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ABSTRACT 

A team of analysts designed and conducted a performance evaluation to estimate the technical capabilities of 
fifteen Department of Energy sites for disposal of mixed low-level waste (i.e., waste that contains both low-level 
radioactive materials and hazardous constituents). Volume 1 summarizes the process for selecting the fifteen sites, 
the methodology used in the evaluation, and the conclusions derived from the evaluation. Volume 2 provides 
details about the site-selection process, the performance-evaluation methodology, and the overall results of the 
analysis. Volume 3 contains detailed evaluations of the fifteen sites and discussions of the results for each site. 
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PREFACE 

This report documents the performance evaluation of facilities at various Department of 
Energy (DOE) sites relative to their capabilities for the disposal of mixed low-level waste 
(MLLW). The principal goal in developing the performance evaluation (PE) was to estimate the 
limiting concentrations of radionuclides in residuals resulting from treatment of MLLW for 
disposal at these sites. The report consists of three volumes: 

Volume 1 is an executive summary both of the PE methodology and of the results 
obtained from the PEs. While this volume briefly reviews the scope and method of 
analyses, its main objective is to emphasize the important insights and conclusions derived 
from the conduct of the PEs. 

Volume 2 first describes the screening process used to determine the sites to be considered 
in the PEs. This volume then provides the technical details of the methodology for 
conducting the performance evaluations. It also provides a comparison and analysis of the 
overall results for all sites that were evaluated. 

Volume 3 presents the results of the PEs for the 15 sites considered in the process. This 
presentation includes a discussion of the conceptual models and data used in thePE for 
each site. 

The PE is not a substitute for the detailed analyses provided by performance assessments 
required by DOE Order 5820.2A; rather, it is a means for the DOE and the States to begin 
evaluating options for disposal of MLLW treatment residuals. The ultimate identification of sites 
that may host MLLW disposal activities will follow state and federal regulations for siting and 
permitting and will include public involvement in the decision-making process. The appropriate 
site-specific performance or risk assessments and environmental impact analyses in accordance 
with the National Environmental Policy Act will be required in determining limits on quantities of 
radionuclides that may be acceptable for disposal at any site. 
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1. INTRODUCTION 

For more than 50 years, the United States has produced materials for nuclear weapons and 
has conducted research with nuclear materials. These activities generated wastes that contain 
both radioactive and hazardous (toxic chemical) components; these are called mixed waste. The 
Department of Energy (DOE) is faced with the challenge of managing these wastes. The DOE 
currently generates, stores, or is expected to generate over the next five years 650,000 m3 of 
mixed waste at 41 sites in 20 states (Figure 1-1). About 72% of this waste can be categorized as 
high-level waste (HLW), 20% is mixed low-level waste (MLLW), and approximately 8% is mixed 
transuranic waste (MTRU). 

Because it has a hazardous component, mixed waste must be treated to comply with Land 
Disposal Restrictions (LDRs) of the Resource Conservation and Recovery Act (RCRA, 1976). 
However, there is insufficient capacity, and in some cases a lack of available technologies, to treat 
these wastes. The Federal Facilities Compliance Act (FFCAct) of 1992 (FFCAct, 1992) requires 
the Secretary of Energy to develop and submit site treatment plans (STPs) for the development 
both of treatment capacity and of technologies for treating mixed waste for each facility at which 
the DOE stores or generates these wastes. These plans identify how the DOE will provide 
necessary mixed waste treatment capacity, including schedules for bringing new treatment 
facilities into operation. In collaboration with the States and the National Governors Association 
(NGA), the DOE has been evaluating candidate treatment options and developing the required 
treatment plans. 

Because of the large scope of the task, the DOE has followed a three-phased approach for 
the development of STPs for the sites that store, generate, or expect to generate DOE mixed 
waste (the Hanford site is exempt from the requirement to prepare an STP because there is an 
agreement in place that meets the FFCAct requirements). In Phase I, the DOE developed 
conceptual site treatment plans (CSTPs) that identified a wide range of treatment options; the 
CSTPs were submitted to the appropriate regulatory agencies at the State and Federal level (U. S. 
Environmental Protection Agency [EPA]) in October 1993. In Phase II, the draft site treatment 
plans (DSTPs) were developed to narrow the treatment options to those that had been proposed. 
The DSTPs were submitted to the relevant regulatory agencies in August 1994. As part of the 
third phase, the DOE submitted in April 1995 the proposed site treatment plans (PSTPs) for 
approval. Implementation was formalized through consent orders issued by the regulatory 
agencies; the deadline of October 6, 1995 was met by most sites. 

The types and volumes of the MLLW streams that will be treated are shown in Table 1-1. 
A summary of the proposed treatment options for MLLW and the associated volume of waste to 
be treated by each treatment type is provided in Table 1-2. All treatment methods will result in 
solid waste forms for disposal. 
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Figure 1-1. The 41 DOE installations currently storing or projecting to generate mixed waste. 



Table 1-1. MLLW Waste Stream Type and Volume (based on the 1995 mixed waste inventory 
reported by the sites to DOE) 

1 WASTE TYPE VOLUME (m3) % of TOTAL VOLUME I 

Aqueous Liquid/Slurries 8600 6.8% 
Organic Liquids 4600 3.6% 
Residuals/Sludges/Salts 47,000 