08  5.42E-09  1.40E-12  1.20E-12  5.13E-10  3.20E-09 | 2.43E-04 3.23E-04 | 0.00E+00 | 2.89E-14  5.61E-14 | 1.24E-04 2.68E-05 | 7.17E-04
Pu-239 547E-09 2.36E-09 3.90E-11  6.92E-11 1.I5E-10  1.55E-09 | 2.66E-04  3.54E-04 | 0.00E+00 | 2.51E-14 4.88E-14 | 1.38E-04 2.98E-05 | 7.88E-04
Ra-226 1.83E-05 7.91E-06 2.59E-06 7.51E-06 5.58E-07 2.46E-06 | 5.33E-06 7.10E-06 | 5.39E-07 | 5.26E-10  1.02E-09 | 5.19E-05  1.12E-05 1.15E-04
Sr-90 6.13E-08  2.65E-08  3.43E-09 9.62E-09  1.88E-09 8.29E-09 | 8.11E-07 1.08E-06 | 0.00E+00 | 1.17E-12  2.26E-12 | 591E-06 1.27E-06 | 9.18E-06

V¢



TABLE 5.A.3 Individual Pathway DSRs for Scenario C1-3: Resident Spending 100% of the Time Indoors in Rural Setting, First Year

Dose-to-Source Ratio from Individual Exposure Pathways (mrem/yr per pCi/m? of street/soil contamination)

External Inhalation Radon Air Submersion Dust Ingestion
Exterior Interior Interior
Street, Street, Walls, Roof, Walls, Floor,

Radionuclide Outside Inside Inside Inside Inside Inside Outside Inside Inside Outside Inside Outside Inside Total
Am-241 0.00E+00 9.34E-07  1.19E-07  2.24E-07  3.10E-08  1.04E-07 | 0.00E+00 3.74E-04 | 0.00E+00 | 0.00E+00 9.62E-12 | 0.00E+00 7.21E-05 | 4.48E-04
Cf-252 0.00E+00 1.89E-08  1.41E-10 3.01E-10  530E-10  1.69E-09 | 0.00E+00 1.18E-04 | 0.00E+00 | 0.00E+00 5.31E-14 | 0.00E+00 1.89E-05 1.37E-04
Cm-244 0.00E+00 9.92E-09  8.90E-14  6.56E-14  6.07E-10  2.31E-09 | 0.00E+00 2.06E-04 | 0.00E+00 | 0.00E+00 5.67E-14 | 0.00E+00 3.93E-05 | 2.45E-04
Co-60 0.00E+00 4.85E-05  1.41E-05 3.60E-05 1.68E-06  5.52E-06 | 0.00E+00 1.74E-07 | 0.00E+00 | 0.00E+00 1.39E-09 | 0.00E+00 5.00E-07 1.07E-04
Cs-137 0.00E+00  1.23E-05  3.75E-06  9.64E-06  4.20E-07 1.39E-06 | 0.00E+00 2.66E-08 | 0.00E+00 | 0.00E+00 3.17E-10 | 0.00E+00 9.80E-07 | 2.85E-05
Ir-192 0.00E+00 5.44E-06  1.76E-06  4.34E-06  1.85E-07 6.01E-07 | 0.00E+00 8.14E-09 | 0.00E+00 | 0.00E+00 1.57E-10 | 0.00E+00  3.37E-08 1.24E-05
Po-210 0.00E+00 8.75E-11  2.62E-11  6.58E-11  3.02E-12  9.91E-12 | 0.00E+00 4.03E-06 | 0.00E+00 | 0.00E+00 2.48E-15 | 0.00E+00 1.78E-05 | 2.18E-05
Pu-238 0.00E+00 2.55E-08  1.46E-10 249E-10  1.55E-09  6.02E-09 | 0.00E+00 3.30E-04 | 0.00E+00 | 0.00E+00 5.72E-14 | 0.00E+00 6.32E-05 | 3.93E-04
Pu-239 0.00E+00 1.11E-08  4.13E-10  1.00E-09  5.54E-10  3.29E-09 | 0.00E+00 3.62E-04 | 0.00E+00 | 0.00E+00 4.99E-14 | 0.00E+00 7.01E-05 | 4.32E-04
Ra-226 0.00E+00 3.72E-05  1.11E-05 2.84E-05 1.27E-06 4.19E-06 | 0.00E+00 7.26E-06 | 5.15E-07 | 0.00E+00 1.05E-09 | 0.00E+00 2.63E-05 1.16E-04
Sr-90 0.00E+00  1.24E-07 2.98E-08  7.64E-08  4.26E-09 1.40E-08 | 0.00E+00 1.09E-06 | 0.00E+00 | 0.00E+00 2.30E-12 | 0.00E+00 3.00E-06 | 4.34E-06

TABLE 5.A.4 Individual Pathway DSRs for Scenario C1-4: Adults Working Outside in Rural Setting, First Year

Dose-to-Source Ratio from Individual Exposure Pathways (mrem/yr per pCi/m? of street/soil contamination)
External Inhalation Radon Air Submersion Dust Ingestion
Exterior Interior Interior
Street, Street, Walls, Roof, Walls, Floor,

Radionuclide | Outside Inside Inside Inside Inside Inside Outside Inside Inside Outside Inside Outside Inside Total
Am-241 7.39E-07 6.38E-07  8.11E-08  1.53E-07  2.12E-08  7.10E-08 | 3.17E-05  2.56E-04 | 0.00E+00 | 5.56E-13  6.57E-12 | 2.28E-04 4.92E-05 | 5.67E-04
Cf-252 1.49E-08  1.29E-08  9.60E-11  2.05E-10  3.62E-10  1.16E-09 | 1.08E-05  8.07E-05 | 0.00E+00 | 3.33E-15  3.63E-14 | 5.98E-05  1.29E-05 1.64E-04
Cm-244 7.85E-09  6.78E-09  6.08E-14  4.48E-14  4.15E-10 1.58E-09 | 1.76E-05  1.41E-04 | 0.00E+00 | 3.32E-15 3.88E-14 | 1.24E-04 2.68E-05 | 3.09E-04
Co-60 3.84E-05 3.32E-05  9.62E-06  2.46E-05  1.15E-06 3.77E-06 | 1.53E-08  1.19E-07 | 0.00E+00 | 8.40E-11  9.53E-10 | 1.58E-06  3.42E-07 1.13E-04
Cs-137 9.74E-06 ~ 8.40E-06  2.56E-06  6.59E-06  2.87E-07 9.48E-07 | 2.27E-09  1.82E-08 | 0.00E+00 | 1.85E-11  2.17E-10 | 3.10E-06  6.69E-07 | 3.23E-05
Ir-192 4.30E-06 3.72E-06  1.20E-06  2.96E-06  1.26E-07 4.11E-07 | 1.51E-09  5.56E-09 | 0.00E+00 | 1.99E-11  1.07E-10 | 1.07E-07  2.30E-08 1.29E-05
Po-210 6.93E-11  598E-11  1.79E-11  449E-11  2.06E-12  6.77E-12 | 5.57E-07  2.75E-06 | 0.00E+00 | 2.35E-16  1.70E-15 | 5.63E-05  1.21E-05 | 7.17E-05
Pu-238 2.02E-08  1.74E-08  9.99E-11  1.70E-10  1.06E-09 4.11E-09 | 2.79E-05 2.25E-04 | 0.00E+00 | 3.32E-15 3.91E-14 | 2.00E-04 4.32E-05 | 4.96E-04
Pu-239 8.80E-09  7.60E-09  2.82E-10  6.86E-10  3.79E-10  2.25E-09 | 3.06E-05 2.47E-04 | 0.00E+00 | 2.88E-15 3.41E-14 | 2.22E-04 4.79E-05 | 5.48E-04
Ra-226 2.95E-05 2.54E-05  7.56E-06 1.94E-05 8.67E-07 2.86E-06 | 6.13E-07 4.96E-06 | 3.52E-07 | 6.05E-11  7.15E-10 | 8.34E-05  1.80E-05 1.93E-04
Sr-90 9.85E-08  8.50E-08  2.04E-08 5.22E-08 291E-09 9.59E-09 | 9.31E-08 7.47E-07 | 0.00E+00 | 1.34E-13  1.57E-12 | 9.49E-06  2.05E-06 1.26E-05
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TABLE 5.A.5 Individual Pathway DSRs for Scenario C1-1: Resident Spending 100% of the Time Indoors in Urban Setting,
Second Year

Dose-to-Source Ratio from Individual Exposure Pathways (mrem/yr per pCi/m? of street/soil contamination)

External Inhalation Radon Air Submersion Dust Ingestion
Exterior Interior Interior
Street, Street, Walls, Roof, Walls, Floor,

Radionuclide Outside Inside Inside Inside Inside Inside Outside Inside Inside Outside Inside Outside Inside Total
Am-241 0.00E+00 1.56E-07  1.82E-10  1.76E-10  1.76E-08  4.75E-08 | 0.00E+00 1.54E-04 | 0.00E+00 | 0.00E+00 3.94E-12 | 0.00E+00 2.41E-05 1.78E-04
Cf-252 0.00E+00 2.44E-09  3.44E-12 3.91E-12  2.48E-10  6.18E-10 | 0.00E+00 3.69E-05 | 0.00E+00 | 0.00E+00 1.66E-14 | 0.00E+00 4.89E-06 | 4.18E-05
Cm-244 0.00E+00  1.60E-09  0.00E+00  0.00E+00 2.63E-10  9.40E-10 | 0.00E+00 8.12E-05 | 0.00E+00 | 0.00E+00 2.24E-14 | 0.00E+00 1.27E-05 9.39E-05
Co-60 0.00E+00  7.14E-06  4.17E-06  1.28E-05  8.51E-07  2.25E-06 | 0.00E+00 6.24E-08 | 0.00E+00 | 0.00E+00 4.99E-10 | 0.00E+00 1.47E-07 | 2.74E-05
Cs-137 0.00E+00 2.01E-06  9.87E-07  2.59E-06  2.38E-07  6.27E-07 | 0.00E+00 1.07E-08 | 0.00E+00 | 0.00E+00 1.27E-10 | 0.00E+00 3.21E-07 6.79E-06
Ir-192 0.00E+00 3.11E-08  1.21E-08 2.75E-08  3.36E-09  9.53E-09 | 0.00E+00 9.32E-11 | 0.00E+00 | 0.00E+00 1.80E-12 | 0.00E+00 3.86E-10 8.42E-08
Po-210 0.00E+00 2.42E-12  1.17E-12  3.27E-12  2.74E-13  7.57E-13 | 0.00E+00 2.44E-07 | 0.00E+00 | 0.00E+00 1.51E-16 | 0.00E+00 9.81E-07 1.23E-06
Pu-238 0.00E+00 4.24E-09  1.84E-12  1.60E-12  6.73E-10  2.50E-09 | 0.00E+00 1.34E-04 | 0.00E+00 | 0.00E+00 2.33E-14 | 0.00E+00 2.10E-05 1.55E-04
Pu-239 0.00E+00  1.86E-09  5.16E-11  9.28E-11 1.52E-10  1.22E-09 | 0.00E+00 1.49E-04 | 0.00E+00 | 0.00E+00 2.05E-14 | 0.00E+00 2.35E-05 1.72E-04
Ra-226 0.00E+00  6.24E-06  3.42E-06  1.01E-05  7.38E-07  1.94E-06 | 0.00E+00 2.98E-06 | 5.45E-07 | 0.00E+00 4.29E-10 | 0.00E+00 8.82E-06 3.47E-05
Sr-90 0.00E+00  2.04E-08  4.42E-09 1.26E-08  2.42E-09  6.38E-09 | 0.00E+00 4.38E-07 | 0.00E+00 | 0.00E+00 9.21E-13 | 0.00E+00 9.81E-07 1.47E-06

TABLE 5.A.6 Individual Pathway DSRs for Scenario C1-2: Adults Working Outside in Urban Setting, Second Year

Dose-to-Source Ratio from Individual Exposure Pathways (mrem/yr per pCi/m? of street/soil contamination)
External Inhalation Radon Air Submersion Dust Ingestion
Exterior Interior Interior
Street, Street, Walls, Roof, Walls, Floor,

Radionuclide Outside Inside Inside Inside Inside Inside Outside Inside Inside Outside Inside Outside Inside Total
Am-241 2.47E-07 1.07E-07  1.25E-10  1.20E-10  1.20E-08  3.24E-08 | 1.01E-05 1.05E-04 | 0.00E+00 | 1.78E-13  2.69E-12 | 7.63E-05  1.65E-05 2.08E-04
Cf-252 3.87E-09 1.67E-09  2.35E-12 2.67E-12  1.70E-10  4.22E-10 | 2.48E-06  2.52E-05 | 0.00E+00 | 7.64E-16  1.13E-14 | 1.55E-05 3.34E-06 | 4.65E-05
Cm-244 2.53E-09  1.09E-09  0.00E+00 0.00E+00 1.80E-10  6.42E-10 | 5.37E-06  5.55E-05 | 0.00E+00 | 1.01E-15  1.53E-14 | 4.02E-05 8.66E-06 1.10E-04
Co-60 1.13E-05  4.88E-06  2.85E-06 8.76E-06  5.81E-07  1.54E-06 | 4.16E-09  4.27E-08 | 0.00E+00 | 2.28E-11  3.41E-10 | 4.67E-07 1.01E-07 3.05E-05
Cs-137 3.19E-06 1.38E-06  6.74E-07 1.77E-06  1.63E-07  4.29E-07 | 7.06E-10  7.30E-09 | 0.00E+00 | 5.75E-12  8.70E-11 | 1.02E-06  2.19E-07 8.84E-06
Ir-192 4.93E-08 2.13E-08  8.30E-09  1.88E-08  2.29E-09  6.51E-09 | 7.63E-12  6.37E-11 | 0.00E+00 | 1.01E-13  1.23E-12 | 1.22E-09  2.64E-10 1.08E-07
Po-210 3.83E-12 1.65E-12  8.02E-13  2.23E-12  1.87E-13  5.17E-13 | 1.84E-08 1.67E-07 | 0.00E+00 | 7.75E-18  1.03E-16 | 3.11E-06  6.71E-07 3.96E-06
Pu-238 6.71E-09  2.90E-09 1.25E-12  1.09E-12  4.60E-10  1.71E-09 | 8.86E-06  9.18E-05 | 0.00E+00 | 1.05E-15  1.59E-14 | 6.65E-05  1.44E-05 1.81E-04
Pu-239 2.95E-09 1.27E-09  3.53E-11  6.34E-11 1.04E-10  8.37E-10 | 9.81E-06  1.02E-04 | 0.00E+00 | 9.24E-16  1.40E-14 | 7.44E-05 1.61E-05 2.02E-04
Ra-226 9.87E-06  4.26E-06  2.34E-06 6.88E-06  5.04E-07 1.32E-06 | 1.96E-07 2.04E-06 | 3.73E-07 | 1.94E-11  2.93E-10 | 2.79E-05  6.03E-06 6.18E-05
Sr-90 323E-08 1.39E-08  3.02E-09 8.61E-09  1.66E-09  4.36E-09 | 2.90E-08 2.99E-07 | 0.00E+00 | 4.16E-14  6.29E-13 | 3.11E-06  6.70E-07 | 4.17E-06
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TABLE 5.A.7 Individual Pathway DSRs for Scenario C1-3: Resident Spending 100% of the Time Indoors in Rural Setting,
Second Year

Dose-to-Source Ratio from Individual Exposure Pathways (mrem/yr per pCi/m? of street/soil contamination)

External Inhalation Radon Air Submersion Dust Ingestion
Exterior Interior Interior
Street, Street, Walls, Roof, Walls, Floor,

Radionuclide Outside Inside Inside Inside Inside Inside Outside Inside Inside Outside Inside Outside Inside Total
Am-241 0.00E+00  7.84E-07  1.07E-07  2.05E-07  2.79E-08  8.73E-08 | 0.00E+00 2.86E-04 | 0.00E+00 | 0.00E+00 7.34E-12 | 0.00E+00  6.05E-05 3.48E-04
Cf-252 0.00E+00 1.22E-08  9.73E-11  2.12E-10  3.67E-10  1.09E-09 | 0.00E+00 6.87E-05 | 0.00E+00 | 0.00E+00 3.09E-14 | 0.00E+00 1.22E-05 8.10E-05
Cm-244 0.00E+00 8.03E-09  7.74E-14  5.78E-14  528E-10  1.87E-09 | 0.00E+00 1.51E-04 | 0.00E+00 | 0.00E+00 4.17E-14 | 0.00E+00 3.18E-05 1.83E-04
Co-60 0.00E+00  3.58E-05 1.11E-05  2.90E-05 1.33E-06  4.07E-06 | 0.00E+00 1.16E-07 | 0.00E+00 | 0.00E+00 9.30E-10 | 0.00E+00 3.69E-07 8.17E-05
Cs-137 0.00E+00 1.01E-05  3.31E-06  8.63E-06  3.71E-07  1.14E-06 | 0.00E+00 1.99E-08 | 0.00E+00 | 0.00E+00 2.37E-10 | 0.00E+00 8.05E-07 | 2.44E-05
Ir-192 0.00E+00 1.48E-07  4.94E-08 1.30E-07  5.19E-09  1.63E-08 | 0.00E+00 1.75E-10 | 0.00E+00 | 0.00E+00 3.38E-12 | 0.00E+00 9.18E-10 3.50E-07
Po-210 0.00E+00 1.17E-11  3.69E-12  9.66E-12  4.25E-13  1.33E-12 | 0.00E+00 4.57E-07 | 0.00E+00 | 0.00E+00 2.82E-16 | 0.00E+00 2.38E-06 | 2.84E-06
Pu-238 0.00E+00 2.13E-08  1.31E-10 2.27E-10  1.39E-09  5.02E-09 | 0.00E+00 2.50E-04 | 0.00E+00 | 0.00E+00 4.34E-14 | 0.00E+00 5.27E-05 3.03E-04
Pu-239 0.00E+00 9.35E-09  3.73E-10  9.19E-10  5.01E-10  2.77E-09 | 0.00E+00 2.77E-04 | 0.00E+00 | 0.00E+00 3.81E-14 | 0.00E+00  5.90E-05 3.36E-04
Ra-226 0.00E+00  3.13E-05 1.00E-05  2.60E-05 1.15E-06 ~ 3.52E-06 | 0.00E+00 5.55E-06 | 4.47E-07 | 0.00E+00 7.99E-10 | 0.00E+00 2.21E-05 1.00E-04
Sr-90 0.00E+00 1.02E-07  2.63E-08  6.84E-08  3.76E-09  1.15E-08 | 0.00E+00 8.16E-07 | 0.00E+00 | 0.00E+00 1.71E-12 | 0.00E+00 2.46E-06 3.49E-06

TABLE 5.A.8 Individual Pathway DSRs for Scenario C1-4: Adults Working Outside in Rural Setting, Second Year

Dose-to-Source Ratio from Individual Exposure Pathways (mrem/yr per pCi/m? of street/soil contamination)
External Inhalation Radon Air Submersion Dust Ingestion
Exterior Interior Interior
Street, Street, Walls, Roof, Walls, Floor,

Radionuclide Outside Inside Inside Inside Inside Inside Outside Inside Inside Outside Inside Outside Inside Total
Am-241 6.21E-07 5.36E-07  7.32E-08  1.40E-07 191E-08 5.97E-08 | 2.51E-06 1.95E-04 | 0.00E+00 | 441E-14  5.02E-12 | 1.92E-04  4.14E-05 4.32E-04
Cf-252 9.66E-09  8.34E-09  6.65E-11 1.45E-10  2.51E-10  7.48E-10 | 6.12E-07  4.70E-05 | 0.00E+00 | 1.88E-16  2.11E-14 | 3.87E-05  8.34E-06 9.46E-05
Cm-244 6.36E-09  5.49E-09  5.29E-14 3.95E-14  3.61E-10  1.28E-09 | 1.33E-06  1.03E-04 | 0.00E+00 | 2.51E-16  2.85E-14 | 1.01E-04  2.17E-05 2.27E-04
Co-60 2.83E-05 2.44E-05 7.61E-06 1.98E-05 9.06E-07 2.78E-06 | 1.03E-09  7.95E-08 | 0.00E+00 | 5.63E-12  6.36E-10 | 1.17E-06  2.52E-07 8.53E-05
Cs-137 8.00E-06 6.91E-06 226E-06 590E-06 2.53E-07 7.79E-07 | 1.75E-10  1.36E-08 | 0.00E+00 | 1.42E-12  1.62E-10 | 2.55E-06  5.50E-07 | 2.72E-05
Ir-192 1.17E-07  1.01E-07  3.37E-08  8.87E-08  3.55E-09  1.12E-08 | 1.80E-12  1.19E-10 | 0.00E+00 | 2.38E-14  2.31E-12 | 2.91E-09 6.27E-10 3.59E-07
Po-210 9.29E-12  8.02E-12  2.52E-12  6.60E-12  291E-13  9.08E-13 | 4.41E-09 3.12E-07 | 0.00E+00 | 1.86E-18  1.92E-16 | 7.55E-06  1.63E-06 9.49E-06
Pu-238 1.68E-08  1.45E-08  8.96E-11 1.55E-10  9.51E-10  3.43E-09 | 2.19E-06 1.71E-04 | 0.00E+00 | 2.61E-16  2.97E-14 | 1.67E-04  3.60E-05 3.76E-04
Pu-239 740E-09  6.39E-09  2.55E-10 6.28E-10  3.42E-10  1.89E-09 | 2.43E-06 1.89E-04 | 0.00E+00 | 2.29E-16  2.61E-14 | 1.87E-04  4.03E-05 4.19E-04
Ra-226 2.48E-05 2.14E-05 6.83E-06 1.78E-05  7.83E-07 2.41E-06 | 4.87E-08 3.79E-06 | 3.05E-07 | 4.80E-12  5.46E-10 | 7.01E-05 1.51E-05 1.63E-04
Sr-90 8.09E-08  6.98E-08 1.80E-08  4.67E-08  2.57E-09  7.88E-09 | 7.17E-09  5.58E-07 | 0.00E+00 | 1.03E-14  1.17E-12 | 7.79E-06  1.68E-06 1.03E-05
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TABLE 5.A.9 Individual Pathway DSRs for Scenario C2-1: Indoor Worker at Industrial/Commercial Area, First Year

Dose-to-Source Ratio from Individual Exposure Pathways (mrem/yr per pCi/m? of street/soil contamination)

External Inhalation Radon Air Submersion Dust Ingestion
Exterior Interior Interior
Street, Street, Walls, Roof, Walls, Floor,

Radionuclide Outside Inside Inside Inside Inside Inside Outside Inside Inside Outside Inside Outside Inside Total
Am-241 0.00E+00 6.63E-08  2.47E-11  4.25E-11  2.51E-09 3.21E-08 | 0.00E+00 1.53E-04 | 0.00E+00 | 0.00E+00 3.15E-12 | 0.00E+00 1.02E-05 1.64E-04
Cf-252 0.00E+00 1.36E-09  6.05E-13  1.23E-12  5.57E-11  6.02E-10 | 0.00E+00 5.13E-05 | 0.00E+00 | 0.00E+00 1.84E-14 | 0.00E+00 2.73E-06 | 5.41E-05
Cm-244 0.00E+00  7.06E-10  0.00E+00  0.00E+00  8.99E-12  4.98E-10 | 0.00E+00 8.50E-05 | 0.00E+00 | 0.00E+00 1.87E-14 | 0.00E+00 5.59E-06 | 9.06E-05
Co-60 0.00E+00 3.47E-06  6.65E-07  3.64E-06  1.33E-07 1.76E-06 | 0.00E+00 7.36E-08 | 0.00E+00 | 0.00E+00 4.70E-10 | 0.00E+00 7.16E-08 | 9.82E-06
Cs-137 0.00E+00 8.74E-07  1.41E-07 6.54E-07  3.37E-08  4.41E-07 | 0.00E+00 1.10E-08 | 0.00E+00 | 0.00E+00 1.04E-10 | 0.00E+00 1.39E-07 | 2.29E-06
Ir-192 0.00E+00 4.68E-07  5.39E-08 2.07E-07  1.51E-08  2.33E-07 | 0.00E+00 6.16E-09 | 0.00E+00 | 0.00E+00 9.50E-11 | 0.00E+00 5.80E-09 | 9.89E-07
Po-210 0.00E+00 6.96E-12  1.05E-12  5.03E-12  2.41E-13  3.52E-12 | 0.00E+00 2.40E-06 | 0.00E+00 | 0.00E+00 1.18E-15 | 0.00E+00 2.83E-06 | 5.23E-06
Pu-238 0.00E+00 1.81E-09  2.54E-13  3.89E-13  2.15E-11  1.27E-09 | 0.00E+00 1.35E-04 | 0.00E+00 | 0.00E+00 1.87E-14 | 0.00E+00 8.97E-06 1.44E-04
Pu-239 0.00E+00  7.89E-10  7.04E-12  2.27E-11  3.88E-12  5.52E-10 | 0.00E+00 1.48E-04 | 0.00E+00 | 0.00E+00 1.63E-14 | 0.00E+00  9.95E-06 1.58E-04
Ra-226 0.00E+00 2.64E-06  4.77E-07  2.51E-06  1.02E-07  1.33E-06 | 0.00E+00 2.97E-06 | 3.58E-08 | 0.00E+00 3.42E-10 | 0.00E+00 3.74E-06 1.38E-05
Sr-90 0.00E+00 8.84E-09  6.31E-10  3.19E-09  3.41E-10 4.47E-09 | 0.00E+00 4.51E-07 | 0.00E+00 | 0.00E+00 7.56E-13 | 0.00E+00 4.26E-07 | 8.94E-07

TABLE 5.A.10 Individual Pathway DSRs for Scenario C2-2: Outdoor Worker at Industrial/Commercial Area, First Year

Dose-to-Source Ratio from Individual Exposure Pathways (mrem/yr per pCi/m? of street/soil contamination)
External Inhalation Radon Air Submersion Dust Ingestion
Exterior Interior Interior
Street, Street, Walls, Roof, Walls, Floor,

Radionuclide | Outside Inside Inside Inside Inside Inside Outside Inside Inside Outside Inside Outside Inside Total
Am-241 3.31E-07  0.00E+00  0.00E+00 0.00E+00  0.00E+00  0.00E+00 | 1.99E-04  0.00E+00 | 0.00E+00 | 3.49E-12  0.00E+00 | 1.02E-04  0.00E+00 | 3.01E-04
Cf-252 6.82E-09  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 6.85E-05  0.00E+00 | 0.00E+00 | 2.11E-14  0.00E+00 | 2.73E-05  0.00E+00 | 9.58E-05
Cm-244 3.53E-09  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 1.10E-04  0.00E+00 | 0.00E+00 | 2.09E-14  0.00E+00 | 5.59E-05  0.00E+00 | 1.66E-04
Co-60 1.74E-05  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 9.67E-08  0.00E+00 | 0.00E+00 | 5.29E-10  0.00E+00 | 7.16E-07  0.00E+00 | 1.82E-05
Cs-137 4.37E-06  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 1.42E-08  0.00E+00 | 0.00E+00 | 1.16E-10  0.00E+00 | 1.39E-06  0.00E+00 | 5.78E-06
Ir-192 2.34E-06  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 1.02E-08  0.00E+00 | 0.00E+00 | 1.34E-10  0.00E+00 | 5.80E-08  0.00E+00 | 2.41E-06
Po-210 3.48E-11  0.00E+00  0.00E+00 0.00E+00  0.00E+00 0.00E+00 | 3.67E-06  0.00E+00 | 0.00E+00 | 1.55E-15  0.00E+00 | 2.83E-05  0.00E+00 | 3.19E-05
Pu-238 9.05E-09  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 1.75E-04  0.00E+00 | 0.00E+00 | 2.08E-14  0.00E+00 | 8.97E-05  0.00E+00 | 2.65E-04
Pu-239 3.95E-09 0.00E+00 0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 1.92E-04  0.00E+00 | 0.00E+00 | 1.81E-14  0.00E+00 | 9.95E-05  0.00E+00 | 2.91E-04
Ra-226 1.32E-05  0.00E+00  0.00E+00 0.00E+00  0.00E+00  0.00E+00 | 3.85E-06  0.00E+00 | 0.00E+00 | 3.79E-10  0.00E+00 | 3.74E-05  0.00E+00 | 5.44E-05
Sr-90 4.42E-08  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 5.84E-07  0.00E+00 | 0.00E+00 | 8.40E-13  0.00E+00 | 4.26E-06  0.00E+00 | 4.89E-06
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TABLE 5.A.11 Individual Pathway DSRs for Scenario C2-1: Indoor Worker at Industrial/Commercial Area, Second Year

Dose-to-Source Ratio from Individual Exposure Pathways (mrem/yr per pCi/m? of street/soil contamination)

External Inhalation Radon Air Submersion Dust Ingestion
Exterior Interior Interior
Street, Street, Walls, Roof, Walls, Floor,

Radionuclide Outside Inside Inside Inside Inside Inside Outside Inside Inside Outside Inside Outside Inside Total
Am-241 0.00E+00 3.57E-08  2.23E-11  3.89E-11 = 2.26E-09  1.73E-08 | 0.00E+00 4.39E-05 | 0.00E+00 | 0.00E+00 9.00E-13 | 0.00E+00 5.50E-06 | 4.95E-05
Cf-252 0.00E+00 5.58E-10  4.19E-13  8.68E-13  3.86E-11  2.46E-10 | 0.00E+00 1.06E-05 | 0.00E+00 | 0.00E+00 3.78E-15 | 0.00E+00 1.12E-06 1.17E-05
Cm-244 0.00E+00 3.66E-10  0.00E+00  0.00E+00  7.81E-12  2.58E-10 | 0.00E+00 2.32E-05 | 0.00E+00 | 0.00E+00 5.11E-15 | 0.00E+00 2.89E-06 | 2.61E-05
Co-60 0.00E+00  1.63E-06  5.26E-07 2.93E-06  1.05E-07  8.28E-07 | 0.00E+00 1.79E-08 | 0.00E+00 | 0.00E+00 1.14E-10 | 0.00E+00 3.36E-08 | 6.07E-06
Cs-137 0.00E+00 4.60E-07  1.24E-07  5.85E-07  2.98E-08  2.32E-07 | 0.00E+00 3.05E-09 | 0.00E+00 | 0.00E+00 2.91E-11 | 0.00E+00 7.33E-08 1.51E-06
Ir-192 0.00E+00 7.11E-09  1.51E-09  6.19E-09  4.26E-10  3.54E-09 | 0.00E+00 2.67E-11 | 0.00E+00 | 0.00E+00 4.11E-13 | 0.00E+00  8.82E-11 1.89E-08
Po-210 0.00E+00 5.52E-13  1.48E-13  7.39E-13  3.40E-14  2.79E-13 | 0.00E+00 6.99E-08 | 0.00E+00 | 0.00E+00 3.44E-17 | 0.00E+00 2.24E-07 | 2.94E-07
Pu-238 0.00E+00 9.67E-10  2.28E-13  3.54E-13  1.92E-11  6.78E-10 | 0.00E+00 3.84E-05 | 0.00E+00 | 0.00E+00 5.32E-15 | 0.00E+00 4.79E-06 | 4.32E-05
Pu-239 0.00E+00 4.25E-10  6.36E-12  2.08E-11  3.51E-12  2.98E-10 | 0.00E+00 4.25E-05 | 0.00E+00 | 0.00E+00 4.68E-15 | 0.00E+00 5.37E-06 | 4.79E-05
Ra-226 0.00E+00  1.42E-06  4.31E-07 2.30E-06 9.21E-08  7.19E-07 | 0.00E+00 8.52E-07 | 2.28E-08 | 0.00E+00 9.80E-11 | 0.00E+00 2.01E-06 | 7.85E-06
Sr-90 0.00E+00 4.65E-09  5.57E-10  2.86E-09  3.01E-10  2.35E-09 | 0.00E+00 1.25E-07 | 0.00E+00 | 0.00E+00 2.10E-13 | 0.00E+00 2.24E-07 | 3.60E-07

TABLE 5.A.12 Individual Pathway DSRs for Scenario C2-2: Outdoor Worker at Industrial/Commercial Area, Second Year

Dose-to-Source Ratio from Individual Exposure Pathways (mrem/yr per pCi/m? of street/soil contamination)
External Inhalation Radon Air Submersion Dust Ingestion
Exterior Interior Interior
Street, Street, Walls, Roof, Walls, Floor,

Radionuclide | Outside Inside Inside Inside Inside Inside Outside Inside Inside Outside Inside Outside Inside Total
Am-241 1.78E-07  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 7.30E-06  0.00E+00 | 0.00E+00 | 1.28E-13  0.00E+00 | 5.50E-05  0.00E+00 | 6.25E-05
Cf-252 2.79E-09  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 1.79E-06  0.00E+00 | 0.00E+00 | 5.51E-16  0.00E+00 | 1.12E-05  0.00E+00 | 1.30E-05
Cm-244 1.83E-09  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 3.87E-06  0.00E+00 | 0.00E+00 | 7.31E-16 ~ 0.00E+00 | 2.89E-05  0.00E+00 | 3.28E-05
Co-60 8.15E-06  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 3.00E-09  0.00E+00 | 0.00E+00 | 1.64E-11  0.00E+00 | 3.36E-07  0.00E+00 | 8.49E-06
Cs-137 2.30E-06  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 5.09E-10  0.00E+00 | 0.00E+00 | 4.15E-12  0.00E+00 | 7.33E-07  0.00E+00 | 3.03E-06
Ir-192 3.56E-08  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 5.50E-12  0.00E+00 | 0.00E+00 | 7.27E-14  0.00E+00 | 8.82E-10  0.00E+00 | 3.64E-08
Po-210 2.76E-12  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 1.33E-08  0.00E+00 | 0.00E+00 | 5.59E-18  0.00E+00 | 2.24E-06  0.00E+00 | 2.25E-06
Pu-238 4.84E-09  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 6.39E-06  0.00E+00 | 0.00E+00 | 7.59E-16 ~ 0.00E+00 | 4.79E-05  0.00E+00 | 5.43E-05
Pu-239 2.13E-09  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 7.07E-06  0.00E+00 | 0.00E+00 | 6.66E-16  0.00E+00 | 5.37E-05  0.00E+00 | 6.07E-05
Ra-226 7.12E-06  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 1.42E-07  0.00E+00 | 0.00E+00 | 1.40E-11  0.00E+00 | 2.01E-05  0.00E+00 | 2.74E-05
Sr-90 2.33E-08  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 2.09E-08  0.00E+00 | 0.00E+00 | 3.00E-14  0.00E+00 | 2.24E-06  0.00E+00 | 2.28E-06
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TABLE 5.A.13 Individual Pathway DSRs for Scenario C3-1: Indoor Worker at Monument/Park Area, First Year

Dose-to-Source Ratio from Individual Exposure Pathways (mrem/yr per pCi/m? of street/soil contamination)

External Inhalation Radon Air Submersion Dust Ingestion
Exterior Interior Interior
Street, Street, Walls, Roof, Walls, Floor,

Radionuclide Outside Inside Inside Inside Inside Inside Outside Inside Inside Outside Inside Outside Inside Total
Am-241 0.00E+00  1.07E-07  6.57E-11  2.96E-12  5.46E-09  5.16E-08 | 0.00E+00 2.04E-04 | 0.00E+00 | 0.00E+00 4.18E-12 | 0.00E+00 1.65E-05 2.21E-04
Cf252 0.00E+00  2.16E-09 1.94E-12  1.15E-13 1.22E-10  9.52E-10 | 0.00E+00  6.69E-05 | 0.00E+00 | 0.00E+00 2.40E-14 | 0.00E+00 4.31E-06 7.12E-05
Cm-244 0.00E+00  1.13E-09  0.00E+00 0.00E+00 1.71E-11 ~ 7.99E-10 | 0.00E+00 1.13E-04 | 0.00E+00 | 0.00E+00 2.48E-14 | 0.00E+00 8.97E-06 1.22E-04
Co-60 0.00E+00 5.54E-06  5.27E-06  7.26E-07  2.88E-07  2.81E-06 | 0.00E+00 9.68E-08 | 0.00E+00 | 0.00E+00 6.18E-10 | 0.00E+00 1.14E-07 1.49E-05
Cs-137 0.00E+00  1.40E-06 1.00E-06  1.23E-07  7.30E-08  7.09E-07 | 0.00E+00 1.46E-08 | 0.00E+00 | 0.00E+00 1.38E-10 | 0.00E+00 2.24E-07 3.55E-06
Ir-192 0.00E+00 6.21E-07  3.41E-07 3.62E-08  3.28E-08  3.09E-07 | 0.00E+00 6.95E-09 | 0.00E+00 | 0.00E+00 1.07E-10 | 0.00E+00  7.70E-09 1.35E-06
Po-210 0.00E+00 9.99E-12  7.77E-12  9.71E-13  5.21E-13  5.05E-12 | 0.00E+00 2.86E-06 | 0.00E+00 | 0.00E+00 1.40E-15 | 0.00E+00 4.06E-06 6.91E-06
Pu-238 0.00E+00 2.91E-09  5.94E-13  2.10E-14  4.14E-11  2.04E-09 | 0.00E+00 1.80E-04 | 0.00E+00 | 0.00E+00 2.49E-14 | 0.00E+00 1.44E-05 1.94E-04
Pu-239 0.00E+00 1.27E-09  3.68E-11  3.47E-12  7.77E-12  8.88E-10 | 0.00E+00 1.97E-04 | 0.00E+00 | 0.00E+00 2.17E-14 | 0.00E+00  1.60E-05 2.13E-04
Ra-226 0.00E+00 4.25E-06  3.66E-06 4.91E-07  2.20E-07 2.15E-06 | 0.00E+00 3.95E-06 | 4.30E-08 | 0.00E+00 4.55E-10 | 0.00E+00 6.01E-06 2.08E-05
Sr-90 0.00E+00 1.42E-08  4.75E-09 6.21E-10  7.38E-10  7.19E-09 | 0.00E+00 5.98E-07 | 0.00E+00 | 0.00E+00 1.00E-12 | 0.00E+00 6.84E-07 1.31E-06

TABLE 5.A.14 Individual Pathway DSRs for Scenario C3-2: Outdoor Worker at Monument/Park Area, First Year

Dose-to-Source Ratio from Individual Exposure Pathways (mrem/yr per pCi/m? of street/soil contamination)
External Inhalation Radon Air Submersion Dust Ingestion
Exterior Interior Interior
Street, Street, Walls, Roof, Walls, Floor,

Radionuclide Outside Inside Inside Inside Inside Inside Outside Inside Inside Outside Inside Outside Inside Total
Am-241 5.33E-07  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 2.28E-04  0.00E+00 | 0.00E+00 | 4.01E-12  0.00E+00 | 1.65E-04  0.00E+00 | 3.93E-04
Cf-252 1.08E-08  0.00E+00  0.00E+00 0.00E+00  0.00E+00  0.00E+00 | 7.80E-05  0.00E+00 | 0.00E+00 | 2.40E-14  0.00E+00 | 4.31E-05  0.00E+00 | 1.21E-04
Cm-244 5.66E-09  0.00E+00 0.00E+00 0.00E+00  0.00E+00  0.00E+00 | 1.27E-04  0.00E+00 | 0.00E+00 | 2.39E-14  0.00E+00 | 8.97E-05  0.00E+00 | 2.17E-04
Co-60 2.77E-05  0.00E+00  0.00E+00  0.00E+00  0.00E+00 0.00E+00 | 1.11E-07  0.00E+00 | 0.00E+00 | 6.06E-10  0.00E+00 | 1.14E-06  0.00E+00 | 2.89E-05
Cs-137 7.02E-06  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 1.64E-08  0.00E+00 | 0.00E+00 | 1.33E-10  0.00E+00 | 2.24E-06  0.00E+00 | 9.27E-06
Ir-192 3.10E-06  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 1.09E-08  0.00E+00 | 0.00E+00 | 1.44E-10  0.00E+00 | 7.70E-08  0.00E+00 | 3.19E-06
Po-210 5.00E-11  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 4.01E-06  0.00E+00 | 0.00E+00 | 1.69E-15  0.00E+00 | 4.06E-05  0.00E+00 | 4.46E-05
Pu-238 1.45E-08  0.00E+00  0.00E+00 0.00E+00  0.00E+00  0.00E+00 | 2.01E-04  0.00E+00 | 0.00E+00 | 2.39E-14  0.00E+00 | 1.44E-04  0.00E+00 | 3.46E-04
Pu-239 6.35E-09  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 2.21E-04  0.00E+00 | 0.00E+00 | 2.08E-14  0.00E+00 | 1.60E-04  0.00E+00 | 3.81E-04
Ra-226 2.12E-05  0.00E+00  0.00E+00  0.00E+00  0.00E+00 0.00E+00 | 4.42E-06  0.00E+00 | 0.00E+00 | 4.36E-10  0.00E+00 | 6.01E-05  0.00E+00 | 8.58E-05
Sr-90 7.10E-08  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 6.71E-07  0.00E+00 | 0.00E+00 | 9.65E-13  0.00E+00 | 6.84E-06  0.00E+00 | 7.58E-06
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TABLE 5.A.15 Individual Pathway DSRs for Scenario C3-1: Indoor Worker at Monument/Park Area, Second Year

Dose-to-Source Ratio from Individual Exposure Pathways (mrem/yr per pCi/m? of street/soil contamination)

External Inhalation Radon Air Submersion Dust Ingestion
Exterior Interior Interior
Street, Street, Walls, Roof, Walls, Floor,

Radionuclide Outside Inside Inside Inside Inside Inside Outside Inside Inside Outside Inside Outside Inside Total
Am-241 0.00E+00 8.95E-08  5.93E-11  2.71E-12  4.92E-09  4.33E-08 | 0.00E+00 8.94E-05 | 0.00E+00 | 0.00E+00 1.83E-12 | 0.00E+00  1.38E-05 1.03E-04
Cf252 0.00E+00  1.39E-09 1.35E-12  8.07E-14  847E-11  6.15E-10 | 0.00E+00 2.15E-05 | 0.00E+00 | 0.00E+00 7.72E-15 | 0.00E+00 2.79E-06 2.43E-05
Cm-244 0.00E+00  9.17E-10  0.00E+00  0.00E+00 1.48E-11  6.47E-10 | 0.00E+00 4.73E-05 | 0.00E+00 | 0.00E+00 1.04E-14 | 0.00E+00 7.26E-06 5.46E-05
Co-60 0.00E+00 4.08E-06  4.17E-06  5.84E-07  2.28E-07  2.07E-06 | 0.00E+00 3.64E-08 | 0.00E+00 | 0.00E+00 2.32E-10 | 0.00E+00  8.42E-08 1.13E-05
Cs-137 0.00E+00 1.15E-06 ~ 8.87E-07  1.10E-07  6.45E-08  5.82E-07 | 0.00E+00 6.22E-09 | 0.00E+00 | 0.00E+00 5.92E-11 | 0.00E+00 1.84E-07 2.99E-06
Ir-192 0.00E+00  1.69E-08  9.58E-09  1.08E-09  9.22E-10  8.40E-09 | 0.00E+00 5.55E-11 | 0.00E+00 | 0.00E+00 8.56E-13 | 0.00E+00 2.09E-10 3.71E-08
Po-210 0.00E+00  1.34E-12 1.09E-12  1.43E-13  7.34E-14  6.77E-13 | 0.00E+00 1.44E-07 | 0.00E+00 | 0.00E+00 7.09E-17 | 0.00E+00 5.44E-07 6.88E-07
Pu-238 0.00E+00 2.43E-09  5.32E-13  191E-14  3.71E-11 1.70E-09 | 0.00E+00  7.82E-05 | 0.00E+00 | 0.00E+00 1.08E-14 | 0.00E+00 1.20E-05 9.02E-05
Pu-239 0.00E+00  1.07E-09  3.32E-11  3.18E-12  7.02E-12  7.47E-10 | 0.00E+00 8.66E-05 | 0.00E+00 | 0.00E+00  9.52E-15 | 0.00E+00  1.35E-05 1.00E-04
Ra-226 0.00E+00 3.57E-06  3.31E-06  4.50E-07 1.99E-07 1.81E-06 | 0.00E+00 1.73E-06 | 3.72E-08 | 0.00E+00 2.00E-10 | 0.00E+00 5.06E-06 1.62E-05
Sr-90 0.00E+00 1.17E-08  4.19E-09  5.56E-10  6.51E-10  5.90E-09 | 0.00E+00 2.55E-07 | 0.00E+00 | 0.00E+00 4.28E-13 | 0.00E+00 5.62E-07 8.40E-07

TABLE 5.A.16 Individual Pathway DSRs for Scenario C3-2: Outdoor Worker at Monument/Park Area, Second Year

Dose-to-Source Ratio from Individual Exposure Pathways (mrem/yr per pCi/m? of street/soil contamination)
External Inhalation Radon Air Submersion Dust Ingestion
Exterior Interior Interior
Street, Street, Walls, Roof, Walls, Floor,

Radionuclide Outside Inside Inside Inside Inside Inside Outside Inside Inside Outside Inside Outside Inside Total
Am-241 4.48E-07  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 1.81E-05  0.00E+00 | 0.00E+00 | 3.18E-13  0.00E+00 | 1.38E-04  0.00E+00 | 1.57E-04
Cf-252 6.96E-09  0.00E+00  0.00E+00 0.00E+00  0.00E+00 0.00E+00 | 4.41E-06  0.00E+00 | 0.00E+00 | 1.36E-15  0.00E+00 | 2.79E-05  0.00E+00 | 3.23E-05
Cm-244 4.58E-09  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 9.58E-06  0.00E+00 | 0.00E+00 | 1.81E-15  0.00E+00 | 7.26E-05  0.00E+00 | 8.22E-05
Co-60 2.04E-05  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 7.41E-09  0.00E+00 | 0.00E+00 | 4.06E-11  0.00E+00 | 8.42E-07  0.00E+00 | 2.13E-05
Cs-137 5.77E-06  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 1.26E-09  0.00E+00 | 0.00E+00 | 1.03E-11  0.00E+00 | 1.84E-06  0.00E+00 | 7.61E-06
Ir-192 8.45E-08  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 1.30E-11  0.00E+00 | 0.00E+00 | 1.71E-13  0.00E+00 | 2.09E-09  0.00E+00 | 8.66E-08
Po-210 6.70E-12  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 3.18E-08  0.00E+00 | 0.00E+00 | 1.34E-17  0.00E+00 | 5.44E-06  0.00E+00 | 5.47E-06
Pu-238 1.21E-08  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 1.58E-05  0.00E+00 | 0.00E+00 | 1.88E-15  0.00E+00 | 1.20E-04  0.00E+00 | 1.36E-04
Pu-239 5.34E-09  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 1.75E-05  0.00E+00 | 0.00E+00 | 1.65E-15  0.00E+00 | 1.35E-04  0.00E+00 | 1.52E-04
Ra-226 1.79E-05  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 3.51E-07  0.00E+00 | 0.00E+00 | 3.46E-11  0.00E+00 | 5.06E-05  0.00E+00 | 6.88E-05
Sr-90 5.83E-08  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 5.17E-08  0.00E+00 | 0.00E+00 | 7.43E-14  0.00E+00 | 5.62E-06  0.00E+00 | 5.73E-06
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6 GROUP C: RELOCATION, PART 2 — CRITICAL INFRASTRUCTURE
UTILIZATION IN RELOCATION AREAS

The operational guidelines for Group C (Part 2) are intended as screening values so that
facilities critical to the public welfare can continue to operate if needed after an RDD event. The
operational guidelines in this group apply only to facilities in areas that exceed relocation PAGs
and might, as a result, be closed for general use and access, except for the fact that their
operation is critical to the public welfare. The operational guidelines are generally applicable
during the intermediate phase. It was assumed that the continued use of such facilities would be
temporary (less than 6 months for hospitals and other health care facilities). After this time, it
would be possible to either provide the services through alternate means or implement interim
control, restoration, or decontamination measures in order to reduce contamination levels below
relocation operational guidelines. It is expected that after their restoration or decontamination,
the facilities would be treated as any commercial/industrial facility. The critical infrastructures
considered include hospitals and other health care facilities, critical transport facilities, water and
sewer facilities, and power and fuel facilities. To derive operational guidelines for use of critical
infrastructure facilities, doses were estimated for different critical receptors (see Table 2.5 in

Chapter 2) that would work in these contaminated areas.

6.1 HOSPITALS AND OTHER HEALTH CARE FACILITIES (GROUP C4)

The operational guidelines for this group allow for the continued use of health care
facilities and services that are in areas that exceed relocation criteria. The 5-rem occupational
exposure PAG was applied to health care facility employees. Three potential exposure scenarios
were considered for the derivation of operational guidelines. Potential radiation doses resulting
from 13 exposure pathways were considered. The applicability of these exposure pathways to the
three scenarios evaluated is summarized in Table 2.6 in Chapter 2. All scenarios considered were
in an urban environment, and the building dimensions considered for external exposure were
based on a warehouse geometry shown in Table 2.4 in Chapter 2. The initial outdoor
contamination was assumed to be on streets. The average correction factors for outdoor air
presented in the last 2 columns of Table 2.2 in Chapter 2 were multiplied by 10 to account for

traffic in an urban environment (see Table 2.3 in Chapter 2).

To account for the differences in the time fractions spent inside and outside by different

people, two receptors — one that would spend all the time indoors and the other that would
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spend all the time outdoors — were considered. A third receptor was assumed to be a patient that
would spend the initial 2 weeks after an RDD event inside the hospital. The parameters used in

different exposure scenarios are listed in Table 2.7 in Chapter 2.

6.1.1 Scenario Description for Hospitals and Other Health Care Facilities

Scenario C4-1 (hospital outdoor worker) assumed continued use of the contaminated area
in an urban environment. Under this scenario, an outdoor worker was assumed to spend all the
time outdoors in the contaminated area (an average of 8 h/d for 125 days [6 months]). For the
hospital outdoor worker, the 6-month average weathering correction factors listed in Table 2.2 in
Chapter 2 were applied. It was assumed that the facility would be cleaned within 6 months or
alternate arrangements would be made. The outdoor worker was exposed to radiation through
exposure to outside contamination, inhaling contaminated outdoor air, and directly ingesting dust

from contaminated outdoor areas.

Scenario C4-2 (hospital indoor worker) assumed continued use of the contaminated area
in an urban environment. Under this scenario, an indoor worker was assumed to spend all the
time indoors in the contaminated area (an average of 8 h/d indoors for 125 days [6 months]). For
the hospital indoor worker, the 6-month average weathering correction factors listed in Table 2.2
in Chapter 2 were applied. It was assumed that the facility would be cleaned within 6 months or
alternate arrangements would be made. The building dimensions considered for external
exposure were based on a warehouse geometry shown in Table 2.4 in Chapter 2. All applicable

exposure pathways are shown in Table 2.6 in Chapter 2.

Scenario C4-3 (patient staying in hospital) assumed continued use of the contaminated
area in an urban environment. Under this scenario, a patient was assumed to spend all the time
indoors in the contaminated area (an average of 24 h/d for first 2 weeks). For the patient, the
14-day average weathering correction factors listed in Table 2.2 in Chapter 2 were applied. It
was assumed that the patient would be released within 2 weeks or alternate arrangements would
be made. The building dimensions considered for external exposure were based on a warehouse
geometry shown in Table 2.4 in Chapter 2. All applicable exposure pathways are shown in
Table 2.6 in Chapter 2.



6.1.2 Dose Calculation for Hospitals and Other Health Care Facilities

In Appendix 6.A, Tables 6.A.1 through 6.A.3 provide the DSRs from individual exposure
pathways for Group C4 (hospitals and other health care facilities for the short duration [6 months
for C4-1 and C4-2, and 2 weeks for C4-3]). Table 6.1 lists the total DSRs for all three scenarios
(C4-1, C4-2, and C4-3) for the short duration.

TABLE 6.1 Generic Dose-to-Source Ratios
(DSRs) for Hospitals and Other Health Care
Facilities (Group C4) Scenarios

DSR (mrem/yr per pCi/m?) Based
on Initial Street Contamination for
the Short Duration?

Radionuclide C4-1b C4-2¢ C4-3d
Am-241 2.52E-04 1.32E-04 2.17E-04
Cf-252 8.34E-05 4.51E-05 7.64E-05
Cm-244 1.40E-04 7.36E-05 1.21E-04
Co-60 1.16E-05 5.79E-06 2.56E-06
Cs-137 3.60E-06 1.34E-06 5.89E-07
Ir-192 2.18E-06  8.83E-07 7.05E-07
Po-210 2.65E-05 4.53E-06 5.94E-06
Pu-238 222E-04 1.17E-04 1.92E-04
Pu-239 244E-04 1.28E-04 2.10E-04
Ra-226 3.50E-05 8.84E-06 6.94E-06
Sr-90 324E-06 647E-07 7.61E-07

2 For Scenarios C4-1 and C4-2, the DSRs were
based on an initial 6 months of exposure. For
Scenario C4-3, the DSRs were based on an initial
2 weeks of exposure.

b C4-1: hospital and other health care facilities,
hospital outdoor worker.

¢ (C4-2: hospital and other health care facilities,
hospital indoor worker.

d (C4-3: hospital and other health care facilities,
patient staying in hospital.



6.1.3 Operational Guideline Derivation for Hospitals and Other Health Care Facilities

Table 6.2 provides the operational guidelines for hospitals and other health care facilities.
To derive guidelines for the short duration, the occupational PAG (5 rem) was used for the C4-1

and C4-2 scenarios, and the public PAG (2 rem) was used for the C4-3 scenario.

Different scenarios were considered in deriving generic operational guidelines for use of
hospitals for a short duration. The scenarios considered included occupational use by the hospital
staff for 6 months and use by a patient staying for 2 weeks immediately after an RDD event. In
fact, hospital buildings would most likely be cleaned before 6 months, and patients would stay in
the hospital for less than 2 weeks. Table 6.3 provides the most restrictive operational guideline
values for occupational exposure and public exposure for the short duration. For occupational
exposure, the hospital outdoor worker scenario resulted in more restrictive operational guidelines
than the hospital indoor worker scenario. For Am-241, Cf-252, Cm-244, Pu-238, and Pu-239,
Scenario C4-3 (a patient brought in immediately after an RDD event) resulted in the most
restrictive operational guidelines. For Co-60, Cs-137, Ir-192, Po-210, Ra-226, and Sr-90,
Scenario C4-1 (an outdoor hospital worker) resulted in the most restrictive operational

guidelines.

To continue using the hospitals and health care facilities beyond 6 months, the relocation
operational guidelines for commercial/industrial areas should be applied to these facilities after
necessary decontamination activities for the first year and after the first year. It should be noted
that occupational exposure should never exceed 5 rem in a year, and public exposure should
never exceed 2 rem for the first year; therefore, even if the buildings were cleaned after
6 months, the workers who have already received a dose of 5 rem should not be allowed to work
in these buildings for the rest of the year. Those who have received a dose of less than 5 rem
during the first 6 months could continue working in these buildings until the total dose meets the

5 rem/yr criterion.

6.2 CRITICAL TRANSPORT FACILITIES (GROUP C5)

The operational guidelines for this group would allow continued use of critical transport
facilities located in areas that exceed relocation criteria. The 5-rem occupational exposure PAG

was applied to the facility employees. Four potential exposure scenarios were considered for the
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TABLE 6.2 Generic Operational Guidelines
for Hospitals and Other Health Care Facilities
(Group C4) Scenarios

Operational Guideline (pCi/m?) Based
on Initial Street Contamination®

Occupational Patient
Radionuclide ~ C4-1P C4-2¢ C4-34
Am-241 1.98E+07 3.77E+07 9.21E+06
Cf-252 5.99E+07 1.11E+08 2.62E+07
Cm-244 3.57E+07 6.79E+07 1.65E+07
Co-60 4.31E+08 8.63E+08 7.80E+08
Cs-137 1.39E+09  3.72E+09 3.39E+09
Ir-192 2.29E+09 5.67E+09 2.84E+09
Po-210 1.89E+08 1.10E+09 3.37E+08
Pu-238 2.25E+07 4.28E+07 1.04E+07
Pu-239 2.05E+07 3.91E+07 9.53E+06
Ra-226 1.43E+08 5.66E+08 2.88E+08
Sr-90 1.55E+09  7.73E+09 2.63E+09

@ For Scenarios C4-1 and C4-2, operational
guidelines were based on an initial 6 months of
exposure and an occupational PAG of 5 rem. For
Scenario C4-3, operational guidelines were based
on an initial 2 weeks of exposure and a public
PAG of 2 rem for the first year.

b C4-1: hospital and other health care facilities,
hospital outdoor worker.

¢ (C4-2: hospital and other health care facilities,
hospital indoor worker.

d (C4-3: hospital and other health care facilities,
patient staying in hospital.

derivation of operational guidelines. Potential exposure pathways for the four scenarios
evaluated are summarized in Table 2.6 in Chapter 2. All scenarios were considered in an urban
environment, and the building dimensions considered for external exposure for facility
employees and the general public were based on a subway station geometry and railcar
geometry, respectively, as shown in Table 2.4 in Chapter 2. The initial outdoor contamination
was assumed to be on streets. The average correction factors for outdoor air presented in the last
two columns of Table 2.2 in Chapter 2 were multiplied by 10 to account for pedestrian activity

and traffic in an urban environment (see Table 2.3 in Chapter 2).
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TABLE 6.3 Most Restrictive Operational
Guidelines for Hospitals and Other Health Care
Facilities (Group C4)

Street Contamination (pCi/m?2)

5 rem for 2 rem for General
Radionuclide Occupational Worker  Public (Patient)

Am-241 1.98E+07 9.21E+06
Cf-252 5.99E+07 2.62E+07
Cm-244 3.57E+07 1.65E+07
Co-60 4.31E+08 7.80E+08
Cs-137 1.39E+09 3.39E+09
Ir-192 2.29E+09 2.84E+09
Po-210 1.89E+08 3.37E+08
Pu-238 2.25E+07 1.04E+07
Pu-239 2.05E+07 9.53E+06
Ra-226 1.43E+08 2.88E+08
Sr-90 1.55E+09 2.63E+09

To account for differences in the time fractions spent inside and outside of a transport
facility by different people, two receptors accounting for occupational workers and two receptors
accounting for the general public were considered. For the occupational receptors, it was
assumed that one receptor would spend all the time outdoors and the other one would spend all
the time indoors. For the general public receptors, the time fractions spent indoors and outdoors
were based on the guidance provided in the EPA Exposure Factor Handbook (EPA 1997). The

parameters used for different receptors are listed in Table 2.7 in Chapter 2.

6.2.1 Scenario Description for Critical Transport Facilities

Scenario C5-1 (critical transport facilities, ticket clerk staying inside) assumed continued
use of a contaminated facility in an urban environment. Under this scenario, an indoor ticket
clerk was assumed to spend all the time (an average of 8 h/d for 250 days in 1 year) indoors in

the contaminated subway station.

Scenario C5-2 (critical transport facilities, baggage handler staying outside) assumed

continued use of a contaminated facility in an urban environment. Under this scenario, a baggage
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handler was assumed to spend all the time (an average of 8 h/d for 250 days in 1 year) outdoors

in the contaminated subway station.

Scenario C5-3 (critical transport facilities, passenger staying inside) assumed continued
use of a contaminated facility in an urban environment. Under this scenario, a passenger was
assumed to spend all the time (an average of 1.25 h/d for 250 days in 1 year) indoors in a

contaminated railcar.

Scenario C5-4 (critical transport facilities, passenger staying both outside and inside)
assumed continued use of a contaminated facility in an urban environment. Under this scenario, a
passenger was assumed to spend some time (an average of 1 h/d for 250 days in 1 year) inside a
contaminated railcar and some time (an average of 0.25 h/d for 250 days in one year) outside in

the subway station.

6.2.2 Dose Calculation for Critical Transport Facilities

In Appendix 6.A, Tables 6.A.4 through 6.A.7 provide the DSRs from individual exposure
pathways for Group CS5 (critical transport facilities for the first year). Table 6.4 provides the total

DSRs for all scenarios for the first year.

6.2.3 Operational Guideline Derivation for Critical Transport Facilities

Table 6.5 provides the generic operational guidelines for critical transport facilities. The
PAGs used in deriving guidelines for different scenarios were 5 rem for facility workers

(occupational) and 2 rem for others (general public), as detailed in Table 2.5 in Chapter 2.

Different scenarios were considered in deriving generic operation guidelines for
continued use of critical transport facilities. The scenarios considered included occupational use
by facility workers and public use by passengers after an RDD event. For occupational use, for
all radionuclides, Scenario C5-2 (baggage handler staying outside) resulted in the most
restrictive operational guideline values. For public use, for all radionuclides except Co-60,
Cs-137, and Ir-192, Scenario C5-4 (passenger staying both outside and inside) resulted in the
most restrictive operational guideline values. For Co-60, Cs-137, and Ir-192, Scenario C5-3

(passenger staying inside) resulted in the most restrictive operational guideline values. The
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TABLE 6.4 Generic Dose-to-Source Ratios (DSRs) for
Critical Transport Facilities (Group C5) Scenarios

DSR (mrem/yr per pCi/m?) Based on Initial
Street Contamination following
an RDD Event

Radionuclide C5-12 C5-2b C5-3¢ C5-44

Am-241 1.64E-04 3.01E-04 2.56E-05 2.99E-05
Cf-252 5.41E-05 9.58E-05 8.45E-06 9.75E-06
Cm-244 9.06E-05 1.66E-04 1.42E-05 1.65E-05
Co-60 1.29E-05 1.82E-05 3.66E-06  3.50E-06
Cs-137 3.24E-06 5.78E-06 9.43E-07 9.35E-07
Ir-192 1.42E-06 2.41E-06 4.30E-07 4.19E-07
Po-210 5.23E-06 3.19E-05 8.17E-07 1.65E-06
Pu-238 1.44E-04 2.65E-04 2.25E-05 2.63E-05
Pu-239 1.58E-04 291E-04 247E-05 2.89E-05
Ra-226 1.64E-05 5.44E-05 3.83E-06 4.77E-06
Sr-90 9.01E-07 4.89E-06 1.46E-07 2.69E-07

a  (CS5-1: critical transport facilities, ticket clerk staying inside.

b (C5-2: critical transport facilities, baggage handler staying
outside.

¢ (C5-3: critical transport facilities, passenger staying inside.

d (C5-4: critical transport facilities, passenger staying both
outside and inside.

occupational worker operational guideline values are more restrictive than the general public
operational guideline values. Table 6.6 provides the most restrictive operational guideline values
for both occupational and public use of the facilities following an RDD event. For extended use
of the transport facilities beyond one year, the relocation operational guidelines for commercial/
industrial areas should be applied to evaluate the facilities after necessary decontamination

activities.

6.3 WATER AND SEWER FACILITIES (GROUP C6)

The operational guidelines for this group allow continued use of water and sewer
facilities located in areas that exceed relocation criteria. The 5-rem occupational PAG exposure
was applied to the facility employees. Four potential exposure scenarios were considered for the

derivation of operational guidelines. Potential exposure pathways for the four scenarios
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TABLE 6.5 Generic Operational Guidelines for Critical
Transport Facilities (Group C5) Scenarios

Operational Guideline (pCi/m?) Based on Initial
Street Contamination following an RDD Event

Occupational General Public

Radionuclide ~ C5-12 C5-2b C5-3¢ C5-44

Am-241 3.05E+07 1.66E+07 7.81E+07  6.69E+07
Cf-252 9.25E+07 5.22E+07 2.37E+08 2.05E+08
Cm-244 5.52E+07 3.00E+07 1.41E+08 1.21E+08
Co-60 3.87E+08 2.75E+08 5.46E+08 5.72E+08
Cs-137 1.54E+09 8.66E+08 2.12E+09 2.14E+09
Ir-192 3.52E+09 2.08E+09 4.65E+09 4.77E+09
Po-210 9.56E+08 1.57E+08 2.45E+09 1.21E+09
Pu-238 3.47E+07 1.89E+07 8.87E+07  7.60E+07
Pu-239 3.16E+07 1.72E+07 8.09E+07 6.92E+07
Ra-226 3.05E+08 9.18E+07 5.22E+08 4.20E+08
Sr-90 5.55E+09 1.02E+09 1.37E+10 7.42E+09

@ (C5-1: critical transport facilities, ticket clerk staying inside.

b (C5-2: critical transport facilities, baggage handler staying
outside.

¢ (C5-3: critical transport facilities, passenger staying inside.

d (C5-4: critical transport facilities, passenger staying both outside
and inside.

TABLE 6.6 Most Restrictive Operational
Guidelines for Critical Transport Facilities

(Group C5)
Street Contamination (pCi/m?)

5 rem for 2 rem for
Radionuclide Occupational Worker ~ General Public
Am-241 1.66E+07 6.69E+07
Cf-252 5.22E+07 2.05E+08
Cm-244 3.00E+07 1.21E+08
Co-60 2.75E+08 5.46E+08
Cs-137 8.66E+08 2.12E+09
Ir-192 2.08E+09 4.65E+09
Po-210 1.57E+08 1.21E+09
Pu-238 1.89E+07 7.60E+07
Pu-239 1.72E+07 6.92E+07
Ra-226 9.18E+07 4.20E+08

Sr-90 1.02E+09 7.42E+09
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evaluated are summarized in Table 2.6 in Chapter 2. All scenarios considered were in an urban
environment, and the building dimensions considered for external exposure for facility
employees and the general public were based on the warehouse geometry shown in Table 2.4 in
Chapter 2. The initial outdoor contamination was assumed to be on the streets. The average
correction factors for outdoor air presented in the last 2 columns of Table 2.2 in Chapter 2 were
multiplied by 10 to account for pedestrian activity and traffic in an urban environment (see
Table 2.3 in Chapter 2).

To account for differences in the time fractions spent inside and outside water and sewer
facilities by different people, two receptors accounting for regular occupational work at the
facilities and two receptors accounting for the general public who happen to perform contract
work at the facilities were considered. For the occupational receptors, it was assumed that one
receptor would spend all the time outdoors, and the other one would spend all the time indoors.
For the general public receptors, it was assumed that one receptor would spend an average of
2 h/d for 250 days indoors, and the other would spend the same amount of time outdoors. The

most common parameters used for different receptors are listed in Table 2.7 in Chapter 2.

6.3.1 Scenario Description for Water and Sewer Facilities

Scenario C6-1 (water and sewer facilities, facility outdoor worker) assumed continued
use of the contaminated facility in an urban environment. Under this scenario, an outdoor facility
worker was assumed to spend all the time (an average of 8 h/d for 250 days in 1 year) outdoors

in the contaminated facility.

Scenario C6-2 (water and sewer facilities, facility indoor worker) assumed continued use
of the contaminated facility in an urban environment. Under this scenario, a facility indoor
worker was assumed to spend all the time (an average of 8 h/d for 250 days in 1 year) indoors in

the contaminated facility.

Scenario C6-3 (water and sewer facilities, contractor works inside) assumed continued
use of the contaminated facility in an urban environment. Under this scenario, a contract worker
was assumed to spend all the time (an average of 2 h/d for 250 days in 1 year) indoors in the

contaminated facility.
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Scenario C6-4 (water and sewer facilities, contractor works outside) assumed continued
use of the contaminated facility in an urban environment. Under this scenario, a contract worker
was assumed to spend all the time (an average of 2 h/d for 250 days in 1 year) outdoors in the

contaminated facility.

6.3.2 Dose Calculation for Water and Sewer Facilities

In Appendix 6.A, Tables 6.A.8 through 6.A.11 provide the DSRs from individual
exposure pathways for Group C6 (water and sewer facilities for the first year). Table 6.7
provides the total DSRs for all scenarios for the first year.

6.3.3 Operational Guideline Derivation for Water and Sewer Facilities

Table 6.8 provides the generic operational guidelines for water and sewer facilities. The
PAGs used in deriving guidelines for different scenarios were 5 rem for facility workers
(occupational) and 2 rem for others (general public), as discussed in Table 2.5 in Chapter 2.
Different scenarios were considered in deriving generic operation guideline values for use of
water and sewer facilities. The scenarios considered included occupational use by facility
workers and public use by contract workers after an RDD event. For all radionuclides,
Scenario C6-1 (facility outdoor worker) resulted in the most restrictive operational guideline
values. For public use, for all radionuclides, Scenario C6-4 (contract worker working outside)
resulted in the most restrictive operational guideline values. The occupational worker operational
guideline values are more restrictive than the general public operational guideline values.
Table 6.9 provides the most restrictive operational guideline values for both occupational and
public use following an RDD event. For extended use of the water and sewer facilities beyond
one year, the relocation operational guidelines for commercial/industrial areas should be applied

to evaluate the facilities after necessary decontamination activities.

6.4 POWER AND FUEL FACILITIES (GROUP C7)

The operational guidelines for this group allow continued use of power and fuel facilities
located in areas that exceed relocation criteria. The 5-rem occupational exposure PAG was

applied to the facility employees. Four potential exposure scenarios were considered for the
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TABLE 6.7 Generic Dose-to-Source Ratios (DSRs) for
Water and Sewer Facilities (Group C6) and for Power
and Fuel Facilities (Group C7) Scenarios

DSR (mrem/yr per pCi/m?) Based on Initial
Street Contamination following

an RDD Event?

Radionuclide C6-1b C6-2¢ C6-34 C6-4°

Am-241 3.01E-04 1.64E-04 4.09E-05  7.53E-05
Cf-252 9.58E-05 5.41E-05 1.35E-05  2.40E-05
Cm-244 1.66E-04 9.06E-05 2.27E-05 4.16E-05
Co-60 1.82E-05 9.82E-06 2.46E-06 4.54E-06
Cs-137 5.78E-06  2.29E-06 5.73E-07 1.44E-06
Ir-192 2.41E-06 9.89E-07 2.47E-07  6.02E-07
Po-210 3.19E-05 5.23E-06 1.31E-06  7.99E-06
Pu-238 2.65E-04 1.44E-04 3.61E-05 6.62E-05
Pu-239 291E-04 1.58E-04 3.96E-05 7.28E-05
Ra-226 5.44E-05 1.38E-05 3.45E-06 1.36E-05
Sr-90 4.89E-06 8.94E-07 2.23E-07 1.22E-06

a (7 scenarios are the same as C6 scenarios but are for power
and fuel facilities.

b C6-1: water and sewer facilities, facility outdoor worker.
¢ (C6-2: water and sewer facilities, facility indoor worker.
d  (C6-3: water and sewer facilities, contractor works inside.

¢ C6-4: water and sewer facilities, contractor works outside.

derivation of operational guidelines. Potential exposure pathways for the four scenarios
evaluated are summarized in Table 2.6 in Chapter 2. All scenarios considered were in an urban
environment, and the building dimensions considered for external exposure for facility
employees and the general public were based on the warehouse geometry shown in Table 2.4 in
Chapter 2. The initial outdoor contamination was assumed to be on streets. The average
correction factors for outdoor air presented in the last 2 columns of Table 2.2 in Chapter 2 were
multiplied by 10 to account for pedestrian activity and traffic in an urban environment

(see Table 2.3 in Chapter 2).

To account for differences in the time fractions spent inside and outside of power/fuel
facilities by different people, two receptors accounting for regular occupational work at the
facilities and two receptors accounting for the general public who happen to perform contract

work at the facilities were considered. For the occupational receptors, it was assumed that one
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TABLE 6.8 Generic Operational Guidelines for Water
and Sewer Facilities (Group C6) and for Power and Fuel
Facilities (Group C7) Scenarios

Operational Guideline (pCi/m?) Based on Initial
Street/Soil Contamination following

an RDD Event?
Occupational General Public

Radionuclide C6-1b C6-2°¢ C6-3d C6-4°¢

Am-241 1.66E+07 3.05E+07 4.88E+07 2.66E+07
Cf-252 5.22E+07 9.25E+07 1.48E+08 8.35E+07
Cm-244 3.00E+07 5.52E+07 8.83E+07 4.81E+07
Co-60 2.75E+08 5.09E+08 8.14E+08 4.40E+08
Cs-137 8.66E+08 2.18E+09 3.49E+09 1.38E+09
Ir-192 2.08E+09 5.06E+09 8.09E+09 3.32E+09
Po-210 1.57E+08 9.56E+08 1.53E+09 2.50E+08
Pu-238 1.89E+07 3.47E+07 5.54E+07 3.02E+07
Pu-239 1.72E+07 3.16E+07 5.05E+07 2.75E+07
Ra-226 9.18E+07 3.62E+08 5.79E+08 1.47E+08
Sr-90 1.02E+09 5.59E+09 8.95E+09 1.64E+09

a (7 scenarios are the same as C6 scenarios but are for power
and fuel facilities.

C6-1: water and sewer facilities, facility outdoor worker.
¢ (C6-2: water and sewer facilities, facility indoor worker.
C6-3: water and sewer facilities, contractor works inside.

¢ C6-4: water and sewer facilities, contractor works outside.

receptor would spend all the time outdoors, and the other one would spend all the time indoors.
For the general public receptors, it was assumed that one receptor would spend an average of
2 h/d for 250 days indoors, and the other would spend the same amount of time outdoors. The

parameters used for different receptors are listed in Table 2.7 in Chapter 2.

6.4.1 Scenario Description for Power and Fuel Facilities

Scenario C7-1 (power and fuel facilities, facility outdoor worker) assumed continued use

of the contaminated facility in an urban environment. Under this scenario, an outdoor facility
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TABLE 6.9 Most Restrictive Operational
Guidelines for Water and Sewer Facilities
(Group C6) and for Power and Fuel Facilities
(Group C7) Scenarios

Street/Soil Contamination (pCi/m?)

5 rem for 2 rem for
Radionuclide Occupational Worker General Public

Am-241 1.66E+07 2.66E+07
Cf-252 5.22E+07 8.35E+07
Cm-244 3.00E+07 4.81E+07
Co-60 2.75E+08 4.40E+08
Cs-137 8.66E+08 1.38E+09
Ir-192 2.08E+09 3.32E+09
Po-210 1.57E+08 2.50E+08
Pu-238 1.89E+07 3.02E+07
Pu-239 1.72E+07 2.75E+07
Ra-226 9.18E+07 1.47E+08
Sr-90 1.02E+09 1.64E+09

worker was assumed to spend all the time (an average of 8 h/d for 250 days in 1 year) outdoors

in the contaminated facility.

Scenario C7-2 (power and fuel facilities, facility indoor worker) assumed continued use
of the contaminated facility in an urban environment. Under this scenario, a facility indoor
worker was assumed to spend all the time (an average of 8 h/d for 250 days in 1 year) indoors in

the contaminated facility.

Scenario C7-3 (power and fuel facilities, contractor works inside) assumed continued use
of the contaminated facility in an urban environment. Under this scenario, a contract worker was
assumed to spend all the time (an average of 2 h/d for 250 days in 1 year) indoors in the

contaminated facility.

Scenario C7-4 (power and fuel facilities, contractor works outside) assumed continued
use of the contaminated facility in an urban environment. Under this scenario, a contract worker
was assumed to spend all the time (an average of 2 h/d for 250 days in 1 year) outdoors in the

contaminated facility.
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6.4.2 Dose Calculation for Power and Fuel Facilities

The DSRs for different scenarios considered for power and fuel facilities would be the
same as the DSRs for water and sewer facilities. Table 6.7 provides the total DSRs for all

scenarios.

6.4.3 Operational Guideline Derivation for Power and Fuel Facilities

The generic operational guidelines (Table 6.8) and the most restrictive operational
guidelines (Table 6.9) for water and sewer facilities are also applicable to power and fuel

facilities.

6.5 SUMMARY OF OPERATIONAL GUIDELINES

6.5.1 Summary of Operational Guidelines for Critical Infrastructure Utilization

Table 6.10 compares the final operational guidelines for continued utilization of different
critical infrastructures. They are the most conservative values derived considering potential
exposures of both occupational workers and the general public at each facility. From the
comparison, it is shown that for Am-241, Cf-252, Cm-244, Pu-238, and Pu-239, hospital and
other health care facilities have more restrictive guidelines than other facilities (transport, water
and sewage/power and fuel); for Co-60, Cs-137, Ir-192, Po-210, Ra-228, and Sr-90, the other
facilities (transport, water and sewage/power and fuel) have more restrictive guidelines than
hospital and other health care facilities. However, the differences are within a factor of two for
all radionuclides. Considering the level of uncertainties involved in developing the operational
guidelines, a final set of values, selected to be the more restrictive ones and listed in the last
column, was proposed for use as the generic guidelines for continued utilization of a critical

facility, regardless of functionality and the facility type.

6.5.2 Summary of Operational Guidelines for Group C

The operational guidelines for Group C, Part 1, were developed to delineate areas that

could result in radiological doses that exceed relocation PAGs (i.e., 2 rem in the first year and
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TABLE 6.10 Comparison of Operational Guidelines for Continued
Utilization of Different Critical Infrastructures?

Hospitals and Critical Water and Sewage/ Most

Other Health Transport Power and Fuel Restrictive
Radionuclide Care Facilities Facility Facilities Guideline
Am-241 9.21E+06 1.66E+07 1.66E+07 9.21E+06
Cf-252 2.62E+07 5.22E+07 5.22E+07 2.62E+07
Cm-244 1.65E+07 3.00E+07 3.00E+07 1.65E+07
Co-60 4.31E+08 2.75E+08 2.75E+08 2.75E+08
Cs-137 1.39E+09 8.66E+08 8.66E+08 8.66E+08
Ir-192 2.29E+09 2.08E+09 2.08E+09 2.08E+09
Po-210 1.89E+08 1.57E+08 1.57E+08 1.57E+08
Pu-238 1.04E+07 1.89E+07 1.89E+07 1.04E+07
Pu-239 9.53E+06 1.72E+07 1.72E+07 9.53E+06
Ra-226 1.43E+08 9.18E+07 9.18E+07 9.18E+07
Sr-90 1.55E+09 1.02E+09 1.02E+09 1.02E+09

a  All guidelines are in pCi/m?2. Utilization of hospitals and other health care
facilities resulted in the most restrictive guideline values for all radionuclides,
except Co-60, Cs-137, Ir-192, Po-210, Ra-226, and Sr-90. For those, utilization of
other facilities resulted in the most restrictive guideline values.

0.5 rem per year thereafter). Operational guidelines in this group address residential areas (Group
C1), commercial/industrial areas (Group C2), and other areas (Group C3) as separate subgroups.

The other areas could be monuments, parks, cemeteries, or other special areas.

The operational guidelines for Group C, Part 2, are intended as screening values so
facilities critical to the public welfare can continue to operate as needed after an RDD event. The
operational guidelines in this group apply only to facilities in areas that exceed relocation PAGs.
Such facilities might otherwise be closed for general use and access, except for the fact that their
operation is critical to the public welfare. The critical infrastructures considered include hospitals
and other health care facilities (Group C4), critical transport facilities (Group C5), water and
sewer facilities (Group C6), and power and fuel facilities (Group C7). For deriving operational
guidelines for Group C, Part 2, an occupational PAG of 5 rem was used for workers, and 2 rem

was used for the general public.

Table 6.11 summarizes the operational guidelines for Group C.
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TABLE 6.11 Summary Operational Guidelines for Relocations from Different Areas?

Water and
Hospital and Critical Sewage/ Most

Industrial/ Other Other Health Transport Power and Restrictive
Radionuclide  Residential  Commercial Areas Care Facilities Facility Fuel Facilities Guideline
Am-241 1.16E+06 6.64E+06 3.19E+06 9.21E+06 1.66E+07 1.66E+07 1.16E+06
Cf-252 5.28E+06 2.09E+07 1.55E+07 2.62E+07 5.22E+07 5.22E+07 5.28E+06
Cm-244 2.20E+06 1.20E+07 6.08E+06 1.65E+07 3.00E+07 3.00E+07 2.20E+06
Co-60 5.86E+06 5.89E+07 2.35E+07 4.31E+08 2.75E+08 2.75E+08 5.86E+06
Cs-137 1.84E+07 1.65E+08 6.57E+07 1.39E+09 8.66E+08 8.66E+08 1.84E+07
Ir-192 1.56E+08 8.31E+08 6.27E+08 2.29E+09 2.08E+09 2.08E+09 1.56E+08
Po-210 2.79E+07 6.26E+07 4.49E+07 1.89E+08 1.57E+08 1.57E+08 2.79E+07
Pu-238 1.33E+06 7.55E+06 3.67E+06 1.04E+07 1.89E+07 1.89E+07 1.33E+06
Pu-239 1.19E+06 6.86E+06 3.29E+06 9.53E+06 1.72E+07 1.72E+07 1.19E+06
Ra-226 3.06E+06 1.82E+07 7.27E+06 1.43E+08 9.18E+07 9.18E+07 3.06E+06
Sr-90 4.87E+07 2.19E+08 8.73E+07 1.55E+09 1.02E+09 1.02E+09 4.87E+07

a  All guidelines are in pCi/m?, and the relocation from the residential area resulted in the most restrictive guidelines.

6.6 REFERENCE

EPA (U.S. Environmental Protection Agency), 1997, Exposure Factor Handbook,
EPA/600/P-95/002Fa, Office of Research and Development, National Center for Environmental
Assessment, Washington, D.C.
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APPENDIX 6.A:
DOSE-TO-SOURCE RATIOS (DSRs)
FOR GROUP C4—-C7 SCENARIOS
* Group C4: Tables 6.A.1 through 6.A.3
* Group C5: Tables 6.A.4 through 6.A.7

* Groups C6 and C7: Tables 6.A.8 through 6.A.11
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APPENDIX 6.A:

DOSE-TO-SOURCE RATIOS (DSRs) FOR
GROUP C4-C7 SCENARIOS

This appendix includes DSRs from individual exposure pathways for Group C4-C7
scenarios. Tables 6.A.1 through 6.A.3 include DSRs for hospital and other health care facilities
for a short duration: 6 months for Scenario C4-1 (hospital outdoor worker) and C4-2 (hospital

indoor worker), and 2 weeks for Scenario C4-3 (patient staying in hospital).

Tables 6.A.4 through 6.A.7 include DSRs for critical transport facility scenarios:
Scenario C5-1 (ticket clerk staying inside), Scenario C5-2 (baggage handler staying outside),
Scenario C5-3 (passenger staying inside), and Scenario C5-4 (passenger staying both outside

and inside).

Tables 6.A.8 through 6.A.11 include DSRs for both water and sewer facility scenarios
and for power and fuel facility scenarios: Scenarios C6-1 and C7-1 (facility outdoor worker),
Scenarios C6-2 and C7-2 (facility indoor worker), Scenarios C6-3 and C7-3 (contractor works

inside), and Scenarios C6-4 and C7-4 (contractor works outside).



Results for Group C4: Hospitals and Other Health Care Facilities

TABLE 6.A.1 Receptor C4-1: Hospital Outdoor Worker (First 6 Months)

Dose-to-Source Ratio from Individual Ex

posure Pathways (mrem/yr per pCi/m? of street/soil contamination)

External Inhalation Radon Air Submersion Dust Ingestion
Exterior Interior Interior
Street, Street, Walls, Roof, Walls, Floor,

Radionuclide Outside Inside Inside Inside Inside Inside Outside Inside Inside Outside Inside Outside Inside Total
Am-241 2.05E-07 0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 1.89E-04  0.00E+00 | 0.00E+00 | 3.32E-12  0.00E+00 | 6.34E-05 0.00E+00 | 2.52E-04
Cf-252 4.44E-09 0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 6.57E-05  0.00E+00 | 0.00E+00 | 2.02E-14  0.00E+00 | 1.78E-05  0.00E+00 | 8.34E-05
Cm-244 2.20E-09 0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 1.05E-04  0.00E+00 | 0.00E+00 1.98E-14  0.00E+00 | 3.49E-05 0.00E+00 | 1.40E-04
Co-60 1.10E-05 0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 9.23E-08  0.00E+00 | 0.00E+00 | 5.05E-10  0.00E+00 | 4.55E-07 0.00E+00 | 1.16E-05
Cs-137 2.72E-06 0.00E+00  0.00E+00 0.00E+00  0.00E+00  0.00E+00 | 1.35E-08  0.00E+00 | 0.00E+00 1.10E-10  0.00E+00 | 8.67E-07 0.00E+00 | 3.60E-06
1r-192 2.12E-06 0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 1.01E-08  0.00E+00 | 0.00E+00 1.34E-10  0.00E+00 | 5.26E-08  0.00E+00 | 2.18E-06
Po-210 2.81E-11 0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 3.62E-06  0.00E+00 | 0.00E+00 1.52E-15  0.00E+00 | 2.28E-05 0.00E+00 | 2.65E-05
Pu-238 5.62E-09 0.00E+00  0.00E+00 0.00E+00  0.00E+00  0.00E+00 | 1.67E-04  0.00E+00 | 0.00E+00 1.98E-14  0.00E+00 | 5.57E-05 0.00E+00 | 2.22E-04
Pu-239 2.45E-09 0.00E+00  0.00E+00 0.00E+00  0.00E+00  0.00E+00 | 1.82E-04  0.00E+00 | 0.00E+00 1.72E-14  0.00E+00 | 6.17E-05 0.00E+00 | 2.44E-04
Ra-226 8.19E-06 0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 3.66E-06  0.00E+00 | 0.00E+00 | 3.60E-10  0.00E+00 | 2.32E-05 0.00E+00 | 3.50E-05
Sr-90 2.75E-08 0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 5.56E-07  0.00E+00 | 0.00E+00 | 7.99E-13  0.00E+00 | 2.65E-06  0.00E+00 | 3.24E-06

TABLE 6.A.2 Receptor C4-2: Hospital Indoor Worker (First 6 Months)

Dose-to-Source Ratio from Individual Exposure Pathways (mrem/yr per pCi/m? of street/soil contamination)
External Inhalation Radon Air Submersion Dust Ingestion
Exterior Interior Interior
Street, Street, Walls, Roof, Walls, Floor,

Radionuclide Outside Inside Inside Inside Inside Inside Outside Inside Inside Outside Inside Outside Inside Total
Am-241 0.00E+00 4.11E-08 1.30E-11  2.17E-11 1.32E-09  1.99E-08 | 0.00E+00  1.26E-04 | 0.00E+00 | 0.00E+00 2.59E-12 | 0.00E+00 6.34E-06 | 1.32E-04
Cf-252 0.00E+00 8.88E-10  3.39E-13  6.71E-13  3.12E-11  3.92E-10 | 0.00E+00  4.34E-05 | 0.00E+00 | 0.00E+00 1.56E-14 | 0.00E+00 1.78E-06 | 4.51E-05
Cm-244 0.00E+00 441E-10  0.00E+00 0.00E+00 4.78E-12  3.11E-10 | 0.00E+00  7.01E-05 | 0.00E+00 | 0.00E+00 1.54E-14 | 0.00E+00 3.49E-06 | 7.36E-05
Co-60 0.00E+00 2.21E-06  3.62E-07 1.92E-06  7.25E-08  1.12E-06 | 0.00E+00  6.13E-08 | 0.00E+00 | 0.00E+00 3.92E-10 | 0.00E+00 4.55E-08 | 5.79E-06
Cs-137 0.00E+00 5.44E-07  7.46E-08  3.36E-07 1.79E-08  2.75E-07 | 0.00E+00  9.04E-09 | 0.00E+00 | 0.00E+00 8.60E-11 0.00E+00  8.67E-08 | 1.34E-06
1r-192 0.00E+00 424E-07 4.66E-08 1.77E-07  1.31E-08  2.11E-07 | 0.00E+00  6.02E-09 | 0.00E+00 | 0.00E+00 9.27E-11 0.00E+00  5.26E-09 | 8.83E-07
Po-210 0.00E+00 5.63E-12  7.73E-13  3.64E-12 1.78E-13  2.84E-12 | 0.00E+00  2.25E-06 | 0.00E+00 | 0.00E+00 1.11E-15 | 0.00E+00 2.28E-06 | 4.53E-06
Pu-238 0.00E+00 1.12E-09 1.34E-13  1.99E-13 1.13E-11  7.87E-10 | 0.00E+00  1.11E-04 | 0.00E+00 | 0.00E+00 1.54E-14 | 0.00E+00 5.57E-06 | 1.17E-04
Pu-239 0.00E+00 4.89E-10  3.71E-12  1.16E-11 2.05E-12  3.42E-10 | 0.00E+00  1.22E-04 | 0.00E+00 | 0.00E+00 1.34E-14 | 0.00E+00 6.17E-06 | 1.28E-04
Ra-226 0.00E+00 1.64E-06  2.51E-07 1.28E-06  5.37E-08  8.28E-07 | 0.00E+00  2.44E-06 | 2.13E-08 0.00E+00 2.81E-10 | 0.00E+00 2.32E-06 | 8.84E-06
Sr-90 0.00E+00 5.51E-09  3.35E-10  1.64E-09 1.81E-10  2.79E-09 | 0.00E+00  3.71E-07 | 0.00E+00 | 0.00E+00 6.23E-13 | 0.00E+00 2.65E-07 | 6.47E-07
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Results for Group C4: Hospitals and Other Health Care Facilities (Cont.)

TABLE 6.A.3 Receptor C4-3: Patient Staying in Hospital (First 2 Weeks)

Dose-to-Source Ratio from Individual Exposure Pathways (mrem/yr per pCi/m? of street/soil contamination)
External Inhalation Radon Air Submersion Dust Ingestion
Exterior Interior Interior
Street, Street, Walls, Roof, Walls, Floor,

Radionuclide Outside Inside Inside Inside Inside Inside Outside Inside Inside Outside Inside Outside Inside Total
Am-241 0.00E+00 1.91E-08  4.86E-12  747E-12  4.94E-10  9.25E-09 | 0.00E+00  2.14E-04 | 0.00E+00 | 0.00E+00 5.50E-12 | 0.00E+00 2.95E-06 | 2.17E-04
Cf-252 0.00E+00  4.35E-10  1.34E-13  2.44E-13  1.24E-11  1.92E-10 | 0.00E+00  7.56E-05 | 0.00E+00 | 0.00E+00 3.39E-14 | 0.00E+00  8.71E-07 | 7.64E-05
Cm-244 0.00E+00  2.07E-10  0.00E+00 0.00E+00  1.80E-12  1.46E-10 | 0.00E+00  1.20E-04 | 0.00E+00 | 0.00E+00 3.30E-14 | 0.00E+00  1.64E-06 | 1.21E-04
Co-60 0.00E+00 1.05E-06 ~ 1.39E-07  6.80E-07  2.79E-08  5.35E-07 | 0.00E+00  1.06E-07 | 0.00E+00 | 0.00E+00 8.44E-10 | 0.00E+00 2.17E-08 | 2.56E-06
Cs-137 0.00E+00  2.54E-07  2.80E-08 1.16E-07  6.71E-09  1.28E-07 | 0.00E+00  1.54E-08 | 0.00E+00 | 0.00E+00 1.83E-10 | 0.00E+00  4.05E-08 | 5.89E-07
Ir-192 0.00E+00  3.52E-07  3.31E-08 1.18E-07  9.30E-09  1.75E-07 | 0.00E+00  1.31E-08 | 0.00E+00 | 0.00E+00 2.54E-10 | 0.00E+00 4.36E-09 | 7.05E-07
Po-210 0.00E+00  3.66E-12  4.19E-13  1.83E-12  9.65E-14  1.85E-12 | 0.00E+00  4.45E-06 | 0.00E+00 | 0.00E+00 2.74E-15 | 0.00E+00 1.49E-06 | 5.94E-06
Pu-238 0.00E+00  5.23E-10  5.02E-14  6.85E-14  4.24E-12  3.67E-10 | 0.00E+00  1.89E-04 | 0.00E+00 | 0.00E+00 3.28E-14 | 0.00E+00  2.59E-06 | 1.92E-04
Pu-239 0.00E+00  2.27E-10  1.39E-12  3.98E-12  7.65E-13  1.59E-10 | 0.00E+00  2.07E-04 | 0.00E+00 | 0.00E+00 2.85E-14 | 0.00E+00 2.87E-06 | 2.10E-04
Ra-226 0.00E+00  7.62E-07  9.39E-08  4.40E-07  2.01E-08  3.85E-07 | 0.00E+00  4.15E-06 | 9.43E-09 | 0.00E+00 5.98E-10 | 0.00E+00 1.08E-06 | 6.94E-06
Sr-90 0.00E+00  2.57E-09  1.26E-10  5.66E-10  6.79E-11  1.30E-09 | 0.00E+00  6.32E-07 | 0.00E+00 | 0.00E+00 1.33E-12 | 0.00E+00  1.24E-07 | 7.61E-07

V9



Results for Group CS: Critical Transport Facilities

TABLE 6.A.4 Receptor C5-1: Ticket Clerk Staying Inside (First Year)

Dose-to-Source Ratio from Individual Exposure Pathways (mrem/yr per pCi/m? of street/soil contamination)

External Inhalation Radon Air Submersion Dust Ingestion
Exterior Interior Interior
Street, Street, Walls, Roof, Walls, Floor,

Radionuclide Outside Inside Inside Inside Inside Inside Outside Inside Inside Outside Inside Outside Inside Total
Am-241 0.00E+00  6.63E-08 1.20E-08  2.06E-09 1.31E-08  1.58E-08 | 0.00E+00 1.53E-04 | 0.00E+00 | 0.00E+00 3.15E-12 | 0.00E+00 1.02E-05 1.64E-04
Cf-252 0.00E+00  1.36E-09  9.43E-12  9.69E-12  2.35E-10  2.71E-10 | 0.00E+00 5.13E-05 | 0.00E+00 | 0.00E+00 1.84E-14 | 0.00E+00 2.73E-06 5.41E-05
Cm-244 0.00E+00  7.06E-10  0.00E+00  0.00E+00 2.27E-10  3.17E-10 | 0.00E+00 8.50E-05 | 0.00E+00 | 0.00E+00 1.87E-14 | 0.00E+00 5.59E-06 9.06E-05
Co-60 0.00E+00 3.47E-06  4.06E-06  3.66E-06  7.10E-07  8.49E-07 | 0.00E+00 7.36E-08 | 0.00E+00 | 0.00E+00 4.70E-10 | 0.00E+00 7.16E-08 1.29E-05
Cs-137 0.00E+00 8.74E-07  9.55E-07  8.71E-07 1.78E-07  2.12E-07 | 0.00E+00  1.10E-08 | 0.00E+00 | 0.00E+00 1.04E-10 | 0.00E+00 1.39E-07 3.24E-06
Ir-192 0.00E+00 4.68E-07  3.96E-07 3.53E-07  7.86E-08  1.11E-07 | 0.00E+00 6.16E-09 | 0.00E+00 | 0.00E+00 9.50E-11 | 0.00E+00 5.80E-09 1.42E-06
Po-210 0.00E+00 6.96E-12  6.93E-12  6.16E-12 1.28E-12  1.70E-12 | 0.00E+00 2.40E-06 | 0.00E+00 | 0.00E+00 1.18E-15 | 0.00E+00 2.83E-06 5.23E-06
Pu-238 0.00E+00 1.81E-09  5.21E-12  5.69E-12  5.75E-10  8.23E-10 | 0.00E+00 1.35E-04 | 0.00E+00 | 0.00E+00 1.87E-14 | 0.00E+00 8.97E-06 1.44E-04
Pu-239 0.00E+00  7.89E-10  6.58E-11 6.22E-11 2.17E-10  4.39E-10 | 0.00E+00 1.48E-04 | 0.00E+00 | 0.00E+00 1.63E-14 | 0.00E+00 9.95E-06 1.58E-04
Ra-226 0.00E+00 2.64E-06  3.06E-06  2.77E-06  5.38E-07  6.47E-07 | 0.00E+00 2.97E-06 | 2.11E-08 | 0.00E+00 3.42E-10 | 0.00E+00 3.74E-06 1.64E-05
Sr-90 0.00E+00 8.84E-09  6.12E-09  5.54E-09 1.81E-09  2.15E-09 | 0.00E+00 4.51E-07 | 0.00E+00 | 0.00E+00 7.56E-13 | 0.00E+00 4.26E-07 9.01E-07

TABLE 6.A.5 Receptor C5-2: Baggage Handler Staying Outside (First Year)

Dose-to-Source Ratio from Individual Exposure Pathways (mrem/yr per pCi/m? of street/soil contamination)
External Inhalation Radon Air Submersion Dust Ingestion
Exterior Interior Interior
Street, Street, Walls, Roof, Walls, Floor,

Radionuclide Outside Inside Inside Inside Inside Inside Outside Inside Inside Outside Inside Outside Inside Total
Am-241 3.31E-07  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 1.99E-04  0.00E+00 | 0.00E+00 | 3.49E-12  0.00E+00 | 1.02E-04  0.00E+00 | 3.01E-04
Cf-252 6.82E-09  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 6.85E-05  0.00E+00 | 0.00E+00 | 2.11E-14  0.00E+00 | 2.73E-05  0.00E+00 | 9.58E-05
Cm-244 3.53E-09  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 1.10E-04  0.00E+00 | 0.00E+00 | 2.09E-14  0.00E+00 | 5.59E-05  0.00E+00 | 1.66E-04
Co-60 1.74E-05  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 9.67E-08  0.00E+00 | 0.00E+00 | 5.29E-10  0.00E+00 | 7.16E-07  0.00E+00 | 1.82E-05
Cs-137 4.37E-06  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 1.42E-08  0.00E+00 | 0.00E+00 | 1.16E-10  0.00E+00 | 1.39E-06  0.00E+00 | 5.78E-06
Ir-192 2.34E-06  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 1.02E-08  0.00E+00 | 0.00E+00 | 1.34E-10  0.00E+00 | 5.80E-08  0.00E+00 | 2.41E-06
Po-210 348E-11  0.00E+00  0.00E+00  0.00E+00  0.00E+00 0.00E+00 | 3.67E-06  0.00E+00 | 0.00E+00 | 1.55E-15  0.00E+00 | 2.83E-05  0.00E+00 | 3.19E-05
Pu-238 9.05E-09  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 1.75E-04  0.00E+00 | 0.00E+00 | 2.08E-14  0.00E+00 | 8.97E-05  0.00E+00 | 2.65E-04
Pu-239 3.95E-09 0.00E+00  0.00E+00 0.00E+00  0.00E+00  0.00E+00 | 1.92E-04  0.00E+00 | 0.00E+00 | 1.81E-14  0.00E+00 | 9.95E-05  0.00E+00 | 2.91E-04
Ra-226 1.32E-05  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 3.85E-06  0.00E+00 | 0.00E+00 | 3.79E-10  0.00E+00 | 3.74E-05  0.00E+00 | 5.44E-05
Sr-90 4.42E-08  0.00E+00  0.00E+00 0.00E+00  0.00E+00  0.00E+00 | 5.84E-07  0.00E+00 | 0.00E+00 | 8.40E-13  0.00E+00 | 4.26E-06  0.00E+00 | 4.89E-06
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Results for Group CS5: Critical Transport Facilities (Cont.)

TABLE 6.A.6 Receptor C5-3: Passenger Staying Inside (First Year)

Dose-to-Source Ratio from Individual Exposure Pathways (mrem/yr per pCi/m? of street/soil contamination)

External Inhalation Radon Air Submersion Dust Ingestion
Exterior Interior Interior
Street, Street, Walls, Roof, Walls, Floor,

Radionuclide Outside Inside Inside Inside Inside Inside Outside Inside Inside Outside Inside Outside Inside Total
Am-241 0.00E+00  2.07E-08 1.87E-09  1.77E-08 1.84E-09  1.87E-09 | 0.00E+00 2.40E-05 | 0.00E+00 | 0.00E+00 4.92E-13 | 0.00E+00 1.60E-06 2.56E-05
Cf252 0.00E+00 4.26E-10  7.62E-11  9.85E-11 3.08E-11  3.12E-11 | 0.00E+00 8.02E-06 | 0.00E+00 | 0.00E+00 2.88E-15 | 0.00E+00 4.26E-07 8.45E-06
Cm-244 0.00E+00 2.21E-10  1.93E-10  2.41E-10  3.83E-11  4.09E-11 | 0.00E+00 1.33E-05 | 0.00E+00 | 0.00E+00 2.93E-15 | 0.00E+00 8.73E-07 1.42E-05
Co-60 0.00E+00 1.09E-06  1.03E-06  1.33E-06  9.85E-08  1.01E-07 | 0.00E+00 1.15E-08 | 0.00E+00 | 0.00E+00 7.34E-11 | 0.00E+00 1.12E-08 3.66E-06
Cs-137 0.00E+00 2.73E-07  2.60E-07  3.37E-07  2.47E-08  2.50E-08 | 0.00E+00 1.71E-09 | 0.00E+00 | 0.00E+00 1.63E-11 | 0.00E+00 2.18E-08 9.43E-07
Ir-192 0.00E+00  1.46E-07 1.15E-07  1.43E-07 1.08E-08  1.31E-08 | 0.00E+00 9.63E-10 | 0.00E+00 | 0.00E+00 1.48E-11 | 0.00E+00 9.07E-10 4.30E-07
Po-210 0.00E+00  2.18E-12 1.86E-12 2.36E-12 1.78E-13 2.01E-13 0.00E+00  3.75E-07 0.00E+00 | 0.00E+00 1.84E-16 0.00E+00  4.42E-07 8.17E-07
Pu-238 0.00E+00 5.65E-10  1.20E-10  1.51E-10  9.97E-11  1.06E-10 | 0.00E+00 2.11E-05 | 0.00E+00 | 0.00E+00 2.93E-15 | 0.00E+00 1.40E-06 2.25E-05
Pu-239 0.00E+00 247E-10  7.87E-11 1.00E-10  4.99E-11  598E-11 | 0.00E+00 2.32E-05 | 0.00E+00 | 0.00E+00 2.55E-15 | 0.00E+00 1.56E-06 2.47E-05
Ra-226 0.00E+00 8.26E-07  7.84E-07 1.02E-06  7.45E-08  7.72E-08 | 0.00E+00 4.65E-07 | 3.95E-09 | 0.00E+00 5.34E-11 | 0.00E+00 5.84E-07 3.83E-06
Sr-90 0.00E+00 2.76E-09  2.48E-09  3.21E-09  251E-10 2.54E-10 | 0.00E+00 7.04E-08 | 0.00E+00 | 0.00E+00 1.18E-13 | 0.00E+00 6.66E-08 1.46E-07

TABLE 6.A.7 Receptor C5-4: Passenger Staying Both Inside and Outside (First Year)

Dose-to-Source Ratio from Individual Exposure Pathways (mrem/yr per pCi/m? of street/soil contamination)
External Inhalation Radon Air Submersion Dust Ingestion
Exterior Interior Interior
Street, Street, Walls, Roof, Walls, Floor,

Radionuclide Outside Inside Inside Inside Inside Inside Outside Inside Inside Outside Inside Outside Inside Total
Am-241 1.04E-08  1.66E-08 1.49E-09  1.41E-08 1.47E-09  1.50E-09 | 6.20E-06  1.92E-05 | 0.00E+00 | 1.09E-13  3.93E-13 | 3.20E-06  1.28E-06 2.99E-05
Cf-252 2.13E-10  3.41E-10  6.10E-11  7.88E-11 246E-11  249E-11 | 2.14E-06  6.42E-06 | 0.00E+00 | 6.58E-16  2.30E-15 | 8.53E-07 3.41E-07 9.75E-06
Cm-244 1.10E-10  1.76E-10  1.55E-10  1.93E-10  3.07E-11  3.27E-11 | 3.45E-06  1.06E-05 | 0.00E+00 | 6.52E-16  2.34E-15 | 1.75E-06  6.99E-07 1.65E-05
Co-60 5.43E-07 8.68E-07  8.22E-07 1.06E-06  7.88E-08  8.04E-08 | 3.02E-09  9.20E-09 | 0.00E+00 | 1.65E-11  5.87E-11 | 2.24E-08  8.96E-09 3.50E-06
Cs-137 1.37E-07  2.19E-07  2.08E-07  2.69E-07 1.98E-08  2.00E-08 | 4.45E-10  1.37E-09 | 0.00E+00 | 3.63E-12  1.30E-11 | 4.35E-08  1.74E-08 9.35E-07
Ir-192 731E-08 1.17E-07  9.18E-08  1.14E-07  8.67E-09  1.05E-08 | 3.18E-10  7.70E-10 | 0.00E+00 | 4.20E-12  1.19E-11 1.81E-09  7.25E-10 4.19E-07
Po-210 1.09E-12  1.74E-12 1.48E-12  1.89E-12 1.43E-13  1.61E-13 1.15E-07  3.00E-07 | 0.00E+00 | 4.83E-17  1.48E-16 | 8.84E-07  3.53E-07 1.65E-06
Pu-238 2.83E-10  4.52E-10  9.63E-11 1.21E-10  7.97E-11  8.48E-11 | 547E-06 1.69E-05 | 0.00E+00 | 6.50E-16  2.34E-15 | 2.80E-06 1.12E-06 2.63E-05
Pu-239 1.23E-10  1.97E-10  6.30E-11  8.02E-11 3.99E-11 4.78E-11 | 6.00E-06  1.85E-05 | 0.00E+00 | 5.65E-16  2.04E-15 | 3.11E-06  1.24E-06 2.89E-05
Ra-226 4.13E-07 6.60E-07  6.27E-07  8.13E-07  5.96E-08  6.18E-08 | 1.20E-07  3.72E-07 | 3.16E-09 | 1.19E-11  4.28E-11 | 1.17E-06  4.67E-07 4.77E-06
Sr-90 1.38E-09  2.21E-09 1.98E-09  2.57E-09  2.01E-10 2.03E-10 | 1.83E-08  5.63E-08 | 0.00E+00 | 2.63E-14  9.45E-14 | 1.33E-07  5.32E-08 2.69E-07
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Results for Groups C6 and C7: Water and Sewer Facilities and Power and Fuel Facilities

TABLE 6.A.8 Receptors C6-1 and C7-1: Facility Outdoor Worker (First Year)

Dose-to-Source Ratio from Individual Exposure Pathways (mrem/yr per pCi/m? of street/soil contamination)

External Inhalation Radon Air Submersion Dust Ingestion
Exterior Interior Interior
Street, Street, Walls, Roof, Walls, Floor,

Radionuclide Outside Inside Inside Inside Inside Inside Outside Inside Inside Outside Inside Outside Inside Total
Am-241 3.31E-07 0.00E+00  0.00E+00 0.00E+00  0.00E+00 0.00E+00 | 1.99E-04  0.00E+00 | 0.00E+00 | 3.49E-12  0.00E+00 | 1.02E-04  0.00E+00 | 3.01E-04
Cf252 6.82E-09  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 6.85E-05  0.00E+00 | 0.00E+00 | 2.11E-14  0.00E+00 | 2.73E-05  0.00E+00 | 9.58E-05
Cm-244 3.53E-09 0.00E+00  0.00E+00 0.00E+00  0.00E+00  0.00E+00 | 1.10E-04  0.00E+00 | 0.00E+00 | 2.09E-14  0.00E+00 | 5.59E-05  0.00E+00 | 1.66E-04
Co-60 1.74E-05  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 9.67E-08  0.00E+00 | 0.00E+00 | 5.29E-10  0.00E+00 | 7.16E-07  0.00E+00 | 1.82E-05
Cs-137 4.37E-06  0.00E+00  0.00E+00 0.00E+00  0.00E+00  0.00E+00 | 1.42E-08  0.00E+00 | 0.00E+00 | 1.16E-10  0.00E+00 | 1.39E-06  0.00E+00 | 5.78E-06
Ir-192 2.34E-06  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 1.02E-08  0.00E+00 | 0.00E+00 | 1.34E-10  0.00E+00 | 5.80E-08  0.00E+00 | 2.41E-06
Po-210 348E-11  0.00E+00  0.00E+00 0.00E+00  0.00E+00 0.00E+00 | 3.67E-06  0.00E+00 | 0.00E+00 | 1.55E-15  0.00E+00 | 2.83E-05  0.00E+00 | 3.19E-05
Pu-238 9.05E-09  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 1.75E-04  0.00E+00 | 0.00E+00 | 2.08E-14  0.00E+00 | 8.97E-05  0.00E+00 | 2.65E-04
Pu-239 3.95E-09 0.00E+00  0.00E+00 0.00E+00  0.00E+00  0.00E+00 | 1.92E-04  0.00E+00 | 0.00E+00 | 1.81E-14  0.00E+00 | 9.95E-05  0.00E+00 | 2.91E-04
Ra-226 1.32E-05  0.00E+00  0.00E+00  0.00E+00  0.00E+00 0.00E+00 | 3.85E-06  0.00E+00 | 0.00E+00 | 3.79E-10  0.00E+00 | 3.74E-05  0.00E+00 | 5.44E-05
Sr-90 4.42E-08  0.00E+00  0.00E+00 0.00E+00  0.00E+00  0.00E+00 | 5.84E-07  0.00E+00 | 0.00E+00 | 8.40E-13  0.00E+00 | 4.26E-06  0.00E+00 | 4.89E-06

TABLE 6.A.9 Receptors C6-2 and C7-2: Facility Indoor Worker (First Year)

Dose-to-Source Ratio from Individual Exposure Pathways (mrem/yr per pCi/m? of street/soil contamination)
External Inhalation Radon Air Submersion Dust Ingestion
Exterior Interior Interior
Street, Street, Walls, Roof, Walls, Floor,

Radionuclide Outside Inside Inside Inside Inside Inside Outside Inside Inside Outside Inside Outside Inside Total
Am-241 0.00E+00  6.63E-08  2.47E-11  4.25E-11  2.51E-09  3.21E-08 | 0.00E+00 1.53E-04 | 0.00E+00 | 0.00E+00 3.15E-12 | 0.00E+00 1.02E-05 1.64E-04
Cf-252 0.00E+00  1.36E-09  6.05E-13  1.23E-12  5.57E-11  6.02E-10 | 0.00E+00 5.13E-05 | 0.00E+00 | 0.00E+00 1.84E-14 | 0.00E+00 2.73E-06 5.41E-05
Cm-244 0.00E+00  7.06E-10  0.00E+00  0.00E+00 8.99E-12  4.98E-10 | 0.00E+00 8.50E-05 | 0.00E+00 | 0.00E+00 1.87E-14 | 0.00E+00 5.59E-06 9.06E-05
Co-60 0.00E+00 3.47E-06  6.65E-07 3.64E-06  1.33E-07  1.76E-06 | 0.00E+00 7.36E-08 | 0.00E+00 | 0.00E+00 4.70E-10 | 0.00E+00  7.16E-08 9.82E-06
Cs-137 0.00E+00  8.74E-07 1.41E-07  6.54E-07  3.37E-08  4.41E-07 | 0.00E+00 1.10E-08 | 0.00E+00 | 0.00E+00 1.04E-10 | 0.00E+00 1.39E-07 2.29E-06
Ir-192 0.00E+00  4.68E-07  5.39E-08  2.07E-07  1.51E-08  2.33E-07 | 0.00E+00 6.16E-09 | 0.00E+00 | 0.00E+00 9.50E-11 | 0.00E+00  5.80E-09 9.89E-07
Po-210 0.00E+00  6.96E-12  1.05E-12  5.03E-12  2.41E-13  3.52E-12 | 0.00E+00 2.40E-06 | 0.00E+00 | 0.00E+00 1.18E-15 | 0.00E+00 2.83E-06 5.23E-06
Pu-238 0.00E+00 1.81E-09  2.54E-13  3.89E-13  2.15E-11 1.27E-09 | 0.00E+00 1.35E-04 | 0.00E+00 | 0.00E+00 1.87E-14 | 0.00E+00 8.97E-06 1.44E-04
Pu-239 0.00E+00  7.89E-10  7.04E-12  2.27E-11  3.88E-12  5.52E-10 | 0.00E+00 1.48E-04 | 0.00E+00 | 0.00E+00 1.63E-14 | 0.00E+00 9.95E-06 1.58E-04
Ra-226 0.00E+00 2.64E-06  4.77E-07  2.51E-06  1.02E-07  1.33E-06 | 0.00E+00 2.97E-06 | 3.58E-08 | 0.00E+00 3.42E-10 | 0.00E+00 3.74E-06 1.38E-05
Sr-90 0.00E+00  8.84E-09  6.31E-10  3.19E-09  3.41E-10  4.47E-09 | 0.00E+00 4.51E-07 | 0.00E+00 | 0.00E+00 7.56E-13 | 0.00E+00 4.26E-07 8.94E-07
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Results for Groups C6 and C7: Water and Sewer Facilities and Power and Fuel Facilities (Cont.)

TABLE 6.A.10 Receptors C6-3 and C7-3: Contractor Works Inside (First Year)

Dose-to-Source Ratio from Individual Exposure Pathways (mrem/yr per pCi/m? of street/soil contamination)

External Inhalation Radon Air Submersion Dust Ingestion
Exterior Interior Interior
Street, Street, Walls, Roof, Walls, Floor,

Radionuclide | Outside Inside Inside Inside Inside Inside Outside Inside Inside Outside Inside Outside Inside Total
Am-241 0.00E+00 1.66E-08  6.17E-12  1.06E-11  6.27E-10  8.02E-09 | 0.00E+00 3.84E-05 | 0.00E+00 | 0.00E+00 7.87E-13 | 0.00E+00 2.56E-06 | 4.09E-05
Cf-252 0.00E+00 3.41E-10  1.51E-13  3.08E-13  1.39E-11  1.51E-10 | 0.00E+00 1.28E-05 | 0.00E+00 | 0.00E+00 4.60E-15 | 0.00E+00 6.82E-07 1.35E-05
Cm-244 0.00E+00 1.76E-10  0.00E+00  0.00E+00  2.25E-12  1.24E-10 | 0.00E+00 2.13E-05 | 0.00E+00 | 0.00E+00 4.68E-15 | 0.00E+00 1.40E-06 | 2.27E-05
Co-60 0.00E+00 8.68E-07  1.66E-07  9.11E-07  3.33E-08  4.41E-07 | 0.00E+00 1.84E-08 | 0.00E+00 | 0.00E+00 1.17E-10 | 0.00E+00 1.79E-08 | 2.46E-06
Cs-137 0.00E+00 2.19E-07  3.52E-08  1.63E-07  8.43E-09 1.10E-07 | 0.00E+00 2.74E-09 | 0.00E+00 | 0.00E+00 2.61E-11 | 0.00E+00 3.48E-08 | 5.73E-07
Ir-192 0.00E+00 1.17E-07  1.35E-08  5.17E-08  3.79E-09  5.82E-08 | 0.00E+00 1.54E-09 | 0.00E+00 | 0.00E+00 2.37E-11 | 0.00E+00 1.45E-09 | 2.47E-07
Po-210 0.00E+00 1.74E-12  2.62E-13  1.26E-12  6.03E-14  8.80E-13 | 0.00E+00 6.00E-07 | 0.00E+00 | 0.00E+00 2.95E-16 | 0.00E+00 7.07E-07 1.31E-06
Pu-238 0.00E+00 4.52E-10  6.35E-14  9.73E-14  536E-12  3.17E-10 | 0.00E+00 3.38E-05 | 0.00E+00 | 0.00E+00 4.69E-15 | 0.00E+00 2.24E-06 | 3.61E-05
Pu-239 0.00E+00 1.97E-10  1.76E-12  5.67E-12  9.71E-13  1.38E-10 | 0.00E+00 3.71E-05 | 0.00E+00 | 0.00E+00 4.08E-15 | 0.00E+00 2.49E-06 | 3.96E-05
Ra-226 0.00E+00  6.60E-07  1.19E-07  6.27E-07  2.55E-08  3.34E-07 | 0.00E+00 7.43E-07 | 8.94E-09 | 0.00E+00 8.55E-11 | 0.00E+00 9.35E-07 | 3.45E-06
Sr-90 0.00E+00 2.21E-09  1.58E-10  7.98E-10  8.54E-11  1.12E-09 | 0.00E+00 1.13E-07 | 0.00E+00 | 0.00E+00 1.89E-13 | 0.00E+00 1.06E-07 | 2.23E-07

TABLE 6.A.11 Receptors C6-4 and C7-4: Contractor Works Outside (First Year)

Dose-to-Source Ratio from Individual Exposure Pathways (mrem/yr per pCi/m? of street/soil contamination)
External Inhalation Radon Air Submersion Dust Ingestion
Exterior Interior Interior
Street, Street, Walls, Roof, Walls, Floor,

Radionuclide | Outside Inside Inside Inside Inside Inside Outside Inside Inside Outside Inside Outside Inside Total
Am-241 8.28E-08  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 4.96E-05  0.00E+00 | 0.00E+00 | 8.72E-13  0.00E+00 | 2.56E-05  0.00E+00 | 7.53E-05
Cf-252 1.70E-09  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 1.71E-05  0.00E+00 | 0.00E+00 | 5.27E-15  0.00E+00 | 6.82E-06  0.00E+00 | 2.40E-05
Cm-244 8.82E-10  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 2.76E-05  0.00E+00 | 0.00E+00 | 5.21E-15  0.00E+00 | 1.40E-05  0.00E+00 | 4.16E-05
Co-60 4.34E-06  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 2.42E-08  0.00E+00 | 0.00E+00 | 1.32E-10  0.00E+00 | 1.79E-07  0.00E+00 | 4.54E-06
Cs-137 1.09E-06  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 3.56E-09  0.00E+00 | 0.00E+00 | 2.90E-11  0.00E+00 | 3.48E-07  0.00E+00 | 1.44E-06
Ir-192 5.85E-07  0.00E+00  0.00E+00 0.00E+00  0.00E+00  0.00E+00 | 2.54E-09  0.00E+00 | 0.00E+00 | 3.36E-11  0.00E+00 | 1.45E-08  0.00E+00 | 6.02E-07
Po-210 8.70E-12  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 9.17E-07  0.00E+00 | 0.00E+00 | 3.87E-16  0.00E+00 | 7.07E-06  0.00E+00 | 7.99E-06
Pu-238 2.26E-09  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 4.38E-05  0.00E+00 | 0.00E+00 | 5.20E-15  0.00E+00 | 2.24E-05  0.00E+00 | 6.62E-05
Pu-239 9.86E-10  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 4.80E-05  0.00E+00 | 0.00E+00 | 4.52E-15  0.00E+00 | 2.49E-05  0.00E+00 | 7.28E-05
Ra-226 3.30E-06  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 9.61E-07  0.00E+00 | 0.00E+00 | 9.48E-11  0.00E+00 | 9.35E-06  0.00E+00 | 1.36E-05
Sr-90 1.11E-08  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 1.46E-07  0.00E+00 | 0.00E+00 | 2.10E-13  0.00E+00 | 1.06E-06  0.00E+00 | 1.22E-06
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7 GROUP D: TEMPORARY ACCESS TO RELOCATION AREAS
FOR ESSENTIAL ACTIVITIES

The operational guidelines for this group are meant to define protective actions or
restrictions necessary to allow for temporary access to relocation areas. The public or employees
of businesses may need temporary access to residences or commercial, agricultural, or industrial
facilities in order to retrieve essential records or equipment, conduct maintenance to protect the
facilities, prevent environmental damage, attend to animals, or retrieve pets. The operational
guidelines are levels at which these actions could be taken without exceeding the relocation
PAGs. They are expressed in terms of stay times, which are total time periods during which

public or employees may access the contaminated areas.

Worker access to businesses for essential actions and the public’s access to residences for
retrieval purposes were considered in deriving the operational guidelines. The 0.5 rem per year
relocation PAGs were applied in their development. In deriving stay times, doses were estimated
for different critical receptors (see Table 2.5 in Chapter 2) that would be allowed temporary

access in these contaminated areas.

7.1 WORKER ACCESS TO BUSINESSES FOR ESSENTIAL ACTIONS (GROUP D1)

The operational guidelines in this group are to aid in the implementation of protective
actions that would allow workers access to industrial, commercial, or other workplaces for
limited periods to retrieve essential materials or perform essential functions (e.g., facility
maintenance, animal care, and security checks). The 0.5 rem per year relocation PAGs were
applied to workers to perform the essential functions. Two potential exposure scenarios with
13 exposure pathways were considered in deriving the operational guidelines. The exposure
pathways are summarized in Table 2.6 in Chapter 2. All scenarios were considered to occur in an
urban environment, and the building dimensions considered for external exposure were based on
the warehouse geometry shown in Table 2.4 in Chapter 2. The initial outdoor contamination was
assumed to occur on the streets. Because of the low traffic expected under the limited access
conditions, the average correction factors for outdoor air presented in the last two columns of

Table 2.2 in Chapter 2 were used directly, without multiplication by a factor of 10.

To account for differences in the time fractions spent inside and outside of the

contaminated buildings by different people, two receptors were considered — one that would



spend all the time indoors and another that would spend all the time outdoors. The parameters

used in different exposure scenarios are listed in Table 2.7 in Chapter 2.

7.1.1 Scenario Description for Worker Access to Businesses for Essential Actions

Scenario D1-1 (outdoor worker accessing an essential business location) assumed assess
to the contaminated area in an urban environment. Under this scenario, a worker was assumed to
spend all the time outdoors in the contaminated area. The outdoor worker received radiation
doses from external exposure to outside contamination, inhalation of contaminated outdoor air,

and direct ingestion of dust from contaminated outdoor areas.

Scenario D1-2 (indoor worker performing essential business inside the building) assumed
access to the contaminated area in an urban environment. Under this scenario, an indoor worker
was assumed to spend all the time indoors in the contaminated building. The building
dimensions considered for external exposure were based on the warehouse geometry shown in
Table 2.4 in Chapter 2. The indoor worker was exposed only to applicable pathways in the

indoor environment. All applicable exposure pathways are shown in Table 2.6 in Chapter 2.

7.1.2 Operational Guideline Derivation for Worker Access to Businesses
for Essential Actions

The operational guidelines are presented in the form of stay times that could be used as a
restriction to the total time periods during which a person could remain on the site to conduct

necessary activities.

Hourly DSRs were calculated as a function of time on the basis of an initial street
concentration. Media concentrations thereafter were obtained by using the modeling approach
described in Chapter 2. The cumulative radiation dose as a function of time was obtained by
integrating the hourly DSRs over time. The stay times for different contamination levels were
then derived by using the cumulative radiation doses. They are the durations of continuous
exposures starting immediately after an RDD event that would result in a radiation dose
equivalent to 0.5 rem. Tables 7.1 and 7.2 provide continuous exposure times (stay times) to get

dose equivalents to 0.5 rem. The stay times are provided for different initial concentration levels.



TABLE 7.1 Stay Times for Group D1-1 Scenario: Worker Access to Business (Outdoor Exposure)

Radionuclide Concentration

Stay Time (continuous exposure time in hours) to Receive 0.5 rem (500 mrem)

pCi/cm? pCi/m? Bg/cm® | dpm/100 cm? | Am-241 Cf-252 Cm-244 Co-60 Cs-137 Ir-192 Po0-210 Pu-238 Pu-239 Ra-226 Sr-90
1.00E+01 | 1.00E+05 | 3.70E-01 2.22E+03 > 8760 > 8760 > 8760 > 8760 > 8760 > 8760 > 8760 > 8760 > 8760 > 8760 > 8760
1.00E+02 | 1.00E+06 | 3.70E+00 | 222E+04 | 7.73E+03 | > 8760 > 8760 > 8760 > 8760 > 8760 > 8760 > 8760 8.17E+03 | > 8760 > 8760
1.00E+03 | 1.00E+07 | 3.70E+01 2.22E+05 1.23E+02 | 1.09E+03 | 3.93E+02 | 4.34E+03 | > 8760 > 8760 1.33E+03 | 1.58E+02 | 1.32E+02 | 1.22E+03 | >8760
1.00E+04 | 1.00E+08 | 3.70E+02 | 2.22E+06 | 7.03E+00 | 2.03E+01 | 1.26E+01 | 3.03E+02 | 1.08E+03 | 1.17E+03 | 9.17E+01 | 7.97E+00 | 7.27E+00 | 9.69E+01 | 1.43E+03
1.00E+05 | 1.00E+09 | 3.70E+03 2.22E+07 7.03E-01 | 2.03E+00 | 1.26E+00 | 2.91E+01 | 9.72E+01 | 8.62E+01 | 8.28E+00 | 7.97E-01 | 7.27E-01 | 8.79E+00 | 1.03E+02
1.00E+06 | 1.00E+10 | 3.70E+04 | 2.22E+08 7.03E-02 | 2.03E-01 | 1.26E-01 | 2.90E+00 | 9.61E+00 | 8.44E+00 | 8.28E-01 | 7.97E-02 | 7.27E-02 | 8.79E-01 | 8.80E-+00
1.00E+07 | 1.00E+11 | 3.70E+05 222E+09 | 7.03E-03 | 2.03E-02 | 1.26E-02 | 2.90E-01 | 9.61E-01 | 8.44E-01 | 8.28E-02 | 7.97E-03 | 7.27E-03 | 8.79E-02 | 8.80E-01
TABLE 7.2 Stay Times for Group D1-2 Scenario: Worker Access to Business (Indoor Exposure)

Radionuclide Concentration Stay Time (continuous exposure time in hours) to Receive 0.5 rem (500 mrem)
pCi/em? | pCi/m? Bg/cm? | dpm/100 cm? | Am-241 Cf-252 Cm-244 Co-60 Cs-137 Ir-192 Po-210 Pu-238 Pu-239 Ra-226 Sr-90
1.00E+02 | 1.00E+06 | 3.70E+00 | 2.22E+04 | >8760 > 8760 > 8760 > 8760 > 8760 > 8760 > 8760 > 8760 > 8760 > 8760 > 8760
1.00E+03 | 1.00E+07 | 3.70E+01 2.22E+05 3.97E+02 | 2.20E+03 | 1.03E+03 | > 8760 > 8760 > 8760 > 8760 491E+02 | 421E+02 | 8.01E+03 | >8760
1.00E+04 | 1.00E+08 | 3.70E+02 | 2.22E+06 1.41E+01 | 4.57E+01 | 2.57E+01 | 6.98E+02 | 3.60E+03 | >8760 8.88E+02 | 1.60E+01 | 1.46E+01 | 4.87E+02 | > 8760
1.00E+05 | 1.00E+09 | 3.70E+03 2.22E+07 1.41E+00 | 4.01E+00 | 2.53E+00 | 6.57E+01 | 2.90E+02 | 2.35E+02 | 4.51E+01 | 1.60E+00 | 1.46E+00 | 3.40E+01 | 8.04E+02
1.00E+06 | 1.00E+10 | 3.70E+04 | 2.22E+08 1.41E-01 | 4.01E-01 | 2.53E-01 | 6.51E+00 | 2.82E+01 | 2.21E+01 | 4.16E+00 | 1.60E-01 | 1.46E-01 | 3.29E+00 | 3.80E-+01
1.00E+07 | 1.00E+11 | 3.70E+05 2.22E+09 1.41E-02 | 4.01E-02 | 2.53E-02 | 6.51E-01 | 2.81E+00 | 2.21E+00 | 4.16E-01 | 1.60E-02 | 1.46E-02 | 3.29E-01 | 3.53E+00

£L
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Tables 7.3 and 7.4 list surface street concentration levels for Scenarios D1-1 and D1-2,
respectively, that would result in dose equivalents to 0.5 rem for specified time periods. The
specified time periods are 4 workdays, 12 workdays, 4 workweeks, and 12 workweeks. The time
starts immediately after an RDD event, and it was assumed that workers would work 8 hours per
day and 7 days a week.

Figures 7.1-7.11 provide limiting concentrations of individual radionuclides for access to
businesses for essential actions, assuming an exposure of 8 hours per day. For example, an
outdoor worker could access a business area contaminated with Am-241 at a level of
8.8 x 107 pCi/m2 for 1 day and would not receive a dose greater than 0.5 rem (see Figure 7.1).
Similarly, if access is required for 12 days, the contamination level for outdoor access should be
less than 2.0 x 107 pCi/mZ2. In all cases, the stay times for outdoor exposure (Scenario D1-1)

were more restrictive than for indoor exposure (Scenario D1-2).

7.2 PUBLIC ACCESS TO RESIDENCES FOR RETRIEVAL (GROUP D2)

The operational guidelines for this group are to aid in the implementation of protective
actions that would allow public access to residential areas for limited periods to retrieve essential
properties such as records, pets, or resources, or to conduct important maintenance activities. The
0.5 rem per year relocation PAG was applied to residents to perform such retrieval or
maintenance. Two potential exposure scenarios were considered for the derivation of operational
guidelines. Potential radiation doses resulting from 13 exposure pathways were considered. The
exposure pathways of the two evaluated scenarios are summarized in Table 2.6 in Chapter 2. All
scenarios were considered to occur in an urban environment, and the building dimensions
considered for external exposure were based on the urban house geometry shown in Table 2.4 in
Chapter 2. The initial outdoor contamination was assumed to occur on the streets. Because of the
low traffic expected under the limited access conditions, the average correction factors for
outdoor air presented in the last two columns of Table 2.2 in Chapter 2 were used directly,
without multiplication by a factor of 10.

To account for differences in the time fractions spent inside and outside of residences by
different people, two receptors were considered — one that would spend all the time indoors and
the other that would spend all the time outdoors. The parameters used in the different exposure
scenarios are listed in Table 2.7 in Chapter 2.
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TABLE 7.3 Scenario D1-1 Operational Guidelines for PAG of 0.5 rem:
Outdoor Worker Accessing Business Location for Essential Actions

Surface Street Concentration (pCi/m?2)

Radionuclide 4 Workdays 12 Workdays 4 Workweeks 12 Workweeks

Am-241 3.41E+07 1.96E+07 1.25E+07 6.60E+06
Cf-252 9.97E+07 5.87E+07 3.87E+07 2.14E+07
Cm-244 6.12E+07 3.52E+07 2.25E+07 1.19E+07
Co-60 9.21E+08 3.15E+08 1.41E+08 5.38E+07
Cs-137 3.04E+09 1.04E+09 4.62E+08 1.75E+08
Ir-192 2.70E+09 9.55E+08 4.57E+08 2.14E+08
Po-210 2.88E+08 1.08E+08 5.15E+07 2.24E+07
Pu-238 3.87E+07 2.22E+07 1.42E+07 7.51E+06
Pu-239 3.53E+07 2.02E+07 1.29E+07 6.81E+06
Ra-226 3.02E+08 1.11E+08 5.10E+07 1.97E+07
Sr-90 3.18E+09 1.22E+09 5.76E+08 2.26E+08

TABLE 7.4 Scenario D1-2 Operational Guidelines for PAG of 0.5 rem:
Indoor Worker Performing Essential Business inside the Building

Surface Street Concentration (pCi/m?2)

Radionuclide 4 Workdays 12 Workdays 4 Workweeks 12 Workweeks

Am-241 6.64E+07 3.61E+07 2.18E+07 1.08E+07
Cf-252 1.89E+08 1.04E+08 6.31E+07 3.17E+07
Cm-244 1.19E+08 6.47E+07 3.92E+07 1.93E+07
Co-60 2.06E+09 7.03E+08 3.11E+08 1.14E+08
Cs-137 8.89E+09 3.02E+09 1.34E+09 4.90E+08
Ir-192 7.06E+09 2.49E+09 1.18E+09 5.43E+08
Po-210 1.66E+09 7.16E+08 3.71E+08 1.71E+08
Pu-238 7.52E+07 4.09E+07 2.48E+07 1.22E+07
Pu-239 6.87E+07 3.74E+07 2.26E+07 1.11E+07
Ra-226 1.22E+09 4.75E+08 2.26E+08 8.75E+07

Sr-90 1.47E+10 6.64E+09 3.46E+09 1.46E+09
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FIGURE 7.11 Limiting Concentrations of Sr-90 for Access to Business

The weathering correction for a rural environment is different from that for an urban
environment. However, the differences would be insignificant for short periods of time.

Therefore, only the urban environment was considered for dose calculation.

7.2.1 Scenario Description for Public Access to Residences for Retrieval

Scenario D2-1 (public accessing a residential area and staying outside) assumed access to
a contaminated residential area in an urban environment. Under this scenario, a resident was
assumed to spend all the time outdoors in the contaminated area. The resident received radiation
doses from external exposure to outside contamination, inhalation of contaminated outdoor air,

and direct dust ingestion from contaminated outdoor areas.

Scenario D2-2 (public accessing residential area and staying inside) assumed access to a
contaminated residential area in an urban environment. Under this scenario, a resident was

assumed to spend all the time indoors in the contaminated area. The building dimensions
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considered for external exposure were based on the urban house geometry shown in Table 2.4 in

Chapter 2. Exposure pathways applicable for this scenario are shown in Table 2.6 in Chapter 2.

7.2.2 Operational Guideline Derivation for Public Access to Residences for Retrieval

The operational guidelines are presented in the form of stay time tables that could be used
to provide recommendations for total time periods during which a resident could remain in the

contaminated area to conduct necessary activities.

Hourly DSRs as a function of time were calculated on the basis of an initial street
concentration. The media concentrations were obtained by using the modeling approach
described in Chapter 2. The cumulative radiation dose as a function of time was obtained by
integrating the hourly DSRs over time. The stay times for different contamination levels were
then derived by using the cumulative radiation doses. They are the durations of continuous
exposures immediately after an RDD event that would result in a radiation dose equivalent to
0.5 rem. Tables 7.5 and 7.6 provide continuous exposure times (stay times) to get a dose of

0.5 rem. The stay times are provided for different initial concentration levels.

Tables 7.7 and 7.8 list surface street concentration levels for Scenarios D2-1 and D2-2,
respectively, that would result in doses equivalent to 0.5 rem for specified time periods. The
specified time periods are 1 day, 4 days, and 12 days. The time starts immediately after an RDD

event, and it was assumed that a resident would spend 24 hours per day in the contaminated area.

Stay times for a specific exposure pattern can be derived by using Tables 7.5-7.8,
depending on the time fractions spent indoors and outdoors by a receptor. For example, in an
environment contaminated with Am-241 at a level of 2.9 x 107 pCi/m2, a receptor could stay for
1 day, spending all the time outdoors (Table 7.7). Another receptor spending 6 hours outdoors
and 18 hours indoors would receive only 0.27 rem ([0.5] x [6/24] x [2.9 x 107/2.9 x 107] +
[0.5] x [18/24] x [2.9 x 107/7.3 x 107]), therefore permitting 1.8 days (0.5/0.27) in that

environment.



TABLE 7.5 Stay Times for Group D2-1 Scenario: Residents Access to Houses (Outdoor Exposure)

Radionuclide Concentration

Stay Time (continuous exposure time in hours) to Receive 0.5 rem (500 mrem)

pCi/cm? pCi/m? Bg/em? | dpm/100 cm? | Am-241 Cf-252 Cm-244 Co-60 Cs-137 Ir-192 Po-210 Pu-238 Pu-239 Ra-226 Sr-90
1.00E+00 | 1.00E+04 | 3.70E-02 220E+02 | >8760 > 8760 > 8760 > 8760 > 8760 > 8760 > 8760 > 8760 > 8760 > 8760 > 8760
1.00E+01 | 1.00E+05 | 3.70E-01 2.22E+03 > 8760 > 8760 > 8760 > 8760 > 8760 > 8760 > 8760 > 8760 > 8760 > 8760 > 8760
1.00E+02 | 1.00E+06 | 3.70E+00 | 2.22E+04 | 7.73E+03 | > 8760 > 8760 > 8760 > 8760 > 8760 > 8760 > 8760 8.17E+03 | > 8760 > 8760
1.00E+03 | 1.00E+07 | 3.70E+01 2.22E+05 1.23E+02 | 1.09E+03 | 3.93E+02 | 4.34E+03 | >8760 > 8760 1.33E+03 | 1.58E+02 | 1.32E+02 | 1.22E+03 | > 8760
1.00E+04 | 1.00E+08 | 3.70E+02 | 2.22E+06 | 7.03E+00 | 2.03E+01 | 1.26E+01 | 3.03E+02 | 1.08E+03 | 1.17E+03 | 9.17E+01 | 7.97E+00 | 7.27E+00 | 9.69E+01 | 1.43E+03
1.00E+05 | 1.00E+09 | 3.70E+03 2.22E+07 | 7.03E-01 | 2.03E+00 | 1.26E+00 | 2.91E+01 | 9.72E+01 | 8.62E+01 | 8.28E+00 | 7.97E-01 | 7.27E-01 | 8.79E+00 | 1.03E+02
1.00E+06 | 1.00E+10 | 3.70E+04 | 2.22E+08 7.03E-02 | 2.03E-01 | 1.26E-01 | 2.90E+00 | 9.61E+00 | 8.44E+00 | 828E-01 | 7.97E-02 | 7.27E-02 | 8.79E-01 | 8.80E+00
1.00E+07 | 1.00E+11 | 3.70E+05 2.22E+09 | 7.03E-03 | 2.03E-02 | 1.26E-02 | 2.90E-01 | 9.61E-01 | 8.44E-01 | 8.28E-02 | 7.97E-03 | 7.27E-03 | 8.79E-02 | 8.80E-01
TABLE 7.6 Stay Times for Group D2-2 Scenario: Residents Access to Houses (Indoor Exposure)

Radionuclide Concentration Stay Time (continuous exposure time in hours) to Receive 0.5 rem (500 mrem)
pCi/em? | pCi/m? Bg/em? | dpm/100 cm? | Am-241 Cf-252 Cm-244 Co-60 Cs-137 Ir-192 Po-210 Pu-238 Pu-239 Ra-226 Sr-90
1.00E+00 | 1.00E+04 | 3.70E-02 220E+02 | > 8760 > 8760 > 8760 > 8760 > 8760 > 8760 > 8760 > 8760 > 8760 > 8760 > 8760
1.00E+01 | 1.00E+05 | 3.70E-01 2.22E+03 > 8760 > 8760 > 8760 > 8760 > 8760 > 8760 > 8760 > 8760 > 8760 > 8760 > 8760
1.00E+02 | 1.00E+06 | 3.70E+00 | 2.22E+04 | > 8760 > 8760 > 8760 > 8760 > 8760 > 8760 > 8760 > 8760 > 8760 > 8760 > 8760
1.00E+03 | 1.00E+07 | 3.70E+01 2.22E+05 5.61E+02 | 3.05E+03 | 1.40E+03 | >8760 > 8760 > 8760 > 8760 6.86E+02 | 5.93E+02 | 8.18E+03 | >8760
1.00E+04 | 1.00E+08 | 3.70E+02 | 2.22E+06 1.75E+01 | 6.40E+01 | 3.40E+01 | 7.19E+02 | 3.70E+03 | >8760 9.64E+02 | 1.99E+01 | 1.82E+01 | 5.13E+02 | > 8760
1.00E+05 | 1.00E+09 | 3.70E+03 2.22E+07 1.75E+00 | 4.99E+00 | 3.14E+00 | 6.79E+01 | 3.01E+02 | 2.47E+02 | 5.23E+01 | 1.99E+00 | 1.82E+00 | 3.76E+01 | 8.98E+02
1.00E+06 | 1.00E+10 | 3.70E+04 | 2.22E+08 1.75E-01 | 4.99E-01 | 3.14E-01 | 6.73E+00 | 2.93E+01 | 2.32E+01 | 4.74E+00 | 1.99E-01 | 1.82E-01 | 3.62E+00 | 4.52E+01
1.00E+07 | 1.00E+11 | 3.70E+05 2.22E+09 1.75E-02 | 4.99E-02 | 3.14E-02 | 6.73E-01 | 2.92E+00 | 2.32E+00 | 4.74E-01 | 1.99E-02 | 1.82E-02 | 3.62E-01 | 4.14E+00

1L
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TABLE 7.7 Scenario D2-1 Operational
Guidelines for 0.5 rem Annual Dose:
Residents Access to Houses (Outdoor

Exposure)
Surface Street Concentration
(pCi/m?)

Radionuclide 1 Day 4 Days 12 Days
Am-241 2.93E+07 1.14E+07 6.53E+06
Cf-252 8.47E+07 3.32E+07 1.96E+07
Cm-244 5.25E+07 2.04E+07 1.17E+07
Co-60 1.21E+09 3.07E+08 1.05E+08
Cs-137 4.00E+09 1.01E+09 3.45E+08
Ir-192 3.52E+09 9.01E+08 3.18E+08
Po-210 3.45E+08 9.60E+07 3.59E+07
Pu-238 3.32E+07 1.29E+07 7.41E+06
Pu-239 3.03E+07 1.18E+07 6.75E+06
Ra-226 3.66E+08 1.01E+08 3.69E+07
Sr-90 3.67E+09 1.06E+09 4.07E+08

TABLE 7.8 Scenario D2-2 Operational
Guidelines for 0.5 rem Annual Dose:
Residents Access to Houses (Indoor

Exposure)
Surface Street Concentration
(pCi/m?)

Radionuclide 1 Day 4 Days 12 Days
Am-241 731E+07 2.75E+07 1.48E+07
Cf-252 2.08E+08 7.84E+07 4.27E+07
Cm-244 1.31E+08 4.92E+07 2.66E+07
Co-60 2.81E+09 7.10E+08 2.41E+08
Cs-137 1.22E+10 3.08E+09 1.04E+09
Ir-192 9.66E+09 2.47E+09 8.69E+08
Po-210 1.97E+09 6.17E+08 2.59E+08
2Pu-238 8.29E+07 3.11E+07 1.68E+07
Pu-239 7.57E+07 2.84E+07 1.54E+07
Ra-226 1.51E+09 4.37E+08 1.67E+08
Sr-90 1.72E+10 5.63E+09 2.47E+09
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Figures 7.12—7.22 provide limiting concentrations of individual radionuclides for access
to residences for essential activities. For example, a resident could access the outdoor area of a
house contaminated with Am-241 at a level of 2.9 x 107 pCi/m? for one day and would not
receive a dose greater than 0.5 rem (see Figure 7.12). Similarly, if access is required for 12 days,
the contamination level for outdoor access should be less than 6.5 x 106 pCi/m2. In all cases, the

stay times for outdoor exposure (Scenario D2-1) are more restrictive than for indoor exposure
(Scenario D2-2).
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8 GROUP E: TRANSPORTATION AND ACCESS ROUTES

The operational guidelines for Group E are intended to assist in determining whether
contaminated bridges, streets and thoroughfares, or sidewalks and walkways can be open for
unrestricted or restricted access. The relocation PAGs (i.e., 2 rem in the first year and 0.5 rem per
year thereafter) were used as the basis for deriving operational guidelines for unrestricted access.
A PAG of 5 rem was used for deriving operational guidelines for restricted access, because it
may be necessary to use the transportation routes in a relocation area to commute between

nonrelocation areas or to provide emergency/recovery services to the relocation area.

The operational guidelines assume regular or periodic access to the transportation route.
They are applicable during the intermediate response phase after an RDD event. Different
scenarios were considered for deriving the operational guidelines. They address continued use of
bridges, streets and thoroughfares, and sidewalks and walkways. In considering the use of
bridges and streets and thoroughfares, it is assumed that the receptor would be inside a vehicle
while driving through these areas and would not come in direct contact with the contamination
on the ground. The difference in the continued use of bridges and streets and thoroughfares is in
the external exposure: two supplementary surface sources, representing the bridge railings, were
added to the contaminated road source in the bridge scenario. A methodology that accounts for
the time-integrated concentration inside a vehicle that passes through a contaminated area was

used to assess the inhalation dose.

8.1 AIR CONCENTRATION INSIDE THE VEHICLE

The inhalation dose depends on the air concentration inside the vehicle; therefore, it must
be evaluated first. By using a mass-balance model, and assuming that no air cleaning devices are
used in the vehicle and that the vehicle is clean at time = 0 (i.e., C;(0) = 0), a well-mixed inside
air concentration, Cj(f), can be related to a constant outside concentration, Cy, as shown in

Equation 8.1 (Engelmann et al. 1992):

Ci(t) = (Z—C)co (1—e7ety, 8.1)

Cc



where ¢ is the time spent in the contaminated area, and a. and b, are vehicle parameters defined
in Equations 8.2 and 8.3 (Engelmann et al. 1992):

a, = (fxQ+/[.x0,) (8.2)

b = 0+0,+V,xA+(-f)x0, . (8.3)

The definitions account for the natural infiltration exchange rate (Q1); the fraction that
escapes capture during ingress (f); the air exchange rate when the heating, ventilating, and air-
conditioning (HVAC) unit is operating ((Q7); recirculation air flow through the HVAC unit (Q,);
the fraction that escapes capture, passing through the HVAC unit (f;)); dry deposition inside the
vehicle (V); and the area of the interior (4).

After the vehicle has passed through the contaminated area, the inside concentration

decays according to the parameters defined in Equation 8.4:
Ci() = Cye™, (84)

where Cj(¢) is the inside air concentration at time, ¢, after the passage; C;; is the inside air
concentration at the end of the passage; and b is the vehicle parameter defined by Equation 8.3

after the passage.

As shown in Equation 8.5, assuming the outside air concentration is constant within the
contaminated area and is clean beyond the contaminated area, then the time-integrated

concentration inside the vehicle is:

a

T. T
< [a—e"ydt+1—e™)[ e dr]

7bCT(‘
= CoacTc 1_(l—e )l—ﬁ(l—e_”) )
b %3 b

c

CO
(8.5)

where 7 is the time the driver/passenger spends inside the vehicle while passing the
contaminated area; 7 is the time the driver/passenger spends inside the vehicle after passing the
contaminated area; and a., b., and b are the vehicular parameters discussed above while passing

and after passing the contaminated area, respectively.
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When the outside air concentration is zero (after passing the contaminated zone), a
parameter study of Equation 8.4 shows that the concentration inside the vehicle decreases rapidly
with time. The time to reach 1% of the concentration Cj; ranges from a few hundred to a few
thousand seconds, depending on the values of the vehicle parameters b, a., and b.. Since
parameter b was found to range from 0.001 to 0.02 s-! for a moving vehicle (Engelmann et al.
1992; Johnson 2002), and assuming that the driver/passenger spends more than three to four
times the air exchange rate inside the vehicle after crossing the contaminated area, the time-

integrated air concentration reduces to the parameters defined in Equation 8.6:

_ _bcTc
Gele g (A=e )y Deyy (8.6)

C
° b, b,T, b

Since T, is determined exclusively by the vehicle speed and the length of the
contaminated area (36 s for 500 m at 50 km/h), the study of Equations 8.5 and 8.6 shows that, in
order to minimize the inside concentration, one should minimize a. and maximize b. In other
words, to get maximum protection, the driver/passenger should turn the HVAC/fan system on
and put the system in the recycle mode (with vent closed) while driving through the
contaminated zone, and then open the windows for a few minutes after passing the contaminated
area to increase air circulation in order to get rid of inside contamination. The actual air
concentration inside the vehicle under these circumstances could be much less than the outside

air concentration in the contaminated zone.

If the vehicle is driven in the same condition (b = b.) while passing and after passing the
contaminated area, Equation 8.5 reduces to:

-b.T,
acT, [1- (l1-e ™ C)e—bcT

C
? bC bC TC

1. (8.7)

The maximum value for Equation 8.7, regardless of the applicable b, value, is:

(8.8)

Equation 8.8 can be minimized by reducing the ratio a./b.. As discussed above, this ratio
depends on factors such as vehicle make, speed, and natural and forced air exchange rates. For a

stationary vehicle, the ratio a./b. in different experimental conditions (i.e., air-conditioning
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[AC] on, AC off, fan on, fan off, etc.) was found to vary from 0.013 to 0.705 (Engelmann et al.
1992). From Johnson (2002), which considers moving vehicles, it was found that, for a vehicle
speed of 50 km/h, this ratio varies from 0.1 to 0.9.

For a conservative estimate of the time-integrated air concentration inside the vehicle, it
was assumed that there was no loss of airborne radionuclides due to deposition and no
recirculation of air through the HVAC system (HVAC/fan system is turned off). Under these
conditions, the vehicle ratio a./b. is 1, a situation that also corresponds to the limiting case of

driving convertible cars with the tops down when passing through the contaminated areas.

Based on the above discussion and considering the various makes of vehicles (with
different a., b., or b values) and different driving habits (with HVAC/fan on or off), it is
concluded that for reasonably conservative dose estimates, the receptor inside the vehicle can be
assumed to be exposed to the same air concentration as was outside, and the exposure duration

can be limited to the time required for the vehicle to pass through the contaminated area.

8.2 BRIDGES (GROUP E1)

The operational guidelines for this group were derived by considering continued
(unrestricted) use of bridges by the general public or restricted use by emergency workers. The
5-rem occupational exposure PAG was applied to emergency workers, and the 2-rem first-year
and 0.5-rem subsequent-year PAGs were applied to the general public. Potential radiation doses
resulting from external radiation (from the contaminated bridge), inhalation, and air submersion
exposure were considered. The radiation dose resulting from ingesting contaminated material
deposited inside the vehicle was not included. Both the general public and emergency worker
scenarios were considered in an urban environment. The external exposure was calculated based
on a vehicle passing a bridge with a geometry shown in Table 2.4 in Chapter 2. The initial
contamination was assumed to be on the bridge. The average correction factors for outdoor air in
the last 2 columns of Table 2.2 in Chapter 2 were multiplied by 10 and 100, respectively, for
restricted and public use (more traffic when access is unrestricted), to account for traffic in an
urban environment (see Table 2.3 in Chapter 2). The parameters used in both exposure scenarios
are listed in Table 2.7 in Chapter 2.



8.2.1 Scenario Description for Bridges

Scenario E1-1 (emergency worker drives over bridges under restricted conditions)
assumed use of the contaminated bridges by emergency workers in an urban environment. Under
this scenario, an emergency worker was assumed to spend an average of 1 hour per day for

250 days in 1 year passing the contaminated bridges (multiple passages per day in his vehicle).

Scenario E1-2 (a member of the general public drives over bridges under unrestricted
conditions) assumed continued (unrestricted) use of the contaminated bridges by the general
public in an urban environment. Under this scenario, a member of the general public was
assumed to spend an average of 0.02 hour per day for 250 days in 1 year passing the
contaminated bridges twice daily in a vehicle. (The bridge is 500 m long; the vehicle speed is
50 km/h; and the time taken to cross the bridge once is 0.01 hour; therefore, the twice daily
time/day is 0.02 hour.)

8.2.2 Dose Calculation for Bridges

Tables 8.A.1-8.A.2 in Appendix 8.A provide the DSRs from individual exposure
pathways for Scenarios E1-1 and E1-2 for the first year. Table 8.A.3 in Appendix 8.A provides
the DSRs for Scenario E1-2 from individual exposure pathways for the second year. Table 8.1
provides the total DSRs for both scenarios for the first year and the DSRs for Scenario E1-2 for

the second year.

8.2.3 Operational Guideline Derivation for Bridges

Table 8.2 provides operational guidelines for the use of bridges. The occupational PAG
(5 rem for first year) was used for Scenario E1-1, and the public PAGs (2 rem for the first year
and 0.5 rem after the first year) were used for Scenario E1-2. Table 8.2 shows that for all

radionuclides, Scenario E1-1 would result in more restrictive operational guidelines.



TABLE 8.1 Total Dose-to-Source Ratios
(DSRs) for Bridges (Group E1) Scenarios

DSR (mrem/yr per pCi/m?) Based on
Initial Bridge Contamination following

an RDD Event
After First
First Year Year
Radionuclide  El-12 E1-2b E1-2b
Am-241 2.48E-05 4.96E-06 1.83E-07
Cf-252 8.57E-06 1.71E-06 4.48E-08
Cm-244 1.38E-05 2.76E-06 9.68E-08
Co-60 2.46E-06 5.14E-08 2.57E-08
Cs-137 5.89E-07 1.21E-08 6.94E-09
1r-192 2.86E-07 5.95E-09 9.88E-11
Po-210 4.58E-07 9.17E-08 3.31E-10
Pu-238 2.19E-05 4.38E-06 1.60E-07
Pu-239 2.40E-05 4.80E-06 1.77E-07
Ra-226 2.27E-06 1.32E-07 2.51E-08
Sr-90 7.84E-08 1.47E-08 5.85E-10

a  El-1: emergency workers driving over bridges under
restricted conditions.

b E1-2: the public driving over bridges under
unrestricted conditions.

8.3 STREETS AND THOROUGHFARES (GROUP E2)

The operational guidelines for this group were derived by considering continued use of
streets and thoroughfares by the general public or restricted use by emergency workers. The
5-rem occupational exposure PAG was applied to emergency workers, and the 2-rem PAG was
applied to the general public. Potential radiation doses resulting from external radiation (to the
contaminated streets), inhalation, and air submersion exposure were considered. The radiation
dose resulting from ingesting contaminated material deposited inside the vehicle was not
included. Both the general public and emergency worker scenarios were considered in an urban
environment, and the external exposure was calculated based on a vehicle passing through a
street with a geometry shown in Table 2.4 in Chapter 2. The initial contamination was assumed
to be on the street. The average correction factors for outdoor air in the last two columns of

Table 2.2 in Chapter 2 were multiplied by 10 and 100, respectively, for restricted and public use
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TABLE 8.2 Operational Guidelines for Bridges
(Group E1) Scenarios

Operational Guidelines (pCi/m?) for Initial
Bridge Contamination following an RDD

Event
El-1 El-2
5 rem in 2remin 0.5 rem after
Radionuclide  First Year First Year  First Year
Am-241 2.01E+08 4.03E+08 2.74E+09
Cf-252 5.84E+08 1.17E+09 1.12E+10
Cm-244 3.62E+08 7.24E+08 5.17E+09
Co-60 2.03E+09 3.89E+10 1.94E+10
Cs-137 8.49E+09 1.65E+11 7.20E+10
Ir-192 1.75E+10 3.36E+11 5.06E+12
Po-210 1.09E+10 2.18E+10 1.51E+12
Pu-238 2.28E+08 4.57E+08 3.13E+09
Pu-239 2.09E+08 4.17E+08 2.83E+09
Ra-226 2.20E+09 1.52E+10 1.99E+10
Sr-90 6.38E+10 1.36E+11 8.55E+11

(more traffic when the access is unlimited), to account for traffic in urban conditions (see
Table 2.3 in Chapter 2). The parameters used in both exposure scenarios are listed in Table 2.7 in
Chapter 2.

8.3.1 Scenario Description for Streets and Thoroughfares

Scenario E2-1 (emergency worker drives through streets under restricted conditions)
assumed use of the contaminated streets by emergency workers in an urban environment. Under
this scenario, an emergency worker was assumed to spend an average 1 hour per day for

250 days in 1 year passing the contaminated streets (multiple times per day in a vehicle).

Scenario E2-2 (member of the general public drives through streets under unrestricted
conditions) assumed continued (unrestricted) use of the contaminated streets by the general
public in an urban environment. Under this scenario, a member of the general public was
assumed to spend an average of 0.02 hour per day for 250 days in 1 year passing the

contaminated streets twice daily in a vehicle. (The contaminated street is 500 m long, the vehicle



speed is 50 km/h, and the time taken to pass the contaminated street once is 0.01 hour; therefore,

the twice daily time/day is 0.02 hour.)

8.3.2 Dose Calculation for Streets and Thoroughfares

Tables 8.A.4 and 8.A.5 in Appendix 8.A provide the DSRs from individual exposure
pathways for Scenarios E2-1 and E2-2 for the first year. Table 8.A.6 in Appendix 8.A provides
the DSRs from individual exposure pathways for Scenario E2-2 for the second year. Table 8.3
provides the total DSRs for both scenarios for the first year and total DSRs for Scenario E2-2 for

the second year.

TABLE 8.3 Total Dose-to-Source Ratios (DSRs)
for Streets and Thoroughfares (Group E2)

Scenarios
DSR (mrem/y per pCi/m?) Based on
Initial Street Contamination following
an RDD Event
After First
First Year Year
Radionuclide ~ E2-12 E2-20 E2-2b
Am-241 2.48E-05 4.96E-06 1.83E-07
Cf-252 8.57E-06 1.71E-06 4.48E-08
Cm-244 1.38E-05 2.76E-06 9.68E-08
Co-60 2.04E-06 4.31E-08 1.92E-08
Cs-137 4.85E-07 1.00E-08 5.09E-09
Ir-192 2.38E-07 5.00E-09 7.22E-11
Po-210 4.58E-07 9.17E-08 3.31E-10
Pu-238 2.19E-05 4.38E-06 1.60E-07
Pu-239 2.40E-05 4.80E-06 1.77E-07
Ra-226 1.95E-06 1.26E-07 1.94E-08
Sr-90 7.75E-08 1.47E-08 5.68E-10

4 E2-1: emergency workers driving through streets
under restricted conditions.

b E2-2: the public driving through streets under
unrestricted conditions.



8.3.3 Operational Guideline Derivation for Streets and Thoroughfares

Table 8.4 provides the operational guidelines for the use of streets and thoroughfares. The
occupational PAG (5 rem for the first year) was used for Scenario E2-1, and the public PAGs
(2 rem for the first year and 0.5 rem after the first year) were used for Scenario E2-2. Table 8.4
shows that for all radionuclides, Scenario E2-1 would result in more restrictive operational

guidelines.

8.4 SIDEWALKS AND WALKWAYS (GROUP E3)

The operational guidelines for this group were derived by considering continued
(unrestricted) use of sidewalks and walkways by the general public or restricted use by essential
service workers. The 5-rem occupational exposure PAG was applied to essential service workers,
and the 2-rem first-year and 0.5-rem subsequent-year PAGs were applied to the general public.
Three exposure scenarios were considered for the derivation of operational guidelines. Potential

radiation doses resulting from external radiation, inhalation, ingestion of dust particles, and air

TABLE 8.4 Operational Guidelines for Streets
and Thoroughfares (Group E2) Scenarios

Operational Guidelines (pCi/m?) for Initial
Street Contamination following an RDD

Event
E2-1 E2-2
5remin 2remin 0.5 rem after
Radionuclide  First Year First Year First Year
Am-241 2.01E+08 4.03E+08 2.74E+09
Cf-252 5.84E+08 1.17E+09 1.12E+10
Cm-244 3.62E+08 7.24E+08 5.17E+09
Co-60 2.45E+09 4.64E+10 2.61E+10
Cs-137 1.03E+10 2.00E+11 9.81E+10
1r-192 2.10E+10 4.00E+11 6.92E+12
Po-210 1.09E+10 2.18E+10 1.51E+12
Pu-238 2.28E+08 4.57E+08 3.13E+09
Pu-239 2.09E+08 4.17E+08 2.83E+09
Ra-226 2.56E+09 1.59E+10 2.58E+10

Sr-90 6.45E+10 1.36E+11 8.80E+11
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submersion exposure pathways were considered. All scenarios were considered in an urban
environment, and the external exposure was calculated based on working on a street with a
geometry shown in Table 2.4 in Chapter 2. The initial outdoor contamination was assumed to be
on the streets. The average correction factors for outdoor air in the last 2 columns of Table 2.2 in
Chapter 2 were multiplied by 10 for restricted use and for public use in situations where
sidewalks or walkways were away from streets, and multiplied by 100 for public use in situations
where sidewalks or walkways were near the streets, to account for traffic in urban conditions (see
Table 2.3 in Chapter 2). The parameters used in all three exposure scenarios are listed in

Table 2.7 in Chapter 2.

8.4.1 Scenario Description for Sidewalks and Walkways

Scenario E3-1 (essential service worker uses sidewalks and walkways under restricted
conditions) assumed use of the contaminated sidewalks and walkways by essential service
workers in an urban environment. Under this scenario, an essential service worker was assumed
to spend an average 1 hour per day for 250 days in 1 year on the contaminated sidewalks or

walkways near streets.

Scenario E3-2 (volunteer collects donations near streets) assumed continued
(unrestricted) use of the contaminated sideways or walkways by people collecting donations in
an urban environment. Under this scenario, a member of the general public was assumed to
spend an average of 1 hour per day for 250 days in 1 year on the contaminated sideways or

walkways near streets.

Scenario E3-3 (vendor sells merchandise away from streets) assumed continued
(unrestricted) use of the contaminated sideways or walkways by vendors selling merchandise in
an urban environment. Under this scenario, a member of the general public was assumed to
spend an average of 8 hours per day for 250 days in 1 year on the contaminated sidewalks or

walkways away from streets.

8.4.2 Dose Calculation for Sidewalks and Walkways

Tables 8.A.7-8.A.9 in Appendix 8.A provide the DSRs from individual exposure
pathways for Scenarios E3-1 to E3-3 for the first year. Tables 8.A.10 and 8.A.11 in
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Appendix 8.A provide the DSRs for Scenarios E3-2 and E3-3 for individual exposure pathways
for the second year. Table 8.5 provides the total DSRs for all scenarios for the first year and the
total DSRs for Scenarios E3-2 and E3-3 for the second year.

8.4.3 Operational Guideline Derivation for Sidewalks and Walkways

Table 8.6 provides the operational guidelines for use of sidewalks and walkways. The
occupational PAG (5 rem per year) was used for Scenario E3-1, and the public PAGs (2 rem for
the first year and 0.5 rem after the first year) were used for Scenarios E3-2 and E3-3. For all
radionuclides, Scenario E3-3, a vendor selling merchandise, resulted in the most restrictive
operational guidelines for the first year and after the first year. Table 8.7 provides the most
restrictive operational guidelines for essential service worker and general public use. It shows

that for all radionuclides, public use would result in the most restrictive operational guidelines.

TABLE 8.5 Total Dose-to-Source Ratios (DSRs) for Sidewalks
and Walkways (Group E3) Scenarios

DSR (mrem/yr per pCi/m?) Based on Initial
Sidewalks/Walkways Contamination following

an RDD Event

First Year After First Year
Radionuclide  E3-12 E3-2b E3-3¢ E3-2b E3-3¢
Am-241 3.76E-05 2.61E-04 3.01E-04 1.60E-05 6.25E-05
Cf-252 1.20E-05 8.91E-05 9.58E-05 3.63E-06 1.30E-05
Cm-244 2.08E-05 1.45E-04 1.66E-04 8.46E-06 3.28E-05
Co-60 2.27E-06 2.38E-06 1.82E-05 1.07E-06 8.49E-06
Cs-137 7.22E-07 7.38E-07 5.78E-06  3.80E-07 3.03E-06
Ir-192 3.01E-07 3.13E-07 241E-06 4.56E-09 3.64E-08
Po-210 3.99E-06 8.12E-06 3.19E-05 2.97E-07 2.25E-06
Pu-238 3.31E-05 2.30E-04 2.65E-04 1.40E-05 5.43E-05
Pu-239 3.64E-05 2.52E-04 2.91E-04 1.55E-05 6.07E-05
Ra-226 6.81E-06 1.11E-05 5.44E-05 3.59E-06 2.74E-05
Sr-90 6.11E-07 1.27E-06 4.89E-06 3.09E-07 2.28E-06

a  E3-1: essential service worker using sidewalks and walkways under
restricted conditions.

b E3-2: volunteer collecting donations near streets.

¢ E3-3: vendor selling merchandise away from streets.
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TABLE 8.6 Operational Guidelines for Sidewalks and Walkways
(Group E3) Scenarios

Operational Guidelines (pCi/m?) Based on Initial

Sidewalk/Walkways Contamination following an RDD Event

General Public

Essential
Service Worker First Year After First Year

Radionuclide E3-12 E3-20 E3-3¢ E3-2b E3-3¢

Am-241 1.33E+08 7.66E+06 6.64E+06 3.12E+07 8.00E+06
Cf-252 4.17E+08 2.25E+07 2.09E+07 1.38E+08 3.86E+07
Cm-244 2.40E+08 1.38E+07 1.20E+07 5.91E+07 1.52E+07
Co-60 2.20E+09 8.40E+08 1.10E+08 4.69E+08 5.89E+07
Cs-137 6.92E+09 2.71E+09 3.46E+08 1.32E+09 1.65E+08
Ir-192 1.66E+10 6.40E+09 8.31E+08 1.10E+11 1.37E+10
Po-210 1.25E+09 2.46E+08 6.26E+07 1.69E+09 2.22E+08
Pu-238 1.51E+08 8.69E+06 7.55E+06 3.58E+07 9.20E+06
Pu-239 1.37E+08 7.93E+06 6.86E+06 3.22E+07 8.23E+06
Ra-226 7.35E+08 1.80E+08 3.67E+07 1.39E+08 1.82E+07
Sr-90 8.18E+09 1.58E+09 4.09E+08 1.62E+09 2.19E+08

a E3-1: essential service worker using sidewalks and walkways under restricted

conditions.

b E3-2: volunteer collecting donations near streets.

¢ E3-3: vendor selling merchandise away from streets.
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TABLE 8.7 Most Restrictive Operational Guidelines
for Sidewalks and Walkways (Group E3) Scenarios

Operational Guidelines (pCi/m?) for Initial
Sidewalks/Walkways Contamination following

an RDD Event
Essential
Service Worker General Public
5 rem in First 2 rem in 0.5 rem after
Radionuclide Year First Year First Year
Am-241 1.33E+08 6.64E+06 8.00E+06
Cf-252 4.17E+08 2.09E+07 3.86E+07
Cm-244 2.40E+08 1.20E+07 1.52E+07
Co-60 2.20E+09 1.10E+08 5.89E+07
Cs-137 6.92E+09 3.46E+08 1.65E+08
Ir-192 1.66E+10 8.31E+08 1.37E+10
Po-210 1.25E+09 6.26E+07 2.22E+08
Pu-238 1.51E+08 7.55E+06 9.20E+06
Pu-239 1.37E+08 6.86E+06 8.23E+06
Ra-226 7.35E+08 3.67E+07 1.82E+07
Sr-90 8.18E+09 4.09E+08 2.19E+08
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8.4-1

APPENDIX 8.A:
DOSE-TO-SOURCE RATIOS (DSRs)
FOR GROUP E SCENARIOS
Group E1: Tables 8.A.1 through 8.A.3
Group E2: Tables 8.A.4 through 8.A.6

Group E3: Tables 8.A.7 through 8.A.11
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8.4-3

APPENDIX 8.A:

DOSE-TO-SOURCE RATIOS (DSRS) FOR
GROUP E SCENARIOS

This appendix includes dose-to-source ratios (DSRs) from individual exposure pathways
for Group E (Transportation and Access Routes) scenarios. Tables 8.A.1 and 8.A.2 include DSRs
for passing over bridges for the first year. In Scenario E1-1, an emergency worker drives over
bridges under restricted conditions. In Scenario E1-2, a member of the general public drives over
bridges under unrestricted conditions. Table 8.A.3 provides exposure results for Scenario E1-2

after the first year.

Tables 8.A.4—8.A.5 include DSRs for passing through streets and thoroughfares for the
first year. In Scenario E2-1, an emergency worker drives through streets and thoroughfares under
restricted conditions. In Scenario E2-2, a member of the general public drives through streets and
thoroughfares under unrestricted conditions. Table 8.A.6 provides results for Scenario E2-2 after

the first year.

Tables 8.A.7-8.A.9 include DSRs for sidewalks and walkways for the first year. In
Scenario E3-1, an essential service worker uses sidewalks and walkways under restricted
conditions. In Scenario E3-2, a volunteer collects donations near the streets. In Scenario E3-3, a
vendor sells merchandise away from the streets. Tables 8.A.10 and 8.A.11 provide results for
Scenarios E3-2 and E3-3 after the first year.



Results for Group E1 — Transportation and Access Routes: Bridges

TABLE 8.A.1 Scenario E1-1: Emergency Worker Drives over Bridges under Restricted Conditions (First Year)

Dose-to-Source Ratio from Individual Exposure Pathways (mrem/yr per pCi/m? of street/soil contamination)

External Inhalation Radon Air Submersion Dust Ingestion
Exterior Interior Interior
Street, Street, Walls, Roof, Walls, Floor,

Radionuclide Outside Inside Inside Inside Inside Inside Outside Inside Inside Outside Inside Outside Inside Total
Am-241 4.32E-09  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 2.48E-05  0.00E+00 | 0.00E+00 | 4.36E-13  0.00E+00 | 0.00E+00  0.00E+00 | 2.48E-05
Cf-252 1.01E-11  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 8.57E-06  0.00E+00 | 0.00E+00 | 2.63E-15  0.00E+00 | 0.00E+00  0.00E+00 | 8.57E-06
Cm-244 5.16E-21  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 1.38E-05  0.00E+00 | 0.00E+00 | 2.61E-15  0.00E+00 | 0.00E+00  0.00E+00 | 1.38E-05
Co-60 2.45E-06  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 1.21E-08  0.00E+00 | 0.00E+00 | 6.62E-11  0.00E+00 | 0.00E+00  0.00E+00 | 2.46E-06
Cs-137 5.87E-07  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 1.78E-09  0.00E+00 | 0.00E+00 | 1.45E-11  0.00E+00 | 0.00E+00  0.00E+00 | 5.89E-07
Ir-192 2.84E-07  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 1.27E-09  0.00E+00 | 0.00E+00 | 1.68E-11  0.00E+00 | 0.00E+00  0.00E+00 | 2.86E-07
Po-210 4.65E-12  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 4.58E-07  0.00E+00 | 0.00E+00 | 1.93E-16  0.00E+00 | 0.00E+00  0.00E+00 | 4.58E-07
Pu-238 2.42E-12 0.00E+00  0.00E+00  0.00E+00  0.00E+00 0.00E+00 | 2.19E-05  0.00E+00 | 0.00E+00 | 2.60E-15  0.00E+00 | 0.00E+00  0.00E+00 | 2.19E-05
Pu-239 3.43E-11  0.00E+00 0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 2.40E-05  0.00E+00 | 0.00E+00 | 2.26E-15  0.00E+00 | 0.00E+00  0.00E+00 | 2.40E-05
Ra-226 1.79E-06 ~ 0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 4.81E-07  0.00E+00 | 0.00E+00 | 4.74E-11  0.00E+00 | 0.00E+00  0.00E+00 | 2.27E-06
Sr-90 5.37E-09  0.00E+00 0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 7.31E-08  0.00E+00 | 0.00E+00 | 1.05E-13  0.00E+00 | 0.00E+00  0.00E+00 | 7.84E-08

TABLE 8.A.2 Scenario E1-2: Member of the General Public Drives over Bridges under Unrestricted Conditions (First Year)

Dose-to-Source Ratio from Individual Exposure Pathways (mrem/yr per pCi/m? of bridge contamination)
External Inhalation Radon Air Submersion Dust Ingestion
Exterior Interior Interior
Street, Street, Walls, Roof, Walls, Floor,

Radionuclide Outside Inside Inside Inside Inside Inside Outside Inside Inside Outside Inside Outside Inside Total
Am-241 8.63E-11  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 4.96E-06  0.00E+00 | 0.00E+00 | 8.72E-14  0.00E+00 | 0.00E+00  0.00E+00 | 4.96E-06
Cf-252 2.03E-13  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 1.71E-06  0.00E+00 | 0.00E+00 | 5.27E-16  0.00E+00 | 0.00E+00  0.00E+00 | 1.71E-06
Cm-244 1.03E-22  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 2.76E-06 ~ 0.00E+00 | 0.00E+00 | 5.21E-16  0.00E+00 | 0.00E+00  0.00E+00 | 2.76E-06
Co-60 4.90E-08  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 2.42E-09  0.00E+00 | 0.00E+00 | 1.32E-11  0.00E+00 | 0.00E+00  0.00E+00 | 5.14E-08
Cs-137 1.17E-08  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 3.56E-10  0.00E+00 | 0.00E+00 | 2.90E-12  0.00E+00 | 0.00E+00  0.00E+00 | 1.21E-08
Ir-192 5.69E-09  0.00E+00 0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 2.54E-10  0.00E+00 | 0.00E+00 | 3.36E-12  0.00E+00 | 0.00E+00  0.00E+00 | 5.95E-09
Po-210 9.31E-14  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 9.17E-08  0.00E+00 | 0.00E+00 | 3.87E-17  0.00E+00 | 0.00E+00  0.00E+00 | 9.17E-08
Pu-238 4.83E-14  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 4.38E-06  0.00E+00 | 0.00E+00 | 5.20E-16  0.00E+00 | 0.00E+00  0.00E+00 | 4.38E-06
Pu-239 6.87E-13  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 4.80E-06  0.00E+00 | 0.00E+00 | 4.52E-16  0.00E+00 | 0.00E+00  0.00E+00 | 4.80E-06
Ra-226 3.58E-08  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 9.61E-08  0.00E+00 | 0.00E+00 | 9.48E-12  0.00E+00 | 0.00E+00  0.00E+00 | 1.32E-07
Sr-90 1.07E-10  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 1.46E-08  0.00E+00 | 0.00E+00 | 2.10E-14  0.00E+00 | 0.00E+00  0.00E+00 | 1.47E-08
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TABLE 8.A.3 Scenario E1-2: Member of the General Public Drives over Bridges under Unrestricted Conditions (Second Year)

Results for Group E1 — Transportation and Access Routes: Bridges (Cont.)

Dose-to-Source Ratio from Individual Exposure Pathways (mrem/yr per pCi/m? of bridge contamination)

External Inhalation Radon Air Submersion Dust Ingestion
Exterior Interior Interior
Street, Street, Walls, Roof, Walls, Floor,

Radionuclide Outside Inside Inside Inside Inside Inside Outside Inside Inside Outside Inside Outside Inside Total
Am-241 5.85E-11  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 1.83E-07  0.00E+00 | 0.00E+00 | 3.21E-15 0.00E+00 | 0.00E+00  0.00E+00 | 1.83E-07
Cf-252 1.02E-13  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 4.48E-08 0.00E+00 | 0.00E+00 | 1.38E-17  0.00E+00 | 0.00E+00  0.00E+00 | 4.48E-08
Cm-244 6.06E-23  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 9.68E-08  0.00E+00 | 0.00E+00 | 1.83E-17  0.00E+00 | 0.00E+00  0.00E+00 | 9.68E-08
Co-60 2.57E-08  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 7.50E-11  0.00E+00 | 0.00E+00 | 4.10E-13  0.00E+00 | 0.00E+00  0.00E+00 | 2.57E-08
Cs-137 6.93E-09  0.00E+00  0.00E+00 0.00E+00  0.00E+00  0.00E+00 | 1.27E-11  0.00E+00 | 0.00E+00 | 1.04E-13  0.00E+00 | 0.00E+00  0.00E+00 | 6.94E-09
1r-192 9.86E-11  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 1.38E-13  0.00E+00 | 0.00E+00 | 1.82E-15 0.00E+00 | 0.00E+00  0.00E+00 | 9.88E-11
Po-210 8.29E-15  0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 | 3.31E-10  0.00E+00 | 0.00E+00 | 1.40E-19  0.00E+00 | 0.00E+00  0.00E+00 | 3.31E-10
Pu-238 3.31E-14  0.00E+00  0.00E+00 0.00E+00  0.00E+00  0.00E+00 | 1.60E-07  0.00E+00 | 0.00E+00 | 1.90E-17  0.00E+00 | 0.00E+00 0.00E+00 | 1.60E-07
Pu-239 4.35E-13  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 1.77E-07  0.00E+00 | 0.00E+00 | 1.67E-17  0.00E+00 | 0.00E+00  0.00E+00 | 1.77E-07
Ra-226 2.16E-08  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 3.54E-09 0.00E+00 | 0.00E+00 | 3.49E-13  0.00E+00 | 0.00E+00  0.00E+00 | 2.51E-08
Sr-90 6.32E-11  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 5.22E-10  0.00E+00 | 0.00E+00 | 7.50E-16  0.00E+00 | 0.00E+00  0.00E+00 | 5.85E-10
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Results for Group E2 — Transportation and Access Routes: Streets and Thoroughfares

TABLE 8.A.4 Scenario E2-1: Emergency Worker Drives through Streets under Restricted Conditions (First Year)

Dose-to-Source Ratio from Individual Exposure Pathways (mrem/yr per pCi/m? of street contamination)

External Inhalation Radon Air Submersion Dust Ingestion
Exterior Interior Interior
Street, Street, Walls, Roof, Walls, Floor,

Radionuclide Outside Inside Inside Inside Inside Inside Outside Inside Inside Outside Inside Outside Inside Total
Am-241 2.67E-09  0.00E+00 0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 2.48E-05 0.00E+00 | 0.00E+00 | 4.36E-13  0.00E+00 | 0.00E+00  0.00E+00 | 2.48E-05
Cf-252 6.85E-12  0.00E+00 0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 8.57E-06  0.00E+00 | 0.00E+00 | 2.63E-15 0.00E+00 | 0.00E+00  0.00E+00 | 8.57E-06
Cm-244 4.12E-21  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 1.38E-05 0.00E+00 | 0.00E+00 | 2.61E-15 0.00E+00 | 0.00E+00  0.00E+00 | 1.38E-05
Co-60 2.03E-06  0.00E+00 0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 1.21E-08  0.00E+00 | 0.00E+00 | 6.62E-11  0.00E+00 | 0.00E+00  0.00E+00 | 2.04E-06
Cs-137 4.83E-07  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 1.78E-09  0.00E+00 | 0.00E+00 | 1.45E-11  0.00E+00 | 0.00E+00  0.00E+00 | 4.85E-07
Ir-192 2.37E-07  0.00E+00  0.00E+00  0.00E+00  0.00E+00 0.00E+00 | 1.27E-09  0.00E+00 | 0.00E+00 | 1.68E-11  0.00E+00 | 0.00E+00  0.00E+00 | 2.38E-07
Po-210 391E-12  0.00E+00 0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 4.58E-07  0.00E+00 | 0.00E+00 | 1.93E-16 0.00E+00 | 0.00E+00  0.00E+00 | 4.58E-07
Pu-238 1.41E-12  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 2.19E-05 0.00E+00 | 0.00E+00 | 2.60E-15  0.00E+00 | 0.00E+00  0.00E+00 | 2.19E-05
Pu-239 2.55E-11  0.00E+00 0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 2.40E-05 0.00E+00 | 0.00E+00 | 2.26E-15  0.00E+00 | 0.00E+00  0.00E+00 | 2.40E-05
Ra-226 1.47E-06  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 4.81E-07  0.00E+00 | 0.00E+00 | 4.74E-11  0.00E+00 | 0.00E+00  0.00E+00 | 1.95E-06
Sr-90 443E-09  0.00E+00  0.00E+00  0.00E+00  0.00E+00 0.00E+00 | 7.31E-08  0.00E+00 | 0.00E+00 | 1.05E-13  0.00E+00 | 0.00E+00  0.00E+00 | 7.75E-08

TABLE 8.A.5 Scenario E2-2: Member of the General Public Drives through Streets under Unrestricted Conditions (First Year)

Dose-to-Source Ratio from Individual Exposure Pathways (mrem/yr per pCi/m? of street contamination)
External Inhalation Radon Air Submersion Dust Ingestion
Exterior Interior Interior
Street, Street, Walls, Roof, Walls, Floor,

Radionuclide Outside Inside Inside Inside Inside Inside Outside Inside Inside Outside Inside Outside Inside Total
Am-241 5.34E-11  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 4.96E-06  0.00E+00 | 0.00E+00 | 8.72E-14  0.00E+00 | 0.00E+00 0.00E+00 | 4.96E-06
Cf-252 1.37E-13  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 1.71E-06  0.00E+00 | 0.00E+00 | 5.27E-16  0.00E+00 | 0.00E+00 0.00E+00 | 1.71E-06
Cm-244 8.25E-23  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 2.76E-06  0.00E+00 | 0.00E+00 | 5.21E-16  0.00E+00 | 0.00E+00  0.00E+00 | 2.76E-06
Co-60 4.06E-08  0.00E+00  0.00E+00 0.00E+00  0.00E+00  0.00E+00 | 2.42E-09  0.00E+00 | 0.00E+00 | 1.32E-11  0.00E+00 | 0.00E+00 0.00E+00 | 4.31E-08
Cs-137 9.66E-09  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 3.56E-10  0.00E+00 | 0.00E+00 | 2.90E-12  0.00E+00 | 0.00E+00 0.00E+00 | 1.00E-08
1r-192 4.74E-09  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 2.54E-10  0.00E+00 | 0.00E+00 | 3.36E-12  0.00E+00 | 0.00E+00 0.00E+00 | 5.00E-09
Po-210 7.82E-14  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 9.17E-08  0.00E+00 | 0.00E+00 | 3.87E-17  0.00E+00 | 0.00E+00 0.00E+00 | 9.17E-08
Pu-238 2.82E-14  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 4.38E-06  0.00E+00 | 0.00E+00 | 5.20E-16  0.00E+00 | 0.00E+00 0.00E+00 | 4.38E-06
Pu-239 5.10E-13  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 4.80E-06  0.00E+00 | 0.00E+00 | 4.52E-16  0.00E+00 | 0.00E+00  0.00E+00 | 4.80E-06
Ra-226 2.94E-08  0.00E+00  0.00E+00 0.00E+00  0.00E+00  0.00E+00 | 9.61E-08  0.00E+00 | 0.00E+00 | 9.48E-12  0.00E+00 | 0.00E+00 0.00E+00 | 1.26E-07
Sr-90 8.85E-11  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 1.46E-08  0.00E+00 | 0.00E+00 | 2.10E-14  0.00E+00 | 0.00E+00  0.00E+00 | 1.47E-08
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Results for Group E2 — Transportation and Access Routes: Streets and Thoroughfares (Cont.)

TABLE 8.A.6 Scenario E2-2: Member of the General Public Drives through Streets under Unrestricted Conditions (Second Year)

Dose-to-Source Ratio from Individual Exposure Pathways (mrem/yr per pCi/m? of street contamination)

External Inhalation Radon Air Submersion Dust Ingestion
Exterior Interior Interior
Street, Street, Walls, Roof, Walls, Floor,

Radionuclide Outside Inside Inside Inside Inside Inside Outside Inside Inside Outside Inside Outside Inside Total
Am-241 2.88E-11  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 1.83E-07  0.00E+00 | 0.00E+00 | 3.21E-15 0.00E+00 | 0.00E+00  0.00E+00 | 1.83E-07
Cf-252 5.61E-14  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 4.48E-08 0.00E+00 | 0.00E+00 | 1.38E-17  0.00E+00 | 0.00E+00  0.00E+00 | 4.48E-08
Cm-244 4.27E-23  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 9.68E-08  0.00E+00 | 0.00E+00 | 1.83E-17  0.00E+00 | 0.00E+00  0.00E+00 | 9.68E-08
Co-60 1.91E-08  0.00E+00 0.00E+00  0.00E+00  0.00E+00 0.00E+00 | 7.50E-11  0.00E+00 | 0.00E+00 | 4.10E-13  0.00E+00 | 0.00E+00  0.00E+00 | 1.92E-08
Cs-137 5.08E-09  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 1.27E-11  0.00E+00 | 0.00E+00 | 1.04E-13  0.00E+00 | 0.00E+00  0.00E+00 | 5.09E-09
1r-192 7.21E-11 0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 1.38E-13  0.00E+00 | 0.00E+00 | 1.82E-15 0.00E+00 | 0.00E+00  0.00E+00 7.22E-11
Po-210 6.20E-15  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 3.31E-10  0.00E+00 | 0.00E+00 | 1.40E-19  0.00E+00 | 0.00E+00  0.00E+00 | 3.31E-10
Pu-238 1.51E-14  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 1.60E-07  0.00E+00 | 0.00E+00 | 1.90E-17  0.00E+00 | 0.00E+00  0.00E+00 | 1.60E-07
Pu-239 2.75E-13  0.00E+00 0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 1.77E-07  0.00E+00 | 0.00E+00 | 1.67E-17  0.00E+00 | 0.00E+00  0.00E+00 | 1.77E-07
Ra-226 1.59E-08  0.00E+00  0.00E+00  0.00E+00  0.00E+00 0.00E+00 | 3.54E-09  0.00E+00 | 0.00E+00 | 3.49E-13  0.00E+00 | 0.00E+00  0.00E+00 | 1.94E-08
Sr-90 4.66E-11  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 5.22E-10  0.00E+00 | 0.00E+00 | 7.50E-16  0.00E+00 | 0.00E+00  0.00E+00 | 5.68E-10
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TABLE 8.A.7 Scenario E3-1: Essential Service Worker Uses Sidewalks and Walkways under Restricted Conditions (First Year)

Results for Group E3 — Transportation and Access Routes: Sidewalks and Walkways

Dose-to-Source Ratio from Individual Exposure Pathways (mrem/yr per pCi/m? of sidewalk/walkway contamination)

External Inhalation Radon Air Submersion Dust Ingestion
Exterior Interior Interior
Street, Street, Walls, Roof, Walls, Floor,

Radionuclide Outside Inside Inside Inside Inside Inside Outside Inside Inside Outside Inside Outside Inside Total
Am-241 4.14E-08  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 2.48E-05  0.00E+00 | 0.00E+00 | 4.36E-13  0.00E+00 | 1.28E-05  0.00E+00 | 3.76E-05
Cf252 8.52E-10  0.00E+00  0.00E+00 0.00E+00  0.00E+00  0.00E+00 | 8.57E-06  0.00E+00 | 0.00E+00 | 2.63E-15  0.00E+00 | 3.41E-06  0.00E+00 | 1.20E-05
Cm-244 4.41E-10  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 1.38E-05  0.00E+00 | 0.00E+00 | 2.61E-15  0.00E+00 | 6.99E-06  0.00E+00 | 2.08E-05
Co-60 2.17E-06  0.00E+00  0.00E+00  0.00E+00  0.00E+00 0.00E+00 | 1.21E-08  0.00E+00 | 0.00E+00 | 6.62E-11  0.00E+00 | 8.96E-08  0.00E+00 | 2.27E-06
Cs-137 5.46E-07  0.00E+00  0.00E+00 0.00E+00  0.00E+00  0.00E+00 | 1.78E-09  0.00E+00 | 0.00E+00 | 1.45E-11  0.00E+00 | 1.74E-07  0.00E+00 | 7.22E-07
1r-192 2.92E-07 0.00E+00  0.00E+00 0.00E+00  0.00E+00 0.00E+00 | 1.27E-09  0.00E+00 | 0.00E+00 | 1.68E-11  0.00E+00 | 7.25E-09  0.00E+00 | 3.01E-07
Po-210 4.35E-12  0.00E+00  0.00E+00 0.00E+00  0.00E+00  0.00E+00 | 4.58E-07  0.00E+00 | 0.00E+00 | 1.93E-16  0.00E+00 | 3.53E-06  0.00E+00 | 3.99E-06
Pu-238 1.13E-09  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 2.19E-05  0.00E+00 | 0.00E+00 | 2.60E-15  0.00E+00 | 1.12E-05  0.00E+00 | 3.31E-05
Pu-239 4.93E-10  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 2.40E-05  0.00E+00 | 0.00E+00 | 2.26E-15  0.00E+00 | 1.24E-05  0.00E+00 | 3.64E-05
Ra-226 1.65E-06  0.00E+00  0.00E+00 0.00E+00  0.00E+00 0.00E+00 | 4.81E-07  0.00E+00 | 0.00E+00 | 4.74E-11  0.00E+00 | 4.67E-06  0.00E+00 | 6.81E-06
Sr-90 5.53E-09  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 7.31E-08  0.00E+00 | 0.00E+00 | 1.05E-13  0.00E+00 | 5.32E-07  0.00E+00 | 6.11E-07

TABLE 8.A.8 Scenario E3-2: Volunteer Collects Donations near Streets (First Year)

Dose-to-Source Ratio from Individual Exposure Pathways (mrem/yr per pCi/m? of sidewalk/walkway contamination)
External Inhalation Radon Air Submersion Dust Ingestion
Exterior Interior Interior
Street, Street, Walls, Roof, Walls, Floor,

Radionuclide Outside Inside Inside Inside Inside Inside Outside Inside Inside Outside Inside Outside Inside Total
Am-241 4.14E-08  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 2.48E-04  0.00E+00 | 0.00E+00 | 4.36E-12  0.00E+00 | 1.28E-05  0.00E+00 | 2.61E-04
Cf-252 8.52E-10  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 8.57E-05  0.00E+00 | 0.00E+00 | 2.63E-14  0.00E+00 | 3.41E-06  0.00E+00 | 8.91E-05
Cm-244 4.41E-10  0.00E+00  0.00E+00 0.00E+00  0.00E+00  0.00E+00 | 1.38E-04  0.00E+00 | 0.00E+00 | 2.61E-14  0.00E+00 | 6.99E-06  0.00E+00 | 1.45E-04
Co-60 2.17E-06  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 1.21E-07  0.00E+00 | 0.00E+00 | 6.62E-10  0.00E+00 | 8.96E-08  0.00E+00 | 2.38E-06
Cs-137 5.46E-07  0.00E+00  0.00E+00 0.00E+00  0.00E+00  0.00E+00 | 1.78E-08  0.00E+00 | 0.00E+00 | 1.45E-10  0.00E+00 | 1.74E-07  0.00E+00 | 7.38E-07
Ir-192 2.92E-07  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 1.27E-08  0.00E+00 | 0.00E+00 | 1.68E-10  0.00E+00 | 7.25E-09  0.00E+00 | 3.13E-07
Po-210 4.35E-12  0.00E+00  0.00E+00 0.00E+00  0.00E+00  0.00E+00 | 4.58E-06  0.00E+00 | 0.00E+00 | 1.93E-15  0.00E+00 | 3.53E-06  0.00E+00 | 8.12E-06
Pu-238 1.13E-09  0.00E+00  0.00E+00 0.00E+00  0.00E+00 0.00E+00 | 2.19E-04  0.00E+00 | 0.00E+00 | 2.60E-14  0.00E+00 | 1.12E-05  0.00E+00 | 2.30E-04
Pu-239 4.93E-10  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 2.40E-04  0.00E+00 | 0.00E+00 | 2.26E-14  0.00E+00 | 1.24E-05  0.00E+00 | 2.52E-04
Ra-226 1.65E-06  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 4.81E-06  0.00E+00 | 0.00E+00 | 4.74E-10  0.00E+00 | 4.67E-06  0.00E+00 | 1.11E-05
Sr-90 5.53E-09  0.00E+00  0.00E+00 0.00E+00  0.00E+00  0.00E+00 | 7.31E-07  0.00E+00 | 0.00E+00 | 1.05E-12  0.00E+00 | 5.32E-07  0.00E+00 | 1.27E-06
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Results for Group E3 — Transportation and Access Routes: Sidewalks and Walkways (Cont.)

TABLE 8.A.9 Scenario E3-3: Vendor Sells Merchandise Away from Streets (First Year)

Dose-to-Source Ratio from Individual Exposure Pathways (mrem/yr per pCi/m? of sidewalk/walkway contamination)

External Inhalation Radon Air Submersion Dust Ingestion
Exterior Interior Interior
Street, Street, Walls, Roof, Walls, Floor,

Radionuclide Outside Inside Inside Inside Inside Inside Outside Inside Inside Outside Inside Outside Inside Total
Am-241 3.31E-07 0.00E+00  0.00E+00 0.00E+00  0.00E+00 0.00E+00 | 1.99E-04  0.00E+00 | 0.00E+00 | 3.49E-12  0.00E+00 | 1.02E-04  0.00E+00 | 3.01E-04
Cf-252 6.82E-09  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 6.85E-05  0.00E+00 | 0.00E+00 | 2.11E-14  0.00E+00 | 2.73E-05  0.00E+00 | 9.58E-05
Cm-244 3.53E-09  0.00E+00  0.00E+00 0.00E+00  0.00E+00 0.00E+00 | 1.10E-04  0.00E+00 | 0.00E+00 | 2.09E-14  0.00E+00 | 5.59E-05  0.00E+00 | 1.66E-04
Co-60 1.74E-05  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 9.67E-08  0.00E+00 | 0.00E+00 | 5.29E-10  0.00E+00 | 7.16E-07  0.00E+00 | 1.82E-05
Cs-137 4.37E-06  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 1.42E-08  0.00E+00 | 0.00E+00 | 1.16E-10  0.00E+00 | 1.39E-06  0.00E+00 | 5.78E-06
1r-192 2.34E-06  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 1.02E-08  0.00E+00 | 0.00E+00 | 1.34E-10  0.00E+00 | 5.80E-08  0.00E+00 | 2.41E-06
Po-210 348E-11  0.00E+00  0.00E+00 0.00E+00  0.00E+00 0.00E+00 | 3.67E-06  0.00E+00 | 0.00E+00 | 1.55E-15  0.00E+00 | 2.83E-05  0.00E+00 | 3.19E-05
Pu-238 9.05E-09  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 1.75E-04  0.00E+00 | 0.00E+00 | 2.08E-14  0.00E+00 | 8.97E-05  0.00E+00 | 2.65E-04
Pu-239 395E-09 0.00E+00  0.00E+00 0.00E+00  0.00E+00 0.00E+00 | 1.92E-04  0.00E+00 | 0.00E+00 | 1.81E-14  0.00E+00 | 9.95E-05  0.00E+00 | 2.91E-04
Ra-226 1.32E-05  0.00E+00  0.00E+00  0.00E+00  0.00E+00 0.00E+00 | 3.85E-06  0.00E+00 | 0.00E+00 | 3.79E-10  0.00E+00 | 3.74E-05  0.00E+00 | 5.44E-05
Sr-90 4.42E-08  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 5.84E-07  0.00E+00 | 0.00E+00 | 8.40E-13  0.00E+00 | 4.26E-06  0.00E+00 | 4.89E-06

TABLE 8.A.10 Scenario E3-2: Volunteer Collects Donations near Streets (Second Year)

Dose-to-Source Ratio from Individual Exposure Pathways (mrem/yr per pCi/m? of sidewalk/walkway contamination)
External Inhalation Radon Air Submersion Dust Ingestion
Exterior Interior Interior
Street, Street, Walls, Roof, Walls, Floor,

Radionuclide Outside Inside Inside Inside Inside Inside Outside Inside Inside Outside Inside Outside Inside Total
Am-241 2.23E-08  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 9.13E-06  0.00E+00 | 0.00E+00 | 1.60E-13  0.00E+00 | 6.88E-06  0.00E+00 | 1.60E-05
Cf-252 349E-10  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 2.24E-06  0.00E+00 | 0.00E+00 | 6.88E-16  0.00E+00 | 1.40E-06  0.00E+00 | 3.63E-06
Cm-244 2.28E-10  0.00E+00  0.00E+00  0.00E+00  0.00E+00 0.00E+00 | 4.84E-06  0.00E+00 | 0.00E+00 | 9.13E-16  0.00E+00 | 3.62E-06  0.00E+00 | 8.46E-06
Co-60 1.02E-06 ~ 0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 3.7SE-09  0.00E+00 | 0.00E+00 | 2.05E-11  0.00E+00 | 4.21E-08  0.00E+00 | 1.07E-06
Cs-137 2.87E-07  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 6.36E-10  0.00E+00 | 0.00E+00 | 5.19E-12  0.00E+00 | 9.16E-08  0.00E+00 | 3.80E-07
1r-192 4.44E-09  0.00E+00  0.00E+00 0.00E+00  0.00E+00 0.00E+00 | 6.88E-12  0.00E+00 | 0.00E+00 | 9.09E-14  0.00E+00 | 1.10E-10  0.00E+00 | 4.56E-09
Po-210 345E-13  0.00E+00  0.00E+00 0.00E+00  0.00E+00 0.00E+00 | 1.66E-08  0.00E+00 | 0.00E+00 | 6.98E-18  0.00E+00 | 2.80E-07  0.00E+00 | 2.97E-07
Pu-238 6.05E-10  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 7.99E-06  0.00E+00 | 0.00E+00 | 9.48E-16  0.00E+00 | 5.99E-06  0.00E+00 | 1.40E-05
Pu-239 2.66E-10  0.00E+00  0.00E+00 0.00E+00  0.00E+00 0.00E+00 | 8.84E-06  0.00E+00 | 0.00E+00 | 8.33E-16  0.00E+00 | 6.71E-06  0.00E+00 | 1.55E-05
Ra-226 8.90E-07  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 1.77E-07  0.00E+00 | 0.00E+00 | 1.75E-11  0.00E+00 | 2.52E-06  0.00E+00 | 3.59E-06
Sr-90 291E-09  0.00E+00  0.00E+00 0.00E+00  0.00E+00  0.00E+00 | 2.61E-08  0.00E+00 | 0.00E+00 | 3.75E-14  0.00E+00 | 2.80E-07  0.00E+00 | 3.09E-07
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TABLE 8.A.11 Scenario E3-3: Vendor Sells Merchandise Away from Streets (Second Year)

Results for Group E3 — Transportation and Access Routes: Sidewalks and Walkways (Cont.)

Dose-to-Source Ratio from Individual Exposure Pathways (mrem/yr per pCi/m? of sidewalk/walkway contamination)

External Inhalation Radon Air Submersion Dust Ingestion
Exterior Interior Interior
Street, Street, Walls, Roof, Walls, Floor,

Radionuclide Outside Inside Inside Inside Inside Inside Outside Inside Inside Outside Inside Outside Inside Total
Am-241 1.78E-07  0.00E+00  0.00E+00  0.00E+00  0.00E+00 0.00E+00 | 7.30E-06  0.00E+00 | 0.00E+00 | 1.28E-13  0.00E+00 | 5.50E-05  0.00E+00 | 6.25E-05
Cf-252 2.79E-09  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 1.79E-06  0.00E+00 | 0.00E+00 | 5.51E-16  0.00E+00 | 1.12E-05  0.00E+00 | 1.30E-05
Cm-244 1.83E-09  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 3.87E-06  0.00E+00 | 0.00E+00 | 7.31E-16  0.00E+00 | 2.89E-05  0.00E+00 | 3.28E-05
Co-60 8.15E-06  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 3.00E-09  0.00E+00 | 0.00E+00 | 1.64E-11  0.00E+00 | 3.36E-07  0.00E+00 | 8.49E-06
Cs-137 2.30E-06  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 5.09E-10  0.00E+00 | 0.00E+00 | 4.15E-12  0.00E+00 | 7.33E-07  0.00E+00 | 3.03E-06
1r-192 3.56E-08  0.00E+00  0.00E+00 0.00E+00  0.00E+00 0.00E+00 | 5.50E-12  0.00E+00 | 0.00E+00 | 7.27E-14  0.00E+00 | 8.82E-10  0.00E+00 | 3.64E-08
Po-210 2.76E-12  0.00E+00  0.00E+00 0.00E+00  0.00E+00  0.00E+00 | 1.33E-08  0.00E+00 | 0.00E+00 | 5.59E-18  0.00E+00 | 2.24E-06  0.00E+00 | 2.25E-06
Pu-238 4.84E-09  0.00E+00  0.00E+00 0.00E+00  0.00E+00  0.00E+00 | 6.39E-06  0.00E+00 | 0.00E+00 | 7.59E-16  0.00E+00 | 4.79E-05  0.00E+00 | 5.43E-05
Pu-239 2.13E-09  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 7.07E-06  0.00E+00 | 0.00E+00 | 6.66E-16  0.00E+00 | 5.37E-05  0.00E+00 | 6.07E-05
Ra-226 7.12E-06  0.00E+00  0.00E+00  0.00E+00  0.00E+00 0.00E+00 | 1.42E-07  0.00E+00 | 0.00E+00 | 1.40E-11  0.00E+00 | 2.01E-05  0.00E+00 | 2.74E-05
Sr-90 2.33E-08  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 2.09E-08  0.00E+00 | 0.00E+00 | 3.00E-14  0.00E+00 | 2.24E-06  0.00E+00 | 2.28E-06
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9 GROUP F-4: RELEASE OF REAL PROPERTY FROM RADIOLOGICALLY
CONTROLLED AREAS

The operational guidelines for Group F-4 were developed for use in releasing real
properties — soils and buildings — located within radiologically controlled areas after an RDD
event. The real properties were assumed to be released in the late response phase, when the
major cleanup/remediation activities that occurred during the early and intermediate phases were
completed. Because the distribution of radionuclides on different contaminated surfaces would
have changed from the original state as a result of any cleanup/remediation activities, the default
ratios of radionuclide concentrations among different contaminated surfaces assumed for
Groups C—E were not used. The operational guidelines for soil were derived by using the
RESRAD code (Yu et al. 2001) and considering only soil contamination. The operational
guidelines for buildings were derived by using the RESRAD-BUILD code (Yu et al. 2003) and
considering only building contamination existing on the interior floor, on the inside and outside

of the surrounding four walls, and on the roof.

The operational guidelines for soil and buildings can be applied separately to release a
contaminated land area or building facility for unrestricted use, if the actual contamination exists
only in the soil or on the building materials. If both the soil and the building materials are
contaminated, then the sum of fractions rule must be applied with the measured concentrations
for the soil and building materials to ensure that the PAG will not be exceeded after the

properties are released.

Because of the uncertainty pertaining to the location of an RDD event and the affected
population, probabilistic analyses were conducted to derive the operational guidelines. In the
probabilistic analyses, distribution functions were assigned to the RESRAD and RESRAD-
BUILD input parameters that were identified as sensitive in terms of influencing the radiation
dose results. Parameters not identified as sensitive were assigned RESRAD or RESRAD-BUILD
default values. To derive the operational guidelines, the 50th-percentile peak DSRs and the mean
plus two standard deviations of the peak DSRs were used, along with dose criteria of 100 and

4 mrem/yr.

Appendix 9.A provides comparisons of the derived operational guidelines with published
screening criteria for release of real properties or contaminated materials. Appendix 9.B presents
distribution functions assigned to RESRAD and RESRAD-BUILD input parameters.
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Appendix 9.C discusses the different building characteristics assumed for deriving the building

operational guidelines and their impacts on the DSRs.

9.1 RELEASE OF SOILS

To take into account the uncertainty regarding the environmental setting of an RDD event
and the use of the affected area, two resident and two worker scenarios were analyzed to derive
the soil release criteria. The two resident scenarios considered reflect two environmental settings,
rural and urban. For the rural setting, a subsistence farmer was assumed so that all RESRAD
exposure pathways (i.e., external radiation, inhalation of radon and dust, ingestion of soil, plant,
meat, milk, fish, and water) could be analyzed. For the urban setting, exposures through
ingestion of plant, meat, milk, fish, and water are unlikely in the late phase of response after an
RDD event; therefore, only external radiation, inhalation of dust and radon, and ingestion of soil
were analyzed. Both residential receptors were assumed to follow the living and food
consumption patterns of the general public. To consider different use of the affected area, two
worker scenarios were selected to contrast the resident scenarios. The two worker scenarios, one
indoor and one outdoor, would bound the potential dose associated with industrial use of the
affected area. All dose analyses were accomplished by using a probabilistic approach in which
the sensitive physical and behavioral parameters were assigned distribution functions, so that the
distribution of potential doses could be analyzed. The sensitive parameters had been identified in
previous studies (Yu et al. 2000) and characterized as having a great influence on calculated dose
results. Appendix 9.B lists the distribution functions used in the dose analyses. For parameters
that were not identified as sensitive, the RESRAD default values were used. The dose analysis
spans a time frame of 1,000 years to consider long-term effects resulting from leaching of

radionuclides to groundwater.

9.1.1 Scenario Description for Release of Soils

9.1.1.1 Resident Scenarios

In the subsistence farmer scenario, a farmer was assumed to settle on the contaminated
area after the release. The farmer built a house, grew plant foods, and raised livestock for

consumption. In addition, he drilled a well at the downgradient edge of the contaminated area



and pumped out groundwater for use. Occasionally, he fished in a nearby pond and consumed
the catch. All RESRAD exposure pathways were selected for dose calculations, including
external radiation, inhalation of dust particles and radon, and ingestion of plant foods, meat,

milk, soil, and groundwater.

The area of contamination was assumed to be 10,000 m2. Over time, after an RDD event,
the contaminants were assumed to be homogeneously mixed within the top 15 cm of soil as a
result of weathering and human activities. The sensitive physical parameters associated with the
local environment and soils were assigned distribution functions representing conditions
throughout the country. The distribution functions were obtained from NUREG/CR-6697
(Yu et al. 2000).

On the basis of the area assumption and RESRAD default assumptions, 50% of the plant
foods, 50% of the fish, 50% of the meat and milk, and 100% of the drinking water
(if radionuclides reach the groundwater table) consumed by the farmer would be contaminated.
In dose calculation, the inhalation rate was assigned a triangular distribution, with a minimum of
4,380 m3/yr (0.5 m3/h), a maximum of 13,100 m3/yr (1.5 m3/h), and a mode of 8,400 m3/yr
(0.96 m3/h). The soil ingestion rate also assumed a triangular distribution, with a minimum, a
maximum, and a mode of 0 g/yr (0 mg/d), 36.5 g/yr (100 mg/d), and 18.3 g/yr (50 mg/d),
respectively. The inhalation and ingestion rates were consistent with the recommendation from
NUREG/CR-6697 (Yu et al. 2000) for the general public. The indoor time fraction was assigned
a continuous distribution function (Yu et al. 2000) on the basis of the EPA’s comprehensive
review (EPA 1997) of human activity patterns, which contains statistics on the amount of time
spent inside a house. According to the distribution, the 50th-percentile value is 0.625,
corresponding to 15 h/d. To obtain realistically conservative dose estimates, the RESRAD code
was modified so that the outdoor time fraction was calculated and assumed a value to make the
sum with the indoor time fraction equal 1. In other words, the receptor was assumed to spend

100% of the time in the contaminated area.

For the urban resident scenario, only the external radiation, inhalation of dust particles
and radon, and ingestion of soil pathways were considered. Ingestion of plant, meat, milk, and
fish, as well as use of contaminated water, were excluded. All input parameters used for dose

calculations were the same as those used for the residential farmer scenario.
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9.1.1.2 Worker Scenarios

Aside from residential use, industrial use of the contaminated area that could potentially
expose many workers was also considered. For the worker scenarios, exposure pathways
considered for dose calculations were external radiation, inhalation of dust particles and radon,
and ingestion of soil, which are the same as those for the urban resident scenario. However, the
time fraction a worker spent in the contaminated area was less than that spent by a resident. The
workers were assumed to be in the area 250 d/yr instead of 365 d/yr. The duration of work per
day assumed a continuous distribution, as recommended by NUREG/CR-6697 (Yu et al. 2000)
for workers, which was on the basis of the distribution for full-time workers in plants, factories,
or warehouses (EPA 1997). The 50th-percentile value is 0.365, corresponding to 8.76 hours per
workday. To obtain bounding estimates of potential exposures, it was further assumed that a
worker worked either 100% indoors (indoor worker scenario) or 100% outdoors (outdoor worker

scenario).

Because of different activity patterns, workers were assigned a higher inhalation rate than
residents. The triangular distribution assumed a minimum, a maximum, and a mode of
4,380 m3/yr (0.5 m3/h), 16,790 (1.92 m3/h), and 12,264 m3/yr (1.4 m3/h), respectively
(Yu et al. 2000). The soil ingestion rate was the same as that for residents, which was the EPA’s
recommendation for adults (EPA 1997). The other input parameters were assigned values or

distribution functions that were the same as those for the residential scenarios.

9.1.2 Dose Calculation for Release of Soils

The Latin hypercube sampling technique was used in sampling input parameter values. A
total of 1,500 sets of dose results were obtained (a specification of 500 observations and
3 repetitions). Table 9.1 shows the percentiles, mean, and standard deviation of the peak dose for
each individual radionuclide for a soil concentration of 1 pCi/g for the residential farmer
scenario. Table 9.2 shows the same information for the urban resident scenario. Tables 9.3 and

9.4 list results for the indoor and outdoor worker scenarios, respectively.



TABLE 9.1 Peak Dose-to-Source Ratio Distributions for the Residential Farmer Scenario from Contaminated Soil

DSR (mrem/yr per pCi/g) for Radionuclides in Contaminated Soil

Percentile Am-241 Cf-252 Cm-244 Co-60 Cs-137 1r-192 Po-210 Pu-238 Pu-239 Ra-226 Sr-90

5 5.17E-02  8.57E-03 1.86E-02  3.14E+00  8.74E-01 2.91E-01 2.94E-02 2.97E-02 3.40E-02 1.23E+01 9.64E-02
10 6.11E-02 1.07E-02  2.23E-02 3.98E+00 1.07E+00  3.72E-01 3.58E-02  3.72E-02  4.14E-02 1.46E+01 1.45E-01
15 6.91E-02 1.22E-02  2.54E-02 4.66E+00 1.24E+00 4.32E-01  4.14E-02 4.27E-02 4.74E-02 1.67E+01 1.75E-01
20 7.47E-02 1.38E-02  2.85E-02 5.28E+00 1.37E+00 4.86E-01 4.73E-02 4.87E-02  5.38E-02 1.85E+01 2.11E-01
25 8.10E-02 1.54E-02  3.17E-02 5.73E+00 1.49E+00 5.23E-01 5.14E-02  5.29E-02  5.83E-02 2.04E+01 2.47E-01
30 8.70E-02 1.71E-02  3.48E-02 6.31E+00 1.62E+00 5.83E-01 5.71E-02  5.85E-02  6.46E-02 2.30E+01  2.89E-01
35 9.27E-02 1.86E-02  3.76E-02  6.84E+00 1.73E+00  6.28E-01 6.17E-02  6.46E-02  6.88E-02 2.52E+01  3.38E-01
40 9.83E-02  2.03E-02 4.08E-02 7.29E+00 1.84E+00 6.72E-01 6.71E-02  6.92E-02  7.49E-02 2.71E+01  3.93E-01
45 1.05E-01 2.20E-02  4.40E-02 7.67E+00 1.95E+00  7.05E-01 7.29E-02  747E-02  8.15E-02 2.89E+01 4.51E-01
50 1.11E-01 2.37E-02  4.72E-02  8.05E+00 2.05E+00  7.50E-01 7.99E-02  8.01E-02  8.80E-02  3.08E+01  5.12E-01
55 1.18E-01 2.54E-02  5.14E-02  8.54E+00 2.15E+00  7.93E-01 8.71E-02  8.56E-02  9.44E-02 3.28E+01  5.91E-01
60 1.24E-01 2.76E-02  5.52E-02 8.99E+00 2.26E+00  8.39E-01 9.35E-02  9.11E-02 1.00E-01 3.53E+01 6.87E-01
65 1.32E-01 298E-02 5.95E-02 9.49E+00 2.37E+00 8.86E-01 1.01E-01 9.91E-02 1.09E-01 3.76E+01  8.11E-01
70 1.39E-01 3.22E-02  6.46E-02 9.99E+00 248E+00 9.25E-01 1.09E-01 1.08E-01 1.19E-01 4.07E+01  9.49E-01
75 1.49E-01 3.53E-02  7.03E-02 1.04E+01 2.57E+00  9.70E-01 1.18E-01 1.18E-01 1.30E-01 4.34E+01 1.15E+00
80 1.64E-01 4.03E-02 7.92E-02 1.08E+01 2.66E+00 1.00E+00 1.28E-01 1.27E-01 1.43E-01 4.63E+01  1.41E+00
85 1.84E-01 476E-02  9.07E-02  1.12E+01 2.76E+00 1.04E+00 1.43E-01 1.44E-01 1.62E-01 491E+01 1.75E+00
90 2.23E-01 5.94E-02 1.11E-01 1.16E+01  2.85E+00 1.08E+00 1.72E-01 1.74E-01 2.00E-01 5.40E+01 2.26E+00
95 3.01E-01 9.41E-02 1.52E-01 1.22E+01  2.97E+00 1.13E+00 2.11E-01 2.28E-01 2.73E-01 595E+01 3.42E+00
Mean 1.37E-01 337E-02  6.12E-02 7.97E+00 2.01E+00  7.39E-01 9.44E-02 1.04E-01 1.14E-01 3.29E+01 1.03E+00
c 1.13E-01 425E-02 5.19E-02 2.84E+00 6.72E-01 2.64E-01 6.23E-02 1.39E-01 1.13E-01 1.50E+01 1.63E+00
Mean + 2o 3.62E-01 1.19E-01 1.65E-01 1.36E+01 3.35E+00 1.27E+00 2.19E-01 3.82E-01 3.40E-01 6.28E+01  4.30E+00
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TABLE 9.2 Peak Dose-to-Source Ratio Distributions for the Urban Resident Scenario from Contaminated Soil

DSR (mrem/yr per pCi/g) for Radionuclides in Contaminated Soil

Percentile Am-241 Cf-252 Cm-244 Co-60 Cs-137 Ir-192 Po-210 Pu-238 Pu-239 Ra-226 Sr-90

5 3.29E-02  3.65E-03  7.10E-03  3.08E+00 7.40E-01 2.91E-01 2.65E-03 1.17E-02 1.41E-02 1.14E+01  6.17E-03
10 3.90E-02 4.69E-03 9.66E-03 3.90E+00  9.55E-01 3.69E-01 3.73E-03 1.60E-02 1.83E-02  1.34E+01  7.76E-03
15 426E-02  5.53E-03 1.17E-02  4.58E+00 1.11E+00 4.31E-01  4.51E-03 1.90E-02  2.11E-02  1.57E+01  8.99E-03
20 4.62E-02  6.37E-03 1.36E-02  5.20E+00 1.25E+00  4.82E-01 5.15E-03  2.17E-02  2.42E-02 1.77E+01  1.01E-02
25 490E-02  7.28E-03 1.51E-02  5.66E+00 1.38E+00  5.23E-01 5.96E-03  248E-02 2.69E-02 1.96E+01  1.10E-02
30 5.23E-02  8.03E-03 1.65E-02  6.18E+00 1.50E+00  5.82E-01 6.62E-03  2.70E-02  2.96E-02 2.20E+01  1.20E-02
35 5.55E-02  8.75E-03 1.83E-02  6.75E+00 1.63E+00  6.26E-01 7.33E-03  2.96E-02  3.26E-02 2.40E+01 1.29E-02
40 5.86E-02  9.54E-03  2.02E-02  7.20E+00 1.72E+00  6.70E-01 7.89E-03  3.24E-02  3.55E-02 2.60E+01 1.37E-02
45 6.20E-02 1.02E-02  2.16E-02  7.56E+00 1.82E+00  7.05E-01 8.58E-03  3.49E-02  3.80E-02 2.80E+01  1.44E-02
50 6.54E-02 1.12E-02  2.34E-02  795E+00 1.93E+00 7.49E-01 9.30E-03  3.77E-02  4.14E-02 2.98E+01  1.55E-02
55 6.89E-02 1.21E-02  2.50E-02 848E+00 2.03E+00  7.92E-01 1.02E-02  4.11E-02  4.50E-02  3.19E+01  1.63E-02
60 7.29E-02 1.32E-02  2.75E-02 892E+00 2.13E+00  8.37E-01 1.09E-02  4.50E-02 4.90E-02 3.42E+01  1.72E-02
65 7.75E-02 1.45E-02  3.02E-02 9.42E+00 2.24E+00  8.84E-01 1.19E-02  4.85E-02  5.33E-02 3.65E+01  1.80E-02
70 8.20E-02 1.57E-02  3.26E-02 9.90E+00 2.34E+00  9.24E-01 1.30E-02  5.31E-02 5.89E-02 3.93E+01  1.88E-02
75 8.82E-02 1.72E-02  3.55E-02 1.03E+01 2.43E+00 9.70E-01 1.44E-02  5.76E-02  6.36E-02  4.23E+01 1.95E-02
80 9.58E-02 1.87E-02  3.92E-02 1.07E+01  2.53E+00 1.00E+00 1.56E-02 6.27E-02  7.07E-02 4.53E+01  2.01E-02
85 1.03E-01 2.08E-02 4.30E-02 1.11E+01 2.62E+00 1.04E+00 1.71E-02  6.79E-02  7.73E-02 4.83E+01 2.11E-02
90 1.13E-01 2.30E-02 4.86E-02 1.15E+01 2.72E+00 1.08E+00 197E-02  7.67E-02  8.68E-02 5.26E+01 2.20E-02
95 1.24E-01 2.69E-02 557E-02 1.21E+01 2.84E+00 1.12E+00 2.25E-02  9.00E-02  9.90E-02 5.75E+01  2.29E-02
Mean 7.07E-02 1.27E-02  2.65E-02  7.89E+00 1.88E+00  7.38E-01 1.06E-02  4.27E-02 4.75E-02  3.18E+01 1.51E-02
c 2.85E-02  7.09E-03 1.49E-02 2.83E+00  6.57E-01 2.64E-01 6.11E-03  2.37E-02  2.65E-02 1.48E+01 5.27E-03
Mean + 2o 1.28E-01 2.69E-02 5.62E-02 1.35E+01 3.19E+00 1.27E+00 2.28E-02 9.01E-02 1.00E-01 6.15E+01  2.57E-02
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TABLE 9.3 Peak Dose-to-Source Ratio Distributions for the Indoor Worker Scenario from Contaminated Soil

DSR (mrem/yr per pCi/g) for Radionuclides in Contaminated Soil

Percentile Am-241 Cf-252 Cm-244 Co-60 Cs-137 Ir-192 Po-210 Pu-238 Pu-239 Ra-226 Sr-90

5 1.35E-03 2.55E-04  5.28E-04  8.25E-02 1.96E-02 7.78E-03 1.95E-04  8.52E-04  9.28E-04 1.30E+00 1.72E-04
10 3.20E-03 5.24E-04 1.17E-03 1.67E-01 3.98E-02 1.57E-02  4.12E-04 1.75E-03 1.91E-03  3.85E+00  3.80E-04
15 491E-03 8.05E-04 1.71E-03  2.69E-01 6.48E-02  2.47E-02  6.54E-04  2.75E-03 3.17E-03  5.88E+00  6.23E-04
20 6.26E-03 1.06E-03 2.24E-03 3.42E-01 8.40E-02 3.21E-02 8.54E-04  3.53E-03  4.12E-03  7.93E+00  8.48E-04
25 7.59E-03 1.28E-03 2.78E-03  4.14E-01 1.01E-01 3.90E-02 1.07E-03  4.45E-03  4.92E-03 9.08E+00  1.02E-03
30 8.53E-03 1.55E-03 3.27E-03  4.74E-01 1.14E-01 4 47E-02 1.25E-03 5.33E-03 5.84E-03 1.01E+01 1.17E-03
35 9.66E-03 1.79E-03 3.69E-03 5.41E-01 1.30E-01 5.06E-02 1.48E-03 5.92E-03 6.45E-03 1.07E+01 1.28E-03
40 1.05E-02  2.03E-03 4.18E-03 5.91E-01 1.42E-01 5.57E-02 1.68E-03 6.73E-03 7.27E-03 1.14E+01 1.39E-03
45 1.15E-02  2.29E-03 4.69E-03 6.58E-01 1.57E-01 6.15E-02 1.86E-03 7.46E-03 8.08E-03 1.21E+01 1.53E-03
50 1.25E-02  2.47E-03 5.21E-03 7.30E-01 1.74E-01 6.78E-02  2.07E-03 8.29E-03 9.02E-03 1.27E+01 1.66E-03
55 1.36E-02  2.70E-03 5.67E-03 7.86E-01 1.87E-01 740E-02  2.26E-03 9.20E-03 9.96E-03  1.33E+01 1.77E-03
60 1.45E-02  2.98E-03 6.31E-03 8.61E-01 2.07E-01 8.00E-02  2.48E-03 1.01E-02 1.11E-02  1.39E+01 1.92E-03
65 1.58E-02  3.25E-03 6.81E-03 9.50E-01 2.27E-01 8.94E-02  2.72E-03 1.10E-02 1.22E-02  1.46E+01  2.07E-03
70 1.74E-02  3.69E-03 7.53E-03  1.05E+00 2.47E-01 9.74E-02  3.02E-03 1.23E-02 1.36E-02  1.54E+01  2.24E-03
75 1.90E-02  4.08E-03 8.39E-03 1.14E+00 2.72E-01 1.07E-01 3.36E-03 1.35E-02 1.51E-02 1.61E+01  2.48E-03
80 2.08E-02  4.53E-03 9.45E-03 1.31E+00 3.11E-01 1.23E-01 3.73E-03 1.53E-02 1.69E-02  1.69E+01  2.70E-03
85 2.28E-02  5.09E-03 1.05E-02  146E+00 3.45E-01 1.36E-01 4.29E-03 1.70E-02 1.87E-02  1.81E+01  3.04E-03
90 2.58E-02  5.84E-03 1.23E-02  1.73E+00  4.13E-01 1.60E-01 4.88E-03 1.95E-02  2.14E-02  1.92E+01  3.56E-03
95 3.05E-02  6.99E-03 1.45E-02  2.15E+00  5.08E-01 2.00E-01 6.09E-03 2.32E-02  2.58E-02 2.15E+01  4.26E-03
Mean 1.39E-02  2.90E-03 6.06E-03 8.58E-01 2.05E-01 8.04E-02  2.43E-03 9.72E-03 1.07E-02  1.24E+01 1.85E-03
c 8.96E-03 2.09E-03 4 44E-03 6.24E-01 1.47E-01 5.91E-02 1.83E-03 7.08E-03 7.79E-03  591E+00  1.23E-03
Mean+2c  3.18E-02  7.08E-03 1.49E-02 2.11E+00 4.99E-01 1.98E-01 6.08E-03 2.39E-02  2.63E-02 2.43E+01 4.31E-03

L6



TABLE 9.4 Peak Dose-to-Source Ratio Distributions for the Outdoor Worker Scenario from Contaminated Soil

DSR (mrem/yr per pCi/g) for Radionuclides in Contaminated Soil

Percentile Am-241 Cf-252 Cm-244 Co-60 Cs-137 Ir-192 Po-210 Pu-238 Pu-239 Ra-226 Sr-90

5 2.10E-03 2.76E-04  5.10E-04  2.85E-01 6.76E-02  2.64E-02 1.73E-04  9.17E-04 8.69E-04  2.17E-01 5.28E-04
10 6.05E-03 7.03E-04 1.34E-03 7.70E-01 1.94E-01 7.57E-02  4.08E-04  2.05E-03 2.35E-03 6.45E-01 1.37E-03
15 9.44E-03 1.01E-03 1.98E-03 1.31E+00 3.24E-01 1.22E-01 6.63E-04  2.97E-03 3.69E-03 1.04E+00  2.32E-03
20 1.25E-02 1.25E-03 2.54E-03 1.82E+00 4.52E-01 1.70E-01 8.61E-04  3.84E-03  4.67E-03 1.49E+00  3.16E-03
25 1.45E-02 1.47E-03 3.01E-03 2.28E+00 5.62E-01 2.12E-01 1.08E-03  4.74E-03 5.60E-03 1.85E+00  3.86E-03
30 1.60E-02 1.71E-03 3.54E-03 2.56E+00  6.18E-01 2.40E-01 1.28E-03 5.59E-03 6.26E-03  2.02E+00  4.54E-03
35 1.71E-02 1.92E-03 3.98E-03 2.71E+00 6.48E-01 2.54E-01 1.52E-03 6.24E-03 7.16E-03  2.10E+00  4.96E-03
40 1.82E-02  2.16E-03 448E-03  2.81E+00  6.69E-01 2.63E-01 1.71E-03 7.15E-03 8.01E-03  2.16E+00  5.19E-03
45 1.94E-02  2.38E-03 492E-03 2.89E+00 6.91E-01 2.72E-01 1.89E-03 8.03E-03 8.89E-03 2.24E+00  5.38E-03
50 2.06E-02  2.63E-03 5.53E-03 2.98E+00 7.16E-01 2.82E-01 2.06E-03 8.98E-03 9.75E-03  2.31E+00  5.56E-03
55 2.18E-02  2.95E-03 6.07E-03  3.08E+00  7.33E-01 2.90E-01 2.26E-03 9.80E-03 1.06E-02  2.37E+00  5.76E-03
60 2.30E-02  3.30E-03 6.71E-03  3.16E+00  7.49E-01 2.96E-01 2.51E-03 1.09E-02 1.18E-02  2.42E+00  5.94E-03
65 2.43E-02  3.57E-03 7.40E-03  3.26E+00  7.70E-01 3.05E-01 2.80E-03 1.20E-02 1.31E-02  2.48E+00  6.07E-03
70 2.60E-02  4.02E-03 8.24E-03  3.33E+00  7.86E-01 3.12E-01 3.14E-03 1.34E-02 1.47E-02  2.54E+00 6.21E-03
75 2.78E-02  4.39E-03 9.07E-03  3.42E+00  8.08E-01 3.20E-01 3.46E-03 1.49E-02 1.62E-02  2.60E+00  6.43E-03
80 3.00E-02  5.00E-03 1.02E-02  3.54E+00  8.38E-01 3.32E-01 3.90E-03 1.65E-02 1.82E-02  2.71E+00  6.66E-03
85 3.26E-02  5.55E-03 1.16E-02  3.73E+00  8.79E-01 3.49E-01 4.31E-03 1.80E-02  2.04E-02 2.87E+00  6.98E-03
90 3.56E-02  6.40E-03 1.34E-02  3.94E+00 9.33E-01 3.67E-01 4.91E-03 2.06E-02  2.33E-02 3.02E+00  7.38E-03
95 3.95E-02 7.45E-03 1.59E-02  4.28E+00 1.02E+00  3.96E-01 5.99E-03 2.44E-02  2.73E-02  3.27E+00  8.13E-03
Mean 2.12E-02  3.15E-03 6.54E-03 2.75E+00  6.56E-01 2.58E-01 2.45E-03 1.04E-02 1.16E-02  2.13E+00  5.09E-03
c 1.12E-02  2.23E-03 4.69E-03 1.16E+00  2.72E-01 1.08E-01 1.81E-03 7.43E-03 8.28E-03 8.81E-01 2.23E-03
Mean+2c  4.37E-02  7.61E-03 1.59E-02  5.08E+00 1.20E+00 4.75E-01 6.07E-03 2.53E-02  2.81E-02 3.89E+00  9.55E-03

86
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9.1.3 Operational Guideline Derivation for Release of Soils

Tables 9.5 and 9.6 provide the operational guidelines for releasing an area with
contaminated soils. Operational guidelines listed in Table 9.5 were obtained by using the
50th-percentile values from the peak DSR distributions (listed in Tables 9.1-9.4) with a dose
criteria of 100 and 4 mrem/yr. Table 9.6 lists the operational guidelines obtained by using the
mean + 2o DSR values. The values for the worker scenario are those for outdoor workers,
because the radiation doses the outdoor workers receive would be greater than those received by
indoor workers if they work the same amount of time in the contaminated area. The default
operational guidelines for soils should be based on the residential farmer scenario to ensure the
maximum protection for human health. However, the values can be reduced to reflect the actual

and likely land use of the contaminated area.

The operational guidelines were derived by considering only exposures from
contaminated soils; potential exposures from contaminated buildings were not included.
Therefore, when applying the operational guidelines, it is important to make sure that the
assumption associated with the guidelines is met by the real contamination situation. For
instance, if both the soil and the building are contaminated, then the sum of fractions rule must
be used to determine compliance with operational guidelines. See Section 9.3 for a more detailed

discussion.

The operational guidelines were derived through a probabilistic analysis to account for
the uncertainty in (1) the RDD event location, (2) physical conditions of the contaminated area,
and (3) exposure patterns of the receptor. Conservative measures, such as assuming the residents
spend 100% of the time in the contaminated area, were incorporated in the guideline derivation.
In reality, when site-specific information is available, the level of conservatism can be reduced

by conducting a site-specific analysis using the RESRAD code.

9.2 RELEASE OF BUILDINGS

Two types of buildings were considered when deriving the operational guidelines:
residential buildings and commercial buildings. To account for the differences in the building
characteristics, three residential buildings (urban apartment, suburban house, and small rural

house) and two commercial buildings (large warehouse and small store/office) with different
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TABLE 9.5 Operational Guidelines (pCi/g) for Contaminated Soils Obtained by Using the

50th-Percentile Values from Peak Dose-to-Source Ratio Distributions

Residential Farmer Urban Resident Worker

Radionuclides 100 mrem/yr 4 mrem/yr 100 mrem/yr 4 mrem/yr 100 mrem/yr 4 mrem/yr
Am-241 8.98E+02 3.59E+01 1.53E+03 6.11E+01 4.86E+03 1.94E+02
Cf-252 4.23E+03 1.69E+02 8.93E+03 3.57E+02 3.80E+04 1.52E+03
Cm-244 2.12E+03 8.47E+01 4.28E+03 1.71E+02 1.81E+04 7.23E+02
Co-60 1.24E+01 4.97E-01 1.26E+01 5.03E-01 3.36E+01 1.34E+00
Cs-137 4.88E+01 1.95E+00 5.19E+01 2.08E+00 1.40E+02 5.59E+00
Ir-192 1.33E+02 5.33E+00 1.34E+02 5.34E+00 3.55E+02 1.42E+01
Po-210 1.25E+03 5.01E+01 1.08E+04 4.30E+02 4.86E+04 1.94E+03
Pu-238 1.25E+03 4.99E+01 2.65E+03 1.06E+02 1.11E+04 4.46E+02
Pu-239 1.14E+03 4.55E+01 2.42E+03 9.67E+01 1.03E+04 4.10E+02
Ra-226 3.24E+00 1.30E-01 3.35E+00 1.34E-01 4.33E+01 1.73E+00
Sr-90 1.95E+02 7.82E+00 6.46E+03 2.58E+02 1.80E+04 7.20E+02

TABLE 9.6 Operational Guidelines (pCi/g) for Contaminated Soils Obtained by Using the
Mean + 20 Values from Peak Dose-to-Source Ratio Distributions

Residential Farmer Urban Resident Worker

Radionuclides 100 mrem/yr 4 mrem/yr 100 mrem/yr 4 mrem/yr 100 mrem/yr 4 mrem/yr
Am-241 2.76E+02 1.10E+01 7.83E+02 3.13E+01 2.29E+03 9.16E+01
Cf-252 8.43E+02 3.37E+01 3.72E+03 1.49E+02 1.31E+04 5.26E+02
Cm-244 6.06E+02 2.42E+01 1.78E+03 7.11E+01 6.28E+03 2.51E+02

Co-60 7.33E+00 2.93E-01 7.38E+00 2.95E-01 1.97E+01 7.88E-01
Cs-137 2.98E+01 1.19E+00 3.13E+01 1.25E+00 8.33E+01 3.33E+00
Ir-192 7.89E+01 3.15E+00 7.89E+01 3.16E+00 2.11E+02 8.43E+00
Po-210 4.57E+02 1.83E+01 4.38E+03 1.75E+02 1.65E+04 6.60E+02
Pu-238 2.62E+02 1.05E+01 1.11E+03 4.44E+01 3.96E+03 1.58E+02
Pu-239 2.94E+02 1.18E+01 9.95E+02 3.98E+01 3.55E+03 1.42E+02
Ra-226 1.59E+00 6.37E-02 1.63E+00 6.50E-02 2.57E+01 1.03E+00
Sr-90 2.33E+01 9.30E-01 3.89E+03 1.56E+02 1.05E+04 4.19E+02

building dimensions and shielding thicknesses were analyzed. The characteristics of the

buildings are described in Appendix 9.C.

Contamination was assumed to exist on the interior floor, the inside and outside of the

four surrounding walls, and the roof. The contamination levels on all surfaces were assumed to

be equal, in order to safeguard against the uncertainty associated with cleanup/remediation
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activities. A receptor staying inside a contaminated building (either a resident or a worker) was
assumed to incur radiation doses through (1) external radiation from the floor, interior and
exterior walls, and roof; (2) inhalation of contaminated particles suspended from the floor and
interior walls; (3) ingestion of deposited dust particles; (4) external radiation from submersion in
contaminated air; (5) inhalation of radon released from the floor and interior walls contaminated

with radon precursors; and (6) external radiation from deposited dust particles.

To account for uncertainty in the type of receptor and in the receptor’s activities, a
probabilistic approach was used to quantify the distribution of potential radiation doses. The
RESRAD-BUILD parameters that were identified as being sensitive in terms of having great
influence on the dose results were assigned distribution functions obtained from
NUREG/CR-6697 (Yu et al. 2000). Appendix 9.B lists the distribution functions used in the
analyses. The other parameters were assigned the RESRAD-BUILD default values. The most
sensitive parameters on the basis of the probabilistic analysis results are also discussed in
Appendix 9.B.

9.2.1 Scenario Description for Release of Buildings

9.2.1.1 Resident Scenario

The receptors considered for residential buildings were residents of the buildings. The
indoor time fraction they spent in the buildings was assigned a continuous distribution function
(Yu et al. 2000) on the basis of EPA’s comprehensive review (EPA 1997) of human activity
patterns that contains statistics on the amount of time spent inside a house. According to the
distribution, the 50th-percentile value is 0.625, corresponding to 15 h/d. This assumption is
consistent with that used for deriving soil operational guidelines. The inhalation rate of the
residents was assumed to have a triangular distribution ranging from 12 to 35.9 m3/d (0.5 to
1.5 m3/h), with a mode at 23 m3/d (0.96 m3/d), which is characteristic for the general public
(EPA 1997). The indirect ingestion rate of deposited dust particles was assigned a loguniform
distribution with a minimum of 2.8E-5 m2/d and maximum of 2.9E-4 m?/d (Yu et al. 2000).
According to the distribution, the average ingestion rate of deposited dust particles is 1.1 cm?2/h,
which is very close to 1 cm?/h reported in different studies (Healy 1971; Kennedy et al. 1981;
ANSI/HPS 1999). Although the receptors may stay at any location inside the building, for

external dose calculations, they were assumed to be at the center of the buildings.
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9.2.1.2 Worker Scenario

The receptors considered for commercial buildings were workers working inside the
buildings. The time fraction they spent inside a building per workday was assumed to follow a
continuous distribution, as recommended in NUREG/CR-6697 (Yu et al. 2000). The
50th-percentile value is 0.365, corresponding to 8.76 hours per day. They were further assumed
to work 250 days per year. Their inhalation rate was assumed to be greater than that of residents,
with a triangular distribution ranging from 12 to 46 m3/d (0.5 to 1.92 m3/h) and a mode at
33.6 m3/d (1.4 m3/h). The ingestion rate of dust particles was the same as that for residents,
which is considered conservative for use in risk assessments. Like the residents, the workers
were assumed to be positioned at the center of the commercial buildings for external dose

calculations.

9.2.2 Dose Calculations for Release of Buildings

The Latin hypercube sampling technique was used in sampling input parameter values.
The dose calculation was repeated 1,500 times (500 observations and 3 repetitions) for the three
different residential buildings and two different commercial buildings, and the dose results were
analyzed for statistical distribution. Tables 9.7 and 9.8 show the most restrictive dose results for
each individual radionuclide for residential and commercial buildings, respectively. Detailed
information on dose-to-source ratios associated with different building characteristics is provided

in Appendix 9.C.

9.2.3 Operational Guideline Derivation for Release of Buildings

Tables 9.9 and 9.10 provide the operational guidelines in terms of surface concentrations
on building materials for releasing residential and commercial buildings. They were obtained by
using the 50th-percentile and mean + 2o values, respectively, from the distributions of dose-to-
source ratios (listed in Tables 9.7 and 9.8) and dose criteria of 100 and 4 mrem/yr. Measured
concentrations on building surfaces, no matter whether they are from the floor, interior walls,
exterior walls, or roof, should be compared with the guideline values. A building can be released

for unrestricted use after confirmation that the contamination levels on all surfaces are less than



TABLE 9.7 Dose-to-Source Ratio Distributions for the Resident Scenario from Contaminated Buildings

DSR (mrem/yr per pCi/m?) for Radionuclides in Residential Buildings

Percentile

(%) Am-2412 Cf-2522 Cm-2442 Co-60P Cs-137b Ir-192b Po-2102 Pu-2382 Pu-2392 Ra-2262 Sr-902
5 5.14E-05 1.67E-05  2.69E-05  7.87E-05 1.93E-05  2.85E-05 1.01E-06 4.36E-05 4.83E-05 5.93E-05 3.84E-07
10 8.33E-05 2.64E-05 447E-05 8.74E-05 2.14E-05  3.16E-05 1.65E-06  7.15E-05  7.90E-05 7.43E-05 5.05E-07
15 1.09E-04  3.54E-05 5.89E-05 9.52E-05 2.33E-05 3.45E-05 2.15E-06 9.41E-05 1.03E-04  8.20E-05  6.11E-07
20 1.39E-04  4.27E-05  7.39E-05 1.03E-04  2.52E-05 3.73E-05  2.62E-06 1.20E-04 1.33E-04  8.87E-05  7.06E-07
25 1.65E-04  5.08E-05  8.79E-05 1.11E-04  2.72E-05 4.01E-05  3.12E-06 1.44E-04 1.60E-04  9.49E-05  8.30E-07
30 2.08E-04  6.14E-05 1.08E-04 1.15E-04  2.83E-05 4.17E-05  3.78E-06 1.81E-04  2.00E-04 1.02E-04  9.54E-07
35 2.43E-04  7.29E-05 1.26E-04 1.20E-04  2.93E-05 4.33E-05 4.43E-06 2.09E-04 2.34E-04 1.07E-04 1.07E-06
40 2.82E-04 8.41E-05 1.46E-04 1.24E-04  3.04E-05 4.49E-05 5.20E-06 242E-04 2.72E-04 1.15E-04 1.22E-06
45 3.34E-04  9.62E-05 1.70E-04 1.29E-04  3.15E-05 4.65E-05 5.87E-06 2.88E-04 3.23E-04 1.22E-04 1.40E-06
50 3.90E-04 1.16E-04 1.96E-04 1.33E-04 3.27E-05 4.81E-05 6.99E-06 3.37E-04 3.75E-04 1.30E-04 1.59E-06
55 4.46E-04 1.35E-04  2.30E-04 1.41E-04 3.46E-05 5.10E-05 8.02E-06 3.84E-04 4.34E-04 1.38E-04 1.76E-06
60 5.10E-04 1.57E-04  2.62E-04 1.49E-04  3.64E-05 5.38E-05 9.33E-06 4.41E-04 4.94E-04 1.45E-04  2.01E-06
65 5.92E-04 1.81E-04  3.04E-04 1.56E-04  3.84E-05  5.66E-05 1.07E-05  5.11E-04  5.76E-04 1.53E-04  2.33E-06
70 6.97E-04  2.09E-04 3.55E-04 1.64E-04  4.03E-05  5.95E-05 1.24E-05 5.98E-04  6.82E-04 1.64E-04  2.75E-06
75 8.42E-04 245E-04 4.18E-04 1.72E-04  4.23E-05  6.23E-05 1.47E-05  7.15E-04  8.23E-04 1.83E-04  3.30E-06
80 1.04E-03  3.02E-04 5.07E-04 1.81E-04  4.47E-05  6.56E-05 1.77E-05  8.67E-04 1.02E-03  2.01E-04  3.98E-06
85 1.27E-03  3.77E-04  6.42E-04 1.90E-04 4.69E-05 6.89E-05 2.17E-05 1.06E-03 1.25E-03  2.30E-04  5.00E-06
90 1.69E-03  4.82E-04  8.12E-04  2.00E-04 4.90E-05 7.23E-05 2.78E-05 1.40E-03 1.65E-03  2.74E-04  6.75E-06
95 2.58E-03  7.19E-04 1.24E-03  2.11E-04  5.15E-05  7.64E-05 4.28E-05 2.14E-03 2.67E-03  3.96E-04 1.04E-05
Mean 7.88E-04  2.28E-04  3.87E-04 1.39E-04  3.40E-05 5.01E-05 1.33E-05  6.54E-04 7.91E-04 1.77E-04  3.26E-06
c 1.40E-03 3.98E-04 6.72E-04  4.37E-05 1.09E-05 1.58E-05  2.21E-05 1.13E-03 1.49E-03  2.52E-04  5.87E-06
Mean + 2o 3.59E-03 1.02E-03 1.73E-03  2.26E-04  5.58E-05 8.17E-05 5.75E-05 291E-03 3.77E-03  6.81E-04 1.50E-05

2 The most restrictive DSR is based on a rural residential building (area = 36 m?, height = 2.4 m, shielding thickness = 3.5 cm,
and shielding density = 1 g/cm? for concrete).

and shielding density = 1 g/cm3 for concrete).

The most restrictive DSR is based on a suburban residential building (area = 196 m?2, height = 2.4 m, shielding thickness = 3.5 cm,

16



TABLE 9.8 Dose-to-Source Ratio Distributions for the Worker Scenario from Contaminated Buildings

DSR (mrem/yr per pCi/m?) for Radionuclides in Commercial Buildings

Percentile

(%) Am-2412 Cf-2522 Cm-2442 Co-60P Cs-137b Ir-192b Po-2102 Pu-2382 Pu-2392 Ra-2262 Sr-902
5 1.11E-05 3.69E-06 6.02E-06 4.31E-06 9.94E-07 1.41E-06 2.20E-07  9.58E-06 1.05E-05 5.01E-06 5.96E-08
10 2.66E-05  7.67E-06 1.37E-05 1.29E-05  3.05E-06  4.22E-06 4.82E-07 228E-05 2.57E-05 1.36E-05 1.42E-07
15 3.72E-05 1.18E-05  2.01E-05 2.16E-05 4.99E-06 7.10E-06 7.19E-07  3.23E-05 3.62E-05 2.21E-05 1.96E-07
20 5.41E-05 1.58E-05  2.74E-05 3.01E-05 7.01E-06 9.89E-06 9.79E-07 4.66E-05 5.21E-05 3.05E-05  2.44E-07
25 6.67E-05  2.07E-05  3.50E-05 3.89E-05 8.97E-06 1.27E-05 1.27E-06  5.72E-05  6.43E-05 3.34E-05 2.92E-07
30 8.15E-05  2.46E-05 4.26E-05 4.04E-05  9.34E-06 1.32E-05 1.51E-06  7.12E-05  7.87E-05  3.57E-05 3.55E-07
35 9.92E-05  3.00E-05 5.12E-05 4.19E-05  9.70E-06 1.37E-05 1.83E-06  8.56E-05  9.58E-05 3.77E-05  4.22E-07
40 1.18E-04  3.52E-05 5.98E-05 4.34E-05 1.01E-05 1.42E-05 2.09E-06 1.01E-04 1.16E-04  4.02E-05  4.83E-07
45 1.37E-04  4.27E-05  7.12E-05 4.49E-05 1.04E-05 1.47E-05 2.52E-06 1.18E-04 1.33E-04 4.29E-05 5.46E-07
50 1.63E-04  4.88E-05 8.21E-05 4.63E-05 1.07E-05 1.52E-05 2.89E-06 1.38E-04 1.57E-04  4.60E-05  6.45E-07
55 1.94E-04  5.74E-05 9.79E-05 4.74E-05 1.10E-05 1.55E-05 3.39E-06 1.65E-04 1.90E-04  4.86E-05  7.46E-07
60 2.32E-04  6.98E-05 1.16E-04  4.83E-05 1.12E-05 1.58E-05 4.00E-06 1.96E-04  2.26E-04 5.18E-05  8.76E-07
65 2.69E-04  8.21E-05 1.39E-04 4.93E-05 1.14E-05 1.62E-05 487E-06 2.30E-04 2.63E-04 5.59E-05  9.92E-07
70 3.10E-04  9.65E-05 1.62E-04  5.03E-05 1.17E-05 1.65E-05 5.65E-06  2.68E-04 3.01E-04 6.06E-05 1.15E-06
75 3.70E-04 1.16E-04 1.96E-04  5.13E-05 1.19E-05 1.68E-05 6.73E-06  3.22E-04 3.69E-04  6.58E-05 1.42E-06
80 4.67E-04 1.44E-04  2.42E-04 5.40E-05 1.25E-05 1.77E-05 8.35E-06 3.98E-04 4.55E-04 7.19E-05 1.70E-06
85 5.84E-04 1.81E-04  3.02E-04 5.68E-05 1.32E-05 1.86E-05 1.05E-05 5.08B-04 5.75E-04  835E-05 2.12E-06
90 8.01E-04 2.35E-04 4.02E-04 5.99E-05 1.39E-05 1.96E-05 1.36E-05  6.73E-04  7.80E-04 9.86E-05 2.72E-06
95 1.21E-03  3.50E-04 5.93E-04 6.55E-05 1.53E-05  2.14E-05 1.96E-05 1.03E-03 1.22E-03 1.33E-04  4.42E-06
Mean 3.40E-04 1.01E-04 1.71E-04 4.23E-05  9.83E-06 1.39E-05 5.82E-06 2.87E-04 3.38B-04  5.87E-05 1.29E-06
o 5.65E-04 1.65E-04  2.80E-04 1.70E-05 3.97E-06 5.58E-06 9.17E-06  4.66E-04  5.84E-04 6.91E-05 2.17E-06
Mean + 2 1.47E-03 431E-04 7.31E-04 7.64E-05 1.78E-05  2.51E-05 2.42E-05 1.22E-03 1.51E-03 1.97E-04  5.63E-06

2 The most restrictive DSR is based on a small commercial building (area = 36 m?, height = 2.4 m, shielding thickness = 5 cm,
and shielding density = 2.4 g/cm3 for concrete).

and shielding density = 2.4 g/cm3 for concrete).

The most restrictive DSR is based on a large commercial building (area = 900 m2, height = 3.7 m, shielding thickness = 10 cm,

ri-6
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TABLE 9.9 Operational Guidelines (pCi/m2) for Contaminated
Buildings Obtained by Using the S0th-Percentile Values from
Dose-to-Source Ratio Distributions

Residential Buildings Commercial Buildings
Radionuclide 100 mrem/yr 4 mrem/yr 100 mrem/yr 4 mrem/yr
Am-241 2.6E+05 1.0E+04 6.1E+05 2.5E+04
Cf-252 8.6E+05 3.4E+04 2.0E+06 8.2E+04
Cm-244 5.1E+05 2.0E+04 1.2E+06 4 9E+04
Co-60 7.5E+05 3.0E+04 2.2E+06 8.6E+04
Cs-137 3.1E+06 1.2E+05 9.3E+06 3.7E+05
Ir-192 2.1E+06 8.3E+04 6.6E+06 2.6E+05
Po-210 1.4E+07 5.7E+05 3.5E+07 1.4E+06
Pu-238 3.0E+05 1.2E+04 7.2E+05 2.9E+04
Pu-239 2.7E+05 1.1E+04 6.4E+05 2.5E+04
Ra-226 7.7E+05 3.1E+04 2.2E+06 8.7E+04
Sr-90 6.3E+07 2.5E+06 1.6E+08 6.2E+06

TABLE 9.10 Operational Guidelines (pCi/m2) for Contaminated
Buildings Obtained by Using the Mean + 2c Values from
Dose-to-Source Ratio Distributions

Residential Buildings Commercial Buildings
Radionuclide 100 mrem/yr 4 mrem/yr 100 mrem/yr 4 mrem/yr
Am-241 2.8E+04 1.1E+03 6.8E+04 2.7E+03
Cf-252 9.8E+04 3.9E+03 2.3E+05 9.3E+03
Cm-244 5.8E+04 2.3E+03 1.4E+05 5.5E+03
Co-60 4 4E+05 1.8E+04 1.3E+06 5.2E+04
Cs-137 1.8E+06 7.2E+04 5.6E+06 2.2E+05
Ir-192 1.2E+06 4.9E+04 4.0E+06 1.6E+05
Po-210 1.7E+06 7.0E+04 4.1E+06 1.7E+05
Pu-238 3.4E+04 1.4E+03 8.2E+04 3.3E+03
Pu-239 2.7E+04 1.1E+03 6.6E+04 2.6E+03
Ra-226 1.5E+05 5.9E+03 5.1E+05 2.0E+04

Sr-90 6.7E+06 2.7E+05 1.8E+07 7.1E+05
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the guideline values. To reduce the conservatism associated with the release, a site-specific
analysis can be conducted with measured concentration data by using the RESRAD-BUILD code

to demonstrate that the release dose criterion is not exceeded.

The operational guidelines were derived by considering only exposures from
contaminated buildings; potential exposures from contaminated soils outside the buildings were
not included. Therefore, when applying the operational guidelines, it is important to make sure

that the assumption associated with the guidelines is met by the real contamination situation.

9.3 APPLICATION OF THE SUM OF FRACTIONS RULE

The operational guidelines presented in Tables 9.5-9.10 were derived by considering a
single contamination source in soils and buildings independently. In reality, it is very likely that
residual contamination would exist both in the buildings and in the soils surrounding the
buildings. Under such conditions, the operational guidelines would need to be reduced to ensure
that the total dose a potential receptor would receive does not exceed the dose criterion. The

revised operational guidelines (OG) would need to satisfy the following expression:

(OGsoil )revised + (OGbuilding )revised
oG oG

<1l.

soil building
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APPENDIX 9.A:

COMPARISON OF RELEASE OF REAL PROPERTY FROM RADIOLOGICALLY
CONTROLLED AREA (GROUP F-4) OPERATIONAL GUIDELINES
WITH PUBLISHED RELEASE OR CLEARANCE CRITERIA

This appendix compares the Group F-4 operational guidelines with published screening
criteria for release of real properties or contaminated materials. Tables 9.A.1 and 9.A.3 list the
comparison of the operational guidelines for soil with the U.S. Nuclear Regulatory
Commission’s (NRC’s) screening guidelines for unrestricted release of soil (Schmidt et
al. 2003), the U.S. Environmental Protection Agency’s (EPA’s) soil screening levels
(EPA 2000), the National Council on Radiation Protection and Measurements’ (NCRP’s) soil
screening limits (NCRP 1999), and the International Atomic Energy Agency’s (IAEA’s) Safety
Guide No. RS-G-1.7 for clearance of material containing radionuclides (IAEA 2004). While the
NRC’s, NCRP’s, and IAEA’s guideline values are dose-based, the EPA’s screening levels are
risk-based, which would protect human health against a lifetime cancer risk of 1E-6. The dose
criteria used to derive the NRC’s, NCRP’s, and IAEA’s guidelines/standards are 25, 25, and
1 mrem/yr, respectively. Note that the IAEA’s RS-G-1.7 also uses 100 mrem/yr for radionuclides
of natural origin and for low-probability events leading to higher radiation exposures.

Tables 9.A.2 and 9.A .4 list the cancer risks corresponding to the operational guidelines derived
on the basis of the 50th-percentile and the mean + 2c peak dose-to-source ratios, respectively, at
t=0, 50, and 100 years after the release of the contaminated area. They were obtained by setting
the initial soil concentration to the guideline value, then performing a probabilistic analysis with
the same input parameter distributions. The cancer risks reported correspond to the exposure

duration of 30 years and were the 50th-percentile values from distributions.

The operational guidelines for residential and commercial buildings were compared with
the American National Standards Institute/Health Physics Society (ANSI/HPS) N13.12 standards
(ANSI/HPS 1999) for release of surface contaminated materials and NRC’s screening guidelines
(Schmidt et al. 2003) for release of contaminated buildings. They are listed in
Tables 9.A.5-9.A.8. While the dose limits used in ANSI/HPS N13.12 standards range from 1 to
10 mrem/yr, the NRC’s screening guidelines were developed on the basis of 25 mrem/yr.



TABLE 9.A.1 Comparison of Group F-4 Operational Guidelines for Contaminated Soils (Based on 50th-Percentile Peak
Dose-to-Source Ratios) with Published Screening Guidelines or Limits

Operational Guideline? (pCi/g) NRC Screening EPA Soil NCRP Soil IAEA
Guidelineb Screening Limit¢-d Screening Limit® Safety Standardf
Radionuclide 100 mrem/yr 4 mrem/yr (pCi/g) (pCi/g) (pCi/g) (pCi/g)
Am-241 8.98E+02 3.59E+01 2.1E+00 2.6E+00 8.9E+00 2.7E+00
Cf-252 4.23E+03 1.69E+02 2.4E+008 NAh 9.2E+00 2.7TE+01
Cm-244 2.12E+03 8.47E+01 4.2E+00 7.4E+00 1.3E+01 2.7E+01
Co-60 1.24E+01 4.97E-01 3.8E+00 3.6E-02 6.2E-01 2.7E+00
Cs-137 4.88E+01 1.95E+00 1.1E+01 6.1E-02 3.0E+00 2.7TE+00
Ir-192 1.33E+02 5.33E+00 4.1E+01 NAh 1.2E+01 2.7TE+01
Po-210 1.25E+03 5.01E+01 8.9E+008 NAh 1.2E+00 2.7E+01!
Pu-238 1.25E+03 4.99E+01 2.5E+00 1.8E+00 8.6E+00 2.7E+00
Pu-239 1.14E+03 4.55E+01 2.3E+00 1.6E+00 7.8E+00 2.7E+00
Ra-226 3.24E+00 1.30E-01 7.0E-01 1.3E-02 1.0E-01 2.7E+011 ©
Sr-90 1.95E+02 7.82E+00 1.7E+008 6.9E-02 3.8E-01 2.7E+01 i

@ The operational guidelines were developed on the basis of two dose criteria, 100 and 4 mrem/yr, and a residential farmer scenario.

b The NRC’s screening guidelines were developed on the basis of 25 mrem/yr. The values were obtained from NUREG-1757, Vol.2, Table H.2
(Schmidt et al. 2003), or were calculated by using DandD (McFadden et al. 2001) by following the NRC guidance.

¢ The EPA’s soil screening limits were developed on the basis of a lifetime cancer risk of 1E-6. They were obtained from the EPA’s Soil Screening
Guidance for Radionuclides: Appendix A, which is available at http://www.epa.gov/superfund/resources/radiation/tbd-appendix-a-clean.pdf (EPA 2000).

d ' The screening limits were the smallest (most conservative) values among different exposure pathways, including ingestion of homegrown produce, direct
ingestion of soil, inhalation of fugitive dusts, external radiation, and ingestion of groundwater (migration to groundwater). Radioactive decay was
accounted for, and the dilution factor for the migration to groundwater was 20.

¢ The NCRP’s soil screening limits (NCRP 1999) were developed on the basis of 25 mrem/yr and considered different land uses. The values listed are the
most restrictive ones.

f The IAEA Safety Standards RS-G1.7 (IAEA 2004) were developed for clearance of material containing radionuclides. The dose limit used was 1 mrem/yr
for radionuclides of artificial origin.

footnotes continued on next page.



TABLE 9.A.1 (Cont.)

& The value was calculated by using DandD (McFadden et al. 2001) by following the NRC guidance (Schmidt et al. 2003). The value was also
verified/confirmed by Ralph Cady of NRC (Cady 2005).

h The value is not available from the EPA document.

i The clearance level for radionuclides of natural origin. The dose limit was 100 mrem/yr for radionuclides of natural origin.
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TABLE 9.A.2 Excess Cancer Risks Corresponding to the Operational Guidelines Derived (Based on 50th-Percentile Peak
Dose-to-Source Ratios)

Operational Operational
Guideline Guideline
Based on 100 Cancer Risk? Based on Cancer Risk?
mrem/yr 4 mrem/yr
Radionuclides (pCi/g) t=0yr t=50yr t=100 yr (pCi/g) t=0yr t=50yr t=100 yr

Am-241 8.98E+02 4E-04 2E-04 3E-09 3.59E+01 2E-05 6E-06 1E-10
Cf-252 4.23E+03 7E-05 7E-09 2E-12 1.69E+02 3E-06 3E-10 8E-14
Cm-244 2.12E+03 9E-05 SE-06 7E-10 8.47E+01 4E-06 2E-07 3E-11
Co-60 1.24E+01 SE-04 1E-07 0E+00 4.97E-01 2E-05 SE-09 0E+00
Cs-137 4.88E+01 1E-03 1E-04 1E-20 1.95E+00 5E-05 4E-06 4E-22
Ir-192 1.33E+02 8E-05 0E+00 0E+00 5.33E+00 3E-06 0E+00 O0E+00
Po-210 1.25E+03 1E-04 0E+00 0E+00 5.01E+01 6E-06 O0E+00 0E+00
Pu-238 1.25E+03 1E-04 2E-05 1E-08 4.99E+01 5E-06 9E-07 4E-10
Pu-239 1.14E+03 1E-04 4E-05 2E-11 4.55E+01 5E-06 1E-06 8E-13
Ra-226 3.24E+00 2E-03 7E-04 2E-07 1.30E-01 6E-05 3E-05 1E-08
Sr-90 1.95E+02 6E-04 1E-06 0E+00 7.82E+00 3E-05 4E-08 0E+00

2 The cancer risks are for =0, t = 50, and ¢ = 100 years, respectively, after the release of the contaminated area. They were calculated by assuming
an exposure duration of 30 years. The risk values reported are the S0th-percentile values from distributions.
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TABLE 9.A.3 Comparison of Group F-4 Operational Guidelines for Contaminated Soils (Based on Mean + 2c Peak
Dose-to-Source Ratios) with Published Screening Guidelines or Limits

Operational Guideline? (pCi/g) NRC EPA Soil NCRP Soil IAEA
Screening LimitP Screening Limit¢-d Screening Limit® Safety Standardf

Radionuclide 100 mrem/yr 4 mrem/yr (pCi/g) (pCi/g) (pCi/g) (pCi/g)
Am-241 2.76E+02 1.10E+01 2.1E+00 2.6E+00 8.9E+00 2.7E+00
Cf-252 8.43E+02 3.37E+01 2.4E+008 Nah 9.2E+00 2.7E+01
Cm-244 6.06E+02 2.42E+01 4.2E+00 7.4E+00 1.3E+01 2.7E+01
Co-60 7.33E+00 2.93E-01 3.8E+00 3.6E-02 6.2E-01 2.7E+00
Cs-137 2.98E+01 1.19E+00 1.1E+01 6.1E-02 3.0E+00 2.7E+00
Ir-192 7.89E+01 3.15E+00 4.1E+01 Nah 1.2E+01 2. 7E+01
Po-210 4.57E+02 1.83E+01 8.9E+008 Nah 1.2E+00 2.7E+011
Pu-238 2.62E+02 1.05E+01 2.5E+00 1.8E+00 8.6E+00 2.7E+00
Pu-239 2.94E+02 1.18E+01 2.3E+00 1.6E+00 7.8E+00 2. TE+00
Ra-226 1.59E+00 6.37E-02 7.0E-01 1.3E-02 1.0E-01 2. 7E+01!
Sr-90 2.33E+01 9.30E-01 1.7E+008 6.9E-02 3.8E-01 2.7E+01

@ The operational guidelines were developed on the basis of two dose criteria, 100 and 4 mrem/yr, and a residential farmer scenario.

b The NRC’s screening guidelines were developed on the basis of 25 mrem/yr. The values were obtained from NUREG-1757, Vol.2, Table H.2
(Schmidt et al. 2003), or were calculated by using DandD (McFadden et al. 2001) by following the NRC guidance.

¢ The EPA’s soil screening limits were developed on the basis of a lifetime cancer risk of 1E-6. They were obtained from the EPA’s Soil Screening
Guidance for Radionuclides: Appendix A, which is available at http://www.epa.gov/superfund/resources/radiation/tbd-appendix-a-clean.pdf (EPA 2000).

d The screening limits were the smallest (most conservative) values among different exposure pathways, including ingestion of homegrown produce, direct
ingestion of soil, inhalation of fugitive dusts, external radiation, and ingestion of groundwater (migration to groundwater). Radioactive decay was
accounted for, and the dilution factor for the migration to groundwater was 20.

¢ The NCRP’s soil screening limits (NCRP 1999) were developed on the basis of 25 mrem/yr and considered different land uses. The values listed are the
most restrictive ones.

f The IAEA Safety Standards RS-G1.7 (IAEA 2004) were developed for clearance of material containing radionuclides. The dose limit used was 1 mrem/yr
for radionuclides of artificial origin.

footnotes continued on next page.

LV6



TABLE 9.A.3 (Cont.)

& The value was calculated by using DandD (McFadden et al. 2001) by following the NRC guidance (Schmidt et al. 2003). The value was also
verified/confirmed by Ralph Cady of NRC (Cady 2005).

h The value is not available from the EPA document.

I The clearance level for radionuclides of natural origin. The dose limit was 100 mrem/yr for radionuclides of natural origin.
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TABLE 9.A.4 Excess Cancer Risks Corresponding to the Operational Guidelines Derived (Based on Mean + 2o Peak
Dose-to-Source Ratios)

Operational Operational
Guideline Guideline
Based on 100 Cancer Risk?® Based on Cancer Risk?
mrem/yr 4 mrem/yr
Radionuclides (pCi/g) t=0yr t=50yr t=100 yr (pCi/g) t=0yr t=50yr t=100 yr
Am-241 2.76E+02 1E-04 5E-05 9E-10 1.10E+01 SE-06 2E-06 4E-11
Cf-252 8.43E+02 1E-05 1E-09 4E-13 3.37E+01 SE-07 6E-11 2E-14
Cm-244 6.06E+02 3E-05 2E-06 2E-10 2.42E+01 1E-06 6E-08 8E-12
Co-60 7.33E+00 3E-04 8E-08 0E+00 2.93E-01 1E-05 3E-09 0E+00
Cs-137 2.98E+01 8E-04 6E-05 6E-21 1.19E+00 3E-05 3E-06 2E-22
Ir-192 7.89E+01 5E-05 0E+00 0E+00 3.15E+00 2E-06 0E+00 0E+00
Po-210 4.57E+02 5E-05 0E+00 0E+00 1.83E+01 2E-06 0E+00 0E+00
Pu-238 2.62E+02 3E-05 SE-06 2E-09 1.05E+01 1E-06 2E-07 9E-11 ©
Pu-239 2.94E+02 3E-05 9E-06 SE-12 1.18E+01 1E-06 4E-07 2E-13 =
Ra-226 1.59E+00 8E-04 3E-04 1E-07 6.37E-02 3E-05 1E-05 5E-09 ©
Sr-90 2.33E+01 7E-05 1E-07 0E+00 9.30E-01 3E-06 SE-09 0E+00

@ The cancer risks are for =0, t = 50, and ¢ = 100 years, respectively, after the release of the contaminated area. They were calculated by assuming
an exposure duration of 30 years. The risk values reported are the 50th-percentile values from distributions.



9.4-10

TABLE 9.A.5 Comparison of Group F-4 Operational Guidelines for Residential
Buildings (Based on 50th-Percentile Dose-to-Source Ratios) with the ANSI/HPS
N13.12 Standards and NRC’s Screening Guidelines

Operational Guidelines? (pCi/m?) ~ ANSI/HPS N13.12  NRC Screening

Standard Guidelines®

Radionuclide 100 mrem/yr 4 mrem/yr (pCi/m?) (pCi/m2)
Am-241 2.6E+05 1.0E+04 2.7E+04 1.2E+03¢
Cf-252 8.6E+05 3.4E+04 2.7E+04 3.9E+03°¢
Cm-244 5.1E+05 2.0E+04 2.7E+04 2.2E+03¢
Co-60 7.5E+05 3.0E+04 2.7E+05 3.20E+05
Cs-137 3.1E+06 1.2E+05 2.7E+05 1.30E+06
Ir-192 2.1E+06 8.3E+04 2.7E+05 3.30E+06
Po-210 1.4E+07 5.7E+05 2.7E+04 1.1E+05°€
Pu-238 3.0E+05 1.2E+04 2.7E+04 1.4E+03¢
Pu-239 2.7E+05 1.1E+04 2.7E+04 1.3E+03¢
Ra-226 7.7E+05 3.1E+04 2.7E+04 5.0E+04¢
Sr-90 6.3E+07 2.5E+06 2.7E+05 3.90E+05

2 The operational guidelines were developed for two different dose criteria, 100 and
4 mrem/yr.

The NRC screening guidelines were developed on the basis of 25 mrem/yr. The values
were obtained from NUREG-1757, Vol.2, Table H.1 (Schmidt et al. 2003), or were
calculated by using DandD (McFadden et al. 2001) by following the NRC guidance.

¢ The value was calculated by using DandD (McFadden et al. 2001).
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TABLE 9.A.6 Comparison of Group F-4 Operational Guidelines for Residential
Buildings (Based on Mean + 2c Dose-to-Source Ratios) with the ANSI/HPS
N13.12 Standards and NRC’s Screening Guidelines

Operational Guidelines? (pCi/m?) ~ ANSI/HPSN13.12  NRC Screening

Standard GuidelinesP
Radionuclide 100 mrem/yr 4 mrem/yr (pCi/m?) (pCi/m?)
Am-241 2.8E+04 1.1E+03 2.7E+04 1.2E+03¢
Cf-252 9.8E+04 3.9E+03 2.7E+04 3.9E+03°€
Cm-244 5.8E+04 2.3E+03 2.7E+04 2.2E+03°€
Co-60 4.4E+05 1.8E+04 2.7E+05 3.20E+05
Cs-137 1.8E+06 7.2E+04 2.7E+05 1.30E+06
Ir-192 1.2E+06 4 9E+04 2.7E+05 3.30E+06
Po-210 1.7E+06 7.0E+04 2.7E+04 1.1E+05€
Pu-238 3.4E+04 1.4E+03 2.7E+04 1.4E+03°€
Pu-239 2.7E+04 1.1E+03 2.7E+04 1.3E+03¢
Ra-226 1.5E+05 5.9E+03 2.7E+04 5.0E+04°€
Sr-90 6.7E+06 2.7E+05 2.7E+05 3.90E+05

2 The operational guidelines were developed for two different dose criteria, 100 and
4 mrem/yr.

The NRC screening guidelines were developed on the basis of 25 mrem/yr. The values
were obtained from NUREG-1757, Vol.2, Table H.1 (Schmidt et al. 2003), or were
calculated by using DandD (McFadden et al. 2001) by following the NRC guidance.

¢ The value was calculated by using DandD (McFadden et al. 2001).
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TABLE 9.A.7 Comparison of Group F-4 Operational Guidelines for Commercial
Buildings (Based on 50th-Percentile Dose-to-Source Ratios) with the ANSI/HPS
N13.12 Standards and NRC’s Screening Guidelines

Operational Guideline? (pCi/m?) ~ ANSI/HPS N13.12 NRC Screening

Standard Guidelines®

Radionuclide 100 mrem/yr 4 mrem/yr (pCi/m?) (pCi/m?)
Am-241 6.1E+05 2.5E+04 2.7E+04 1.2E+03¢
Cf-252 2.0E+06 8.2E+04 2.7E+04 3.9E+03¢€
Cm-244 1.2E+06 4.9E+04 2.7E+04 2.2E+03¢
Co-60 2.2E+06 8.6E+04 2.7E+05 3.20E+05
Cs-137 9.3E+06 3.7E+05 2.7E+05 1.30E+06
Ir-192 6.6E+06 2.6E+05 2.7E+05 3.30E+06
Po-210 3.5E+07 1.4E+06 2.7E+04 1.1E+05¢
Pu-238 7.2E+05 2.9E+04 2.7E+04 1.4E+03¢
Pu-239 6.4E+05 2.5E+04 2.7E+04 1.3E+03°€
Ra-226 2.2E+06 8.7E+04 2.7E+04 5.0E+04¢€
Sr-90 1.6E+08 6.2E+06 2.7E+05 3.90E+05

8 The operational guidelines were developed for two different dose criteria, 100 and
4 mrem/yr.

The NRC screening guidelines were developed on the basis of 25 mrem/yr. The values were
obtained from NUREG-1757, Vol. 2, Table H.1 (Schmidt et al. 2003), or were calculated by
using DandD (McFadden et al. 2001) by following the NRC guidance.

¢ The value was calculated by using DandD (McFadden et al. 2001).
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TABLE 9.A.8 Comparison of Group F-4 Operational Guidelines for Commercial
Buildings (Based on Mean + 2c Dose-to-Source Ratios) with the ANSI/HPS
N13.12 Standards and NRC’s Screening Guidelines

Operational Guideline? (pCi/m?) ~ ANSI/HPS N13.12  NRC Screening

Standard Guidelinesb
Radionuclide 100 mrem/yr 4 mrem/yr (pCi/m?) (pCi/m?)
Am-241 6.8E+04 2.7E+03 2.7E+04 1.2E+03¢
Cf-252 2.3E+05 9.3E+03 2.7E+04 3.9E+03€
Cm-244 1.4E+05 5.5E+03 2.7E+04 2.2E+03¢€
Co-60 1.3E+06 5.2E+04 2.7E+05 3.20E+05
Cs-137 5.6E+06 2.2E+05 2.7E+05 1.30E+06
Ir-192 4.0E+06 1.6E+05 2.7E+05 3.30E+06
Po-210 4.1E+06 1.7E+05 2.7E+04 1.1E+05¢€
Pu-238 8.2E+04 3.3E+03 2.7E+04 1.4E+03¢€
Pu-239 6.6E+04 2.6E+03 2.7E+04 1.3E+03¢
Ra-226 5.1E+05 2.0E+04 2.7E+04 5.0E+04¢€
Sr-90 1.8E+07 7.1E+05 2.7E+05 3.90E+05

@ The operational guidelines were developed for two different dose criteria, 100 and
4 mrem/yr.

b The NRC screening guidelines were developed on the basis of 25 mrem/yr. The values were
obtained from NUREG-1757, Vol. 2, Table H.1 (Schmidt et al. 2003), or were calculated by
using DandD (McFadden et al. 2001) by following the NRC guidance.

¢ The value was calculated by using DandD (McFadden et al. 2001).
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APPENDIX 9.B:

DISTRIBUTION FUNCTIONS USED IN DOSE ANALYSES

The distribution functions used in dose analyses are listed in this appendix. Tables 9.B.1
and 9.B.2 list the distribution functions used by RESRAD to consider soil contamination.
Depending on the dominant pathways, the most sensitive parameters for different radionuclides
are not the same. Generally speaking, the most sensitive physical parameters include the
soil/water distribution coefficient (Kd), mass loading for inhalation, external gamma shielding
factor, contaminated zone erosion rate, density of the contaminated zone, saturated zone
hydraulic conductivity, saturated zone hydraulic gradient, unsaturated zone thickness, depth of
roots, and transfer factors for plants, meat, and milk. Exposure parameters such as time fraction
indoors, inhalation rate, soil ingestion rate, and drinking water intake rate also affect the dose

results.

Table 9.B.3 lists the distribution functions used by RESRAD-BUILD to consider
building contamination. It was found that in building occupancy scenarios, for strong gamma
emitting radionuclides (Co-60, Cs-137, and Ir-192), indoor time fraction was the most sensitive
parameter and had the most influence on the calculated dose results. For other radionuclides, in
addition to the indoor time fraction, the building air exchange rate, removable fraction, fraction
of removable material released to air, and lifetime of removable fraction were also identified as

sensitive parameters.



TABLE 9.B.1 Distribution Functions Assigned to RESRAD Parameters for the Residential

Farmer Scenario

Parameters

Distribution Function?

Density of contaminated zone

Density of saturated zone

Density of unsaturated zone

Depth of roots

Contaminated zone total porosity

Unsaturated zone total porosity

Saturated zone total porosity

Unsaturated zone effective porosity

Saturated zone effective porosity

Contaminated zone hydraulic conductivity

Unsaturated zone hydraulic conductivity

Saturated zone hydraulic conductivity

Contaminated zone b-parameter

Unsaturated zone b-parameter

Saturated zone b-parameter

Saturated zone hydraulic gradient

Thickness of unsaturated zone

Contaminated zone erosion rate

Well pumping rate

Well pumping intake depth

Depth of soil mixing layer

Runoff coefficient

Evapotranspiration coefficient

Wind speed

Mass loading for inhalation

Inhalation rate

Drinking water intake rate

Milk consumption rate

Fruit, vegetable, and grain consumption rate

Aquatic food consumption rate

Soil ingestion rate

Wet-weight crop yield for fruit, grain, and nonleafy
vegetables

Weathering removal constant of all vegetation

Wet foliar interception fraction of leafy vegetables

Indoor dust filtration factor

Indoor time fraction

External gamma shielding factor

Plant transfer factor

Truncated normal (1.52, 0.23, 0.001, 0.999)
Truncated normal (1.52, 0.23, 0.001, 0.999)
Truncated normal (1.52, 0.23, 0.001, 0.999)
Uniform (0.3, 4)

Truncated normal (0.425, 0.0867, 0.001, 0.999)
Truncated normal (0.425, 0.0867, 0.001, 0.999)
Truncated normal (0.425, 0.0867, 0.001, 0.999)
Truncated normal (0.355, 0.0906, 0.001, 0.999)
Truncated normal (0.355, 0.0906, 0.001, 0.999)
Bounded lognormal-N (2.3, 2.11, 0.004, 9250)
Bounded lognormal-N (2.3, 2.11, 0.004, 9250)
Bounded lognormal-N (2.3, 2.11, 0.004, 9250)
Bounded lognormal-N (1.06, 0.66, 0.5, 30)
Bounded lognormal-N (1.06, 0.66, 0.5, 30)
Bounded lognormal-N (1.06, 0.66, 0.5, 30)
Bounded lognormal-N (-5.11, 1.77, 0.00007, 0.5)
Bounded lognormal-N (2.296, 1.276, 0.18, 320)
Continuous logarithmic?

Uniform (250, 1519)

Triangular (6, 10, 30)

Triangular (0., 0.15, 0.6)

Uniform (0.1, 0.8)

Uniform (0.5, 0.75)

Bounded lognormal-N (1.445, 0.2419, 1.4, 12)
Continuous linear®

Triangular (4380, 8400, 13100)

Truncated lognormal-N (6.015, 0.489, 0.001, 0.999)
Triangular (60, 102, 200)

Triangular (135, 178, 318)

Triangular (0., 0.39, 1)

Triangular (0., 18.3, 36.5)

Truncated lognormal-N (0.56, 0.48, 0.001, 0.999)

Triangular (5.1, 18, 84)

Triangular (0.06, 0.67, 0.95)

Uniform (0.15, 0.95)

Continuous lineard

Bounded lognormal-N (-1.3, 0.59, 0.044, 1)
Nuclide dependent

Meat transfer factor Nuclide dependent
Milk transfer factor Nuclide dependent
Fish transfer factor Nuclide dependent
Kd in contaminated zone Nuclide dependent
Kd in unsaturated zone Nuclide dependent
Kd in saturated zone Nuclide dependent

footnotes on next page.
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TABLE 9.B.1 (Cont.)

8 The parameters assigned to different distribution functions are:

Truncated normal (mean, standard deviation, lower quantile, upper quantile);

Uniform (minimum, maximum);

Bounded lognormal-N (mean of underlying normal distribution, standard deviation of underlying normal
distribution, minimum, maximum);

Triangular (minimum, mode, maximum);

Truncated lognormal-N (mean of underlying normal distribution, standard deviation of underlying normal
distribution, lower quantile, upper quantile); and

Lognormal-N (mean of underlying normal distribution, standard deviation of underlying normal
distribution).

b The parameter values for the continuous logarithmic function are (5.0E-8, 0), (0.0007, 0.22), (0.005, 0.95), and
(0.2, 1), where the first number in parenthesis is value, and the second number in parenthesis is cumulative
probability.

¢ The parameter values for the continuous linear function are (0, 0), (8E-6, 0.0151), (1.6E-5, 0.1365), (3E-5,
0.8119), (4E-5, 0.9495), (6E-5, 0.9937), (7.6E-5, 0.9983), and (1E-4, 1), where the first number in parenthesis
is value, and the second number in parenthesis is cumulative probability.

4" The parameter values for the continuous linear function are (0, 0), (0.375, 0.05), (0.521, 0.25), (0.625, 0.5),
(0.809, 0.75), (0.938, 0.9), (0.992, 0.95), and (1, 1), where the first number in parenthesis is value, and the
second number in parenthesis is cumulative probability.



TABLE 9.B.2 Distribution Functions Assigned to Kd and Plant, Meat, and Milk Transfer Factor Parameters

Lognormal-N Distribution®

Radionuclide Kd Plant Meat Milk Fish
Ac-227b (6.72,3.22) (-6.91, 1.10) (-10.82, 1.03) (-13.12,0.92) (2.7,1.1)
Am-241 (7.28, 3.15) (-6.91, 0.92) (-9.9,0.2) (-13.12, 0.69) (3.4, 1.1)
Cf-252 (7.23,3.22) (-6.91, 1.10) (-9.72, 1.03) (-13.12,0.92) (3.2,1.1)
Cm-244, Cm-248¢ (8.82, 1.82) (-6.91, 0.92) (-10.82, 1.03) (-13.12,0.92) (3.4, 1.1)
Co-60 (5.46,2.53) (-2.53,0.92) (-3.51, 1.03) (-6.21,0.7) (5.7, 1.1)
Cs-137 (6.1,2.33) (-3.22, 0.99) (-3,0.41) (-4.61, 0.47) (7.6,0.7)
Ir-192 (5.32,3.22) (-3.51, 1.10) (-6.21, 1.03) (-13.12,0.92) (2.3, 1.1)
Np-2374 (2.84,2.25) (-3.91, 0.92) (-6.91, 0.69) (-11.51, 0.69) (3.4, 1.1)
Pa-231b (5.94, 3.22) (-4.61, 1.10) (-12.21, 1.03) (-12.21,0.92) (2.3, 1.1)
Pb-210¢ (7.78, 2.76) (-5.52,0.92) (-7.13, 0.69) (-8.11,0.92) (5.7, 1.1)
Po-210¢ (5.2, 1.68) (-6.9, 0.9) (-5.3,0.69) (-7.82, 0.69) (4.6, 1.1)
Pu-238, Pu-239, Pu-240,%f Py-244c¢ (6.86, 1.89) (-6.91, 0.92) (-9.21,0.2) (-13.82.0.47) (3.4, 1.1)
Ra-226,¢ Ra-228¢f (8.17,1.7) (-3.22,0.92) (-6.91, 0.69) (-6.91, 0.47) (3.9, 1.1)
Sr-90 (3.45,2.12) (-1.2,0.99) (-4.61,0.41) (-6.21, 0.47) (4.1,1.1)
Th-228,¢f Th-229,d Th-230,¢ Th-232¢.f (8.68, 3.62) (-6.91, 0.92) (-9.21, 1.03) (-12.21, 0.92) (4.6,1.1)
U-233,4U-234,¢ U-235,b U-236%f (4.84,3.13) (-6.21, 0.92) (-7.13,0.69) (-7.82,0.59) (2.3, 1.1)

8 The parameters assigned to a lognormal-N distribution function are the mean and standard deviation of the underlying normal

distribution.

b Ac-227, Pa-231, and U-235 are decay products of Pu-239.

¢ Cm-248, Pu-240, Pu-244, Ra-228, Th-228, Th-232, and U-236 are decay products of Cf-252.

4 Np-237, Th-229, and U-233 are decay products of Am-241.

¢  Pb-210, Po-210, Ra-226, Th-230, and U-234 are decay products of Pu-238.

f Pu-240, Ra-228, Th-228, Th-232, and U-236 are decay products of Cm-244.
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9.B-7

TABLE 9.B.3 Distribution Functions Assigned to RESRAD-BUILD Parameters for the
Building Occupancy Scenario

Parameters Distribution Function®
Indoor time fraction Continuous linear®
Deposition velocity Loguniform (2.7E-6, 2.7E-3)
Resuspension rate Loguniform (2.8E-10, 1.4E-5)
Building air exchange rate Truncated lognormal-N (0.4187, 0.88, 0.001, 0.999)
Removable fraction Triangular (0, 0.2, 1)
Lifetime of removable fraction Triangular (1000, 10000, 100000)
Breathing rate of receptor Triangular (12, 33.6, 46)
Ingestion rate of deposited dust particles Loguniform (0.000028, 0.00029)
Fraction of removable material released to air Triangular (1E-6, 0.07, 1)

@ The parameters assigned to different distribution functions are as follows:
* Loguniform (minimum, maximum);
* Truncated lognormal-N (mean of underlying normal distribution, standard deviation of underlying
normal distribution, lower quantile, upper quantile); and
* Triangular (minimum, mode, maximum).

b The parameter values for the continuous linear function are (0.003, 0), (0.0347, 0.05), (0.306, 0.25),
(0.365, 0.5), (0.403, 0.75), (0.469, 0.9), (0.542, 0.98), and (0.692, 1) for workers; (0, 0), (0.375, 0.05),
(0.521, 0.25), (0.625, 0.5), (0.809, 0.75), (0.938, 0.9), (0.992, 0.95), and (1, 1) for residents; where the
first number in parenthesis is value, and the second number in parenthesis is cumulative probability.
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APPENDIX 9.C:

DOSE RESULTS FOR DIFFERENT TYPES OF CONTAMINATED BUILDINGS

To capture the variability in building characteristics, three different residential buildings
and two different commercial buildings were analyzed. The residential buildings considered
were an apartment in an urban area, a single-family house in a suburban area, and a small house
in a rural area. The commercial buildings considered were a large warehouse and a small
store/office. Table 9.C.1 provides the characteristics of these residential and commercial

buildings.

The operational guidelines for releasing contaminated buildings were derived by using
the most conservative dose-to-source ratios (DSRs) among the buildings with different
characteristics. The percentile values, mean, and standard deviation obtained for each
radionuclide are listed in the following tables. Tables 9.C.2-9.C.4 list the results for the
residential buildings — an urban apartment, a suburban house, and a rural house, respectively.
For strong gamma emitting radionuclides, occupancy in a suburban house resulted in the most
restrictive dose-to-source ratios; for other radionuclides, occupancy in a small rural house
resulted in the most restrictive ratios. Tables 9.C.5 and 9.C.6 list the results for the commercial
buildings — a warehouse and a small store/office, respectively. For strong gamma-emitting
radionuclides, working at a large warehouse resulted in the most restrictive dose-to-source ratios;
for other radionuclides, working at a small store/office resulted in the most restrictive ratios. The
most restrictive dose-to-source ratios for the residential and commercial buildings are listed in

Tables 9.7 and 9.8, respectively, in Chapter 9.

TABLE 9.C.1 Building Characteristics Used in the Building Occupancy Scenario

Residential Buildings Commercial Buildings
Urban Suburban Small Large Small
Parameter Apartment House Rural House Warehouse Store/Office
Floor area, m2 100 196 36 900 36
Building height, m 2.4 2.4 24 3.7 24
Shielding thickness, cm 10 3.5 3.5 10 5
Shielding material Concrete Concrete Concrete Concrete Concrete

Shielding density, g/cm? 2.4 1 1 2.4 2.4




TABLE 9.C.2 Dose-to-Source Ratio Distributions for a Residential Building: Urban Apartment

DSR (mrem/yr per pCi/m?) for Radionuclides in an Urban Residential Building?

Percentile

(%) Am-241 Cf-252 Cm-244 Co-60 Cs-137 1r-192 Po-210 Pu-238 Pu-239 Ra-226 Sr-90
5 3.76E-05 1.19E-05 1.88E-05  5.57E-05 1.27E-05 1.77E-05  7.10E-07  3.10E-05  3.55E-05 4.62E-05 2.83E-07
10 6.01E-05 1.91E-05  3.19E-05 6.11E-05 1.40E-05 1.94E-05 1.17E-06  5.21E-05 5.71E-05  5.80E-05  3.66E-07
15 8.00E-05  2.55E-05 4.25E-05 6.66E-05 1.52E-05  2.11E-05 1.56E-06  6.84E-05  7.55E-05 6.42E-05 4.43E-07
20 9.77E-05  3.07E-05 5.17E-05  7.22E-05 1.65E-05  2.29E-05 1.89E-06  8.39E-05  9.34E-05 6.89E-05  5.16E-07
25 1.20E-04  3.61E-05 6.38E-05  7.75E-05 1.77E-05  2.46E-05  2.21E-06 1.04E-04 1.17E-04  7.32E-05  6.01E-07
30 1.47E-04  4.40E-05 7.77E-05  8.06E-05 1.85E-05  2.56E-05  2.72E-06 1.28E-04 1.42E-04  7.86E-05  6.93E-07
35 1.76E-04  5.15E-05  8.94E-05  8.36E-05 1.92E-05  2.66E-05  3.21E-06 1.51E-04 1.70E-04  8.31E-05  7.91E-07
40 2.07E-04  6.04E-05 1.06E-04  8.68E-05 1.98E-05  2.75E-05  3.71E-06 1.80E-04  2.00E-04 8.92E-05  8.98E-07
45 2.43E-04  7.23E-05 1.24E-04  8.99E-05 2.05E-05 2.85E-05 4.35E-06 2.08E-04 2.34E-04  9.49E-05 1.02E-06
50 2.78E-04  8.37E-05 1.44E-04  9.31E-05  2.14E-05 295E-05 5.05E-06 2.39E-04 2.70E-04 1.01E-04 1.14E-06
55 3.18E-04  9.65E-05 1.64E-04  9.84E-05 2.26E-05 3.12E-05 5.70E-06 2.74E-04  3.09E-04 1.07E-04 1.29E-06
60 3.69E-04 1.13E-04 1.89E-04 1.04E-04  2.38E-05 3.30E-05 6.64E-06 3.20E-04 3.57E-04 1.13E-04 1.48E-06
65 4.34E-04 1.31E-04  2.24E-04 1.09E-04  2.51E-05 3.48E-05 7.74E-06 3.72E-04 4.21E-04 1.19E-04 1.71E-06
70 5.14E-04 1.54E-04  2.60E-04 1.15E-04  2.64E-05 3.65E-05 9.14E-06 4.43E-04 4.99E-04 1.26E-04  2.03E-06
75 6.21E-04 1.81E-04  3.07E-04 1.20E-04  2.76E-05  3.82E-05 1.08E-05 5.26E-04  6.13E-04 1.40E-04  2.41E-06
80 7.57E-04  2.27E-04  3.79E-04 1.27E-04  2.93E-05 4.02E-05 1.33E-05  6.25E-04  7.35E-04 1.55E-04  2.87E-06
85 9.11E-04 2.77E-04  4.59E-04 1.33E-04  3.07E-05  4.22E-05 1.60E-05  7.52E-04  9.04E-04 1.77E-04  3.77E-06
90 1.27E-03  3.65E-04  6.36E-04 1.40E-04  3.22E-05 4.44E-05 2.08E-05 1.07E-03 1.26E-03  2.12E-04  5.01E-06
95 2.02E-03  5.55E-04  9.72E-04 1.47E-04  3.36E-05 4.68E-05  3.23E-05 1.69E-03  2.02E-03  3.11E-04  8.07E-06
Mean 5.95E-04 1.72E-04  2.92E-04 9.69E-05 2.23E-05 3.07E-05 1.00E-05  4.94E-04 5.97E-04 1.36E-04  2.45E-06
c 1.13E-03  3.19E-04 5.37E-04  3.05E-05 7.25E-06  9.68E-06 1.80E-05  9.05E-04 1.20E-03 1.97E-04  4.72E-06
Mean + 2o 2.85E-03  8.09E-04 1.37E-03 1.58E-04 3.68E-05 5.01E-05 4.60E-05 230E-03 299E-03  5.30E-04 1.19E-05

a

For an urban residential building: area = 100 m2, height = 2.4 m, shielding thickness = 10 cm, and shielding density = 2.4 g/cm? concrete.
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TABLE 9.C.3 Dose-to-Source Ratio Distributions for a Residential Building: Suburban House

DSR (mrem/yr per pCi/m?) for Radionuclides in a Suburban Residential Building?

Percentile

(%) Am-241 Cf-252 Cm-244 Co-60 Cs-137 1r-192 Po-210 Pu-238 Pu-239 Ra-226 Sr-90
5 2.97E-05  9.23E-06 1.48E-05  7.87E-05 1.93E-05 2.85E-05 5.58E-07 2.38E-05 2.83E-05 6.45E-05 3.36E-07
10 4.82E-05 1.55E-05  2.54E-05 8.74E-05 2.14E-05 3.16E-05 9.36E-07 4.09E-05 4.50E-05 7.92E-05 4.21E-07
15 6.60E-05  2.02E-05  3.45E-05 9.52E-05 2.33E-05 3.45E-05 1.26E-06  5.56E-05 6.21E-05  8.75E-05  4.88E-07
20 8.03E-05  2.50E-05  4.27E-05 1.03E-04  2.52E-05  3.73E-05 1.55E-06 6.89E-05  7.61E-05 9.39E-05  5.63E-07
25 9.99E-05  2.95E-05  5.25E-05 1.11E-04  2.72E-05  4.01E-05 1.82E-06  8.58E-05  9.53E-05 9.89E-05  6.37E-07
30 1.21E-04  3.61E-05  6.30E-05 1.15E-04  2.83E-05 4.17E-05 2.21E-06 1.04E-04 1.15E-04 1.04E-04  7.10E-07
35 1.46E-04  4.22E-05  7.34E-05 1.20E-04  2.93E-05 4.33E-05 2.60E-06 1.23E-04 1.40E-04 1.10E-04  8.05E-07
40 1.75E-04  5.08E-05  8.87E-05 1.24E-04  3.04E-05 4.49E-05 3.07E-06 1.48E-04 1.69E-04 1.17E-04  8.84E-07
45 2.01E-04  6.03E-05 1.03E-04 1.29E-04  3.15E-05 4.65E-05  3.65E-06 1.72E-04 1.93E-04 1.23E-04  9.84E-07
50 2.30E-04  7.06E-05 1.18E-04 1.33E-04 3.27E-05 4.81E-05 4.15E-06 1.98E-04  2.23E-04 1.30E-04 1.10E-06
55 2.64E-04  8.02E-05 1.36E-04 1.41E-04 3.46E-05 5.10E-05 4.79E-06 2.26E-04 2.56E-04 1.37E-04 1.22E-06
60 3.08E-04  9.20E-05 1.56E-04 1.49E-04  3.64E-05 5.38E-05 547E-06 2.63E-04 2.99E-04 1.45E-04 1.36E-06
65 3.63E-04 1.10E-04 1.85E-04 1.56E-04  3.84E-05 5.66E-05 6.39E-06 3.12E-04 3.51E-04 1.53E-04 1.58E-06
70 4.30E-04 1.28E-04  2.15E-04 1.64E-04  4.03E-05 5.95E-05 7.72E-06 3.64E-04 4.17E-04 1.60E-04 1.86E-06
75 5.16E-04 1.52E-04  2.64E-04 1.72E-04  4.23E-05 6.23E-05 890E-06 447E-04 5.01E-04 1.69E-04  2.14E-06
80 6.24E-04 1.85E-04  3.12E-04 1.81E-04  4.47E-05  6.56E-05 1.09E-05  5.24E-04  6.06E-04 1.83E-04  2.53E-06
85 7.61E-04  2.34E-04 3.89E-04 1.90E-04  4.69E-05  6.89E-05 1.34E-05 6.31E-04 7.57E-04 2.04E-04  3.33E-06
90 1.11E-03  3.03E-04 5.42E-04 2.00E-04 490E-05  7.23E-05 1.77E-05  9.58E-04 1.14E-03  2.32E-04  4.49E-06
95 1.75E-03  5.01E-04 8.31E-04 2.11E-04 5.15E-05 7.64E-05  3.00E-05 1.44E-03 1.78E-03  3.13E-04  7.09E-06
Mean 5.13E-04 1.48E-04  2.52E-04 1.39E-04  3.40E-05 5.01E-05 8.65E-06 4.25E-04  5.14E-04 1.59E-04  2.25E-06
o 1.01E-03  2.88E-04 4.85E-04 4.37E-05 1.09E-05 1.58E-05 1.64E-05  8.17E-04 1.07E-03 1.70E-04  4.17E-06
Mean + 2o 2.53E-03  7.24E-04 1.22E-03  2.26E-04  5.58E-05 8.17E-05 4.15E-05 2.06E-03  2.65E-03  4.99E-04 1.06E-05

a

For a suburban residential building: area = 196 m2, height = 2.4 m, shielding thickness = 3.5 cm, and shielding density = 1 g/cm3 concrete.
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TABLE 9.C.4 Dose-to-Source Ratio Distributions for a Residential Building: Rural House

DSR (mrem/yr per pCi/m?) for Radionuclides in a Rural Residential Building?

Percentile

(%) Am-241 Cf-252 Cm-244 Co-60 Cs-137 1r-192 Po-210 Pu-238 Pu-239 Ra-226 Sr-90
5 5.14E-05 1.67E-05  2.69E-05  6.80E-05 1.67E-05  2.48E-05 1.01E-06 4.36E-05 4.83E-05 5.93E-05 3.84E-07
10 8.33E-05 2.64E-05 4.47E-05  7.53E-05 1.86E-05  2.75E-05 1.65E-06  7.15E-05 7.90E-05 7.43E-05 5.05E-07
15 1.09E-04  3.54E-05 5.89E-05 8.21E-05 2.02E-05 299E-05 2.15E-06 9.41E-05 1.03E-04  8.20E-05  6.11E-07
20 1.39E-04  4.27E-05 7.39E-05 891E-05 2.19E-05 3.24E-05 2.62E-06 1.20E-04 1.33E-04  8.87E-05  7.06E-07
25 1.65E-04  5.08E-05 8.79E-05 9.58E-05 236E-05 3.49E-05 3.12E-06 1.44E-04 1.60E-04  9.49E-05  8.30E-07
30 2.08E-04  6.14E-05 1.08E-04  9.96E-05 2.46E-05 3.62E-05 3.78E-06 1.81E-04  2.00E-04 1.02E-04  9.54E-07
35 2.43E-04  7.29E-05 1.26E-04 1.03E-04  2.55E-05 3.77E-05 4.43E-06 2.09E-04 2.34E-04 1.07E-04 1.07E-06
40 2.82E-04 8.41E-05 1.46E-04 1.07E-04  2.64E-05 3.90E-05 5.20E-06 242E-04 2.72E-04 1.15E-04 1.22E-06
45 3.34E-04  9.62E-05 1.70E-04 1.11E-04  2.73E-05 4.04E-05 5.87E-06 2.88E-04 3.23E-04 1.22E-04 1.40E-06
50 3.90E-04 1.16E-04 1.96E-04 1.15E-04  2.84E-05 4.18E-05 6.99E-06 3.37E-04 3.75E-04 1.30E-04 1.59E-06
55 4.46E-04 1.35E-04  2.30E-04 1.22E-04  3.00E-05 4.43E-05 8.02E-06 3.84E-04 4.34E-04 1.38E-04 1.76E-06
60 5.10E-04 1.57E-04  2.62E-04 1.28E-04  3.16E-05 4.68E-05 9.33E-06 4.41E-04 4.94E-04 1.45E-04  2.01E-06
65 5.92E-04 1.81E-04  3.04E-04 1.35E-04  3.33E-05 4.92E-05 1.07E-05  5.11E-04  5.76E-04 1.53E-04  2.33E-06
70 6.97E-04  2.09E-04 3.55E-04 1.42E-04  3.51E-05  5.17E-05 1.24E-05 5.98E-04  6.82E-04 1.64E-04  2.75E-06
75 8.42E-04 245E-04 4.18E-04 1.49E-04  3.68E-05 5.41E-05 1.47E-05  7.15E-04  8.23E-04 1.83E-04  3.30E-06
80 1.04E-03  3.02E-04 5.07E-04 1.57E-04  3.89E-05  5.70E-05 1.77E-05  8.67E-04 1.02E-03  2.01E-04  3.98E-06
85 1.27E-03  3.77E-04  6.42E-04 1.64E-04 4.08E-05 5.98E-05 2.17E-05 1.06E-03 1.25E-03  2.30E-04  5.00E-06
90 1.69E-03  4.82E-04  8.12E-04 1.72E-04  4.27E-05 6.28E-05  2.78E-05 1.40E-03 1.65E-03  2.74E-04  6.75E-06
95 2.58E-03  7.19E-04 1.24E-03 1.82E-04  4.46E-05 6.64E-05 4.28E-05 2.14E-03 2.67E-03  3.96E-04 1.04E-05
Mean 7.88E-04  2.28E-04  3.87E-04 1.20E-04  2.96E-05  4.36E-05 1.33E-05  6.54E-04 7.91E-04 1.77E-04  3.26E-06
o 1.40E-03 3.98E-04 6.72E-04 3.78E-05  9.58E-06 1.37E-05  2.21E-05 1.13E-03 1.49E-03  2.52E-04  5.87E-06
Mean + 2o 3.59E-03 1.02E-03 1.73E-03 1.96E-04 4.88E-05 7.10E-05 5.75E-05 291E-03 3.77E-03  6.81E-04 1.50E-05

a

For a rural residential building: area = 36 m2, height = 2.4 m, shielding thickness = 3.5 cm, and shielding density = 1 g/cm3 concrete.
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TABLE 9.C.5 Dose-to-Source Ratio Distributions for a Commercial Building: Large Warehouse

DSR (mrem/yr per pCi/m?) for Radionuclides in a Large Commercial Building?

Percentile

(%) Am-241 Cf-252 Cm-244 Co-60 Cs-137 1r-192 Po-210 Pu-238 Pu-239 Ra-226 Sr-90
5 4.03E-06 1.19E-06  2.00E-06 4.31E-06 9.94E-07 1.41E-06  7.40E-08 3.27E-06 3.57E-06 3.97E-06 3.26E-08
10 8.12E-06  2.43E-06 4.12E-06 1.29E-05  3.05E-06  4.22E-06 1.49E-07  6.69E-06  7.37E-06 1.11E-05  7.74E-08
15 1.23E-05 3.81E-06 6.31E-06 2.16E-05 499E-06 7.10E-06 2.31E-07 1.03E-05 1.14E-05 1.91E-05 1.21E-07
20 1.74E-05  5.42E-06 9.01E-06 3.01E-05 7.01E-06 9.89E-06  3.32E-07 1.48E-05 1.64E-05  2.75E-05 1.43E-07
25 2.20E-05  6.70E-06 1.12E-05  3.89E-05  8.97E-06 1.27E-05  4.10E-07 1.86E-05  2.06E-05  3.10E-05 1.61E-07
30 2.69E-05  8.26E-06 1.39E-05  4.04E-05  9.34E-06 1.32E-05 4.98E-07 2.27E-05 2.54E-05  3.30E-05 1.83E-07
35 3.18E-05  9.64E-06 1.63E-05 4.19E-05  9.70E-06 1.37E-05  5.92E-07 2.70E-05  3.05E-05 3.46E-05 2.04E-07
40 3.82E-05 1.18E-05 1.97E-05  4.34E-05 1.01E-05 1.42E-05  7.17E-07 3.25E-05 3.64E-05 3.60E-05 2.33E-07
45 4.67E-05 1.45E-05 2.36E-05 4.49E-05 1.04E-05 1.47E-05  8.74E-07 3.97E-05 4.48E-05 3.77E-05  2.57E-07
50 5.46E-05 1.69E-05  2.81E-05  4.63E-05 1.07E-05 1.52E-05 1.02E-06  4.68E-05 5.26E-05 3.93E-05 2.88E-07
55 6.37E-05 1.99E-05  3.31E-05  4.74E-05 1.10E-05 1.55E-05 1.19E-06  5.40E-05  6.14E-05 4.09E-05  3.20E-07
60 7.65E-05  2.34E-05 3.89E-05 4.83E-05 1.12E-05 1.58E-05 1.40E-06  6.50E-05  7.38E-05  4.24E-05 3.69E-07
65 9.01E-05 2.80E-05 4.70E-05 4.93E-05 1.14E-05 1.62E-05 1.66E-06  7.66E-05  8.70E-05 4.43E-05 4.18E-07
70 1.07E-04  3.39E-05  5.64E-05  5.03E-05 1.17E-05 1.65E-05  2.03E-06  9.23E-05 1.03E-04  4.64E-05  4.84E-07
75 1.34E-04 4.09E-05 6.98E-05  5.13E-05 1.19E-05 1.68E-05  2.42E-06 1.16E-04 1.31E-04  4.88E-05 5.63E-07
80 1.65E-04  5.20E-05 8.60E-05  5.40E-05 1.25E-05 1.77E-05  3.05E-06 1.43E-04 1.59E-04  5.19E-05  6.74E-07
85 2.10E-04  6.49E-05 1.10E-04  5.68E-05 1.32E-05 1.86E-05  3.81E-06 1.82E-04  2.02E-04  5.57E-05  8.28E-07
90 3.03E-04  8.82E-05 1.50E-04  5.99E-05 1.39E-05 1.96E-05  5.24E-06 2.56E-04 299E-04  6.12E-05 1.11E-06
95 4.56E-04 1.36E-04  2.28E-04  6.55E-05 1.53E-05  2.14E-05  7.84E-06 3.83E-04 4.44E-04  7.48E-05 1.85E-06
Mean 1.28E-04  3.87E-05 6.50E-05 4.23E-05 9.83E-06 1.39E-05  2.26E-06 1.08E-04 1.25E-04  4.14E-05  5.61E-07
c 2.62E-04  8.03E-05 1.35E-04 1.70E-05  3.97E-06 5.58E-06 4.55E-06 2.22E-04 2.61E-04 3.20E-05 1.06E-06
Mean + 2o 6.51E-04 1.99E-04  3.35E-04  7.64E-05 1.78E-05  2.51E-05 1.14E-05 5.51E-04 6.46E-04 1.05E-04  2.68E-06

a

For a large commercial building: area = 900 m2, height = 3.7 m, shielding thickness = 10 ¢cm, and shielding density = 2.4 g/cm? concrete.
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TABLE 9.C.6 Dose-to-Source Ratio Distributions for a Commercial Building: Small Store/Office

DSR (mrem/yr per pCi/m?) for Radionuclides in a Small Commercial Building?

Percentile

(%) Am-241 Cf-252 Cm-244 Co-60 Cs-137 1r-192 Po-210 Pu-238 Pu-239 Ra-226 Sr-90
5 1.11E-05 3.69E-06 6.02E-06 4.02E-06  9.58E-07 1.36E-06  2.20E-07  9.58E-06 1.05E-05 5.01E-06  5.96E-08
10 2.66E-05  7.67E-06 1.37E-05 1.19E-05  2.85E-06 4.05E-06 4.82E-07 2.28E-05 2.57E-05 1.36E-05 1.42E-07
15 3.72E-05 1.18E-05  2.01E-05 2.01E-05 4.78E-06 6.84E-06 7.19E-07 3.23E-05 3.62E-05 2.21E-05 1.96E-07
20 5.41E-05 1.58E-05  2.74E-05 2.83E-05 6.72E-06 9.51E-06 9.79E-07 4.66E-05 521E-05 3.05E-05  2.44E-07
25 6.67E-05  2.07E-05  3.50E-05 3.63E-05 8.56E-06 1.23E-05 1.27E-06  5.72E-05  6.43E-05  3.34E-05 2.92E-07
30 8.15E-05  2.46E-05 4.26E-05 3.78E-05 8.97E-06 1.28E-05 1.51E-06  7.12E-05  7.87E-05 3.57E-05  3.55E-07
35 9.92E-05  3.00E-05 5.12E-05 3.92E-05 9.31E-06 1.33E-05 1.83E-06  8.56E-05  9.58E-05  3.77E-05  4.22E-07
40 1.18E-04  3.52E-05 598E-05 4.06E-05  9.65E-06 1.38E-05  2.09E-06 1.01E-04 1.16E-04  4.02E-05  4.83E-07
45 1.37E-04  4.27E-05 7.12E-05 4.20E-05  9.99E-06 1.42E-05  2.52E-06 1.18E-04 1.33E-04  4.29E-05  5.46E-07
50 1.63E-04 4.88E-05 8.21E-05  4.34E-05 1.03E-05 1.47E-05  2.89E-06 1.38E-04 1.57E-04  4.60E-05  6.45E-07
55 1.94E-04  5.74E-05 9.79E-05  4.44E-05 1.05E-05 1.51E-05  3.39E-06 1.65E-04 1.90E-04  4.86E-05  7.46E-07
60 2.32E-04  6.98E-05 1.16E-04  4.52E-05 1.07E-05 1.53E-05  4.00E-06 1.96E-04 2.26E-04 5.18E-05  8.76E-07
65 2.69E-04  8.21E-05 1.39E-04  4.62E-05 1.10E-05 1.56E-05 4.87E-06 2.30E-04 2.63E-04 5.59E-05  9.92E-07
70 3.10E-04  9.65E-05 1.62E-04  4.71E-05 1.12E-05 1.59E-05 5.65E-06 2.68E-04 3.01E-04  6.06E-05 1.15E-06
75 3.70E-04 1.16E-04 1.96E-04  4.80E-05 1.15E-05 1.62E-05  6.73E-06 3.22E-04 3.69E-04  6.58E-05 1.42E-06
80 4.67E-04 1.44E-04  2.42E-04  5.05E-05 1.20E-05 1.71E-05  8.35E-06 3.98E-04 4.55E-04  7.19E-05 1.70E-06
85 5.84E-04 1.81E-04  3.02E-04  5.32E-05 1.27E-05 1.80E-05 1.05E-05 5.08E-04 5.75E-04 8.35E-05 2.12E-06
90 8.01E-04 2.35E-04 4.02E-04 5.61E-05 1.33E-05 1.89E-05 1.36E-05  6.73E-04 7.80E-04 9.86E-05 2.72E-06
95 1.21E-03  3.50E-04 5.93E-04 6.13E-05 1.46E-05  2.07E-05 1.96E-05 1.03E-03 1.22E-03 1.33E-04  4.42E-06
Mean 3.40E-04 1.01E-04 1.71E-04  3.97E-05  9.45E-06 1.34E-05 5.82E-06 2.87E-04 3.38E-04 5.87E-05 1.29E-06
c 5.65E-04 1.65E-04  2.80E-04 1.59E-05 3.86E-06 5.41E-06 9.17E-06 4.66E-04 5.84E-04 6.91E-05 2.17E-06
Mean + 2o 1.47E-03  4.31E-04 7.31E-04  7.16E-05 1.72E-05  2.42E-05  2.42E-05 1.22E-03 1.51E-03 1.97E-04  5.63E-06

a

For a small commercial building: area = 36 m?, height = 2.4 m, shielding thickness = 5 cm, and shielding density = 2.4 g/cm3 concrete.
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10 GROUP G: FOOD CONSUMPTION

10.1 INTRODUCTION

Four subgroups of operational guidelines that were developed to address potential
radiation exposures from food consumption after an RDD event are discussed in this report. The
first subgroup of guidelines is expressed in terms of limiting radionuclide concentrations in food
and can be used for comparison with measurement data taken from crops or animal products
produced from the affected area. The other three subgroups of operational guidelines are
expressed as limiting concentrations in surface soil. They were developed by considering
consumption of crops (vegetables, fruits, and grains) and animal products (meat and milk) that
are linked to contaminated soils through uptake pathways. The ingestion of crops and animal
products from affected areas would not result in radiation doses that exceed the corresponding
PAGs, if their concentrations or the soil concentrations in which they grow are below the Group

G operational guidelines.

The first subgroup of operational guidelines was derived by using a methodology
consistent with the one used by the U.S. Food and Drug Administration (FDA) for developing
the DILs for foods after a nuclear accident (FDA 1998). It considers potential radiation exposure
from food ingestion and is based on a food PAG of either 5,000 mrem/yr committed dose
equivalent to an individual organ or tissue, or 500 mrem/yr committed effective dose equivalent
(CEDE), whichever is more limiting. Age-dependent food ingestion rates and the corresponding
dose conversion factors were used in the derivation. The final operational guidelines were
expressed in terms of food concentrations and were the most conservative values among the
different age groups considered. To differentiate from the published FDA DILs, the derived food
concentration values that use the FDA methodology are called planning values (PVs). These PVs
are used as Group G, Subgroup 1, operational guidelines. They are intended for use in the early
phase of response after an RDD event.

In deriving the Group G, Subgroups 2 and 3, operational guidelines, the PVs for
Subgroup 1 were applied for comparison with calculated concentrations in crops harvested or
animal products produced after an RDD event. The operational guidelines of Subgroup 2 were
developed by considering crops or fodder that had been growing during the event and became
contaminated as a result of a passing contamination plume from the event. The methodology
developed by FRMAC (Rhodes et al. 2003) was used to relate the plant/fodder concentration to
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the deposited concentration on the ground surface. The operational guidelines are the

concentrations in surface soil that would result in plant/milk concentrations equivalent to the PVs
of Subgroup 1. Subgroup 2 soil operational guidelines supplement the PVs and are also intended
for use in the early phase of response when measured concentrations of crops or animal products

are not readily available.

Subgroup 3 soil operational guidelines consider crops planted after an RDD event that are
intended for use in the intermediate phase of response after the event. Deposited soil and air
concentrations, which were caused by resuspension from soil, were adjusted for weathering and
radiological decay during the plant growing period. The RESRAD methodology (Yu et al. 2001)
that accounts for foliar deposition and root uptake was used to calculate plant-to-soil

concentration ratios, which were then used to back-calculate the soil operational guidelines.

Subgroup 4 soil operational guidelines also were developed by using the RESRAD
methodology, except that they are based on a PAG of 500 mrem/yr (CEDE) rather than the PVs.
To obtain the average concentrations in crops and animal products that are consumed over a
year, the deposited soil and air concentrations were corrected for weathering and radiological
decay over a 1-year period. The ingestion dose-to-source ratios were calculated and then were
used to back-calculate the soil operational guidelines. The Subgroup 4 operational guidelines are
dose (CEDE) based rather than PV based. They can be used for estimating the potential radiation
doses that correspond to the Subgroup 3 soil operational guidelines. The Subgroup 4 operational

guidelines are intended for use in the intermediate-to-late phase of response after an RDD event.

For Subgroups 2 to 4 operational guidelines, different types of plants (fodder, leafy
vegetable, and grain and nonleafy vegetable) that link to the production of different types of food
(meat, milk, and vegetables) were modeled. The most limiting food-to-soil concentration ratio
(for Subgroups 2 and 3) or the sum of dose-to-source ratios (for Subgroup 4) was used to

determine the final soil guideline.

It is important to note that Group G soil operational guidelines (Subgroups 2, 3, and 4)
were developed by considering radiation exposure only through the food ingestion pathway.
They can be used to determine whether ingestion of agricultural products (plant foods, meat, and
milk) that are exposed to the contamination plume during an RDD event (Subgroup 2) or that
will be cultivated and produced after an RDD event (Subgroups 3 and 4) would result in
unacceptable human health risks. Because radiation exposure that would result from cultivating

crops or raising livestock was not considered, Group G soil operational guidelines should not be
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used to replace Group B operational guidelines for evacuation/sheltering or Group C operational
guidelines for relocation. They can, however, be used in conjunction with the Group B or

Group C operational guidelines to determine whether restriction on food ingestion or agricultural
activities should be imposed on a contaminated area where residents are allowed to stay after an
RDD event.

Comparisons of operational guidelines for the four subgroups in terms of their
applications and derivations are presented in Appendix 10.A.
10.2 SUBGROUP 1 FOOD OPERATIONAL GUIDELINES FOR THE EARLY PHASE
For Subgroup 1, the derived food concentration PVs are used as operational guidelines.
The derivation of PVs was based on the methodology used by the FDA for developing the DILs
after a nuclear accident (FDA 1998). The PVs, however, are not necessarily the same as the DILs

because of the use of updated dose coefficients.

The FDA DIL for a specific radionuclide was calculated by using Equations 10.1-10.3:

DIL = j%];j—SDC (10.1)
FI = Annual Intake Rate x IPC (10.2)
IPC = min [1 p— M} (10.3)
where:
DIL = derived intervention levels (Bg/kg);
DC = dose coefficient, the radiation dose received per unit of radioactivity ingested

(mSv/Bq);

f = fraction of the food ingested assumed to be contaminated;
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IPC = ingestion period correction (yr);

A = radionuclide decay constant (yr!);
FI = food intake (kg); and
PAG = Protective Action Guide for food ingestion (mSv).

Two PAGs were used in the calculation: 500 mrem (5 mSv) for CEDE, and 5 rem (50 mSv) for
committed dose equivalent to an individual tissue or organ. The FDA DILs were calculated for
nine radionuclides (I-131, Cs-134, Cs-137, Ru-103, Ru-106, Sr-90, Pu-238, Pu-239, and
Am-241) and considered the receptors of six different age groups. In the calculation,
age-dependent food ingestion rates and dose coefficients were used. The age groups considered

were 3 months, 1 year, 5 years, 10 years, 15 years, and adult (>17 years).

The dose coefficients used by the FDA were from the International Commission on
Radiation Protection (ICRP) Publication 56 (ICRP 1989). The food ingestion rates were based on
the “entire diet” for each age group, which included tap water used for drinking. In deriving
DILs, it was assumed that 30% of the food intake was contaminated (i.e., f= 0.3 in
Equation 10.1). An exception was made for [-131 in the diets of the 3-month and 1-year age
groups, for which the entire intake over a 60-day period was assumed to be contaminated.

Table 10.1 provides the annual intake rates for the six age groups considered in deriving DILs. In
the derivation of DILs, correction for radiological decay was not applied. However, the intake
period was selected to be either 1 year or the time required for a radionuclide to decay to ~1% of
its initial activity, whichever is smaller. As a result, for short-lived radionuclides, the intake

period considered could be less than 1 year, and the yearly

intake rate would be adjusted by the intake period TABLE 10.1 Dietary Intake
correction factor (IPC in Equation 10.2). None of the Rates for Different Age
Groups

radionuclides concerned for an RDD event in this report

has a half-life short enough to require this correction.
Appendix D in the FDA report (FDA 1998) describes in

Annual Intake

Age Group Rate (kg)

detail how DILs were calculated and lists the values of
. 3-months 418
dose coefficients used. Among all the DILs that were -year 506
calculated, combining different PAGs and age groups, the 15()'Years ggg

o -years

most limiting one was selected by FDA to be the 15-years 869
Adult 943

recommended value for use after a nuclear accident.
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Later, the FDA calculated DILs for 15 more radionuclides by using the same equations.
Among all the radionuclides considered by the FDA (FDA 1998), six are among the RDD
radionuclide list analyzed in this report. Table 10.2 lists the FDA DILs for those six

radionuclides.

In deriving the DILs, the FDA followed the principles and general guidance provided by
the ICRP Publication 40 (ICRP 1984). The ICRP has since updated its general concepts on
intervention and has documented them in ICRP Publication 63 (ICRP 1991). The PVs for
Subgroup 1 were calculated on the basis of the FDA methodology described previously, but with
the updated concept (ICRP 1991) and revised dose coefficients obtained from ICRP Publication
72 (ICRP 1996). The dietary intake rates used for different age groups were the same as those
listed in Table 10.1. Table 10.3 lists the dose coefficients from ICRP 72. Table 10.4 lists the
calculated PVs for different age groups and different PAGs. The most restrictive value was
selected to be the final operational guideline for Subgroup 1. The values are listed in Table 10.5,
along with the corresponding age group and PAG. Measured radionuclide concentrations in
crops or animal products produced from the affected area after an RDD event should be

compared with the Subgroup 1 operational guidelines.

10.3 SUBGROUP 2 SOIL OPERATIONAL GUIDELINES FOR THE EARLY PHASE

Subgroup 2 soil operational guidelines were intended for use in the early phase of
response after an RDD event. For this purpose, they consider the crops that have been growing
during the event. As for the animal products, they consider those from livestock that fed on
fodders grown in the field during the event. Because the crops or fodders are already growing

during the event, the main contamination mechanism would be the uptake of radionuclides that

TABLE 10.2 FDA DILs with Corresponding PAG and Age Group
for RDD Radionuclides

Radionuclide DIL (Bg/kg) Limiting Age Group PAG (mSv)

Am-241 2 3-month 50
Cm-244 2 3-month 50
Cs-137 1,400 Adult 5
Pu-238 2 3-month 50
Pu-239 2 3-month 50

Sr-90 160 15-year 50




TABLE 10.3 Dose Coefficients (mSv/Bq)? from ICRP Publication 72 Used in Deriving
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the PVs for Food Operational Guidelines for the Early Phase (Subgroup 1)

Radionuclide 3-month 1-year S-year 10-year 15-year Adult
Am-241(BS)®  8.30E-02 8.30E-03 7.40E-03 7.30E-03 8.00E-03 9.00E-03
Am-241 3.70E-03 3.70E-04 2.70E-04 2.20E-04 2.00E-04 2.00E-04
Cf-252(BS) 0.11 9.90E-03 6.90E-03 4.00E-03 2.90E-03 2.90E-03
Cf-252 5.00E-03 5.10E-04 3.20E-04 1.90E-04 1.00E-04 9.00E-05
Cm-244(BS) 5.90E-02 5.80E-03 4.50E-03 3.90E-03 4.20E-03 4.90E-03
Cm-244 2.90E-03 2.90E-04 1.90E-04 1.40E-04 1.20E-04 1.20E-04
Co-60(LLI)®  9.9E-5(L)b 6.30E-05 3.70E-05 2.40E-05 1.5E-5(L)° 1.20E-05
Co-60 5.40E-05 2.70E-05 1.70E-05 1.10E-05 7.90E-06 3.40E-06
Cs-137(LLI) 4.90E-05 3.10E-05 1.90E-05 1.60E-05 1.60E-05 1.70E-05
Cs-137 2.10E-05 1.20E-05 9.60E-06 1.00E-05 1.30E-05 1.30E-05
Ir-192 (LLI) 1.40E-04 8.90E-05 4.60E-05 2.80E-05 1.60E-05 1.30E-05
Ir-192 1.30E-05 8.70E-06 4.60E-06 2.80E-06 1.70E-06 1.40E-06

Po-210 (Spleen) ~ 2.20E-01 7.60E-02 4.10E-02 2.50E-02 1.60E-02 1.3E-02(K)P

Po-210 2.60E-02 8.80E-03 4.40E-03 2.60E-03 1.60E-03 1.20E-03
Pu-238(BS) 6.80E-02 6.90E-03 6.20E-03 5.90E-03 6.30E-03 7.40E-03
Pu-238 4.00E-03 4.00E-04 3.10E-04 2.40E-04 2.20E-04 2.30E-04
Pu-239(BS) 7.40E-02 7.60E-03 7.00E-03 6.80E-03 7.20E-03 8.20E-03
Pu-239 4.20E-03 4.20E-04 3.30E-04 2.70E-04 2.40E-04 2.50E-04
Ra-226(BS) 1.60E-01 2.90E-02 2.30E-02 3.90E-02 9.40E-02 1.20E-02
Ra-226 4.70E-03 9.60E-04 6.20E-04 8.00E-04 1.50E-03 2.80E-04
Sr-90(BS) 2.30E-03 7.30E-04 6.30E-04 1.00E-03 1.80E-03 4.10E-04
Sr-90 2.30E-04 7.30E-05 4.70E-05 6.00E-05 8.00E-05 2.80E-05

2 The first listed value for each radionuclide is the most restrictive committed equivalent dose to an individual
organ or tissue, 47(t). The second listed value for each radionuclide is the committed effective dose, e(t). (t is
the time period over which the dose is calculated; that is, 50 years for adults and (70—#y) for children, where ¢
is the age considered for the age group.)

BS = bone surface; LLI = lower large intestine; L = liver; K = kidney.
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TABLE 10.4 PVs? (Bq/kg) for Different Age Groups and PAGs

PAGs

Radionuclide (mSv/yr) 3-month 1-year S-year 10-year 15-year Adult
Am-241(BS)b 50 4.8E+00 4.0E+01 3.4E+01 2.9E+01 2.4E+01 2.0E+01
Am-241 5 1.1E+01 8.9E+01 9.4E+01 9.7E+01 9.6E+01 8.8E+01
Cf-252(BS) 50 3.6E+00 3.3E+01 3.7E+01 5.3E+01 6.6E+01 6.1E+01
Cf-252 5 8.0E+00 6.5E+01 7.9E+01 1.1E+02 1.9E+02 2.0E+02
Cm-244(BS) 50 6.8E+00 5.7E+01 5.6E+01 5.5E+01 4.6E+01 3.6E+01
Cm-244 5 1.4E+01 1.1E+02 1.3E+02 1.5E+02 1.6E+02 1.5E+02
Co-60(LLI)P 50 4.0E+03 5.2F+03 6.8E+03 8.9E+03 1.3E+04 1.5E+04
Co-60 5 7.4E+02 1.2E+03 1.5E+03 1.9E+03 2.4E+03 5.2E+03
Cs-137(LLI) 50 8.1E+03 1.1E+04 1.3E+04 1.3E+04 1.2E+04 1.0E+04
Cs-137 5 1.9E+03 2.7E+03 2.6E+03 2.1E+03 1.5E+03 1.4E+03
Ir-192 (LLI) 50 2.8E+03 3.7E+03 5.5E+03 7.6E+03 1.2E+04 1.4E+04
Ir-192 5 3.1E+03 3.8E+03 5.5E+03 7.6E+03 1.1E+04 1.3E+04
Po-210 (Spleen) 50 1.8E+00 4.3E+00 6.2E+00 8.6E+00 1.2E+01 1.4E+01
Po-210 5 1.5E+00 3.7E+00 5.7E+00 8.2E+00 1.2E+01 1.5E+01
Pu-238(BS) 50 5.9E+00 4.8E+01 4.1E+01 3.6E+01 3.0E+01 2.4E+01
Pu-238 5 1.0E+01 8.2E+01 8.1E+01 8.9E+01 8.7E+01 7.7E+01
Pu-239(BS) 50 5.4E+00 43E+01 3.6E+01 3.1E+01 2.7E+01 2.2E+01
Pu-239 5 9.5E+00 7.8E+01 7.7E+01 7.9E+01 8.0E+01 7.1E+01
Ra-226(BS) 50 2.5E+00 1.1E+01 1.1E+01 5.5E+00 2.0E+00 1.5E+01
Ra-226 5 8.5E+00 3.4E+01 4.1E+01 2.7E+01 1.3E+01 6.3E+01
Sr-90(BS) 50 1.7E+02 4.5E+02 4.0E+02 2.1E+02 1.1E+02 4.3E+02
Sr-90 5 1.7E+02 4.5E+02 5.4E+02 3.6E+02 2.4E+02 6.3E+02

@ The PVs are based on a PAG of either 50 mSv/yr committed equivalent dose to an individual organ or tissue (first listed

value) or 5 mSv/yr committed effective dose (the second listed value).

b BS = bone surface; LLI = lower large intestine.
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TABLE 10.5 Final Food Operational Guidelines (or PVs) for
the Early Phase (Subgroup 1)

Operational Guideline

(PVs)
Age PAG
Radionuclide Bg/kg pCi/kg Group (mSv)
Am-241 4.8E+00 1.30E+02 3-month 50
Cf-252 3.6E+00 9.72E+01 3-month 50
Cm-244 6.8E+00 1.84E+02 3-month 50
Co-60 7.4E+02 2.00E+04 3-month 5
Cs-137 1.4E+03 3.78E+04 Adult 5
Ir-192 2.8E+03 7.56E+04 3-month 50
Po-210 1.5E+00 4.05E+01 3-month 5
Pu-238 5.9E+00 1.59E+02 3-month 50
Pu-239 5.4E+00 1.46E+02 3-month 50
Ra-226 2.0E+00 5.40E+01 15 year 50
Sr-90 1.1E+02 2.97E+03 15 year 50

were directly deposited on foliage from a contamination plume that passed the agriculture field.
The potential contamination mechanism caused by root uptake of radionuclides deposited on
surface soil would be much less because (1) it takes time for radionuclides to infiltrate to deeper
soil, and the plants would be harvested or consumed before that occurs; and (2) the radionuclide
concentration in the root zone would be greatly diluted by the bulk volume of soil. Although the
root uptake mechanism would not contribute significantly to plant contamination during the

plume phase, it was included in the modeling for completeness.

For the early phase of response (Subgroup 2), modeling of plant concentration was
performed by using the FRMAC methodology (Rhodes et al. 2003). The crops considered for
human consumption were leafy vegetables that were assumed to have a growing period of 0.2
year and a productivity of 2 kg/m2. Both are RESRAD default values (Yu et al. 2001). The
radionuclide concentrations that were intercepted and retained on the foliage of crops during the
plume phase were assumed to be 20% of those deposited on surface soil. This 20% value is the
default used by FRMAC (Rhodes et al. 2003). The animal product considered for human
consumption was milk. Contamination of meat products was not considered because it was not
included in the FRMAC methodology. The growing period of fodder grazed by milk cows was
assumed to be 0.08 year and the productivity to be 0.7 kg/m2. Both are RESRAD default values
(Yu et al. 2001). The radionuclide concentrations directly deposited on the fodder were 50% of
those deposited on surface soil, which was the default value used by FRMAC (Rhodes et al.
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2003), and all fodder consumed by milk cows was assumed contaminated. The root uptake
transfer factors and food-to-milk transfer factors used in the modeling were the default values
used by FRMAC (Rhodes et al. 2003), and these are listed in Table 10.6. Note that the plant/soil
transfer factors for root uptake used by FRMAC are taken from the RESRAD database (Yu et al.
2001).

Table 10.7 lists the calculated food-to-soil concentration ratios and soil operational
guidelines corresponding to the PVs listed in Table 10.5. The calculated milk concentration was
converted from pCi/L to pCi/kg by using an assumed milk density of 1 kg/L. For the plant
concentration, washing or rinsing vegetables to remove radionuclides deposited on leaves was
not considered. For each radionuclide, two operational guidelines were calculated on the basis of
crop and milk consumption. The more conservative value from these two (the smaller one) was
selected for use in the early response phase after an RDD event. For all radionuclides except
Cs-137, the final operational guidelines were derived on the basis of leafy vegetable
consumption. For Cs-137, the final operational guideline was derived on the basis of milk

consumption because of the large fodder-to-milk transfer factor (0.0079 d/L) for Cs.

TABLE 10.6 Transfer Factors Used by the FRMAC and RESRAD Methodologies

FRMAC Methodology RESRAD Methodology
Plant/Soil Plant/Soil Meat
Transfer Factor ~ Milk Transfer Transfer Factor Transfer Milk Transfer
Radionuclide for Root Uptake  Factor (d/L) for Root Uptake  Factor (d/’kg)  Factor (d/L)
Am-241 1.0E-03 1.5E-06 1.0E-03 5.0E-05 2.0E-06
Cf-252 1.0E-03 2.0E-06 1.0E-03 6.0E-05 7.5E-07
Cm-244 1.0E-03 2.0E-06 1.0E-03 2.0E-05 2.0E-06
Co-60 8.0E-02 2.0E-03 8.0E-02 2.0E-02 2.0E-03
Cs-137 4.0E-02 7.9E-03 4.0E-02 3.0E-02 8.0E-03
Ir-192 3.0E-02 2.0E-06 3.0E-02 2.0E-03 2.0E-06
Po-210 1.0E-03 3.4E-04 1.0E-03 5.0E-03 3.4E-04
Pu-238 1.0E-03 1.1E-06 1.0E-03 1.0E-04 1.0E-06
Pu-239 1.0E-03 1.1E-06 1.0E-03 1.0E-04 1.0E-06
Ra-226 4.0E-02 1.3E-03 4.0E-02 1.0E-03 1.0E-03

Sr-90 3.0E-01 2.8E-03 3.0E-01 8.0E-03 2.0E-03
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TABLE 10.7 Subgroup 2 Soil Operational Guidelines for the Early Phase
of Response after an RDD Incident

Operational Guideline for

Food/Soil Concentration Individual Food Category Final Soil

Ratio [(pCi/kg)/(pCi/m?)] (pCi/m?) Operational
Guideline
Radionuclide  Vegetable Milk Vegetable Milk (pCi/m?)
Am-241 1.00E-01 5.36E-05 1.30E+03 2.42E+06 1.30E+03
Cf-252 9.99E-02 7.13E-05 9.73E+02 1.36E+06 9.73E+02
Cm-244 1.00E-01 7.14E-05 1.84E+03 2.57E+06 1.84E+03
Co-60 1.00E-01 7.14E-02 2.00E+05 2.80E+05 2.00E+05
Cs-137 1.00E-01 2.82E-01 3.78E+05 1.34E+05 1.34E+05
Ir-192 9.91E-02 7.01E-05 7.63E+05 1.08E+09 7.63E+05
Po-210 9.95E-02 1.20E-02 4.07E+02 3.37E+03 4.07E+02
Pu-238 1.00E-01 3.93E-05 1.59E+03 4.06E+06 1.59E+03
Pu-239 1.00E-01 3.93E-05 1.46E+03 3.71E+06 1.46E+03
Ra-226 1.00E-01 4.64E-02 5.40E+02 1.16E+03 5.40E+02
Sr-90 1.00E-01 1.00E-01 2.97E+04 2.97E+04 2.97E+04

10.4 SUBGROUP 3 SOIL OPERATIONAL GUIDELINES
FOR THE INTERMEDIATE PHASE

Subgroup 3 operational guidelines were intended for use in the intermediate phase of
response after an RDD event. They consider crops or fodders that grow after the passage of the
contamination plume. Plants become contaminated as a result of foliage deposition of airborne
radionuclides that originate from the ground surface through resuspension. In addition to foliage
deposition, radionuclides that infiltrate from the ground surface to deeper soils could also be
taken up by root systems and transferred to plant tissues. Modeling of plant concentrations was
performed by using the RESRAD methodology (Yu et al. 2001), because the consideration of
direct plume deposition by the FRMAC methodology does not apply to the plants grown after
the plume phase.

Two types of crops were modeled: (1) leafy vegetables and (2) grain and nonleafy
vegetables. For animal products, meat and milk produced by livestock feeding on fodders grown
after the plume phase were considered. The Subgroup 3 soil operational guidelines were derived
in terms of the concentrations of radionuclide deposited surface soil that would result in the
production of crops or animal products with contamination levels equivalent to the PVs

(i.e., Subgroup 1 operational guidelines). In the modeling, average soil and air concentrations
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over the growing periods of vegetables and fodders were used to calculate the respective plant
concentrations. The use of average plant concentrations accounts for the decrease with time due
to radiological decay and weathering. The methodology for calculating the average soil and air
concentrations is consistent with that used in the operational guidelines for Groups C—E, which
is documented in the previous RDD report entitled “RDD Operational Guidelines Methodology:

Conceptual Model and Sensitive Parameters.”
The other assumptions used in the modeling include the following:

1. The growing period for leafy vegetables is 0.25 year, 0.17 year for grain and
nonleafy vegetables, and 0.08 year for fodder.

2. The ingestion rate of fodder by meat cows is 68 kg/d and 55 kg/d by milk

COWS.
3. The ingestion rate of soil by meat and milk cows is 0.5 kg/d.

4. The storage times for grain and nonleafy vegetables, leafy vegetables, meat,

and milk are 14, 1, 20, and 1 day, respectively.
5. The depth of soil mixing layer is the plow depth of 0.15 m.
6. The depth of roots is the same as the plow depth, 0.15 m.
7. The soil density is 1.5 g/cm3.

The root uptake transfer factors and fodder-to-meat and -milk transfer factors are listed in
Table 10.6. Except for the depth of roots, all parameter values used in the modeling are
RESRAD default values. The depth of roots is taken from FRMAC (Rhodes et al. 2003).

Table 10.8 lists the Subgroup 3 soil operational guidelines for different food categories.
The food category that resulted in the minimum soil concentration was selected to be the final
soil guideline value. For most of the radionuclides, except for Co-60, Cs-137, and Po-210, the
final guidelines were determined by consumption of leafy vegetables. For Co-60, Cs-137, and

Po-210, the final guidelines were determined by consumption of meat products.



TABLE 10.8 Subgroup 3 Soil Operational Guidelines for the Intermediate Phase of Response after an RDD Incident

Food/Soil Concentration Ratio

Soil Operational Guideline for Individual Food

[(pCi/kg)/(pCi/m?)] Category (pCi/m?) Final Soil
Operational

Nonleafy Leafy Nonleafy Leafy Guideline

Radionuclide Vegetable Vegetable Meat Milk Vegetable  Vegetable Meat Milk (pCi/m?2)
Am-241 8.84E-06  2.00E-05 2.70E-07  9.59E-09 1.47E+07  6.49E+06 4.79E+08 1.35E+10 6.49E+06
Cf-252 8.62E-06  1.96E-05 3.18E-07 3.57E-09 1.13E+07  4.95E+06 3.06E+08 2.72E+10 4.95E+06
Cm-244 8.81E-06  1.99E-05 1.08E-07 9.58E-09 2.08E+07 9.21E+06 1.70E+09 1.92E+10 9.21E+06
Co-60 3.48E-04  3.56E-04 5.75E-04 4.76E-05 5.74E+07 5.61E+07 3.48E+07 4.20E+08 3.48E+07
Cs-137 1.79E-04  1.88E-04 5.12E-04 1.14E-04 2.12E+08  2.01E+08 7.39E+07 3.32E+08 7.39E+07
Ir-192 9.10E-05  1.00E-04 2.09E-05 2.08E-08 831E+08  7.53E+08 3.62E+09 3.63E+12 7.53E+08
Po-210 7.44E-06  1.79E-05 2.33E-05 1.54E-06 5.44E+06  2.26E+06 1.74E+06 2.63E+07 1.74E+06
Pu-238 8.83E-06  2.00E-05 5.41E-07 4.80E-09 1.80E+07  7.98E+06 2.95E+08 3.32E+10 7.98E+06
Pu-239 8.84E-06  2.00E-05 5.41E-07 4.80E-09 1.65E+07  7.30E+06 2.69E+08 3.04E+10 7.30E+06
Ra-226 1.79E-04  1.89E-04 1.71E-05 1.42E-05 3.02E+05  2.86E+05 3.16E+06 3.79E+06 2.86E+05
Sr-90 1.31E-03  1.31E-03 7.58E-04 1.54E-04 227E+06  2.27E+06  3.92E+06 1.92E+07 2.27E+06

cr-o1
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10.5 SUBGROUP 4 SOIL OPERATIONAL GUIDELINES
FOR THE INTERMEDIATE-TO-LATE PHASE

Subgroup 4 soil operational guidelines were developed on the basis of a PAG of
500 mrem/yr, rather than the PVs of Subgroup 1. They can be used for estimating the potential
radiation doses that correspond to the Subgroup 3 soil operational guidelines and are intended for
use during the intermediate-to-late phases of response after an RDD event. Like Subgroup 3
operational guidelines, they consider crops or fodders that grow in a contaminated area after an
RDD event. The methodology used to calculate the concentrations in crops and fodder was
consistent with that used in Subgroup 3, except that the soil and air concentrations were
corrected for weathering and radiological decay for a 1-year period. This was done to calculate
the average concentrations in food products that were assumed to be produced continuously
throughout a year for consumption. The total radioactivity ingested within a year was calculated
by multiplying the average concentrations in food products by the annual consumption rate of the
products. The annual ingestion of radioactivity was then converted to annual dose with the use of

dose conversion factors.

An average adult was considered as the general receptor and was assumed to ingest
160 kg/yr of grain and nonleafy vegetables, 14 kg/yr of leafy vegetables, 92 L/yr of milk, and
63 kg/yr of meat. Among all food ingested, 30% was assumed to be contaminated, which was
also the assumption used by the FDA when deriving the DILs. These consumption rates are
consistent with RESRAD default values. Dose conversion factors were obtained from
EPA Federal Guidance Report No. 11 (EPA 1988). The derived soil operational guidelines for
different food categories for Subgroup 4 are listed in Table 10.9. They are the surface soil
concentrations that would produce contaminated crops and animal products through uptake
pathways that, after consumption, individually would result in a radiation dose of 500 mrem/yr
(CEDE).

The final soil operational guidelines were obtained by considering consumption of all the
different types of food are produced from the same contaminated area. In reality, because of the
limitation in size or location of the contaminated area, the agricultural activities may be limited
to produce only a certain type, or types, of food. In that case, the final soil operational guidelines
can be increased to reflect the real situations. The last column of Table 10.9 shows the soil

operational guidelines that pertain to consumption of only leafy and nonleafy vegetables.



TABLE 10.9 Subgroup 4 Soil Operational Guidelines for the Intermediate-to-Late Phase of Response after an RDD Incident

Annual Dose/Soil Concentration Ratio Soil Operational Guidelines for Individual Food Final Soil
([mrem/yr)/(pCi/m?]) Category (pCi/m?) Operational Soil Operational
Guideline Guideline (leafy
(all foods and nonleafy
Nonleafy Leafy Nonleafy Leafy combined) vegetables
Radionuclides  Vegetable Vegetable Meat Milk Vegetable Vegetable Meat Milk (pCi/m?) combined) (pCi/m?)
Am-241 8.77E-07  1.35E-07 9.08E-09 5.06E-10 5.70E+08 3.71E+09 5.51E+10 9.88E+11 4.90E+08 4.94E+08
Cf-252 2.32E-07 3.71E-08 2.85E-09 5.03E-11 2.16E+09 1.35E+10 1.75E+11 9.94E+12 1.84E+09 1.86E+09
Cm-244 8.15E-07  7.40E-08 1.98E-09 2.76E-10 6.13E+08  6.75E+09 2.53E+11 1.81E+12 5.61E+08 5.62E+08
Co-60 3.89E-07 3.46E-08 2.30E-07 2.79E-08 1.28E+09 1.44E+10 2.17E+09 1.79E+10 7.33E+08 1.18E+09
Cs-137 3.84E-07 3.44E-08 3.73E-07 1.22E-07 1.30E+09 1.45E+10 1.34E+09 4.11E+09 5.48E+08 1.20E+09
Ir-192 8.85E-09  9.40E-10 5.95E-10 8.73E-13 5.65E+10 5.32E+11 840E+11 5.73E+14  4.82E+10 5.11E+10
Po-210 2.32E-07 4.67E-08 2.23E-07 2.29E-08 2.15E+09 1.07E+10 2.24E+09 2.18E+10 9.52E+08 1.79E+09
Pu-238 7.69E-07  1.18E-07 1.59E-08 2.22E-10 6.50E+08 4.23E+09 3.14E+10 2.25E+12 5.54E+08 5.64E+08
Pu-239 8.53E-07  1.31E-07 1.77E-08 2.46E-10 5.86E+08 3.81E+09 2.83E+10 2.03E+12  4.99E+08 5.08E+08
Ra-226 1.03E-05  9.25E-07 3.34E-07 4.09E-07 4.84E+07 5.41E+08 1.50E+09 1.22E+09  4.17E+07 4.44E+07
Sr-90 8.76E-06  7.69E-07 1.93E-06 5.73E-07 5.71E+07  6.50E+08 2.59E+08 8.73E+08 4.16E+07 5.25E+07

rI-01
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APPENDIX 10.A:
COMPARISON OF OPERATIONAL GUIDELINES FOR GROUP G

Comparisons of operational guidelines among the four subgroups are presented in this
appendix. Table 10.A.1 compares the intended applications and the methodology used in the

guideline derivation. Table 10.A.2 compares the parameter values used in the derivation.



TABLE 10.A.1 Comparison of Intended Uses and Derivation of Operational Guidelines for Subgroups 14

Parameters Subgroup 1 Subgroup 2 Subgroup 3 Subgroup 4
Expression In terms of limiting concentrations  In terms of limiting concentrations in In terms of limiting concentrations in  In terms of limiting concentrations
form in food (pCi/kg) surface soil (pCi/m?2) surface soil (pCi/m?2) in surface soil (pCi/m?2)

PAG 5,000 mrem/yr committed dose Not required — use PVs (operational Not required — use PVs (operational 500 mrem/yr CEDE
equivalent to an individual organ or  guidelines for Subgroup 1) as target guidelines for Subgroup 1) as target
500 mrem/yr CEDE food concentrations food concentrations
Intended uses For placing embargo and For placing embargo and consumption  For placing land use restriction for For (1) evaluating potential radiation
consumption restriction on plant restriction on plant food or animal agricultural activities after an RDD doses corresponding to Subgroup 3
food or animal products that are products that are exposed during an event operational guidelines, and (2)
exposed during an RDD event RDD event placing land use restriction for
agricultural activities after an RDD
event
When to apply  In the early phase of response In the early phase of response In the intermediate phase of response  In the intermediate-to-late phase of
response
How to apply Compare with measured Compare with measured Compare with measured Compare with measured
concentrations taken from food that  concentrations taken from surface soil ~ concentrations taken from surface concentrations taken from surface
was exposed during an RDD event  in which plant foods/fodder were soil in the contaminated area soil in the contaminated area
growing during an RDD event
Methodology Based on FDA methodology for Used FRMAC methodology to relate Used RESRAD model to relate Used RESRAD model to relate the
deriving DILs, but with updated concentrations in plant food/milk to concentrations in plant potential annual ingestion dose to
dose coefficients the deposited surface soil food/meat/milk to the residual the residual surface soil concentra-
concentration during the plume phase surface soil concentration; soil and tion, through the calculation of
air concentrations were corrected for  average concentrations in plant
weathering and radiological decay food/meat/milk; soil and air
during the growing period concentrations were corrected for
weathering and radiological decay
for 1-year period
Specific Different age groups and the Foliar deposition results from a Foliar deposition results from Same as Subgroup 3
consideration/  respective dose coefficients passing plume airborne contaminants that originate
comments from ground surface due to

resuspension

Py ol



TABLE 10.A.2 Comparison of Parameter Values Used in the Derivation of Operational Guidelines for Subgroups 14

Parameters

Subgroup 1

Subgroup 2

Subgroup 3

Subgroup 4

Contaminated food
types

Contaminated soil

Dietary intake of human

Dietary intake of
livestock

Contaminated fraction
of human food

Contaminated fraction
of animal fodder

Food growing period

Crop productivity

Storage time

All food types, including
water

NRa

Age-dependent:
3-month — 418 kg;

1-yr — 506 kg;
5-yr— 660 kg;
10-yr — 779 kg;
15-yr — 869 kg;
adult — 943 kg.
NR

0.3

NR

NR

NR

NR

Leafy vegetables and milk
Mixing depth — 15 cm;
soil density — 1.5 g/cm?

NR

Milk cow — 50 kg/d fodder

NR

Leafy vegetables — 0.25 yr;
fodder — 0.08 yr

Leafy vegetables — 2 kg/m2;
fodder — 0.7 kg/m2

Leafy vegetables — 1 d; fodder — 0 d;
and milk -2 d

Grain and nonleafy vegetables, leafy
vegetables, meat, and milk

Same as Subgroup 2

NR

Meat cows — 68 kg/d fodder and
0.5 kg/d soil; milk cows — 55 kg/d
fodder and 0.5 kg/d soil

NR

Grain and nonleafy vegetables —
0.17 yr; leafy vegetables — 0.25 yr;
fodder — 0.08 yr

Grain and nonleafy vegetables —
0.7 kg/m2; leafy vegetables —
1.5 kg/m2; fodder — 1.1 kg/m2

Grain and nonleafy vegetables — 14 d;
leafy vegetables — 1 d; fodder — 0 d;
meat —20 d; milk — 1 d

Grain and nonleafy vegetables, leafy
vegetables, meat, and milk

Same as Subgroup 2
Adult — 160 kg/yr of grain and
nonleafy vegetables; 14 kg/yr of

leafy vegetables; 93 L/yr of milk;
and 63 kg/yr of meat

Meat cows — 68 kg/d fodder and
0.5 kg/d soil; milk cows — 55 kg/d
fodder and 0.5 kg/d soil

0.3

Same as Subgroup 3

Same as Subgroup 3

Same as Subgroup 3

Vol



TABLE 10.A.2 (Cont.)

Parameters

Subgroup 1

Subgroup 2

Subgroup 3

Subgroup 4

Transfer factors

Deposition velocity

Weathering removal
constant

Foliage to food transfer
factor

Fraction of the initially
retained deposition at
harvest

Fraction of deposition
initially retained

NR

NR

NR

NR

NR

NR

Root uptake transfer factors and
milk transfer factors are listed in
Table 10.6

NR

NR

0.2 for crops, 0.5 for fodder

Root uptake transfer factors and meat
and milk transfer factors are listed in
Table 10.6; root uptake transfer factors
are the same as Subgroup 2; milk
transfer factors are slightly different
from Subgroup 2

0.001 m/s

20 yr'! for plants

Nonleafy — 0.1; leafy — 1; fodder — 1

0.25

Same as Subgroup 3

0.001 m/s

20 yr'! for plants

Nonleafy — 0.1; leafy — 1; fodder — 1

0.25

2 NR indicates the information is not required.

9-Vor
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11 ADDITIONAL EXPOSURE SCENARIOS AND OPERATIONAL GUIDELINES

During the development of RDD operational guidelines for Groups A through G, some
additional exposure scenarios were analyzed and the corresponding operational guidelines were
derived. These potential exposure scenarios included flushing contaminated streets, cleaning
contaminated vehicles, and releasing contaminated vehicles. These scenarios are discussed in

this chapter; however, they are not included in the companion software described in Chapter 12.

11.1 STREET FLUSHING

11.1.1 Introduction

Potential radiation exposures resulting from flushing radionuclides off a contaminated
street after an RDD event were analyzed by considering three destinations for the flushed
radionuclides. The first destination is a publicly owned treatment works (POTW). The
radionuclides and contaminated dust particles were assumed to be carried by the flushing water,
enter the underground sewage lines, and then travel to a POTW where wastewater is collected
and treated. The second destination is a surface water body. Rather than entering a sewage line,
the radionuclides were assumed to infiltrate or run off to a stormwater collecting system and be
discharged to a stream, lake, or river. The last destination is a detention pond. The radionuclides
were assumed to be carried by the flushing water that runs to a nearby stormwater detention pond
and to settle at the bottom of the detention pond by being adsorbed into the surface soils.
Potential exposure scenarios associated with each destination were developed, and radiation

doses were analyzed.

11.1.2 Scenario Descriptions

11.1.2.1 POTW Destination

For simplicity and conservativeness, radionuclides that are flushed to a POTW were

assumed to concentrate in the sludge that is generated from wastewater treatment. Potential
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radiation exposures would result from handling and using the sludge material. Seven exposure
scenarios (for seven receptors) were considered. These scenarios were taken from the dose
assessment report prepared by the Interagency Steering Committee on Radiation Standards
(ISCORS) Sewage Sludge Committee (ISCORS 2005). The seven scenarios are as follows :

1. On-site residents — residents of houses built on agricultural fields formerly

applied with sludge;

2. Recreational users — users of a park where sludge has been used for land

reclamation;

3. Nearby town residents — residents of a town near fields on which sludge has

been applied;

4. Landfill neighbors — neighbors of a landfill that contains sludge and/or ash;

5. Incinerator neighbors — neighbors of a sludge incinerator;

6. Sludge application workers — agricultural workers who operate equipment to

apply sludge to agricultural lands; and

7. POTW workers — workers at a POTW involved in sampling, transport, and

biosolids loading operations.

The exposure pathways considered were external radiation; inhalation of dust particles
and radon; and ingestion of plant food, meat, milk, aquatic food, soil, and water. Table 11.1 lists

the pathways considered for each scenario.

11.1.2.2 Surface Water Destination

When flushing water runs off or infiltrates a stormwater collecting system, it is most
likely to be discharged to a surface water body, such as a stream, lake, or river. Potential
radiation exposures could result from using the surface water body for recreational purposes,

such as swimming, fishing, and boating.



TABLE 11.1 Exposure Pathways Considered for Various Sewage Sludge Exposure Receptors/Scenarios?

Exposure Pathways

Inhalation Ingestion

Sewage Sludge Exposure  External of Dust of Plant Ingestion Ingestion Ingestion Ingestion Ingestion Inhalation

Receptors/Scenarios Radiation  Particles Foods of Meat  of Milk of Fish of Soil of Water of Radon
On-site resident X X X X X X X X X
Recreational user X X X X X X X
Nearby town resident X X X X X X X X
Landfill neighbor X X X X X X X X X
Incinerator neighbor X X X X X X X
Sludge application worker X X X
POTW worker X X X

2 Note: An “x” indicates that the exposure pathway was considered.

&Il
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Upon entering the surface water body, concentrations of radionuclides would be greatly
diluted. Because the flushing activity is a one-time event and would not last long (ranging from a

few hours to a few days), the contamination of surface water is expected to be temporary.

Further dilution would occur between the stormwater discharge point and the location
where potential exposures could occur. Therefore, the surface water concentrations at the
exposure location are expected to be very small. The resulting radiation exposures would be
much smaller than those associated with a POTW or detention pond destination, where
radionuclides are collected and concentrated in a finite volume and the exposure duration of

potential receptors is longer.

Based on the above discussion, dose analyses were not conducted for the surface water

body destination.

11.1.2.3 Detention Pond Destination

When a stormwater detention pond is located near a radioactively contaminated street,
radionuclides flushed off of the street could flow to the detention pond with runoff water. They
could settle and adsorb to soil at the bottom of the pond and form a secondary contamination
area. Potential human radiation exposures could occur if the detention pond is also used for
recreational or sporting activities after water drains out. Radiation exposures could occur through

external radiation, inhalation of dust particles, and ingestion of soil.

11.1.3 Main Assumptions and Parameters

11.1.3.1 POTW Destination

Potential radiation doses for the sewage sludge exposure scenarios were obtained by
scaling the dose results either presented in the ISCORS report or calculated using the ISCORS
assumptions with the amount of sludge material generated each day at a POTW and the amount
of radioactivity flushed from the street. The dose results presented in the ISCORS report
(ISCORS 2005, Chapter 6) or calculated with the ISCORS assumptions were 95th-percentile

values from the distribution of the peak doses within a timeframe of 1,000 years. The
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distributions of the peak doses were obtained by conducting probabilistic analyses using the
RESRAD family of codes. The 95th-percentile values were selected as conservative measures
for the potential exposures.

The daily amount of sludge generated by a POTW was developed based on information
for a medium-sized POTW, which has a daily wastewater treatment rate of 13 million gallons.
The amount of sludge generated each day was estimated to be about 43,500 kg. The area of the
contaminated street was assumed to be 4,000 m2 (200 m x 20 m). Additional assumptions
include (1) 100% flushing efficiency, whereby all radionuclides are flushed off the street; and
(2) 100% collection of radionuclides at the POTW.

11.1.3.2 Detention Pond Destination

Table 11.2 lists the parameter values used by RESRAD in dose calculations. Soil
concentrations were calculated based on the assumptions that (1) 100% of the radionuclides
flushed off the contaminated street flow to the detention pond; (2) after getting to the detention
pond, 90% of the radionuclides drain out with water to a stormwater collecting system; (3) the
remaining radionuclides settle at the bottom of the detention pond covering an area of 2,500 m?;
and (4) radionuclides concentrate on the top 1 cm of soil. The soil concentration would depend
on the size of the contaminated area and contamination thickness. When the contamination
thickness is fixed, a larger area would result in a lower concentration. An area of 2,500 m?2 was
selected as a realistic, conservative assumption. The selection of a 1-cm thickness reflects the
fact that the accumulation of water in the detention pond would result in infiltration of water and

radionuclides to deeper soils.

11.1.4 Results

11.1.4.1 POTW Destination

Dose results for the various sewage sludge scenarios are listed in Table 11.3. They were
obtained by assuming a unit surface concentration of 1 pCi/m? for the contaminated street. For
Am-241, Cf-252, Cm-244, Pu-238, and Pu-239, the on-site resident scenario has the highest
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TABLE 11.2 RESRAD Input Parameters for the Detention Pond Scenario

Parameter Value Comment
Area of contamination (m?) 2,500 A realistic conservative assumption
Thickness of contaminated zone (m) 0.01 Radionuclides concentrate on the surface at the beginning
Concentration of radionuclides (pCi/g) 1.07E-05 Calculated assuming 4,000 pCi (4,000 m? x 1 pCi/m?) of

radioactivity is flushed off, 10% is detained, and the
secondary source has the above area and thickness

Density of contaminated zone (g/cm?) 1.5 RESRAD default

Contaminated zone total porosity 0.4 RESRAD default

Contaminated zone hydraulic conductivity (m/yr) 10 RESRAD default

Contaminated zone b parameter 3 RESRAD default

Runoff coefficient 0 Water would only go down to deeper soils

Erosion rate (m/yr) 0 Erosion prevented by grass cover

Evapotranspiration coefficient 0.5 RESRAD default

Wind speed (m/s) 2 RESRAD default

Irrigation rate (m/yr) 0 No irrigation.

Precipitation rate (m/yr) 1 RESRAD default

Mass loading for inhalation (g/m?) 2.45E-05 Mean of the NUREG/CR-6697 distribution

Inhalation rate (m?) 12,264  Values for light industrial workers recommended by the
EPA

Time fraction spent outdoors on-site 0.0285  Corresponds to 1 h/d and 250 d/yr

Time fraction spent indoors on-site 0 No indoor time

Soil ingestion rate (g/yr) 55 Gives a daily ingestion rate of 6.25 mg/d (1/8 of 50 mg/d,

the EPA value for industrial workers)
Depth of soil mixing layer (m) 0.01 Surface covered with grass and no plowing activity

Radionuclide distribution coefficients, Kd (cm?/g)

Ac-227 20 RESRAD default
Am-241 1,378  RESRAD default
Cf-252 1,380  RESRAD default
Cm-244 1,378  RESRAD default
Cm-248 1,378  RESRAD default
Co-60 1,000  RESRAD default
Cs-137 1,000  RESRAD default
Ir-192 10 RESRAD default
Np-237 257 RESRAD default
Pa-231 50 RESRAD default
Pb-210 100 RESRAD default
Po-210 10 RESRAD default
Pu-238 2,000  RESRAD default
Pu-239 2,000  RESRAD default
Pu-240 2,000 RESRAD default
Pu-244 2,000  RESRAD default
Ra-226 70 RESRAD default

Ra-228 70 RESRAD default
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TABLE 11.2 (Cont.)

Parameter Value Comment
Sr-90 30 RESRAD default
Th-228 60,000 RESRAD default
Th-229 60,000 RESRAD default
Th-230 60,000 RESRAD default
Th-232 60,000 RESRAD default
U-233 50 RESRAD default
U-234 50 RESRAD default
U-235 50 RESRAD default
U-236 50 RESRAD default

TABLE 11.3 DSRs (mrem/yr per pCi/m2) Associated with Various Sewage Sludge Exposure
Scenarios Resulting from Flushing a Contaminated Street with an Area of 4,000 m2

Exposure Scenarios

Nearby Sludge
On-Site Recreational  Town Landfill Incinerator Application POTW  Maximum
Radionuclide Resident User Resident Neighbor  Neighbor Worker Worker Values

Am-241 1.41E-08  1.84E-10  4.15E-11 2.53E-10 6.72E-07 4.35E-09 4.75E-09 6.72E-07
Cf-252 445E-09  4.28E-11 1.07E-11 1.38E-20 2.05E-07 1.29E-09 1.38E-09 2.05E-07
Cm-244 7.23E-09  7.76E-11  2.21E-11 1.03E-15 3.62E-07 2.30E-09 2.45E-09 3.62E-07
Co-60 3.99E-07 1.11E-08  1.34E-13 2.01E-35 2.23E-09 9.71E-08  1.42E-07 3.99E-07
Cs-137 1.33E-07 2.89E-09 4.21E-13 1.88E-15 3.37E-09 2.21E-08 2.95E-08 1.33E-07
Ir-192 3.47E-08  1.02E-09  2.36E-15 0.00E+00 2.16E-11 8.60E-09 1.11E-08 3.47E-08
Po-210 6.03E-08  4.20E-10  9.52E-13 0.00E+00 1.38E-08 4.09E-11 8.80E-12  6.03E-08
Pu-238 1.21E-08  1.30E-10  3.56E-11 3.47E-12 5.92E-07 3.69E-09 3.64E-09 5.92E-07
Pu-239 1.33E-08  1.47E-10  3.89E-11 3.80E-10 6.51E-07 4.09E-09 4.81E-09 6.51E-07
Ra-226 1.91E-06  8.82E-09  1.17E-09 1.33E-08 1.68E-08 7.29E-08 5.46E-07 1.91E-06
Sr-90 3.18E-07  1.47E-09  5.67E-13 2.08E-16  3.74E-08 1.64E-10 2.12E-10  3.18E-07

doses of all the scenarios. For Co-60, Cs-137, Ir-192, Po-210, and Sr-90, the incinerator scenario
has the highest doses. For Ra-226, the POTW biosolid loading worker has the highest dose.
11.1.4.2 Detention Pond Destination

Table 11.4 lists the dose results calculated using the contaminated detention pond. The

flushed street area was assumed to be 4,000 m2, with a surface contamination level of 1 pCi/m2.
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TABLE 11.4 DSRs (mrem/yr per pCi/m2) for the
Detention Pond User Scenario Resulting from Flushing
a Contaminated Street with an Area of 4,000 m?2

Radionuclide External Inhalation Soil Ingestion Total

Am-241 2.95E-09  2.95E-09 3.02E-08 3.61E-08
Cf-252 3.16E-11 1.85E-09 1.59E-08 1.78E-08
Cm-244 3.62E-11 3.26E-09 3.32E-08 3.65E-08
Co-60 6.22E-07 2.74E-12 4.20E-10 6.22E-07
Cs-137 1.56E-07 4.21E-13 8.23E-10 1.57E-07
Ir-192 3.53E-08 5.72E-14 1.45E-11 3.53E-08
Po-210 4.64E-13  2.49E-11 6.28E-09 6.30E-09
Pu-238 3.54E-11 5.26E-09 5.35E-08 5.88E-08
Pu-239 2.85E-11  5.77E-09 5.94E-08 6.52E-08
Ra-226 3.83E-07 9.55E-11 1.91E-08 4.02E-07
Sr-90 8.74E-10 1.07E-11 1.55E-09 2.44E-09

Except for Co-60, Cs-137, Ir-192, and Ra-226, radiation exposures mainly occur from the
incidental ingestion of soil. For Co-60, Cs-137, Ir-192, and Ra-226, radiation exposures mainly

result from external radiation.

11.1.5 Conclusions

Potential radiation exposures resulting from flushing a contaminated street after an RDD
event were analyzed by considering the potential destinations of radionuclides and the various
exposure scenarios pertaining to the destinations. The largest dose results among the various
exposure scenarios should be selected for deriving screening criteria (operational guidelines).
Table 11.5 lists the calculated DSRs from flushing a contaminated street of 4,000 m2. To obtain
dose estimates for an actual RDD event, the results should be multiplied by the actual measured
concentrations for the contaminated street. Table 11.5 also lists the derived operational

guidelines for a contaminated street on the basis of 100 mrem/yr.

Three key assumptions are tied to the development of the operational guidelines listed in
Table 11.5. They are (1) the contaminated street area is 4,000 m2, (2) the flushing efficiency is
100%, and (3) all flushed radionuclides can be carried by water to either a POTW or a detention
pond. Most likely, these assumptions would ensure that the radiation doses estimated for each

destination scenario are conservative, thereby yielding conservative operational guidelines;
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TABLE 11.5 Summary of DSRs and Operational Guidelines
for Street Flushing Scenario

DSR
(mrem/yr per pCi/m?) Operational
DSR for Screening Guidelines
Radionuclide POTW  Detention Pond (mrem/yr per pCi/m?)  (pCi/m?)?

Am-241 6.72E-07 3.61E-08 6.72E-07 1.49E+08
Cf-252 2.05E-07 1.78E-08 2.05E-07 4.88E+08
Cm-244 3.62E-07 3.65E-08 3.62E-07 2.76E+08
Co-60 3.99E-07 6.22E-07 6.22E-07 1.61E+08
Cs-137 1.33E-07 1.57E-07 1.57E-07 6.37E+08
Ir-192 3.47E-08 3.53E-08 3.53E-08 2.83E+09
Po-210 6.03E-08 6.30E-09 6.03E-08 1.66E+09
Pu-238 5.92E-07 5.88E-08 5.92E-07 1.69E+08
Pu-239 6.51E-07 6.52E-08 6.51E-07 1.53E+08
Ra-226 1.91E-06 4.43E-06 4.43E-06 2.26E+07
Sr-90 3.18E-07 2.44E-09 3.18E-07 3.15E+08

2 Based on 100 mrem/yr.

however, if the real situations are quite different from the assumptions, the operational guidelines
should be adjusted. For a contaminated street with a different area, the operational guidelines
should be adjusted linearly with the ratio of 4,000 m2 to the area. For a flushing efficiency
smaller than 100%, the operational guidelines should be adjusted linearly with the ratio of 100%
to the efficiency. The remaining radioactivity level on the street surface would need to be
compared with the operational guidelines developed for a street vendor scenario before the street
can be released for unrestricted use. If the final destination of the flushed radionuclides is known,
rather than using the operational guidelines listed in Table 11.5, the DSRs pertaining to the final
destination (also listed in Table 11.5) should be used to derive the guideline values. The DSRs of
the detention pond destination should be adjusted linearly with (1) the ratio of 2,500 m? to the
size of the detention pond, and (2) the fraction of the flushed radionuclides that would end up in
the detention pond. The DSRs of the POTW destination should be adjusted linearly with the

fraction of the flushed radionuclides that would end up in the detention pond.
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11.2 CLEANING CONTAMINATED VEHICLES

11.2.1 Introduction

Derivation of operational guidelines for washing contaminated vehicles is presented in
this chapter. Vehicles with an exterior surface contamination level less than the operational
guidelines can be washed with water to reduce the contamination level to meet the vehicle
release guidelines, because potential radiation exposures to the radionuclides removed by water
would not result in a dose greater than 100 mrem/yr to any receptor. If the exterior contamination
level is greater than the operational guidelines, the vehicles would need to be cleaned by a
different method, or if they are washed, the used water would need to be collected and treated

before the final disposal.

Assuming that the used water is not collected, a wide range of exposure to contaminants
removed by washing the exterior surfaces of a vehicle is possible. The exposures would depend
on the destinations of the contaminants, which can be identified by the destinations of the used
water. The water could carry contaminants to either an underground sewer line or stormwater
collecting system. If a detention pond was located nearby, they could be carried by water and
runoff to the detention pond. They could also adhere to the ground surface and become a
secondary contamination source. The destinations of the removed contaminants would depend on
where the vehicle is cleaned. Cleaning a vehicle can also involve vacuuming its interior surfaces.
After the interior is cleaned, the vacuum bag is assumed to be collected and sent to an approved
or appropriate facility for disposal so that radiation exposure to the removed contaminants is

controlled and limited.

Potential radiation exposures to contaminants removed by washing vehicles were
analyzed. The radiation doses were estimated for the various exposure scenarios considered
applicable to each contaminant destination. For some exposure scenarios that were analyzed
previously in deriving the operational guidelines for flushing contaminated streets, the dose
estimates were made on the basis of the previously calculated results. The amount of
contaminants that would be removed through washing was calculated by considering two types
of vehicles — a passenger bus and a midsized car, which were considered in deriving the
operational guidelines for vehicle release. The dimensions of the vehicles and the distributions of
contaminants inside and outside of the vehicles were also made consistent with those assumed in

the vehicle release analyses.



11-11

The vehicle cleaning analyses focused on potential exposures to the contaminants after
they were removed from the vehicles. Potential exposures associated with the cleaning activities
to remove contaminants were not analyzed for the following reasons: (1) the cleaning workers
would wear protective equipment or clothing to reduce potential radiation exposures, if
necessary, when cleaning the vehicle; and (2) the exposures of the cleaning workers can be

controlled and monitored by using dosimeters.

11.2.2 Main Assumptions and Parameters

11.2.2.1 Cleaning Locations

Considering the destinations of the washed-off contaminants, cleaning was assumed to

take place in one of the three following locations:

1. On a private driveway or along a street. The vehicle was parked on a
driveway of a suburban house or along a street in an urban area. Because the
ground surface is slightly sloped at the edge of a driveway or street, water
would flow toward the drainage hole and enter an underground stormwater or
sewage collecting system. If a detention pond was located near the street, the
water could flow to the detention pond. The ground area that the water flows
over would not be large. Secondary contamination of the ground surface
would be possible, as some contaminants may adsorb to the ground surface

and not travel with the water.

2. In alarge parking lot. The vehicle was parked in a parking lot that has a
capacity for a large number of vehicles. Because the ground surface of the
parking lot is flat, water could flow in different directions and spread over a
large area before entering a drainage system or reaching a nearby detention
pond. As a result, the secondary contamination, if formed, could cover a large

arca.

3. In a car washing facility. The vehicle was towed to a car washing facility
where it was washed and cleaned. The washing facility was designed to

control the drainage of water and to collect and discharge the water to a
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municipal sewer system. The control design prevents overflow of the water;

therefore, secondary contamination of the ground surface was negligible.

11.2.2.2 Cleaning Process
The following assumptions were made regarding the cleaning process:

* 100% of the contamination from both inside and outside of the vehicle was

removed.

* The vacuum bag that collected the dust particles from inside the vehicle was

sent to an approved or appropriate facility for disposal.

* 10% of the washed-off contaminants deposited and were retained on the
ground surface, when secondary contamination was considered. The rest
(90%) was carried by water and entered an underground stormwater or

sewage collecting system, or ran off to a nearby stormwater detention pond.

*  When the vehicle was cleaned in a washing facility, 100% of the washed-off

contaminants were carried by water to a sewage system.

«  The area of secondary contamination equaled 100 m? when the cleaning took
place on a driveway or along a street. The area of secondary contamination

was 1,000 m2 when the vehicle was cleaned in a large parking lot.

11.2.3 DSRs and Discussions

11.2.3.1 Landfill Destination

The vacuum bag that contained the contaminated dust particles collected from cleaning
the interior of the vehicle may be qualified for disposal in a municipal landfill. The qualification
implies that the radioactivity level contained in the bag would be below applicable standards for

landfill disposal. Otherwise, it would be sent to a disposal site designated for radioactive wastes
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and be handled by certified radiation workers. Potential receptors for the landfill destination
include the landfill disposal workers and residents living close to the landfill (landfill neighbors).
The volume of the vacuum bag was expected to be very small compared with the volume of the
waste materials that would be disposed of in the same disposal cell. The shielding provided by
the waste materials, the on-top capping, as well as the engineering liner was expected to
minimize release of contaminants to the surrounding environment, thereby reducing the potential

radiation exposures of the disposal workers and landfill neighbors.

According to previous assumptions regarding the distribution of contaminants, the total
radioactivity deposited inside the vehicle would be a small fraction of the total radioactivity
deposited outside the vehicle (3% vs. 97%). Furthermore, the exposure scenarios associated with
the removed outside contamination do not involve installing shielding materials to prevent the
contaminants from reaching the potential receptors (see discussions in following paragraphs); as
a result, radiation exposures for scenarios concerning removed outside contamination were

expected to be greater than for scenarios concerning removed inside contamination.

Based on the reasons given, potential exposures of the landfill workers and nearby

residents were not evaluated further.

11.2.3.2 POTW and Surface Water Body Destinations

The contaminants flushed off from outside the vehicle could be carried by water and
enter a sewer line or an underground stormwater collecting system. If collected by a stormwater
collecting system, they would be discharged to a surface water body. If the contaminants enter a
sewer line, they would be collected at a POTW and assumed to concentrate in the sludge
material generated from treating the wastewater. Potential radiation exposures could result from

handling and using the sludge material.

According to the previous analyses of radiation exposures from flushing a contaminated
street, radiation exposures associated with a surface water body destination would be much
smaller than the exposures associated with a POTW destination. Among the seven groups of
receptors analyzed for the POTW destination, the on-site residents (residents of houses built on
agricultural fields formerly applied with sludge) and the incinerator neighbors (neighbors of a
sludge incinerator) would receive higher exposures than the other five groups of receptors.

Therefore, this study considers only these two critical groups of receptors.
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Potential radiation doses resulting from flushing 1 pCi of radioactivity to a POTW are
listed in Table 11.6. The results were taken from the previous analyses of radiation exposures
from flushing a contaminated street. For each radionuclide, the listed value is the larger one of

the two critical scenarios.

11.2.3.3 Detention Pond Destination

Flushed contaminants that were carried by water and flowed to a detention pond could
settle and adsorb to soil at the bottom of the detention pond. Potential radiation exposures could
occur if the detention pond was also used for recreational or sporting activities after water drains
out. Potential radiation doses resulting from flushing 1 pCi of radioactivity to the detention pond
are also listed in Table 11.6. They were obtained from previous analyses of radiation exposures
from flushing a contaminated street. The exposures occurred through external radiation,

inhalation of dust particles, and ingestion of soil.

TABLE 11.6 DSRs (mrem/yr per pCi) for the POTW
and Detention Pond Destinations

POTW Destination Detention Pond
Destination

Radionuclide DSR Associated Scenario DSR

Am-241 1.68E-10 Incinerator neighbor 9.03E-12
Cf-252 5.13E-11 Incinerator neighbor 4.45E-12
Cm-244 9.05E-11 Incinerator neighbor 9.13E-12
Co-60 1.00E-10  On-site resident 1.56E-10
Cs-137 3.33E-11 On-site resident 3.93E-11
Ir-192 8.68E-12  On-site resident 8.83E-12
Po-210 1.51E-11 On-site resident 1.58E-12
Pu-238 1.48E-10 Incinerator neighbor 1.47E-11
Pu-239 1.63E-10 Incinerator neighbor 1.63E-11
Ra-226 4.77E-10  On-site resident 1.00E-10

Sr-90 7.95E-11 On-site resident 6.10E-13
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11.2.3.4 Ground Surface Destination

Secondary contamination would result when contaminants flushed off from the vehicle
adsorb to ground surface while traveling with water. To assess potential radiation exposures, the
area of the secondary source was assumed to be either 100 m?2 or 1,000 m2, depending on where
the washing activities were conducted. Radiation exposure was evaluated for a person who lives
or works close to the washing location (e.g., driveway, street, or parking lot) and has the
opportunity of getting close to the secondary contamination source. Potential exposure was

considered to result from direct external radiation and inhalation.

Dose conversion factors obtained from the RESRAD-BUILD computer code
(Yu et al. 2003) were used in dose calculations. It was assumed that the contamination was
uniformly distributed on the ground surface and that receptors would spend 500 hours in a year
close to the contaminated area. Because of contaminant absorption on the ground surface,
potential resuspension of the contaminants in the air was assumed to be slow and stable. The
initial resuspension factor of 1 x 10-6 m-! used in deriving operational guidelines for
Groups A—E was reduced by a factor of 10 to account for the slow release from a large area.
Because the contaminated area is also smaller (in this case, 100 m2 and 1,000 m2) compared with
the area assumed in Groups A—E analyses (10,000 m2), the resuspension factor was further
corrected by an area factor. The area factor was calculated using the RESRAD computer code
(Yu et al. 2001). A respirable fraction of 0.1 was assumed. The inhaled contaminated dust
particles that were greater than respirable size were assumed to reach the gastrointestinal tract
and result in ingestion doses. To consider the influence of radiological ingrowth and decay, the
radiation doses obtained with the initial ground-surface and air concentrations were multiplied by

an average decay factor over 1 year to get the final dose results.

Table 11.7 lists the parameters used in dose calculations for the secondary source with a
small and large area (100 m2 and 1000 m2). Tables 11.8 and 11.9 provide the DSRs
(mrem/yr per pCi).

11.2.4 Operational Guidelines
The DSRs listed in Tables 11.6, 11.8, and 11.9 can be multiplied by the amount of

radioactivity washed off a vehicle and distributed to a specific destination, to get an estimate of

the potential radiation exposure resulting from vehicle cleaning. Table 11.10 lists information on
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TABLE 11.7 Parameters Used in Dose Calculations for the Secondary
Contamination Source with a Small and Large Area

Parameter Small Area  Large Area
Area (m?) 100 1,000
Exposure duration (h/yr) 500 500
Inhalation rate (m3/h) 1.4 1.4
Resuspension factor without correction for size (m!) 1.0E-7 1.0E-7
Respirable fraction 0.1 0.1
Area factor 0.10 0.13

TABLE 11.8 DSRs (mrem/yr per pCi) for the Secondary Contamination
Source with a Small Area

Total before Total after
Correction for  Correction for
Ingrowth and Ingrowth and

Radionuclide = External  Inhalation Ingestion Decay Decay
Am-241 896E-10  3.23E-09 2.38E-10 4.37E-09 4.36E-09
Cf-252 1.70E-11 1.14E-09 7.08E-11 1.23E-09 1.08E-09
Cm-244 1.87E-11 1.81E-09 1.32E-10 1.96E-09 1.92E-09
Co-60 5.13E-08 1.59E-12 1.76E-12 5.13E-08 4.81E-08
Cs-137 1.22E-08  2.32E-13 3.28E-12 1.22E-08 1.21E-08
Ir-192 1.77E-08  2.05E-13 3.76E-13 1.77E-08 5.01E-09
Po-210 1.83E-13 6.84E-11 1.24E-10 1.93E-10 8.86E-11
Pu-238 4.77E-11 2.85E-09 2.10E-10 3.11E-09 3.10E-09
Pu-239 2.31E-11 3.12E-09 2.32E-10 3.38E-09 3.38E-09
Ra-226 3.65E-08 6.29E-11 8.76E-11 3.67E-08 3.67E-08
Sr-90 1.24E-10  9.54E-12 1.00E-11 1.44E-10 1.42E-10

the amount of radioactivity from cleaning a passenger bus and a midsized car. The highest
radiation exposures estimated among the different destinations should be used with an applicable

dose limit, to derive the final operational guidelines for vehicle cleaning.

Tables 11.11 and 11.12 list the estimated dose results for a passenger bus and a midsized
car, respectively, with an outside contamination level of 1 pCi/m2. The dose results can be
multiplied by the measured outside activity concentration to get dose estimates for a real
situation. If cleaning involves more than one vehicle, estimates of cumulative exposures can be

obtained by multiplying the dose estimates for one vehicle by the number of vehicles.
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TABLE 11.9 DSRs (mrem/yr per pCi) for the Secondary Contamination
Source with a Large Area

Total before Total after
Correction for  Correction for
Ingrowth and Ingrowth and

Radionuclide  External  Inhalation Ingestion Decay Decay
Am-241 1.46E-10  4.13E-10 3.05E-11 5.90E-10 5.89E-10
Cf-252 3.05E-12 1.46E-10 9.05E-12 1.58E-10 1.39E-10
Cm-244 2.26E-12  231E-10 1.69E-11 2.50E-10 2.45E-10
Co-60 8.44E-09  2.04E-13 2.25E-13 8.44E-09 7.91E-09
Cs-137 2.02E-09  2.97E-14 4.19E-13 2.02E-09 2.00E-09
Ir-192 2.93E-09  2.63E-14 4.81E-14 2.93E-09 8.29E-10
Po-210 3.01E-14  8.75E-12 1.59E-11 2.47E-11 1.13E-11
Pu-238 5.67E-12  3.65E-10 2.68E-11 3.97E-10 3.96E-10
Pu-239 2.46E-12  3.99E-10 2.97E-11 4.32E-10 4.32E-10
Ra-226 6.01E-09  8.03E-12 1.12E-11 6.03E-09 6.03E-09
Sr-90 2.04E-11 1.22E-12 1.28E-12 2.29E-11 2.26E-11

TABLE 11.10 Amount of Radioactivity (pCi) Washed off and Distributed
to Various Destinations Resulting from Cleaning a Contaminated Vehicle

with an Outside Concentration of 1 pCi/m?2

Original Source/Destination Passenger Bus? Midsized Car?

Total radioactivity washed off 121.7 21.5
Amount of radioactivity ending in a POTW

From a washing facility 121.7 21.5

From a driveway or a street 109.5 19.4
Amount of radioactivity ending in a detention pond

From a driveway or a street 109.5 19.4
Amount of radioactivity ending in ground surface 12.2 2.1

3 The outside surface area assumed for a passenger bus was 121.7 m?2. The assumed outside
surface area for a midsized car was 21.5 m?,
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TABLE 11.11 Dose Results (mrem/yr) for Different Destinations Resulting
from Washing a Contaminated Passenger Bus with an Outside Contamination
Level of 1 pCi/m2

From a Driveway or a Street

Froma
Ground Surface POTW or Washing Most
Detention Facility: Conservative

Radionuclide  Small Area  Large Area Pond? POTW Value
Am-241 5.31E-08 7.17E-09 1.84E-08 2.04E-08 5.31E-08
Cf-252 1.32E-08 1.69E-09 5.61E-09 6.24E-09 1.32E-08
Cm-244 2.34E-08 2.99E-09 9.91E-09 1.10E-08 2.34E-08
Co-60 5.85E-07 9.63E-08 1.53E-08 1.22E-08 5.85E-07
Cs-137 1.47E-07 2.43E-08 3.87E-09 4.05E-09 1.47E-07
Ir-192 6.09E-08 1.01E-08 9.50E-10 1.06E-09 6.09E-08
Po-210 1.08E-09 1.38E-10 1.65E-09 1.83E-09 1.83E-09
Pu-238 3.77E-08 4.82E-09 1.62E-08 1.80E-08 3.77E-08
Pu-239 4.11E-08 5.25E-09 1.79E-08 1.98E-08 4.11E-08
Ra-226 4.47E-07 7.36E-08 5.22E-08 5.81E-08 4.47E-07
Sr-90 1.73E-09 2.75E-10 8.71E-09 9.68E-09 9.68E-09

2 Dose results listed in the column “POTW or Detention Pond” are the largest values of
the two destinations.

TABLE 11.12 Dose Results (mrem/yr) for Different Destinations Resulting
from Washing a Midsized Car with an Outside Contamination Level
of 1 pCi/m?

From a Driveway or a Street

From a
Ground Surface POTW or  Washing Most
Detention  Facility: ~ Conservative

Radionuclide = Small Area  Large Area Pond? POTW Value
Am-241 9.38E-09 1.27E-09 3.25E-09 3.61E-09 9.38E-09
Ctf-252 2.33E-09 2.99E-10 9.92E-10 1.10E-09 2.33E-09
Cm-244 4.13E-09 5.27E-10 1.75E-09 1.95E-09 4.13E-09
Co-60 1.03E-07 1.70E-08 2.71E-09  2.15E-09 1.03E-07
Cs-137 2.59E-08 4.29E-09 6.84E-10  7.15E-10 2.59E-08
Ir-192 1.08E-08 1.78E-09 1.68E-10 1.87E-10 1.08E-08
Po-210 1.91E-10 2.44E-11 2.92E-10  3.24E-10 3.24E-10
Pu-238 6.66E-09 8.51E-10 2.87E-09 3.19E-09 6.66E-09
Pu-239 7.26E-09 9.28E-10 3.15E-09 3.50E-09 7.26E-09
Ra-226 7.67E-08 1.27E-08 9.25E-09 1.03E-08 7.67E-08
Sr-90 3.05E-10 4.87E-11 1.54E-09 1.71E-09 1.71E-09

2 Dose results listed in the column “POTW or Detention Pond” are the largest values of
the two destinations.
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Regardless of the type of vehicle (a passenger bus or a midsized car) that is cleaned, the
most restrictive dose result was found to be associated with the ground surface destination with a
small area for all radionuclides, except for Po-210 and Sr-90. For these two radionuclides, the
most restrictive dose results come from the POTW destination by washing the vehicle in a

washing facility.

The final operational guidelines for vehicle cleaning are listed in Table 11.13, where they
are also compared with the guidelines for releasing vehicles, which are discussed in Section 11.3
(see Table 11.24). The operational guidelines were derived on the basis of a dose limit of
100 mrem/yr.

11.2.5 CONCLUSIONS

The operational guidelines for vehicle cleaning were developed by considering different
locations where the cleaning activities would take place and different destinations where the
removed contaminants would be carried. Generally speaking, the parameter values and
assumptions used in dose calculations are quite conservative; therefore, the conservativeness of

the derived operational guidelines can be guaranteed. In reality, when the location of the cleaning

TABLE 11.13 Comparison of Derived Operational Guidelines
(pCi/cm?) for Releasing Vehicles and Cleaning Vehicles?

Passenger Bus Midsized Car

Radionuclide Releasing Cleaning Releasing Cleaning
Am-241 78 1.88E+05 251 1.07E+06
Cf-252 266 7.59E+05 935 4.30E+06
Cm-244 143 4.28E+05 469 2.42E+06
Co-60 625 1.71E+04 990 9.68E+04
Cs-137 2,490 6.81E+04 3,950 3.86E+05
Ir-192 6,060 1.64E+05 9,620 9.29E+05
Po-210 5,850 5.45E+06 48,300 3.09E+07
Pu-238 89 2.65E+05 287 1.50E+06
Pu-239 81 2.43E+05 260 1.38E+06
Ra-226 613 2.24E+04 1080 1.30E+05
Sr-90 18,700 1.03E+06 57,500 5.85E+06

3 The operational guidelines were derived on the basis of a dose limit of
100 mrem/yr.
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activities and the destination of the contaminants are known, other than using the default
operational guidelines listed in Table 11.13, operational guidelines can be derived using the

pertaining dose results listed in Tables 11.11 and 11.12.

11.3 RELEASE OF CONTAMINATED VEHICLES

11.3.1 Introduction

The operational guidelines discussed in the following sections were derived for use in
releasing vehicles contaminated during an RDD event. Vehicles with a contamination level less
than the operational guideline were considered very unlikely to result in a radiation dose greater
than 100 mrem/yr to the driver and passengers and can be released without further

decontamination.

Preliminary analyses considering different types of vehicles were conducted, and the
results showed that radiation dose rates received by drivers and passengers were not much
different for different types of vehicles, because the larger the dimensions of a vehicle, the larger
the exposure distance between the receptor and the radiation sources. As a result, in the final
analyses, only two types of vehicles that are most commonly used by the general public for daily
activities that also capture the variability of the time spent inside the vehicles by different

receptors were considered. These are a passenger bus and a midsized car.

It was assumed that all outside surfaces of the vehicle were contaminated during an RDD
event, and some contamination was deposited inside the vehicle (mostly on the floor) as a result
of air exchange or being tracked inside by shoes. Radiation doses were calculated for a vehicle
passenger and a vehicle driver by using the RESRAD-BUILD computer code (Yu et al. 2000,
2003). They were calculated for a 1-hour exposure duration because it is very likely that the
source concentrations would change quickly due to the action of wind and air exchange.
Radiation doses over the first year, however, were also calculated. They were based on a
conservative assumption that the amount of contaminants deposited on the interior and exterior
surfaces of the vehicle would not change over time, and that the radioactivity would decrease

through radioactive decay.
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The operational guidelines were derived on the basis of a dose limit of 100 mrem/yr.
Sensitive parameters that affect the dose results were identified. The most restrictive operational
guidelines were compared with published values, including ANSI/HPS N13.12
(ANSI/HPS 1999), NUREG-1640 (NRC 2003), and DOE Order 5400.5 (DOE 1990) concerning

clearance of surface-contaminated materials.

11.3.2 Scenario Description

Two types of vehicles were analyzed: a passenger bus and a midsized car. The vehicles
were modeled as a box with six surfaces. It was assumed that (1) all outside surfaces of the
vehicle were contaminated at the same level during an RDD event, (2) the contamination level
on the interior surfaces was 10% of the level on the exterior surfaces, and (3) the contamination
was uniformly distributed. In a preliminary analysis, a convertible vehicle was considered for
which the contamination level on the interior surfaces was the same as the contamination level
on the exterior surfaces. However, because the areas of the exterior contaminated surfaces were
much smaller than those for a nonconvertible vehicle, the resulting radiation doses for a
convertible vehicle were not necessarily greater than those for a nonconvertible vehicle.
Therefore, a separate dose calculation for convertible vehicles was not conducted in the final

analysis.

Potential radiation doses resulting from seven exposure pathways were included in the
analyses: (1) external exposure directly from the exterior surfaces, (2) external exposure to
materials deposited on the interior surfaces, (3) external exposure due to air submersion,

(4) inhalation of airborne radioactive particulates, (5) inhalation of aerosol radon progeny (when
radon precursors are present), (6) inadvertent ingestion of radioactive materials directly from the
interior surfaces, and (7) inadvertent ingestion of materials deposited on objects brought into the
vehicle due to the resuspension of contaminants from the interior surfaces. To simplify the
analysis, external exposure to materials deposited on the interior surfaces was calculated by
considering all contaminants as deposited on the floor that has a surface area equivalent to the
bottom dimensions of the vehicle. The RESRAD-BUILD computer code (Yu et al. 2003) was
used in the dose analyses and both short-term (hourly) and long-term (1-year) doses were

calculated.
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11.3.3 Main Assumptions and Parameters

For dose calculations, all exterior surfaces (roof, floor, and four sides) were contaminated
at the same concentration levels. It was further assumed that the concentration on the interior
floor was 10% of that on exterior surfaces. Table 11.14 lists the characteristics of the vehicles

used in the analysis.

A passenger bus was assumed to be 12.1 m long, 2.6 m wide, and 2 m high (dimensions
were taken from the Mack-Blackwell Transportation Center’s report on large school bus design
[Gattis and Howard 1998]). Radiation doses were calculated for different receptors sitting at
different positions in the bus. The receptor sitting at the center of the bus (at a height of 0.5 m
from the floor) was found to receive the maximum external dose. Radiation doses were also
calculated for a bus driver located 0.5 m away from three contaminated surfaces (the bottom, the
front, and one of the two sides bordering the front). The exposure duration assumed for the bus

driver was greater than that assumed for the other passenger receptors.

A midsized car was assumed to be 3 m long, 1.7 m wide, and 1.2 m high (dimensions
were taken from NUREG-1717, Appendix A, Table A.1.2 [NRC 2001a]). Radiation doses were
calculated only for the driver, because from preliminary analyses, it was found that radiation

doses received by the driver and the passengers were about the same.

11.3.3.1 External Pathway

For both the passenger bus and midsized car, it was assumed that external radiation from

radionuclides deposited on exterior surfaces of the vehicle was attenuated by the steel material

TABLE 11.14 Vehicle Characteristics Used in
Deriving Operational Guidelines for Vehicles

Parameter Bus Car
Length, m 12.1 3
Width, m 2.6 1.7
Height, m 2 1.2
Air exchange rate, h! 5 3
Fraction of contamination on the 0.1 0.1

interior floor of the vehicle
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that made the body parts. For high-energy gamma emitters, this shielding would not change the
external dose significantly. The steel material was assumed to have a thickness of 0.07 cm. For
external radiation that comes from the radionuclides deposited on the interior floor, no shielding

was assumed between the contaminants and the receptor.

11.3.3.2 Ingestion Pathway

The receptor was considered to ingest contaminants through two mechanisms: direct and
indirect. The direct mechanism considers ingestion of contaminants that were deposited on the
interior surfaces of the vehicle. (Contaminants may stick to the receptor’s hand when the
receptor touches the interior surfaces, such as the steering wheel, dashboard, or seat, and be
accidentally ingested.) The indirect mechanism considers ingestion of contaminants that were
deposited on objects that were brought into the vehicle (e.g., food items) after the RDD event;
the deposition results from resuspension of the contaminants on the interior surfaces. For both
direct and indirect ingestion, an ingestion area of 1 cm? was assumed. To make RESRAD-
BUILD calculate the radiation dose from direct ingestion, the corresponding fraction of the
ingestion area (1 cm?) to the total area that the receptor may touch (assuming to be the total

interior surface area) needs to be calculated and input to the code (see Table 11.15).

11.3.3.3 Inhalation, Deposition, and Immersion Pathways

The air concentration inside the vehicle was calculated assuming a resuspension factor of
1 x 10-6 m-! (IAEA 2002; NRC 2001b; EPA 1991). The resuspension factor is defined as the
ratio of the air concentration to the initial concentration on contaminated surfaces. To implement
this assumption in RESRAD-BUILD, specific values were assigned to some input parameters

pertaining to the contaminated floor (see Table 11.15).

For exterior contaminated sources, it was assumed that they would not contribute to the
inside air concentration. Parameters used for deriving operational guidelines for vehicles are
listed in Table 11.15. The rest of the parameters were not changed from their default values in
the RESRAD-BUILD code.
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TABLE 11.15 Some Other Input Parameters Used in Deriving Operational
Guidelines for Vehicles

Parameter Bus Car Comment/Reference
Inhalation rate, m3/d 33.6 33.6 Biwer et al. 2002, Section A.3
Direct ingestion rate, h-l 8.21 x 1077 4.66 x 10 To simulate ingestion area of 1-cm?
Air release fraction 0.45 0.17 To simulate resuspension factor of
1x100m!

Removable fraction 0.2 0.2 To simulate resuspension factor of
1x100m!

Shielding material Steel Steel Scenario assumption

Shielding density, g/cm? 7.8 7.8 Biwer et al. 2002, Table A.7

Time spent in the vehicle 1 1 Scenario assumption

(short term), h/d

Time spent in the vehicle 2,000 (driver) 592 Exposure Factor Handbook
(long term), h/yr 623 (passenger) (EPA 1997), Table 15-133

11.3.4 Results

Tables 11.16 and 11.17 provide the DSRs for short-term exposures (1 h) from a unit
activity concentration on the exterior surfaces of a passenger bus for the maximally exposed
passenger (sitting in the center of the vehicle) and the driver, respectively. Tables 11.18 and
11.19 provide the DSRs for long-term exposures. The radiation doses from all seven sources
(six exterior surfaces plus one interior floor) were summed to get the total dose to the receptor.
For Co-60, Cs-137, and Ir-192, the external radiation pathways contribute the most to the total
dose. For Po-210 and Sr-90, both the ingestion and inhalation pathways contribute significantly
to the dose. For Am-241, Cm-244, Cf-252, Pu-238, and Pu-239, the total dose was mostly from
the inhalation pathway.

Table 11.20 provides the DSRs for short-term exposures (1 h) from a unit activity
concentration on the exterior surfaces of a midsized car. Table 11.21 provides the DSRs for
long-term exposures (1 yr). The radiation doses from all sources were summed to obtain the total
dose to the receptor. For Co-60, Cs-137, and Ir-192, the external radiation pathways contribute
the most to the total dose. For Po-210 and Sr-90, both the ingestion and inhalation pathways
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TABLE 11.16 Short-Term DSRs (mrem/h per pCi/m2) for a Bus Passenger

External External
Direct from from
Radionuclide  External Deposition Immersion Inhalation @ Radon  Ingestion Total

Am-241 1.08E-10  2.57E-13 1.12E-15  6.39E-08 0 2.63E-09 6.66E-08
Cf-252 5.73E-13  4.38E-15 6.57E-18  2.13E-08 0 7.65E-10 2.21E-08
Cm-244 4.57BE-13  5.80E-15 6.69E-18  3.54E-08 0.00E+00 1.46E-09 3.68E-08
Co-60 2.74E-08  1.40E-11 1.68E-13 3.06E-04 0 1.92E-11 2.75E-08
Cs-137 6.52E-09  3.44E-12 3.73E-14  4.57E-12 0 3.61E-11 6.56E-09
Ir-192 9.40E-09  2.50E-12 327E-14  247E-12 0 3.56E-12 9.41E-09
Po-210 9.69E-14  3.37E-17 4.15E-19  9.82E-10 0 1.23E-09 2.21E-09
Pu-238 1.23E-12  1.50E-14 6.70E-18  5.63E-08 3.08E-44 231E-09 5.86E-08
Pu-239 1.20E-12  8.37E-15 5.83E-18  6.18E-08 0 2.56E-09 6.43E-08
Sr-90 5.90E-11  3.49E-14 2.70E-16 1.88E-10 0 1.10E-10 3.57E-10

TABLE 11.17 Short-Term DSRs (mrem/h per pCi/m2) for a Bus Driver

External External
Direct from from
Radionuclide  External Deposition Immersion Inhalation @ Radon  Ingestion Total

Am-241 2.20E-11  2.57E-13 1.12E-15  6.39E-08 0 2.63E-09 6.65E-08
Cf-252 9.22E-14  4.38E-15 6.57E-18  2.13E-08 0 7.65E-10 2.21E-08
Cm-244 2.62E-14  5.80E-15 6.69E-18  3.54E-08 0.00E+00 1.46E-09 3.68E-08
Co-60 8.28E-09  1.40E-11 1.68E-13  3.06E-04 0 1.92E-11  8.35E-09
Cs-137 1.96E-09  3.44E-12 3.73E-14  4.57E-12 0 3.61E-11 2.00E-09
Ir-192 2.81E-09  2.50E-12 3.27E-14  2.47E-12 0 3.56E-12 2.82E-09
Po-210 2.92E-14  3.37E-17 4.15E-19  9.82E-10 0 1.23E-09 2.21E-09
Pu-238 7.48E-14  1.50E-14 6.70E-18  5.63E-08 3.08E-44 231E-09 5.86E-08
Pu-239 1.42E-13  8.37E-15 5.83E-18  6.18E-08 0 2.56E-09 6.43E-08
Sr-90 1.77E-11  3.49E-14 2.70E-16  1.88E-10 0 1.10E-10 3.16E-10

contribute significantly to the total dose. For Am-241, Cm-244, C{-252, Pu-238, and Pu-239, the
total dose was mostly from the inhalation pathway.

Table 11.22 provides the operational guidelines for the two types of vehicles analyzed.
The operational guidelines were derived on the basis of a dose limit of 100 mrem/yr using the

average DSRs over a 1-year exposure period.
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TABLE 11.18 Long-Term DSRs (mrem/yr per pCi/m2) for a Bus Passenger

External External
Direct from from
Radionuclide = External Deposition Immersion Inhalation @ Radon  Ingestion Total

Am-241 6.64E-08  1.56E-10 6.85E-13  3.89E-05 0 1.04E-06 4.00E-05
Cf-252 2.95E-10  2.36E-12 3.53E-15 1.15E-05 0 2.70E-07 1.17E-05
Cm-244 2.52E-10  3.47E-12 4.00E-15  2.12E-05 7.40E-38 5.67E-07 2.17E-05
Co-60 1.60E-05  8.00E-09 9.60E-11 1.75E-08 0 7.19E-09  1.60E-05
Cs-137 4.00E-06  2.07E-09 2.25E-11  2.75E-09 0 1.41E-08 4.01E-06
Ir-192 1.65E-06  4.40E-10 5.75E-12  4.35E-10 0 4.92E-10 1.65E-06
Po-210 2.77E-11  9.59E-15 1.18E-16  2.79E-07 0 2.53E-07 5.33E-07
Pu-238 6.91E-10  9.14E-12 4.07E-15  3.42E-05 5.78E-29 9.12E-07 3.51E-05
Pu-239 6.97E-10  5.10E-12 3.55E-15  3.76E-05 0 1.01E-06 3.87E-05
Sr-90 3.62E-08  2.10E-11 1.63E-13 1.13E-07 0 4.33E-08 1.92E-07

TABLE 11.19 Long-Term DSRs (mrem/yr per pCi/m2) for a Bus Driver

External External
Direct from from
Radionuclide  External  Deposition Immersion Inhalation =~ Radon  Ingestion Total

Am-241 4.35E-08  5.01E-10 2.20E-12 1.25E-04 0 3.34E-06 1.28E-04
Cf-252 1.55E-10  7.55E-12 1.13E-14  3.68E-05 0 8.67E-07 3.76E-05
Cm-244 4.62E-11 1.11E-11 1.28E-14  6.79E-05 2.37E-37 1.82E-06 6.97E-05
Co-60 1.55E-05  2.56E-08 3.08E-10  5.61E-08 0 2.31E-08 1.56E-05
Cs-137 3.87E-06  6.64E-09 7.21E-11 8.83E-09 0 4.53E-08 3.92E-06
Ir-192 1.58E-06  1.41E-09 1.84E-11 1.39E-09 0 1.58E-09 1.59E-06
Po-210 2.68E-11  3.07E-14 3.78E-16  8.95E-07 0 8.12E-07 1.71E-06
Pu-238 1.36E-10  2.93E-11 1.30E-14 1.10E-04 1.85E-28 2.92E-06 1.13E-04
Pu-239 2.80E-10  1.64E-11 1.14E-14 1.21E-04 0 3.25E-06 1.24E-04
Sr-90 348E-10  6.74E-11 5.21E-13 3.62E-07 0 1.39E-07 5.36E-07

11.3.5 CONCLUSIONS

To account for the uncertainties regarding the extent of contamination, the exposure
patterns, and the interaction between the contamination sources and the surrounding atmosphere,
conservatism was incorporated in the dose calculations. Table 11.23 lists the sensitive parameters

that have great impact on the dose results and the operational guidelines.

Table 11.24 compares the most restrictive operational guidelines for vehicle release with
published screening values from ANSI/HPS N13.12 (ANSI/HPS 1999), NUREG-1640
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TABLE 11.20 Short-Term DSRs (mrem/h per pCi/m2) for the Car Receptor

External External
Direct from from
Radionuclide  External  Deposition Immersion Inhalation = Radon  Ingestion Total

Am-241 8.78E-11 1.10E-13 1.18E-15  6.70E-08 0 2.51E-09 6.96E-08
Cf-252 3.63E-13  1.65E-15 6.27E-18  2.04E-08 0 7.10E-10 2.11E-08
Cm-244 2.72E-13  2.63E-15 6.91E-18  3.66E-08 0 1.38E-09 3.80E-08
Co-60 1.82E-08  5.62E-12 1.67E-13  3.06E-11 0 1.81E-11 1.82E-08
Cs-137 430E-09  1.44E-12 3.88E-14  4.75E-12 0 3.44E-11 4.34E-09
Ir-192 6.22E-09  6.23E-15 2.03E-14 1.53E-12 0 3.09E-12 6.22E-09
Po-210 6.41E-14  9.62E-18 2.94E-19  6.96E-10 0 1.08E-09 1.78E-09
Pu-238 7.58E-13  6.99E-15 7.01E-18  5.89E-08 1.88E-43 2.21E-09 6.11E-08
Pu-239 8.51E-13  4.78E-15 6.12E-18  6.48E-08 0 2.45E-09 6.73E-08
Sr-90 3.89E-11 1.46E-14 2.81E-16 1.95E-10 0 1.05E-10  3.39E-10

TABLE 11.21 Long-Term DSRs (mrem/yr per pCi/m2) for the Car Receptor

External External
Direct from from
Radionuclide  External  Deposition Immersion Inhalation = Radon  Ingestion Total

Am-241 5.13E-08  6.36E-11 6.82E-13  3.88E-05 0 9.66E-07 3.98E-05
Cf-252 1.79E-10  8.44E-13 3.20E-15 1.04E-05 0 2.40E-07 1.07E-05
Cm-244 1.42E-10  1.50E-12 3.93E-15  2.08E-05 5.15E-38 5.22E-07 2.13E-05
Co-60 1.00E-05  3.05E-09 9.10E-11 1.66E-08 0 6.51E-09 1.01E-05
Cs-137 2.51E-06  8.24E-10 2.22E-11 2.72E-09 0 1.31E-08 2.53E-06
Ir-192 1.04E-06  1.04E-10 3.38E-12  2.56E-10 0 4.00E-10 1.04E-06
Po-210 2.22E-11  2.59E-15 7.92E-17 1.88E-07 0 2.07E-07  3.94E-07
Pu-238 4.04E-10  4.04E-12 4.04E-15  3.40E-05 7.65E-29 8.45E-07 3.49E-05
Pu-239 4.71E-10  2.77E-12 3.54E-15  3.75E-05 0 9.40E-07 3.85E-05
Sr-90 2.27E-08  8.36E-12 1.61E-13 1.12E-07 0 3.99E-08 1.74E-07

(NRC 2003), and DOE Order 5400.5 (DOE 1990) concerning clearance of surface contaminated
materials. It should be noted that the screening values from ANSI N13.12 and NUREG-1640
were derived based on a dose limit of 1 mrem/yr, while no specific dose limit was used for the
DOE 5400.4 screening values. Furthermore, the exposure scenarios considered in deriving the
material clearance screening values are not the same as those considered in deriving the

operational guidelines for vehicles.
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TABLE 11.22 Operational Guidelines (pCi/cm?) for
Different Vehicle Receptors

Radionuclide  Bus Driver  Bus Passenger ~ Midsized Car

Am-241 7.81E+01 2.50E+02 2.51E+02
Cf-252 2.66E+02 8.55E+02 9.35E+02
Cm-244 1.43E+02 4.61E+02 4.69E+02
Co-60 6.41E+02 6.25E+02 9.90E+02
Cs-137 2.55E+03 2.49E+03 3.95E+03
Ir-192 6.29E+03 6.06E+03 9.62E+03
Po-210 5.85E+03 1.88E+04 2.54E+04
Pu-238 8.85E+01 2.85E+02 2.87E+02
Pu-239 8.06E+01 2.58E+02 2.60E+02
Sr-90 1.87E+04 5.21E+04 5.75E+04

TABLE 11.23 Sensitive Parameters that Have Great Impacts on the Vehicle Release
Operational Guidelines

Bus Bus Car Car
Parameter (long term) (shortterm)  (longterm) (short term)
Exposure duration, d 365 1 365 1
Time spent in the vehicle over 2,000 (driver) 1 592 1
the exposure duration, h 623 (passenger)

Resuspension factor, m! 1.0E-06 1.0E-06 1.00E-06 1.00E-06
Ratio of activity concentrations 0.1 0.1 0.1 0.1
(interior/exterior surfaces)
Inhalation rate, m3/d 33.6 33.6 33.6 33.6

The operational guidelines listed in Table 11.24 are for individual radionuclides,
assuming no other radionuclides are present. In case multiple radionuclides are found on the

surface of a vehicle, the sum of fractions rule should be applied in releasing the vehicle.
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TABLE 11.24 Comparison of Vehicle Release Operational Guidelines with Published
Screening Values for Clearance of Surface Contaminated Materials? (pCi/cm?)

Release of Vehicle
The Maximally ANSI NUREG-
Radionuclide Operational Guidelines Exposed Receptor N13.12 1640 DOE 5400.5
Am-241 78 Bus driver 2.7 15 0.45
Cf-252 266 Bus driver 2.7 43 0.45
Cm-244 143 Bus driver 2.7 27 0.45
Co-60 625 Bus passenger 27 27 22.5
Cs-137 2,490 Bus passenger 27 84 22.5
Ir-192 6,060 Bus passenger 27 122 22.5
Po-210 5,850 Bus driver 2.7 405 22.5
Pu-238 89 Bus driver 2.7 22 0.45
Pu-239 81 Bus driver 2.7 22 0.45
Sr-90 18,700 Bus driver 27 2,243 4.5

2 Vehicle release operational guidelines were derived on the basis of a 100-mrem/yr dose limit. The
screening levels from ANSI N13.12 (ANSI/HPS 1999) and NUREG-1640 (NRC 2003) are based on
a 1-mrem/yr dose limit. The DOE 5400.5 values are not based on a specific dose limit and are the
allowable total residual surface contamination levels.
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12 USER’S GUIDE AND TESTING/APPLICATION
OF THE RESRAD-RDD SOFTWARE

12.1 INTRODUCTION

The methodology described in Chapters 2 through 10 and the parameters used in each
subgroup and scenario are initially coded in Microsoft Excel® spreadsheets for easy calculation
of stay time tables and operational guidelines by the OGT members. A user-friendly graphical
user interface was developed later so that the software tool (RESRAD-RDD) can be used by
emergency first responders and dose/risk assessors. It is anticipated that this tool could be
used in conjunction with or integrated within other tools available for radiological emergency
response (e.g., FRMAC’s TurboFRMAC) and with other radiological dose and risk assessment
tools (e.g., RESRAD-BIOTA, for evaluating potential ecological impacts to aquatic and
terrestrial biota resulting from RDD-related radionuclides during the intermediate- to long-term

recovery phase).

Section 12.2 consists of a brief RESRAD-RDD user’s guide. Section 12.3 presents the
applications of RESRAD-RDD software and OGT methodology to two test problems, which
were jointly developed by the FRMAC and OGT members.

12.2 RESRAD-RDD USER’S GUIDE

With a user friendly interface, using the RESRAD-RDD software tool to derive
operational guidelines or stay times is easy and straightforward. The procedure of data entry and
result viewing is self-explanatory, because common window maneuvering features and text
instructions were incorporated in the interface design. However, Microsoft Excel must be
installed in a computer prior to the use of RESRAD-RDD, because all the calculations are
embedded in several Excel spreadsheets, which are included in the distribution package. In
addition, a disk space of approximately 40 megabytes (MBs) is needed to store the entire
program. In order to interpret the calculation results, the users also need to familiarize
themselves with the groupings and applications of the operational guidelines, as well as some of
the assumptions and methodology involved in the derivation of operational guidelines. This

information is provided in Chapters 1 and 2 of this report.
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12.2.1 Installation

Insert the RESRAD-RDD distribution CD to a CD drive, and run the application program
“RESRAD-RDD-Setup.” This will start the InstallShield wizard that helps install the
RESRAD-RDD code. Follow the instructions of the wizard.

For the first-time installation of RESRAD-RDD, choosing the “complete” option for the
Setup Type will instruct the InstallShield wizard to install the complete program in the default
directory, c:\program files\RESRAD-family\RESRAD-RDD. If a different directory is planned
for RESRAD-RDD, then choose the “custom” option for the Setup Type and specify the

destination directory in the subsequent steps. Click “Install” to start the installation.

If RESRAD-RDD has been installed in the computer, choose the “modify” option for
Program Maintenance to update the existent program; or choose the “repair” option to fix
missing or corrupted files and shortcuts. Select the “remove” option will remove the entire
RESRAD-RDD program. The “remove” option can also be selected to store RESRAD-RDD in
a different directory other than the current one. After removing RESRAD-RDD, the
“RESRAD-RDD-Setup” program can be run again to install and save RESRAD-RDD in a new
directory following the procedure for first-time installation. No matter which option is selected
for Program Maintenance, the result files that were generated in previous RESRAD-RDD runs

will be kept and not be affected by the installation.

In the directory where RESRAD-RDD was stored after the installation, two
subdirectories, “data” and “help,” were also generated. “Data” contains the working spreadsheets
that perform the actual calculations and the result spreadsheets that are updated as calculations
proceed. “Help” contains explanation messages for several input parameters that are accessible
to the users while running the RESRAD-RDD code. The files in these two subdirectories should
not be removed or modified to ensure successful execution of the code. Any input or result files
generated by running the RESRAD-RDD code should be saved in a different directory or

subdirectory.

12.2.2 Starting RESRAD-RDD

After installation, the RESRAD-RDD program can be started by one of the following
three methods: (1) double click the “RESRAD-RDD” shortcut icon on the main screen,
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(2) choose “RESRAD-RDD” from the list of “programs” after clicking the “start” icon located at
the lower left corner of the main screen, or (3) go to the directory where RESRAD-RDD is
located and double click the “RESRAD-RDD” application program. An introduction screen
listing the version number, creation date, and background and contact information will appear

(Figure 12.1). Press the “Start’ button to run the program.

12.2.3 Input and Save Data

There are seven operational guideline groups (Groups A, B, C, D, E, F-4, and G)
(Figure 12.2) for users to choose from. A group must be selected before input data can be entered
or operational guideline/stay time results can be viewed. Detailed descriptions of the operational
guideline groups are provided in Section 1.2 of this report. Depending on the operational
guideline group selected, a corresponding input data selection screen will be brought up.
However, for Groups A and F-4, modification of input parameters is not allowed; therefore, the

results selection screen will be brought up after these groups are selected.

Group A concerns access control during emergency response operations when little site-
and receptor-specific information is available. Therefore, generic operational guidelines were
developed with the use of predetermined, conservative input parameter values, so that they can

be applied in any situation and still provide sufficient protection for human health. Group F-4

RESRAD-RDD

Yarsion 1.0 Beta

1019706

RESRAD-RDD was designed by Argonne National Laboratory to derive aperational
guidelines for use by planners, decision makers, and first responders in planning for
and praviding emergency response to an RDD, 1T implements the methodalogy
developed by the Interagency Operational Guidelines Task Group (OGT], an element
of the Consequence Management Subgroup (C#45), and was supported by the U5,
Department of Energy. For questions on software application and OGT methodology,
please contact Charley Yu at Argonne Mational Laboratory at 630-252-5589, or
cyuidanl. gov . For questions on OGT activities and work products, please contact
Stephen Domotor at the DOE Office of Health, Safety and Security at 202-586-0871,
or Stephen. Domotor@eh. doe. goy

To run this program, please press

FIGURE 12.1 Introduction Screen of the RESRAD-RDD Code
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£ RESRAD-RDD Version 1.0 Beta
File Help

Select a group
Group & | Access Control During Emergency Response Operations
Group B | Early Phase Protective Action [Evacuation or Sheltering)
Group ¢ | Critical Infrastructure Utilization in Relocation Areas
Group 0 | Temparary Access to Relocation Areas for Essential Services
Group E | Transportation and Access Routes
Group F-4 | Release of Real Property from Radiologically Controlled Areas

Group G | Food Consumption

FRREREE

Exit RESRAD-RDD

FIGURE 12.2 Group Selection Screen of the RESRAD-RDD Code

deals with real property release in the late response phase after necessary remediation was
completed. By then, site-specific characterization data should be available for conducting a
comprehensive analysis to derive site-specific operational guidelines. Risk assessment computer
tools such as RESRAD and RESRAD-BUILD can be used for such analyses. Because of the
complexity of RESRAD and RESRAD-BUILD, they were not incorporated into RESRAD-RDD.
Nevertheless, generic operational guidelines were still developed so that they can be applied to
any geographic locations in case site-specific guidelines were not derived. The generic
operational guidelines were developed by conducting probabilistic analyses with RESRAD and
RESRAD-BUILD in which input parameters were assigned generic distribution functions
developed with data from across the country. The final operational guidelines selected
correspond to top percentile (~ 95th percentile) values from the distribution of the calculated
dose results. Because of the use of generic distribution functions for input parameters,
modification of input data is not an option for Group F-4 in RESRAD-RDD.

For Groups C, D, E, and G, the input data selection screens are similar to the one for

Group B, shown in Figure 12.3. On the input data selection screen, the user can choose the
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3 RESRAD-RDD Version 1.0 Beta
File Help

Input for Group B - Early Phase Protective Action [Evacuation or Sheltering]

Change Guideline Group YWiew Guidelines |

User Modifications for User-Specific Guidelines

Carrection Factors for External Radiation |

Source Partitioning/‘\weathering Parameters |

Parameters for Air Concentrations |

Expaosure Parameters |

Exit RESRAD-RDD |

FIGURE 12.3 Input Data Selection Screen for Group B
in RESRAD-RDD

category of input parameters to be modified, or execute calculations and view the calculation
results (by clicking “View Guidelines”), if the input parameter values are accepted. Otherwise,
by clicking “Change Guideline Group,” the user can go back to the group selection screen and

choose another group for data entry and result viewing.

The categories of input data for Groups B, C, D, and E are the same. They are
(1) correction factors for external radiation, (2) source partitioning/weathering parameters,
(3) parameters for air concentrations, and (4) exposure parameters. The list of parameters under
each category can be displayed by clicking on that category. The input parameters listed under
categories (1), (2), and (3) are the same for the four groups; therefore, once the value of a
parameter is changed under the selected group, the new value will be reflected and displayed
under the other groups. The exposure parameters under category (4) are scenario and location

dependent; they are different for different groups.

Three categories of input data can be found for Group G: (1) parameters for air

concentrations, (2) growth and consumption data for food, and (3) deposition/transfer parameters
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for plants. The parameters listed under the first group are the same as those listed under category
(3) for Groups B, C, D, and E. However, only two of the four parameters (the outdoor
resuspension coefficients) are used in calculations and their values can be modified; the other
two parameters are displayed but their values are shaded and can not be overwritten. Because the
outdoor resuspension coefficient parameters are also used by Groups B, C, D, and E, any change

made to them under Group G will be reflected under Groups B, C, D, and E, and vice versa.

Figures 12.4 through 12.9 show the input data screens for different data categories. In
each input data screen, the values of input parameters can be modified. The data field is
highlighted in yellow if a parameter has the default value. No highlight indicates deviation from

Correction Factors for External Radiation

Roughness correction factor

Street/soil |07
Exterior Walls |1
Roofs |1
Interior walls |1
Floor |1

Average shielding factor from outside ground deposition

Rural house |0.4
Suburban house [0.4
Urban house |0.2
Store |0.2
Wiarehouse [0.2
tonument 0.2
Subweay station |0.2
Railcar (0.4

A parameter's yalte s highlighted in yellow ifitis defauld,
Press the Vo' key fo revert back fo the default value,

FIGURE 12.4 Data Input Screen for Correction Factors
for External Radiation
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Source PartitioningMWeathering Parameters

Initial source partitioning factars (ratio to cutdoor ground deposition)

Exterior walls |0.5
Roofs |1
Interior Walls |0.1
Floar W

“Weathering correction factors

Mobile Shorter Longer

Fraction Half-life Halflife

(a) (In2/b), yr (In2/c], yr
Street [0.5 0.2 2
sail |0.46 1.5 150
Roof [0.5 4 150
Exterior ifall [0.2 0.2 20
Interior Floor 0.5 0.2 2
Interior wall 0.2 0.2 20

A parameter's valueis highlighted in yellow ifitis defaull,
Press the "FE" key 3o ravert back fo the defaul? value,

FIGURE 12.5 Data Input Screen for Source Partitioning/
Weathering Parameters

the default. For most cases, in order to exit the input data screen, the “OK” button must be
selected. Exceptions are made for the “exposure parameters” and “growth and consumption
parameters” input screens, in which a “close screen” button is also available on the upper right
corner and can be selected to exit the screen. However, clicking on the “OK” button will save the
modifications made to the screen, while clicking on the “close screen” button will not.

Modification of the input data is saved for the current execution.

To reset to default value for a specific parameter after its value was changed, move the
cursor to the input field of that parameter, then press “F6” on the keyboard. To reset to default
values for all parameters, go to the menu bar located at the top of the screen, select “file”, and

choose “reset to defaults” or “new” from the drop down list. The “reset to defaults” option



12-8

Parameters for Air Concentrations

Average dust infiltration factor [indoor/outdoor conc, ratio] |0 55

Outdoor resuspension coefficients

Roim"-1*d) [1E-08
Re(m™1] o

Indoor resuspension factor [m™-1] HE-0&

A parameter's valueis hightishted in yellow ifitis defauld,
Press the "Fa" key fo revert back fo the default value,

FIGURE 12.6 Data Input Screen for Parameters for Air Concentrations

returns default values to all input parameters within the current input file. The “new” option will

close the current input file and start a new file.

To permanently save the changes to a data file, either click on “Exit RESRAD-RDD”
then answer the follow-up questions or choose the “file” option on the menu bar, then choose
“save” or “save as” from the drop down list. The first method saves the changes and terminates
the RESRAD-RDD execution. The second method saves the changes but continues the
RESRAD-RDD execution. The default RESRAD-RDD input file has the *.rdd extension. It is

recommended that the same file extension be retained for any input file created by the user.

After input data were saved to a file, the saved data can be retrieved at any time after
RESRAD-RDD is started. This can be accomplished by selecting the “file”” option on the menu

bar, then choosing “open” from the drop down list, and selecting the desired file.

Except for a brief text description on the input data screen, additional explanation can be
accessed for some input parameters during the execution of RESRAD-RDD. The brief text
descriptions for these parameters are underlined and displayed in blue in the input data screens.
Clicking on the text description will open another screen with additional explanation

(Figure 12.10). Close the explanation screen to continue data modification.



™ Exposure Paramters for Group B

Evacuation - FRMAC Method

100% time outdoor

Multiplication Exposure Dust Indasy e e Indoor Outdoor Geametry Mo
Factor for ; Exposure Exposure ; ; for External
Cenln T Frequency Ingestion Duration Duration Inhalation Inhalation L e s TTED
Gutdoor [diyr) Rate [m2/h) Rate [m3/hr] Rate (m3/hr)  E¥POsure to
Resuspension [hr¢d] (hrsd) Buildings
B1-1
Receptor spending 1 4 2.5E-05 24 0 0,958 1.4 3
100% time indoor
B1-2
Receptor spending 1 4 2.5E-05 16.4 7.6 0,958 1.4 3
time working
outdoors
B1-3
Receptor spending 1 4 2.5E-05 0 24 1.2 1.2 3

A parameter's valeeis highlighted in yellow ifitis defould,

Press the "FE" key o revert back do the defoultvalue,

0K |

FIGURE 12.7 Data Input Screen for Exposure Parameters for Group B

6-CI
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™ Growth and Consumption Parameters for Foods

05T Methodology  FRMAC Methodology
Productivity of produce [kgim™2)
Monleafy wvegetables

-

10
11 F

Leafy vegetables

Fodder i

Fraction of mass that will be added
during the remianing growing season

Growing period [yr)
Monleafy vegetables

[
-
-

Leafy vegetables

[

25

Fodder 0

Livestock fodder intake [kg/d)

=]

A AEEE

teat cow

tAilk cone

I

50
Ingestion rate of soil by meat/milk cows [kg/d]
Contamination fraction of fodder

Storage time (d)
Monleafy vegetables

Leafy vegetables
feat

ketilk

Time between sampling and harvest for crops (yr)
Time between sampling and grazed by cow for fodder [vr)

Time to consumption for vegetables [d)

A

Time to market for milk [d)

A perameter's valee iz Mighlishted inyellow ifitis defauld,
Press the "FO" key #o reverd back o the deforlt value,

oK, |

FIGURE 12.8 Input Data Screen for Growth and Consumption Parameters for Foods
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DepositionfTransfer Parameters for Plants

OGT Methodology FRMAC Methodology
Deposition Welacity (m/s)

y

Fraction of depasition retained on foliage 0.25

Wegetables

Fodder

bk

Fraction of deposition remained at harvest time

Foliage-to-food transfer factor

Monleafy vegetables ’017
Leafy vegetables 1
Fodder ’17
Weathering removal constant [1/yr) ’207
tixing depth af soil [m) W
Density of soil [kg/m"3) W W
Depth of roats [m) .15 0,15

A parameter's valueis highltighted inyellow ifitis defauld,
Press the "F&" key fo revert back fo the default value,

Ok |

FIGURE 12.9 Input Data Screen for Deposition/Transfer Parameters for Plants

Another feature of the input data screen is that internal bounds were set for the value of
each parameter. If the value entered is outside the range set for the parameter, a red warning sign
will appear next to the input value upon clicking the “OK” button (Figure 12.11). The entered
value cannot be saved unless rectification is made and the “OK” button is clicked again. The
internal bounds were selected to prevent mathematical overflow or underflow problems and
physically impossible situations (e.g., spending 25 hours per day indoors). They do not
correspond to the range of statistical distribution under normal conditions.

12.2.4 Perform Calculation and View Results

In order to view operational guideline/stay time results, for operational guideline

Groups B, C, D, E, and G, the “view guidelines” option on the input data selection screen must
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Roughness correction factor

Street/ soil |0.7
RESRAD-RDD Help

Rouglhness conrection factor

The roughness correction factor 15 used to adjust the external doze Fom a suface
source for surface roughness. Its value ranges from 0 to 1. By default, the
roughness correction factor 15 0.7 for streetfsod, and 1 for all the other surfaces,
1e. roof, extenior wall, mterior wall, and Hoor are assumed to have smooth
sutfaces. In reality, the roughness for bulding sufaces would depend on the type
of material used. Eochedo et al. (1926) prowided roughness correction factors for
different urban buillding surfaces, m which the surface roughness correction factors
for roof and exterior walls were 1 and 0,95, respectrvely.

Cloze |

N1 |

FIGURE 12.10 Additional Explanation for Roughness Correction Factor

be selected first. For Groups A and F-4, input data screens are not available; therefore, results
can be selected for viewing immediately after the group selection. If input parameter values have
been modified since the last calculations, the selection to view calculation results will initiate
new calculations to update the guideline/stay time results. During the calculations, the progress is
displayed through a status bar, which will disappear when calculations are completed. Depending
on the operational guideline group selected, either the calculation results will be displayed
directly on the screen or a result selection screen will appear (Figure 12.12), and the users will

need to make another selection.

The results generated by RESRAD-RDD are presented in tabular (Figures 12.13 and
12.14) or graphic format (Figure 12.15) supported by internet browsers. Viewing, saving,
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- BX

Relocation from Residential Areas (urban setting)

Multiplication Exposure Dust It @or oty Indoor Cutdoor Geometry Ha
Factor for Frep | H Exposure Exposure Inhalati Inhalati for External
[EEIEIEIF P quency ngestion S S el nhalation nhalation WOIF EFTEATEN
Outdoor [diyr] Rate [mi2/h) hrrd hred Rate [m3/hr]  Rate (mashr)  EXROSUrE f0
Resuspension (hrsd) (hr/d) Buildings
c1-1
Resident spending 10 25 2.5E-05 5| 0 0,958 1.4 3
100% of the time : = | : :
indoors
C1-2
Adults working 10 365 2.5E-08 16.4 7.6 0,958 1.4 3
outside
Relocation from Residential Areas (rural)
Multiplication Exposure Dust iDL OULEr Indoor outdoor Geometry Ho
Factor for Frel:éuency Ingestion Exposure Exposure Inhalation Inhalation for External
Duration Duration Exposure to
Dutdoor [déyr) Rate (m2/h) hrrd hred Rate [m3/hr] Rate (m3/hr)  SXBOsUre o
Resuspension (hrsd) (hrid) Buildings

A parameter's value is highlighted inyellow ifitis defoult,
Press the "Fa" key o ravertback fo the defauil valuve,

0K, |

FIGURE 12.11 Warning Sign Appears for an Entered Value outside the Range Set for a Parameter
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Results Selection

Select from the following Group D results for viewing:

Stay time tables for temporary access |

Operational guidelines for temproary access |

Guidelines ws, stay times figures - business access |

Guidelines vs. stay times figures - home access |

FIGURE 12.12 Result Selection Screen for Group D

3 C:\0thers\RDDARDD spreadsheets with interface\Results-GroupB. html - Microsoft Internet Explorer :”E”E
File Edit ‘Wiew Favorites Tools  Help :,'
- ) N O < i Z - ! o
< > Iﬂ \ELI () | search S ¢ Favorites {} =] [=]
Address @ Ci\Others\RDOMRDD spreadsheets with inkerface|Results-Groupe, html A | G0
Google |_C - v |u & Ehoblocked T chek v - () settings =
-

Operational Guidelines for Group B - Ealy Phase Protective Actions

TABLE 1 Operational Gudelines ﬂ:(‘i-‘mz} for Early Phase
Calculated with the FRMAC Methodology

Resident spending  Fesident spending 16 4 Wotker spending 100%

100%% tite indoors  hid indoors and 7.6 hid titme cutdoors
outdoors

PAG= PAG= PAG= PAG= PAG= PAG=
Radionuclide 1 rem 5 rem 1 rem 5 rem 1tem 5 rem
Am-241 TAEHIT  3T73EHIE  431EHIT 215EHIE 255EHIT 1 27EHIE
a3 2UEHIE  10AEHIY 1 Z4EHIE A 22EHIE  TAREHIT  3V4EHIE
Cm-244 1 34EHIE  6.68EHIE  FF3EHIT  ZEGEHIE 45VEHIT 1IBEHIE
Co-a0 234EH1D L1VEHIOD LOZE+HD9 S0BEHD® 458EHIE 2I0EHI9
Za-137 QREEHI?  40BE+I0 3 FEEHI? 1 B0E+10 162EH)® E0EEHID
Ir-192 TOAEHI?  352E+10  Z07EHI? 1 54E+10  139EH)P  6.93EHI9
Fo-210 3A5EHID 1 FEEHLIO0 538EHIE 1A9EHI®  1R4EHIE BVOEHIE
Pu-238 BASEHIT  423FHIE  4E9EHIT 244EHIE 2EOEHIT 1 44E-H12
Fu-239 TTIEHIT  SEAEHIE  446EHIT  2I3EHIE  1a3EHIT 1 32EHE
Fa 226 LTOEHID  EOVEHMY  4E1EHIE  240EHD9  1R0EHIE  9APEHIE
Zr-90 2ATEHID 123E+L1l 559EH)? 1BOE+1D 2.1gEH9 1.0ZE+10

-
< >

FIGURE 12.13 Operational Guideline Results for Group B
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File Edit View Favorites Tools  Help l‘?
- L e M q Y
O Back - 7, \ﬂ \ELI | S~ Search l#\r Favarites &;‘1 = @ =
Address @ Cii0others\RDDVRDD spreadsheets with inkerface)Results-GroupD 1, hkml A a el
Google (G~ vio g Bhoblocked " check + 3 - () settings~
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Stay Times for Group I} - Temporary Access to Eelocation Aveas for Essential Services

Table 1 Stay Times for Group D1-1 Scenario: Worker Access to Business (Ouidoor Exposure)

Fadinrmaclide Concentration Stay Time (contitmous exposre time in hours) to Beceidve 0.5 rem (500 mrem)
dpmf100
pCifem poifm® Bojem? e Lm-241 CE252 Cm-244 Co-600 Cs-137 Ir-192 Po-210 Pu-238 Pu-239 Fa-226 590
100E+01 | 1.00E+05 | 370E-01 | 222E+03% | = 8740 = 8750 = 8760 = 8760 = 2760 = 28750 = 28750 = 2750 = 2750 = 8760 = 3760
100E+02 | 1.00E+06 | 3.70E+00 | 222E+04 | 7.73E+05 | = 5760 = 3760 = 3760 = 2760 = 8760 = 8760 = 8760 | 8.17E+03 | =870 = 5760
1 00E+D3 | 1.00E+D7 | 3.70E+01 | 222E+05 | 1.23E+02 | 1.09E+03 | 393E+02 | 4.34E+03 | =2780 = 8760 | 133E+03 | 1.58E+02 | 132E+02 | 1.22E+03 | =370

1.00E+04 | 1.00E+08 | 3.70E+02 | 222E+08 | 7.03E+00 | 203E+01 | 1.26E+01 | 303E+02 | 1.08E+03 | 1.17E+03 | R 17E+01 [ 7.9YE+00 [ 727E+00 | 28%E+01 | 1 43E+03
1.00E+05 | 1.00E+0% | 300E+03 | 2.22E+07 | 703E-01 | 203E+00 | 1.26E+00 [ 221E+0]1 | R72E+01 | 2.6ZE+01 | 223E+00 | Y.89VE-0O1 TAVE-01 | B7SE+00 | 1.03E+02
1.00E+06 | 1.00E+10 | 3.00E+04 | 222E+08 | 703E-0Z | Z03E-01 1.26E-01 | 290E+00 | 961E+00 | 844E+00 | 5.2BE-01 TRIE-DZ | T2TE-02 | BUSE-D1 [ 8.80E+00
1.00E+07 | 1.00E+11 | 3.70E+05 | 222E+09 | 703E-05 | 2.03E-02 1 26E-02 | Z80E-0O1 3 E1E-0L 3.44E-01 F2BE-02 | 787E-03 | 7.27E-03 | B7RE-02 | B.EOE-O1

Table 2 Stay Times for Group D1-2 Scenario: Worker Access to Business (Indoor Exposure)

Fadiomclide Concentration Stay Time (contitmous exposure time in hours) to Becedve 0.5 rem (500 mrem)
dpms100
plifom® poim® Bojem® o Am-241 CE252 Cim-244 Cio-il Cs 157 192 Po-210 P 238 Pu-239 Fa 226 Sx-90
100E+D2 | 1.00E+0& | 3.70E+00 | 222E+04 | = 8780 = 3760 = 3760 = 3750 = 760 = 8760 = 8760 = 8760 = 8760 = 8760 = 3760
100E+03 | 1.00E+07 | 3.70E+01 | 222E+05 | 397E+02 | 220E+03 | 103E+03 | =8760 = 2760 = 8760 = 8760 | 491E+02 | 421E+02 | 201E+03 | = 8760
100E+D4 | 10O0E+D8 | 3.70E+02 | 222E+08 | 141E+01 | 4.57E+01 | 2.57E+0]1 | 698E+02 | 360E+03 | =2760 | 2828E+02 | 160E+01 | 146E+0] | 4827E+02 | =740
100E+D5 | 10O0E+D9 | 3.70E+03 | 222E+07 | 141E+00 | 401E+00 | 2.53E+00 | 6.57E+01 | 290E+02 | 235E+02 | 4.51E+01 | 1.60E+00 | 1 46E+00 | S40E+0l | 204E+02 | o

FIGURE 12.14 Stay Time Table Results for Group D

cr-ci
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editing, or printing the results can then be performed with the same procedures used by the
internet browser installed in the computer. To return to the RESRAD-RDD code, close the
internet browser by clicking on the “close screen” or “minimize screen’ button located at the

upper right corner of the screen.

RESRAD-RDD generates the same results presented in Chapters 3 through 10 for
Groups A to G. Except for the stay times expressed as functions of street concentrations
(see Figure 12.15) in Group D, the other results are presented in tables, in which all
11 radionuclides considered in the analyses are listed. Graphics are generated displaying the
relationship between stay time and street concentration for Group D. In each graphic, only one
radionuclide is considered. Therefore, another result selection screen is needed (Figure 12.16).
Select a radionuclide of interest by moving the cursor over the radionuclide name and clicking
the left mouse button. Multiple radionuclides can be selected one by one. Click on a selected
radionuclide will deselect it. After the radionuclide selection, click “Show Figures” to view the
graphic results. Multiple figures will be displayed for multiple radionuclides. If the results for all
the 11 radionuclides are desired, click on “select all” to select them all at once. Click “cancel” to

return to the previous result selection screen.

As mentioned previously, the calculation results can be saved to a file while they are
displayed and viewed with the internet browser. The *.htm or *.html file type should be selected
when saving the results to a file. This will enable opening a saved file with the internet browser

at a later time.

The calculation results that a user chooses to view with an internet browser were copied
from the result spreadsheets that are updated constantly. All copied and viewed results are saved
in an HTML file with a name reflecting the group and result selection in the root directory of the
code. Once such a file is created, the results contained within are not updated (copied from the
result spreadsheets) until the user chooses to view them again within the execution of
RESRAD-RDD. Therefore, caution should be taken to make sure that the results are up to date
and correspond to the latest input data, if such files are to be used outside the RESRAD-RDD

domain for other purposes.

To exit RESRAD-RDD, return to the input data selection screen or the group selection
screen, then select “Exit RESRAD-RDD.”
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FIGURE 12.15 Stay Time Graphic Results for Group D

12.3 TESTING/APPLICATION OF THE OGT METHODOLOGY
AND THE RESRAD-RDD SOFTWARE

The methodology, stay time tables, and operational guidelines developed for various

scenarios and subgroups and the companion RESRAD-RDD software are tested by using

hypothetical scenarios jointly developed by FRMAC and the OGT. Consistent with the OGT’s
guiding principles, operational guidelines development efforts were coordinated with FRMAC.
The goals of the coordination were (1) to identify areas of consistency between OGT methods
and operational guidelines with existing FRMAC assessment methods for response to more
traditional radiological incidents (e.g., nuclear power plant accidents); and (2) to determine the
rationale and benefits of OGT approaches that might differ from, or represent refinements to,
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Figure Options

select the radionuclides you would like ta see figures for:

Arm-241 Select All |

cf-252

Cancel | Show Figures |

FIGURE 12.16 Figure Option Screen for
Group D Results

FRMAC methodologies, which might be applied in the future to improve currently available
FRMAC methodologies. A key activity that resulted from this coordination and set of goals was
a method comparison exercise that involved independent OGT and FRMAC analysis of mutually
agreed upon predefined, assessment scenarios, sample data, and decision-support questions that
could likely be expected in the event of a radiological incident. Two questions were selected for
analysis from a set of questions jointly developed by FRMAC and OGT. The OGT analysis of
and results from the OGT/FRMAC methods comparison exercise is presented in the following

two sections.

12.3.1 Question No. 1 (Proposed by FRMAC)

What is derived response level (DRL) in terms of uCi/m? for the following mixture for

early phase, intermediate phase and second-year time frames using Cs-137 as marker?
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The mixture is determined from the following sample results:

Cs-137: 10 pCi/m?2
Sr-90: 10 puCi/m?2
Pu-239: 2 uCi/m?2

12.3.1.1 Solution to Question No. 1

Three methods are used to solve this question. All three methods render the same results.
Method 1 uses the tabulated values listed in this report; Method 2 uses the RESRAD-RDD
software; and Method 3 uses the methodology and equations described in this report. The general
approach and assumptions for all three methods are the same; they are described first, followed

by the solution using each method.

Approach and General Assumptions

* The radiological contamination is assumed to be the result of an RDD event,

which occurred in an outdoor environment.

» Surface contamination exists on the outside streets (soil), the exterior walls
and roof of buildings, and indoor floors and walls of buildings. The relative
concentration ratios for soil (street)/outdoor walls/roof/indoor floor/indoor
wallsare 1 :0.5:1:0.1:0.05.

» Surface concentrations are corrected for weathering and radioactive decay.

* Outdoor resuspension factor decreases over time. Indoor resuspension factor

is constant at 1E-6 m-1.
* For outdoor air concentration in an urban environment, the baseline
resuspension factor was multiplied by a factor of 10 to account for vehicular

traffic.

* Dust filtration factor is 0.55.
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+  Soil ingestion rate is 2.5 x 10-> m2/h for both indoors and outdoors.

* The residential building considered for external exposure was a rural house in
the case of rural environment and an urban apartment in the case of urban
environment. The characteristics for the buildings are listed in Table 2.4 in
Chapter 2.

« A homogenously contaminated surface area of 10,000 m2 was assumed for the
outdoor street/soil source. A surface roughness correction factor of 0.7 was

applied for external dose calculation.

» External dose conversion factors used in dose calculation were calculated
using RESRAD-BUILD; submersion dose conversion factors were taken from
FGR-12 (Eckerman and Ryman 1993); inhalation and ingestion dose
conversion factors were taken from FGR-11 (Eckerman et al. 1988). It was
assumed that Cs-137 is in equilibrium with its short-lived progeny Ba-137m
and Sr-90 is in equilibrium with its short-lived progeny Y-90. The dose
conversion factors for Cs-137 include the contribution from Ba-137m and

dose conversion factors for Sr-90 include the contribution from Y-90.

» Potential exposure pathways included (1) external radiation from deposited
contamination on outside street/soil, roof, exterior walls, interior floor, and
interior walls; (2) submersion in contaminated air both indoors and outdoors;
(3) inhalation of contaminated air both indoors and outdoors; and (4) ingestion

of contaminated dust particles indoors and outdoors.

Specific Assumptions for the Early Phase

+ “Early phase” is defined as the first 4 days following the RDD event. The

4-day integrated dose was calculated.

* During the early phase, indoor contamination (on floors and interior walls) has

not yet been established and would be neglected in dose calculation.

e« PAG=1rem.
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* Three different receptors were analyzed: (1) resident spending 100% of the
time (24 h/d) indoors, (2) resident spending time both indoors and outdoors,
and (3) worker spending 100% of the time outdoors. The maximally exposed
individual (MEI) was found to be a worker spending 100% of the time
outdoors for 4 days and 24 h/d.

* The RDD event was assumed to occur in an urban environment.

« The inhalation rate of the worker was 1.2 m3/h.

Specific Assumptions for the Intermediate Phase and Second-Year Time Frames

* Two different receptors, both in the urban and the rural environment, were
analyzed: (1) resident spending 100% of the time (24 h/d) indoors, and
(2) resident spending time both indoors and outdoors. The MEI was found to
be an adult resident living in the contaminated area who spends some time
working outdoors. The RDD event was assumed to occur in both an urban and

rural environment.
* The MEI was assumed to spend all his time in the contaminated area, 16.4 h/d
indoors and 7.6 h/d outdoors, and incur radiation exposures through external

radiation, submersion, inhalation, and ingestion.

e The inhalation rate was assumed to be 0.958 m3/h indoors and 1.4 m3/h

outdoors.

* Intermediate phase PAG = 2 rem; second-year PAG = 500 mrem.

General Solution Procedure and Methods

To calculate radiation doses using the OGT method, first the individual pathway DSRs
were calculated for each radionuclide, then the pathway DSRs were added for each radionuclide
to get the radionuclide-specific total DSR. The radionuclide specific total DSR was multiplied by
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the radionuclide concentration to get the dose from each radionuclide. Finally the doses from all

radionuclides were added to get the total dose. The DSRs can be calculated using three methods:

Method 1: Using tables in this report
Method 2: Using the RESRAD-RDD software
Method 3: Using the methodology/equations described in this report

All three methods calculated the same results, as expected.

Method 1: Using Tables in This Report

In this report, the DSRs for Cs-137, Sr-90, and Pu-239 were obtained using Table 4.6 for
the early phase; Table 5.A.2 and Table 5.A.4 for the intermediate phase in the urban and rural
setting, respectively; and Table 5.A.6 and Table 5.A.8 for the second year time frame in the

urban and rural setting, respectively. The results are listed in Table 12.1.
The DSRs for the mixture using Cs-137 as marker can be easily calculated based on the

DSRs for each individual radionuclide and their concentrations in the sample. The mixture DSRs

using Cs-137 as a marker are listed in Table 12.2.

TABLE 12.1 Radionuclide DSRs for Different Time Frames

DSRs [mrem/(pCi/m?)]

Early Phase Intermediate Phase Second-Year Time Frame

Urban Setting Urban Setting  Rural Setting Urban Setting  Rural Setting

Radionuclide (Table 4.6) (Table 5.A.2) (Table 5.A.4) (Table 5.A.6) (Table 5.A.8)
Cs-137 5.1E-7 1.48E-5 3.23E-5 8.84E-6 2.72E-5
Sr-90 1.3E-6 9.18E-6 1.26E-5 4.17E-6 1.03E-5

Pu-239 3.0E-4 7.88E-4 5.48E-4 2.02E-4 4.19E-4
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TABLE 12.2 Mixture DSRs and DRLs Using Cs-137 as a Marker

DSR [mrem/(pCi/m?2)]

Early Second-Year Time

Phase Intermediate Phase Frame

Urban Urban Rural Urban Rural
Radionuclide Setting Setting Setting Setting Setting

_Mixture, Cs-137 as marker __62E-5 _ 182E-4 1.55E4 534E-5  121E4
DRL (uCi/m?)
Radionuclide Early Phase  Intermediate Phase Second Year
Mixture, Cs-137 as marker 16.1 11.0 4.1

The DRLSs in units of uCi/m? for the mixture using Cs-137 as the marker are also
provided in the last row of Table 12.2. The PAG used are 1 rem for the early phase, 2 rem for the
first year, and 500 mrem for the second year (see Table 2.5 in Chapter 2).

The early phase DRL was estimated to be 16.1 uCi/m?2; for intermediate phase, it was
11.0 uCi/m2; and for the second-year time frame, it was 4.1 uCi/m2. The DRL for the
intermediate phase was based on results for an urban setting; and the DRL for the second year
was based on results for a rural setting.

The calculations of the DRLs follow:

Early phase calculations

Early phase dose = 5.1E-7*1E7 + 1.3E-6*1E7 + 3.0E-4*2E6 = 6.2E2 mrem.
DRL with Cs-137 as marker = 1000/6.2E2 * 10 uCi/m2 = 16.1 pCi/m?2.

Intermediate phase calculations

Urban setting dose = 1.48E-5*1E7 + 9.18E-6*1E7 + 7.88E-4*2E6 = 1.82E3 mrem.
DRL with Cs-137 as marker = 2000/1.82E3 * 10 uCi/m? = 11.0 pCi/m?2.
Rural setting dose =3.23E-5*1E7 + 1.26E-5*1E7 + 5.48E-4*2E6 = 1.55E3 mrem.
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DRL with Cs-137 as marker = 2000/1.55E3 * 10 uCi/m? = 12.9 pCi/m2.

The most restrictive DRL for the intermediate phase is in the urban setting.

Second year calculations

Urban setting dose = 8.84E-6*1E7 + 4.17E-6*1E7 + 2.02E-4*2E6 = 5.34E2 mrem.
DRL with Cs-137 as marker = 500/5.34E2 * 10 uCi/m? = 9.4 pCi/m?2.

Rural setting dose =2.72E-5*1E7 + 1.03E-5*1E7 + 4.19E-4*2E6 = 1.21E3 mrem.
DRL with Cs-137 as marker = 500/1.21E3 * 10 uCi/m2? = 4.1 pCi/m2.

The most restrictive DRL for the second year is in the rural setting.

Method 2: Using the RESRAD-RDD Software

The DSRs can be obtained by the following four steps using the RESRAD-RDD

software:
1. Open “RESRAD-RDD” software and press “START.”

2. For early phase select “Group B” click on “View Guidelines” and get the
operational guidelines from Table 2, column titled “worker spending 100%

time outdoors.” Convert guidelines to DSRs based on selected PAG.

3. For intermediate phase, select “Group C” click on “View Guidelines” select
“Relocation from residential, commercial/industrial, or other areas” and get
the operational guidelines from Table 1 for the urban resident and rural

resident for the first year. Convert guidelines to DSRs based on PAG = 2 rem.

4. For second year, select “Group C” click on “View Guidelines” select
“Relocation from residential, commercial/industrial, or other areas” and get
the operational guidelines from Table 1 for the urban resident and rural
resident for the second year. Convert guidelines to DSRs based on
PAG = 0.5 rem.
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The results obtained by using the RESRAD-RDD software are shown in Table 12.3.
They are practically identical (except some minor rounding errors) to the results in Table 12.1
using the tabulated values listed in this report. Hence, the DRLs are identical to those derived
using Method 1. (See Table 12.2 for results).

Method 3: Using the Methodology/Equations Described in this Report

DSR Calculations for the Early Phase

To calculate DSRs, the average concentration of radionuclide on each contaminated
surface as well as in the indoor and outdoor air need to be known. The average concentration on
each surface was corrected for weathering and radioactive decay over time with Equation 2.2 in
Chapter 2:

1
ty —t

WCF =

iy
[rae ™ +1-aje ) je ™ ar , (12.1)
1 t

where ¢; =0, and 7, = 0.01096 yr (4 days). The weathering coefficients listed in Table 12.4 are
taken from Table 2.1 in Chapter 2.

TABLE 12.3 DSRs from the RESRAD-RDD Software

DSR [mrem/(pCi/m?)]
Early Phase Intermediate phase Second-year time frame
Results for Worker Results for Results for Results for Results for
Spending 100% Urban Resident ~ Rural Resident Urban Resident ~ Rural Resident
Radionuclide Time Outdoors (1st year) (1st year) (2nd year) (2nd year)
Cs-137 5.13E-7 1.48E-5 3.23E-5 8.84E-6 2.72E-5
Sr-90 1.26E-6 9.18E-6 1.26E-5 4.17E-6 1.03E-5

Pu-239 3.01E-4 7.88E-4 5.48E-4 2.02E-4 4.19E-4
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TABLE 12.4 Weathering Coefficients for Different Surfaces

Mobile Shorter Half-Life =~ Longer Half-Life

Surface Fraction (a) (In2/b), yr (In2/¢), yr
Street (urban) 0.5 0.2 2
Soil (rural) 0.46 1.5 50
Roof 0.5 4 50
Exterior wall 0.2 0.2 20
Interior floor (urban) 0.5 0.2 2
Interior floor (rural) 0.46 1.5 50
Interior wall 0.2 0.2 20

The outdoor air concentration was calculated by considering the change of radionuclide
concentration on the street surface over time, the change of resuspension factor over time, and
the condition of vehicular traffic. Equations 2.3, 2.4, and 2.6 in Chapter 2 were used to calculate

the outdoor air concentrations:

RFg(t) = 1.OE-6/t  for 1 <t< 1000 days,
= 1.0E-6 for t=1day, (12.2)
= 14HE-9 for t>1000 days.
[RF,(Olae™™ +(1-a)e e dt

WCF, x RF, =" — (12.3)
2741

C,=C, xWCF, xRF, x MF . (12.4)

where C,, is the outdoor air concentration, Cy is the street/soil surface concentration, and MF is a
modification factor to account for vehicular traffic. MF=10 for an urban setting.

The indoor air concentration (C;) was calculated by using Equation 2.7 in Chapter 2:
Ci = Co x SHF 1 + Cﬂoar x RFI x WCF floor * (12'5)
The dust filtration factor (SHF1) is 0.55. The indoor resuspension factor is 1E-6 m-1.

Table 12.5 lists the average weathering correction factors calculated using Equation 12.1

for concentrations on different surfaces and the average correction factors calculated using
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TABLE 12.5 Average Weathering Correction Factors for the Early Phase

Weathering Correction Factor (WCF) for 4 days

Radionuclides Streets Exterior Walls Roofs Interior Floor Interior Walls  Outdoor Air?
Cs-137 9.90E-01 9.96E-01 9.99E-01 9.99E-01 9.96E-01 5.92E-07
Pu-239 9.90E-01 9.96E-01 9.99E-01 9.99E-01 9.96E-01 5.92E-07
Sr-90 9.90E-01 9.96E-01 9.99E-01 9.99E-01 9.96E-01 5.92E-07

@ Correction factors for outdoor air include consideration of resuspension (Equation 12.3).

Equation 12.3 for outdoor air. Table 12.6 lists the average concentrations in different media

based on an outdoor ground surface concentration of 1 pCi/m? for each radionuclide.

The external pathway dose for individual radionuclide was calculated using Equation 2.5
in Chapter 2:

pathway dose =C, xP, xWCF, xOF, ,xSF, ,xGRC, ,xDCF, , (12.6)

ext,n,g

where:

P, =partitioning factor;

n =index for media (1 and 6 for street/soil, 2 for roof, 3 for exterior

walls, 4 for interior floor, and 5 for interior walls);
g = index for geometries;
OFy,g = occupancy factor (time fraction in a year);
SF ;¢ = shielding factor;
GRC ¢ = ground roughness correction factor (0.7 for n =1, 1 for n = 2 to 6); and

DCFy,g =external dose conversion factor (dose per unit exposure for 1 year
from different contaminated media for receptor indoors and

outdoors), (mrem/yr per pCi/m?2).
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TABLE 12.6 Average Concentrations in Different Media for the Early Phase
(Based on an Initial Outdoor Street Concentration of 1 pCi/m?2)

Average Concentration for 4 days

Street Outdoor Air  Exterior Walls Roofs Interior Walls?  Interior Floor?  Indoor Air
Radionuclide  (pCi/m2)  (pCi/m?) (pCi/m?2) (pCi/m?2) (pCi/m?) (pCi/m?2) (pCi/m3)
Cs-137 9.90E-01 5.92E-06 4.98E-01 9.99E-01 0.00E+00 0.00E+00 3.26E-06
Pu-239 9.90E-01 5.92E-06 4.98E-01 9.99E-01 0.00E+00 0.00E+00 3.26E-06
Sr-90 9.90E-01 5.92E-06 4.98E-01 9.99E-01 0.00E+00 0.00E+00 3.26E-06

2 The indoor contamination is not yet established in the early phase and is not included in dose calculation.

The DCF for the outdoor ground source was calculated for an area of 10,000 m2 using
RESRAD-BUILD. The values are 4.91E-5, 4.39E-8, and 4.97E-7 (mrem/yr)/(pCi/m2) for Cs-37,
Pu-239, and Sr-90, respectively. Therefore, the external DSRs are:

For Cs-137, 1 x1x0.99 x (4/365) x 1 x 0.7 x 4.91E-5 = 3.73E-7 mrem/(pCi/m?2).
1 x1x0.99 x (4/365) x 1 x 0.7 x 4.39E-8 = 3.33E-10 mrem/(pCi/m?2).
1 x1x0.99 x (4/365) x 1 x 0.7 x 4.97E-7 = 3.77E-9 mrem/(pCi/m?2).

for Pu-239,
for Sr-90,

The inhalation pathway dose for individual radionuclide while outdoors was calculated

using Equation 2.8 in Chapter 2:

pathway dose, ,

—outdoor

=C,xOF, xIR xDCF,, .

(12.7)

The occupancy factor (OF?) is the total time in hours spent outdoors. The inhalation rate is
1.2 m3/h. The inhalation DCFs were taken from FGR-11 (Eckerman et al. 1988); they are

3.19E-5, 4.29E-1, and 1.31E-3 mrem/pCi for Cs-137, Pu-239, and Sr-90, respectively. Therefore,

the inhalation DSRs are:

For Cs-137, 5.92E-6 x (4 x 24) x 1.2 x 3.19E-5 = 2.18E-8 mrem/(pCi/m?2).
For Pu-239, 5.92E-6 x (4 x 24) x 1.2 x 4.29E-1 = 2.93E-4 mrem/(pCi/m?2).

For Sr-90, 5.92E-6 x (4 x 24) x 1.2 x 1.31E-3 = 8.93E-7 mrem/(pCi/m?2).
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The air submersion pathway dose while outdoors was calculated using Equation 2.10 in
Chapter 2:

pathway dose =C, xOF, x DCF, (12.8)

sub—outdoor sub *

The submersion DCFs were taken from FGR-12 (Eckerman and Ryman 1993); they are 3.19E-3,
4.96E-7, and 2.31E-5 (mrem/yr)/(pCi/m3) for Cs-137, Pu-239, and Sr-90, respectively.

Therefore, the submersion DSRs are:

For Cs-137, 5.92E-6 x (4/365) x 3.19E-3 = 2.07E-10 mrem/(pCi/m2).
For Pu-239, 5.92E-6 x (4/365) x 4.96E-7 = 3.22E-14 mrem/(pCi/m2).
For Sr-90, 5.92E-6 x (4/365) x 2.31E-5 = 1.50E-12 mrem/(pCi/m?2).

The dust ingestion pathway dose was calculated using Equation 2.12 in Chapter 2:

pathway dose,,, = C, x PxWCF x IngR x OF x DCF, (12.9)

ing *
The dust ingestion rate (IngR) is 2.5 x 10-3> m2/h; the occupancy factor (OF) is the total time in
hours spent outdoors. The ingestion DCFs were taken from FGR-11 (Eckerman et al. 1988); they
are 5.0E-5, 3.54E-3, and 1.53 E-4 mrem/pCi for Cs-137, Pu-239, and Sr-90, respectively.
Therefore, the ingestion DSRs are:

For Cs-137, 1 x 1 x 0.99 x 2.5E-5 x (4 x 24) x 5.0E-5 = 1.19E-7 mrem/(pCi/m?2).
For Pu-239, 1 x 1 x 0.99 x 2.5E-5 x (4 x 24) x 3.54E-3 = 8.41E-6 mrem/(pCi/m?2).
For Sr-90, 1 x 1 x 0.99 x 2.5E-5 x (4 x 24) x 1.53E-4 = 3.64E-7 mrem/(pCi/m?).

The total DSR is the sum of DSRs over exposure pathways. The total values for the three
radionuclides are listed in Table 12.7, along with the component values from each exposure

pathway. The total values are practically the same as those obtained by using Methods1 and 2.

DSR Calculations for the Intermediate Phase

The calculation of DSRs for the intermediate phase followed the procedure described for
early phase, except that the time frame changed from 4 days to 1 year. The average weathering

correction factors for different surfaces are listed in Table 12.8. Table 12.9 lists the average
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TABLE 12.7 DSRs (mrem per pCi/m2) from Individual Exposure
Pathways in the Early Phase

Radionuclide External Inhalation Air Submersion Dust Ingestion  Total

Cs-137 3.7E-7 2.2E-8 2.1E-10 1.2E-7 5.1E-7
Sr-90 3.8E-9 8.9E-7 1.5E-12 3.6E-7 1.3E-6
Pu-239 3.3E-10 2.9E-4 3.2E-14 8.4E-6 3.0E-4

concentrations in different surfaces and in the indoor air and outdoor air for an urban
environment. Table 12.10 lists the average concentrations in the same media for a rural

environment.

External radiation comes from contaminants deposited on the ground surface when the
receptor is outdoors. When the receptor is indoors, external radiation also comes from
contaminants deposited on exterior walls, roof, interior floor, and interior walls. The indoor
external DCFs for use in dose calculation depend on characteristics of the building. Table 12.11
lists the characteristics assumed for an urban apartment and a rural house. The indoor external
DCFs for different contaminated surfaces were calculated using RESRAD-BUILD and are listed
in Table 12.12.

The external pathway dose for individual radionuclide was calculated using
Equation 12.6. The dose was calculated when the receptor was outdoors as well as when the

receptor was indoors.

The inhalation pathway dose for individual radionuclide was calculated using
Equation 12.7 while the receptor was outdoors. When the receptor was indoors, the inhalation

pathway dose was calculated by using Equation 2.9 in Chapter 2:

pathway dose =C, xOF, xIR. x DCF, , . (12.10)

inh—indoor
The air submersion pathway dose for individual radionuclide was calculated using Equation 12.8
while the receptor was outdoors. When the receptor was indoors, the air submersion pathway

dose was calculated by using Equation 2.11 in Chapter 2:

pathway dose =C,xOF,xDCF,, . (12.11)

sub—indoor



TABLE 12.8 Average Weathering Correction Factors for the Intermediate Phase

Weathering Correction Factor (WCF) for First Year

Interior Interior
Streets Soil (rural ~ Exterior Floor (urban  Floor (rural  Interior Outdoor Air? Outdoor Air?
Radionuclides  (urban setting) setting) Walls Roofs setting) setting) Walls (urban setting)  (rural setting)
Cs-137 5.57E-01 8.95E-01 8.33E-01 9.45E-01 5.57E-01 8.95E-01  8.33E-01 1.59E-08 1.83E-08
Pu-239 5.62E-01 9.05E-01 8.42E-01 9.56E-01 5.62E-01 9.05E-01  8.42E-01 1.60E-08 1.84E-08
Sr-90 5.57E-01 8.94E-01 8.33E-01 9.45E-01 5.57E-01 8.94E-01  8.33E-01 1.59E-08 1.83E-08

& Correction factors for outdoor air include consideration of resuspension.

1£-cl
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TABLE 12.9 Average Concentrations in Different Media during the Intermediate Phase for an
Urban Environment (Based on an Initial Outdoor Street Concentration of 1 pCi/m2)

Average Concentration for First Year (Urban Environment)

Indoor Indoor
Outdoor  Exterior Interior Interior  Air (from  Air (from
Street Air Walls Roofs Walls Floor outdoor) floor)

Radionuclide  (pCi/m2)  (pCi/m3) (pCi/m?) (pCi/m?) (pCi/m?) (pCi/m?) (pCi/m3)  (pCi/m3)

Cs-137 5.57E-01  1.59E-07 4.16E-01 9.45E-01 4.16E-02 5.57E-02 8.76E-08  5.57E-08
Pu-239 5.62E-01 1.60E-07 4.21E-01 9.56E-01 4.21E-02 5.62E-02 8.78E-08  5.62E-08
Sr-90 5.57E-01 1.59E-07 4.16E-01 9.45E-01 4.16E-02 5.57E-02  8.76E-08  5.57E-08

TABLE 12.10 Average Concentrations in Different Media during the Intermediate Phase
for a Rural Environment (Based on an Initial Outdoor Soil Concentration of 1 pCi/m?2)

Average Concentration for First Year (Soil Contamination)

Indoor Indoor
Outdoor Exterior Interior Interior Air (from  Air (from
Soil Air Walls Roofs Walls Floor outdoor) floor)

Radionuclide  (pCi/m?)  (pCi/m3)  (pCi/m?)  (pCi/m?) (pCi/m?) (pCi/m?)  (pCi/m?)  (pCi/m3)

Cs-137 8.95E-01  1.83E-08 4.16E-01 9.45E-01 4.16E-02 8.95E-02 1.01E-08  8.95E-08
Pu-239 9.05E-01  1.84E-08 421E-01 9.56E-01 4.21E-02 9.05E-02 1.01E-08  9.05E-08
Sr-90 8.94E-01  1.83E-08 4.16E-01  9.45E-01 4.16E-02  8.94E-02 1.01E-08  8.94E-08

TABLE 12.11 Characteristics of Different Buildings Used in External Dose Calculations

Building
Shielding Floor Area  Building Wall/roof Building Material
Geometry Factor (m?) Height (m)  Thickness (cm)  Material  Density (g/cm3)
Rural house 0.4 36 24 3.5 Concrete 1

Urban apartment 0.2 100 24 10 Concrete
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TABLE 12.12 External DCFs (mrem/yr)/(pCi/m2) from Contaminants on Different Surfaces
for an Indoor Receptor

Rural House Urban Apartment
Inside to Inside to Inside to Inside to Inside to  Inside to
Exterior Inside to Interior Interior Exterior Inside to Interior Interior
Radionuclide Walls? Roof? Walls Floor Walls? Roof? Walls Floor
Cs-137 9.00E-06  1.02E-05 1.01E-05 1.55E-05 2.68E-06  3.06E-06 6.48E-06 2.14E-05
Pu-239 9.80E-10  1.05E-09 1.32E-08 3.64E-08 1.36E-10 1.06E-10  4.00E-09  4.04E-08
Sr-90 7.16E-08  8.09E-08 1.02E-07 1.57E-07 1.20E-08 1.49E-08  6.60E-08 2.18E-07

4 The DCFs for contaminants on exterior walls and roof have taken into account shielding from building materials.

The dust ingestion pathway dose for individual radionuclide was calculated by using

Equation 12.9 while the receptor was both indoors and outdoors.

Tables 12.13 and 12.14 list the DSRs (mrem per pCi/m?) from each individual pathway
considered in dose calculation in an urban and rural environment, respectively. The last column
of the tables lists the total DSRs; they are the same as the values obtained by using Methods 1
and 2.

DSR Calculations for the Second Year

Procedure and equations used to calculation DSRs for the second year time frame are the
same as those used for the intermediate phase (i.e., first-year time frame). Therefore, they are not

repeated here.

The average weathering correction factors for different surfaces are listed in Table 12.15.
Table 12.16 lists the average concentrations in different surfaces and in the indoor air and
outdoor air for an urban environment. Table 12.17 lists the average concentrations in the same

media for a rural environment.

Tables 12.18 and 12.19 list the DSRs (mrem per pCi/m?) from each individual pathway
considered in dose calculation in an urban and rural environment, respectively. The last column
of the tables lists the total DSRs; they are the same as the values obtained by using Method 1

or 2.



TABLE 12.13 DSRs from Individual Exposure Pathways for the Intermediate Phase in an Urban Setting

DSR from Individual Exposure Pathways (mrem/yr per pCi/m? of Street Contamination)

External Inhalation Air Submersion Dust Ingestion
Exterior Interior Interior
Street, Street, Walls, Roof, Walls, Floor,
Radionuclide Outside Inside Inside Inside Inside Inside Outside Inside Outside Inside Outside Inside Total
Cs-137 6.06E-06 2.62E-06  7.64E-07 1.98E-06 1.84E-07 8.14E-07 | 1.97E-08 2.62E-08 1.61E-10 3.12E-10 1.93E-06 4.17E-07 1.48E-05
Pu-239 547E-09  2.36E-09 3.90E-11  6.92E-11 1.15E-10  1.55E-09 | 2.66E-04  3.54E-04 2.51E-14 4.88E-14 1.38E-04 2.98E-05 7.88E-04
Sr-90 6.13E-08  2.65E-08  3.43E-09 9.62E-09  1.88E-09  8.29E-09 | 8.11E-07 1.08E-06 1.17E-12 2.26E-12 5.91E-06 1.27E-06 9.18E-06
TABLE 12.14 DSRs from Individual Exposure Pathways for the Intermediate Phase in a Rural Setting
DSR from Individual Exposure Pathways (mrem/yr per pCi/m? of Soil Contamination)
External Inhalation Air Submersion Dust Ingestion
Exterior Interior Interior
Soil, Soil, Walls, Roof, Walls, Floor,
Radionuclide Outside Inside Inside Inside Inside Inside Outside Inside Outside Inside Outside Inside Total
Cs-137 9.74E-06  8.40E-06 2.56E-06  6.59E-06 2.87E-07 9.48E-07 | 2.27E-09 1.82E-08 1.85E-11 2.17E-10 3.10E-06 6.69E-07 | 3.23E-05
Pu-239 8.80E-09  7.60E-09  2.82E-10  6.86E-10  3.79E-10  2.25E-09 | 3.06E-05  2.47E-04 2.88E-15 341E-14 2.22E-04 4779E-05 | 5.48E-04
Sr-90 9.85E-08  8.50E-08  2.04E-08 5.22E-08 2.91E-09 9.59E-09 | 9.31E-08  7.47E-07 1.34E-13 1.57E-12 9.49E-06 2.05E-06 1.26E-05

re-Cl



TABLE 12.15 Average Weathering Correction Factors for the Second-Year Time Frame

Weathering Correction Factor (WCF) for Second Year

Interior Outdoor

Streets (urban  Soil (rural Interior Floor Floor (rural Air? (urban

Outdoor Air?

Radionuclides setting) setting) Exterior Walls Roofs (urban setting) setting) Interior Walls setting) (rural setting)
Cs-137 2.93E-01 7.35E-01 7.35E-01 8.46E-01 2.93E-01 7.35E-01 7.35E-01 5.70E-10 1.41E-09
Pu-239 3.03E-01 7.61E-01 7.61E-01 8.76E-01 3.03E-01 7.61E-01 7.61E-01 5.89E-10 1.46E-09
Sr-90 2.93E-01 7.34E-01 7.35E-01 8.45E-01 2.93E-01 7.34E-01 7.35E-01 5.69E-10 1.41E-09
& Correction factors for outdoor air include consideration of resuspension.
TABLE 12.16 Average Concentrations in Different Media during the Second Year Time Frame for an Urban
Environment (Based on an Initial Outdoor Street Concentration of 1 pCi/m2)
Average Concentration for Second Year (Urban Environment)
Indoor Air Indoor Air
Street Outdoor Air  Exterior Walls Roofs Interior Walls  Interior Floor (from outdoor) (from floor)
Radionuclide  (pCi/m?) (pCi/m3) (pCi/m?) (pCi/m?2) (pCi/m?2) (pCi/m?) (pCi/m3) (pCi/m?)
Cs-137 2.93E-01 5.70E-10 3.68E-01 8.46E-01 3.68E-02 2.93E-02 3.13E-10 3.68E-08
Pu-239 3.03E-01 5.89E-10 3.81E-01 8.76E-01 3.81E-02 3.03E-02 3.24E-10 3.81E-08
Sr-90 2.93E-01 5.69E-10 3.67E-01 8.45E-01 3.67E-02 2.93E-02 3.13E-10 3.67E-08

Y



TABLE 12.17 Average Concentrations in Different Media during the Second-Year Time Frame for a Rural Environment
(Based on an Initial Outdoor Soil Concentration of 1 pCi/m2)

Average Concentration for Second Year (Rural Environment)

Indoor Air Indoor Air
Soil Outdoor Air  Exterior Walls Roofs Interior Walls  Interior Floor  (from outdoor)  (from floor)
Radionuclide  (pCi/m?) (pCi/m3) (pCi/m?) (pCi/m?) (pCi/m?) (pCi/m?) (pCi/m3) (pCi/m3)
Cs-137 7.35E-01 1.41E-09 3.68E-01 8.46E-01 3.68E-02 7.35E-02 7.76E-10 7.35E-08
Pu-239 7.61E-01 1.46E-09 3.81E-01 8.76E-01 3.81E-02 7.61E-02 8.02E-10 7.61E-08
Sr-90 7.34E-01 1.41E-09 3.67E-01 8.45E-01 3.67E-02 7.34E-02 7.75E-10 7.34E-08
TABLE 12.18 DSRs from Individual Exposure Pathways for the Second Year in an Urban Setting
DSRs from Individual Exposure Pathways (mrem/yr per pCi/m? of Street Contamination)
External Inhalation Air Submersion Dust Ingestion
Exterior Interior Interior
Street, Street, Walls, Roof, Walls, Floor,
Radionuclide | Outside Inside Inside Inside Inside Inside Outside Inside Outside Inside Outside Inside Total
Cs-137 3.19E-06  1.38E-06 6.74E-07 1.77E-06  1.63E-07  4.29E-07 | 7.06E-10  7.30E-09 5.75E-12 8.70E-11 1.02E-06 2.19E-07 | 8.84E-06
Pu-239 2.95E-09 1.27E-09 3.53E-11  6.34E-11  1.04E-10 8.37E-10 | 9.81E-06  1.02E-04 9.24E-16 1.40E-14 7.44E-05 1.61E-05 | 2.02E-04
Sr-90 3.23E-08 1.39E-08  3.02E-09 8.61E-09  1.66E-09  4.36E-09 | 2.90E-08  2.99E-07 4.16E-14 6.29E-13 3.11E-06 6.70E-07 | 4.17E-06

9¢-CI



TABLE 12.19 DSRs from Individual Exposure Pathways for the Second Year in a Rural Setting

DSRs from Individual Exposure Pathways (mrem/yr per pCi/m? of Soil Contamination)

External Inhalation Air Submersion Dust Ingestion
Exterior Interior Interior
Soil, Soil, Walls, Roof, Walls, Floor,
Radionuclide Outside Inside Inside Inside Inside Inside Outside Inside Outside Inside Outside Inside Total
Cs-137 8.00E-06  6.91E-06 2.26E-06 590E-06 2.53E-07 7.79E-07 | 1.75E-10 1.36E-08 1.42E-12 1.62E-10 2.55E-06 5.50E-07 | 2.72E-05
Pu-239 7.40E-09  6.39E-09  2.55E-10  6.28E-10  3.42E-10  1.89E-09 | 2.43E-06 1.89E-04 2.29E-16 2.61E-14 1.87E-04 4.03E-05 | 4.19E-04
Sr-90 8.09E-08  6.98E-08 1.80E-08 4.67E-08 2.57E-09  7.88E-09 | 7.17E-09  5.58E-07 1.03E-14 1.17E-12 7.79E-06 1.68E-06 | 1.03E-05

LECI
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12.3.2 Question No. 2 (Proposed by OGT )

After an RDD event it was found that people live or work in the area needed to be
relocated. However, permission may be granted for workers or residents to return to the area for
retrieval of personal belongings or performing essential maintenance activities, as long as the
duration is limited. Assuming the ground surface is contaminated with Am-241 of 25 puCi/m2

and Sr-90 of 100 puCi/m2, determine whether the following requests should be granted for:

1. A worker to return to perform outdoor maintenance activities for 8 hour per

day for 10 days,

2. A worker to return to perform indoor maintenance activities for 8 hours per

day for 12 days, and

3. A resident to return to retrieve personal belongings and spend 4 days inside a
house.

12.3.2.1 Solution to Question No. 2

Three methods are used to solve this question. All three methods yield the same results.
Method 1 uses the tabulated values listed in this report; Method 2 uses the RESRAD-RDD
software; and Method 3 uses the methodology and equations described in this report. The
approach and general assumptions listed in Solution to Question No. 1 also apply to
Question No. 2. The additional assumptions and receptor-specific assumptions are described in
the next section, followed by the solution using each method.

Additional Assumptions for Question No. 2

» The RDD was assumed to occur in an urban environment; however, because
of relocation, vehicular traffic in the contaminated area would be limited.
Therefore, the baseline resuspension factor (without the multiplication factor

of 10) was used.
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To obtain the maximum exposure, the exposure was assumed to start from the
first day and continued over the subsequent days after the ground surface

concentrations were measured.

* Average concentrations for each day were used to estimate radiation doses.

e PAG =500 mrem.

Specific Assumptions for Workers

* The building where the worker would perform maintenance activities is a

warehouse with the characteristics listed in Table 2.4 in Chapter 2.

* For the worker performing outdoor maintenance activities, only outdoor

exposure was considered. The inhalation rate for the outdoor worker was
1.4 m3/h.

* For the worker performing indoor maintenance activities, only indoor
exposure was considered. The inhalation rate for the indoor worker was
assumed to be 1.2 m3/h.

Specific Assumptions for Residents
* The building where the resident would incur radiation exposure is an urban
apartment with the characteristics listed in Table 2.4 in Chapter 2 (also listed

in Table 12.11).

*  Only indoor exposure was considered. The inhalation rate for the resident was
0.98 m3/h.

* The resident was assumed to spend 24 hours per day for 4 days inside the

apartment.
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General Solution Procedure and Methods

First, the dose to each receptor from each radionuclide was calculated for the given
exposure situation. Then the doses from all radionuclides were added to get the total dose for
each receptor. The total dose was compared with the PAG (500 mrem) to decide whether
permission should be granted. As in solving Question No. 1, the calculations can be done by

three methods:

Method 1: Using tables and figures in this report
Method 2: Using the RESRAD-RDD software
Method 3: Using the methodology/equations described in this report

All three methods provided the same results, as expected.

Method 1: Using Tables and Figures in This Report

Chapter 7 (Group D: Temporary Access to Relocation Areas for Essential Activities) of
this report includes the data needed to solve this question. The allowable outside surface
concentrations based on a dose of 500 mrem are listed in various tables and figures. The results
for Am-241 and Sr-90 are listed in Table 12.20. Therefore, radiation doses to the three receptors
can be calculated and compared with 500 mrem to determine whether the requests should be

granted or not.

Case (a): The allowed outside ground surface concentration of individual radionuclides
for a worker to perform outdoor maintenance activities for 8 hours per day for 10 days is
21.5 puCi/m2 for Am-241 and 1,430 uCi/m?2 for Sr-90.

With given concentration of 25 pCi/m?2 for Am-241 and 100 pCi/m? for Sr-90, the total
dose received = (25/21.5 + 100/1430)*500 = 616 mrem. That is, greater than 500 mrem. Even
Am-241 alone would result in a dose greater than 500 mrem. Therefore, the request should not
be granted for Case (a).
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TABLE 12.20 Allowable Concentrations Based on 500 mrem?

Allowed Outside Surface Concentration (pCi/m?)

Worker Outdoor (a) Worker Indoor (b)  Resident Indoor (¢)

Radionuclide  Figures 7.1 and 7.11 Table 7.4 Table 7.8
Am-241 2.15E7 3.61E7 2.75E7
Sr-90 1.43E9 6.64E9 5.63E9

@ Obtained from Chapter 7 of this report.

Case (b): The allowed outside ground surface concentrations of individual radionuclides
for a worker to perform indoor maintenance activities for 8 hours per day for 12 days are as
follows (see Table 12.20):

Am-241:36.1 uCi/m2 and Sr-90: 6640 puCi/m2

The total dose received = (25/36.1 + 100/6640)*500 = 354 mrem (i.e., less than
500 mrem). Therefore, the request should be granted for Case (b).

Case (c): The allowed outside ground surface concentrations of individual radionuclides
for a resident to retrieve personal belongings and spend 4 days inside a house are as follows (see
Table 12.20):

Am-241: 27.5 uCi/m2 and Sr-90: 5630 puCi/m2

The total dose received = (25/27.5 + 100/5630)*500 = 463 mrem (i.e., less than
500 mrem). Therefore, the request should be granted for Case (c).

Method 2: Using the RESRAD-RDD Software

Decisions can be made using the RESRAD-RDD software to determine whether requests

for the three cases should be granted. Here are the steps to follow:
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1. Open “RESRAD-RDD” software and press “START.”

2. For case (a), select “Group D” click on “View Guidelines” select “Guidelines
vs. stay time figures — business access” select “Am-241 and Sr-90” click on
“Show figures.” From the figures for Am-241 and Sr-90 find out the limiting

concentration for access to business at stay time = 10 d for outdoor exposure.

3. For case (b), select “Group D” click on “View Guidelines” select “Operational
guidelines for temporary access.” From Table 2 get the limiting concentration

at stay time = 12 d for a worker for indoor exposure.

4. For case (c), select “Group D” click on “View Guidelines” select “Operational
guidelines for temporary access.” From Table 4 get the limiting concentration

at stay time = 4 d for a resident for indoor exposure.
The results obtained from the software are shown in Table 12.21.
These results are practically the same as those obtained using Method 1 (given in

Table 12.20). Therefore, the conclusions using Method 2 are the same as those obtained using
Method 1.

TABLE 12.21 Allowable Concentrations Based on 500 mrem Obtained
from RESRAD-RDD Software

Allowed Outside Surface Concentration (pCi/m?)

Worker Outdoor (a) Worker Indoor (b) Resident Indoor (¢)
Limiting Concentration for ~ Limiting Concentration for =~ Limiting Concentration for
Radionuclide Stay Time =10d Stay Time=12d Stay Time=4d
Am-241 2.2E7 3.61E7 2.75E7

Sr-90 1.5E9 6.63E9 5.63E9
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Method 3: Using the Methodology/Equations Described in This Report

Calculation of radiation doses from the external radiation, inhalation, air submersion, and
dust ingestion pathways followed the same procedure described in Method 3 for Question No. 1.
First of all, the average weathering correction factors for different contamination surfaces and the
average correction factors for outdoor air were calculated using Equations 12.1 and 12.3,
respectively. Then the average concentrations in outdoor air and indoor air were calculated using
Equations 12.4 and 12.5, respectively. After the average concentrations were obtained,
calculation of radiation doses from the external radiation, inhalation, air submersion, and

ingestion pathways were performed using Equations 12.6 through 12.11.

When calculating the average weathering correction factors and concentrations, instead
of using three time periods of 4 days (t1=0, t2 =4 day), 10 days (t1=0, t2=10 day), and 12 days
(t1=0, t2=12 day), to consider the three request cases separately, the day-to-day average values
were calculated from day 1 up to day 12 (i.e., t1=0 and t2=1 day for day 1, t1=1 day and t2=2
day for day 2, t1=2 day and t2=3 day for day 3, etc). The application of Equations 12.6 through
12.11, with the daily average correction factors and concentrations, then resulted in daily doses.
To consider the request in Case (a), daily doses from day 1 to day 10 were added; to consider the
request in Case (b), daily doses from day 1 to day 12 were added; and to consider the request in

Case (c), daily doses from day 1 to day 4 were added.

Tables 12.22 and 12.23 list the daily average concentrations for Am-241 and Sr-90,
respectively, from day 1 to day 12. The daily average concentrations were based on an initial

concentration of 1 pCi/m? on the street.

Characteristics of the warehouse where the worker would return to work were taken from
Table 2.4 in Chapter 2, and these are listed in Table 12.24. Indoor external DCFs associated with
the warehouse were calculated using RESRAD-BUILD, and these are listed in Table 12.25.

Table 12.26 lists the daily average DSRs per hour for Am-241 from different exposure
pathways for a worker working outdoors. When summing the DSRs across different pathways,
the daily total DSRs per hour of exposure were obtained, as listed in the last column of the table.
When multiplying the DSRs by 8 (to account for 8 hours of exposure per day) and summing the
products from day 1 to day 10, the total DSRs for 10-day period from each pathway were
obtained (as shown in the last row of the table). Table 12.27 lists the daily average DSRs per

hour for Sr-90 from different pathways for the same outdoor worker.
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TABLE 12.22 Daily Average Concentrations for Am-241

Indoor Air
Outdoor  Exterior Interior Interior (from Indoor Air
Street Air Walls Roofs Walls Floor Outdoor) (from Floor)
Time (d) (pCi/m?) (pCi/m3) (pCi/m?) (pCi/m?) (pCi/m?) (pCi/m?) (pCi/m3) (pCi/m?)
1 9.97E-01 9.97E-07 5.00E-01 1.00E+00 5.00E-02 9.97E-02 5.49E-07 9.97E-08
2 9.92E-01 6.88E-07 4.99E-01 1.00E+00 4.99E-02 9.92E-02 3.78E-07 9.92E-08
3 9.87E-01 4.00E-07 4.98E-01 9.99E-01 4.98E-02 9.87E-02 2.20E-07 9.87E-08
4 9.82E-01 2.83E-07 4.97E-01 9.99E-01 4.97E-02 9.82E-02 1.55E-07 9.82E-08
5 9.77E-01 2.18E-07 4.96E-01 9.99E-01 4.96E-02 9.77E-02 1.20E-07 9.77E-08
6 9.72E-01 1.77E-07 4.95E-01 9.99E-01 4.95E-02 9.72E-02 9.75E-08 9.72E-08
7 9.67E-01 1.49E-07 4.94E-01 9.98E-01 4.94E-02 9.67E-02 8.20E-08 9.67E-08
8 9.62E-01 1.28E-07 4.93E-01 9.98E-01 4.93E-02 9.62E-02 7.07E-08 9.62E-08
9 9.57E-01 1.13E-07 4.92E-01 9.98E-01 4.92E-02 9.57E-02 6.20E-08 9.57E-08
10 9.52E-01 1.00E-07 4.91E-01 9.98E-01 4.91E-02 9.52E-02 5.52E-08 9.52E-08
11 9.48E-01 9.03E-08 4.90E-01 9.97E-01 4.90E-02 9.48E-02 4.97E-08 9.48E-08
12 9.43E-01 8.20E-08 4.89E-01 9.97E-01 4.89E-02 9.43E-02 4.51E-08 9.43E-08
TABLE 12.23 Daily Average Concentrations for Sr-90
Outdoor Exterior Interior Interior Indoor Air Indoor Air
Street Air Walls Roofs Walls Floor (from Outdoor)  (from Floor)
Time (d)  (pCi/m?) (pCi/m3) (pCi/m?)  (pCi/m?) (pCi/m?)  (pCi/m?) (pCi/m3) (pCi/m3)
1 9.97E-01 9.97E-07 4.99E-01 1.00E+00  4.99E-02 9.97E-02 5.49E-07 9.97E-08
2 9.92E-01 6.88E-07 4.98E-01 1.00E+00  4.98E-02 9.92E-02 3.78E-07 9.92E-08
3 9.87E-01 4.00E-07 4.97E-01  9.99E-01 4.97E-02  9.87E-02 2.20E-07 9.87E-08
4 9.82E-01 2.82E-07 4.96E-01  9.99E-01 4.96E-02  9.82E-02 1.55E-07 9.82E-08
5 9.77E-01 2.18E-07 4.96E-01  9.99E-01 4.96E-02  9.77E-02 1.20E-07 9.77E-08
6 9.72E-01 1.77E-07 4.95E-01  9.98E-01 4.95E-02  9.72E-02 9.74E-08 9.72E-08
7 9.67E-01 1.49E-07 4.94E-01 9.98E-01  4.94E-02  9.67E-02 8.20E-08 9.67E-08
8 9.62E-01 1.28E-07 4.93E-01 9.98E-01 4.93E-02  9.62E-02 7.06E-08 9.62E-08
9 9.57E-01 1.13E-07 4.92E-01 9.97E-01 4.92E-02 9.57E-02 6.20E-08 9.57E-08
10 9.52E-01 1.00E-07 4.91E-01 9.97E-01 4.91E-02 9.52E-02 5.52E-08 9.52E-08
11 9.47E-01 9.03E-08 4.90E-01  9.97E-01 4.90E-02  9.47E-02 4.96E-08 9.47E-08
12 9.42E-01 8.20E-08 4.89E-01  9.96E-01 4.89E-02  9.42E-02 4.51E-08 9.42E-08

Table 12.28 lists the daily average DSRs per hour for Am-241 from different exposure

pathways for a worker working indoors. To consider the request in Case (b), the daily total DSRs
from day 1 to day 12 were added. Table 12.29 lists the DSRs for Sr-90 for the same indoor

worker.
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TABLE 12.24 Characteristics of the Warehouse Used in External Dose Calculations

Wall/roof
Floor Area  Building  Thickness Building  Building Material
Geometry  Shielding Factor (m?) Height (m) (cm) Material Density (g/cm3)
Warehouse 0.2 900 3.7 10 Concrete 2.4

TABLE 12.25 External DCFs (mrem/yr)/(pCi/m2) from Contaminants
on Different Surfaces for an Indoor Receptor in a Warehouse

Warehouse

Inside to Inside to Inside to
Radionuclide  Exterior Walls?  Inside to Roof?  Interior Walls  Interior Floor

Am-241 2.57E-10 1.95E-10 2.61E-07 2.50E-06
Sr-90 6.64E-09 1.48E-08 3.59E-08 3.52E-07

a2 The DCFs for contaminants on exterior walls and roof have taken into account
shielding from building materials.

TABLE 12.26 Daily DSRs per Hour (mrem/hr per pCi/m2) from Am-241 for Workers
Accessing Business for Outdoor Maintenance Activities

DSR from Individual Exposure Pathway

(mrem/hr per pCi/m?)
Ingestion  Total Hourly Dose for
Time (d) External  Inhalation  Submersion  of Dust Outdoor Workers
1 2.94E-10  6.20E-07 1.09E-14 9.08E-08 7.11E-07
2 2.93E-10  4.28E-07 7.52E-15 9.03E-08 5.18E-07
3 291E-10  2.49E-07 4.37E-15 8.98E-08 3.39E-07
4 2.90E-10  1.76E-07 3.09E-15 8.94E-08 2.65E-07
5 2.88E-10  1.36E-07 2.38E-15 8.89E-08 2.25E-07
6 2.87E-10  1.10E-07 1.94E-15 8.84E-08 1.99E-07
7 2.85E-10  9.27E-08 1.63E-15 8.80E-08 1.81E-07
8 2.84E-10  7.99E-08 1.40E-15 8.75E-08 1.68E-07
9 2.82E-10  7.01E-08 1.23E-15 8.71E-08 1.57E-07
10 2.81E-10  6.24E-08 1.10E-15 8.67E-08 1.49E-07

Total Dose 8h/d for 10 days  2.30E-08  1.62E-05 2.84E-13 7.10E-06 2.33E-05
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TABLE 12.27 Daily DSRs per Hour (mrem/hr per pCi/m2) from Sr-90 for Workers
Accessing Business for Outdoor Maintenance Activities

DSR from Individual Exposure Pathway

(mrem/hr per pCi/m?)
Ingestion  Total Hourly Dose for
Time (d) External  Inhalation  Submersion  of Dust Outdoor Workers
1 3.96E-11  1.83E-09 2.63E-15 3.81E-09 5.68E-09
2 3.94E-11  1.26E-09 1.81E-15 3.79E-09 5.10E-09
3 3.92E-11  7.34E-10 1.06E-15 3.77E-09 4.55E-09
4 3.90E-11  5.18E-10 7.45E-16 3.76E-09 4.31E-09
5 3.88E-11  4.00E-10 5.75E-16 3.74E-09 4.17E-09
6 3.86E-11  3.25E-10 4.67E-16 3.72E-09 4.08E-09
7 3.84E-11  2.73E-10 3.93E-16 3.70E-09 4.01E-09
8 3.82E-11  2.36E-10 3.39E-16 3.68E-09 3.95E-09
9 3.80E-11  2.07E-10 2.97E-16 3.66E-09 3.90E-09
10 3.78E-11  1.84E-10 2.64E-16 3.64E-09 3.86E-09
Total Dose 8h/d for 10 days ~ 3.10E-09  4.77E-08 6.86E-14 2.98E-07 3.49E-07

Table 12.30 lists the daily average DSRs per hour for Am-241 from different exposure
pathways for a resident staying inside an apartment. To consider the request in Case (c), the daily
total DSRs from day 1 to day 4 were added. Table 12.31 lists the DSRs for Sr-90 for the same

resident.

Table 12.32 summarizes the DSRs for Am-241 and Sr-90, calculated for the three
receptors considered in Cases (a) to (c). The total dose each receptor would receive from
exposure to the Am-241 and Sr-90 mixture (25 pCi/m2 of Am-241 and 100 uCi/m? of Sr-90), if
their requests were granted, is also listed in the table. The total dose for an outdoor worker
spending 10 days in the contaminated area would exceed 500 mrem; therefore, permission
should not be granted for the request in Case (a). For an indoor worker spending 12 days in the
contaminated area and a resident spending 4 days inside a residence, the total dose would not

exceed 500 mrem. Therefore, permission for the requests in Cases (b) and (c) should be granted.



TABLE 12.28 Daily DSRs per Hour (mrem/hr per pCi/m2) from Am-241 for Workers Accessing Business for

Indoor Maintenance Activities

DSR from Individual Exposure Pathway (mrem/hr per pCi/m?)

Total Hourly
External, External, External, External, External, Ingestion Dose for Indoor

Time (d) Street Exterior Walls Roof Interior Walls Interior Floor Inhalation Submersion of Dust Workers
1 5.88E-11 1.46E-14 2.23E-14 1.49E-12 2.85E-11 3.45E-07 7.08E-15 9.08E-09 3.55E-07

2 5.85E-11 1.46E-14 2.23E-14 1.49E-12 2.83E-11 2.54E-07 5.22E-15 9.03E-09 2.64E-07

3 5.82E-11 1.46E-14 2.22E-14 1.48E-12 2.82E-11 1.70E-07 3.48E-15 8.98E-09 1.79E-07

4 5.79E-11 1.46E-14 2.22E-14 1.48E-12 2.80E-11 1.35E-07 2.77E-15 8.94E-09 1.44E-07

5 5.76E-11 1.45E-14 2.22E-14 1.48E-12 2.79E-11 1.16E-07 2.38E-15 8.89E-09 1.25E-07

6 5.73E-11 1.45E-14 2.22E-14 1.48E-12 2.77E-11 1.04E-07 2.13E-15 8.84E-09 1.13E-07

7 5.70E-11 1.45E-14 2.22E-14 1.47E-12 2.76E-11 9.52E-08 1.95E-15 8.80E-09 1.04E-07

8 5.67E-11 1.44E-14 2.22E-14 1.47E-12 2.75E-11 8.89E-08 1.82E-15 8.75E-09 9.77E-08

9 5.64E-11 1.44E-14 2.22E-14 1.47E-12 2.73E-11 8.40E-08 1.72E-15 8.71E-09 9.28E-08

10 5.62E-11 1.44E-14 2.22E-14 1.46E-12 2.72E-11 8.01E-08 1.64E-15 8.67E-09 8.89E-08

11 5.59E-11 1.44E-14 2.22E-14 1.46E-12 2.70E-11 7.70E-08 1.58E-15 8.62E-09 8.57E-08

12 5.56E-11 1.43E-14 2.22E-14 1.46E-12 2.69E-11 7.43E-08 1.52E-15 8.58E-09 8.29E-08
Total Dose 8h/d for 12 days  5.49E-09 1.39E-12 2.13E-12 1.41E-10 2.66E-09 1.30E-05 2.66E-13 8.47E-07 1.38E-05

LyCl



TABLE 12.29 Daily DSRs per Hour (mrem/hr per pCi/m2) from Sr-90 for Workers Accessing Business for

Indoor Maintenance Activities

DSR from Individual Exposure Pathway (mrem/hr per pCi/m?)

Total Hourly Dose

External, External, External, External, External, Ingestion for Indoor

Time (d) Street Exterior Walls Roof Interior Walls Interior Floor Inhalation Submersion of Dust Workers
1 7.92E-12 3.79E-13 1.69E-12 2.05E-13 4.01E-12 1.02E-09 1.71E-15 3.81E-10 1.41E-09

2 7.88E-12 3.78E-13 1.69E-12 2.04E-13 3.99E-12 7.51E-10 1.26E-15 3.79E-10 1.14E-09

3 7.84E-12 3.77E-13 1.69E-12 2.04E-13 3.97E-12 5.01E-10 8.41E-16 3.77E-10 8.93E-10

4 7.80E-12 3.76E-13 1.69E-12 2.04E-13 3.95E-12 3.99E-10 6.69E-16 3.76E-10 7.88E-10

5 7.76E-12 3.76E-13 1.69E-12 2.03E-13 3.92E-12 3.42E-10 5.74E-16 3.74E-10 7.30E-10

6 7.72E-12 3.75E-13 1.69E-12 2.03E-13 3.90E-12 3.06E-10 5.13E-16 3.72E-10 6.91E-10

7 7.68E-12 3.74E-13 1.69E-12 2.02E-13 3.88E-12 2.81E-10 4.71E-16 3.70E-10 6.64E-10

8 7.64E-12 3.73E-13 1.69E-12 2.02E-13 3.86E-12 2.62E-10 4.40E-16 3.68E-10 6.44E-10

9 7.60E-12 3.73E-13 1.68E-12 2.02E-13 3.84E-12 2.48E-10 4.16E-16 3.66E-10 6.27E-10

10 7.56E-12 3.72E-13 1.68E-12 2.01E-13 3.82E-12 2.36E-10 3.96E-16 3.64E-10 6.14E-10

11 7.52E-12 3.71E-13 1.68E-12 2.01E-13 3.81E-12 2.27E-10 3.81E-16 3.62E-10 6.03E-10

12 7.48E-12 3.71E-13 1.68E-12 2.00E-13 3.79E-12 2.19E-10 3.67E-16 3.60E-10 5.93E-10
Total Dose 8h/d for 12 days  7.39E-10 3.60E-11 1.62E-10 1.94E-11 3.74E-10 3.83E-08 6.43E-14 3.56E-08 7.52E-08

8¥-CI



TABLE 12.30 Daily DSRs per Hour (mrem/hr per pCi/m2) from Am-241 for Residents Accessing Residence to

Retrieve Personal Belongings

DSR from Individual Exposure Pathway (mrem/hr per pCi/m?)

Total Hourly
External, External, External, External, External, Ingestion Dose for Indoor
Time (d) Street Exterior Walls Roof Interior Walls Interior Floor Inhalation Submersion of Dust Residents
1 5.88E-11 2.74E-14 2.29E-14 2.65E-12 1.79E-11 2.76E-07 7.08E-15 9.08E-09 2.85E-07
2 5.85E-11 2.73E-14 2.29E-14 2.64E-12 1.78E-11 2.03E-07 5.22E-15 9.03E-09 2.12E-07
3 5.82E-11 2.73E-14 2.29E-14 2.64E-12 1.77E-11 1.36E-07 3.48E-15 8.98E-09 1.45E-07
4 5.79E-11 2.72E-14 2.29E-14 2.63E-12 1.76E-11 1.08E-07 2.77E-15 8.94E-09 1.17E-07
Total dose 24h/d for 4 days 5.60E-09 2.62E-12 2.20E-12 2.53E-10 1.70E-09 1.73E-05 4.45E-13 8.65E-07 1.82E-05
TABLE 12.31 Daily DSRs per Hour (mrem/hr per pCi/m2) from Sr-90 for Residents Accessing Residence to
Retrieve Personal Belongings
DSR from Individual Exposure Pathway (mrem/hr per pCi/m?)
Total Hourly
External, External, External, External, External, Ingestion Dose for Indoor
Time (d) Street Exterior Walls Roof Interior Walls Interior Floor Inhalation Submersion of Dust Residents
1 7.92E-12 6.87E-13 1.70E-12 3.76E-13 2.48E-12 8.14E-10 1.71E-15 3.81E-10 1.21E-09
2 7.88E-12 6.85E-13 1.70E-12 3.76E-13 2.47E-12 5.99E-10 1.26E-15 3.79E-10 9.92E-10
3 7.84E-12 6.84E-13 1.70E-12 3.75E-13 2.46E-12 4.00E-10 8.41E-16 3.77E-10 7.91E-10
4 7.80E-12 6.82E-13 1.70E-12 3.74E-13 2.44E-12 3.18E-10 6.69E-16 3.76E-10 7.07E-10
Total Dose 24h/d for 4 days ~ 7.55E-10 6.57E-11 1.63E-10 3.60E-11 2.36E-10 5.11E-08 1.07E-13 3.63E-08 8.87E-08

6r=CI
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TABLE 12.32 Summary of DSRs for Individual
Radionuclide and Total Doses for the Mixture
for Use in Cases (a) to (¢)

DSR [mrem/(pCi/m?)]

Radionuclide Outdoor Worker  Indoor Worker Resident

Am-241 2.33E-05 1.38E-05 1.82E-05
Sr-90 3.49E-07 7.52E-08 8.87E-08

Total Dose (mrem)

Radionuclide Outdoor Worker  Indoor Worker Resident

Mixture 6.17E+02 3.53E+02 4.64E+02

12.4 VERIFICATION AND QUALITY CONTROL OF RESRAD-RDD

The RESRAD-RDD software was developed following the RESRAD Program Quality
Assurance (QA) and Quality Control (QC) procedures. The software was verified by hand
calculations and/or other separately developed spreadsheets for most of the equations used in the
software. Many parameter values used in the RESRAD-RDD software were taken from the
RESRAD database. These include soil plant transfer factors, meat and milk transfer factors, dose
conversion factors, decay half-lives, and scenario-specific occupancy factors. The RESRAD
database is well documented and verified (Yu et al. 2000, 2001, 2003). The exercise presented in
Section 12.3 also serves the purpose of verification of the RESRAD-RDD software. The results
indicated that using three different methods: (1) using the old spreadsheet results as listed in
tabular form throughout the report, (2) hand calculations using equations, and (3) using the

RESRAD-RDD software, exactly same results were obtained.

Although RESRAD-RDD software has been used by the OGT members, it has not been
tested extensively by other potential users. It is expected that field applications will result in
further improvement of the software. Currently, the code has not been validated because there
are no RDD data to test the software. However, there is a hypothetical RDD scenario being
developed by the International Atomic Energy Agency’s EMRAS program. Argonne is
participating in this program to analyze the RDD scenario using RESRAD-RDD and compare

results with other countries’ results.
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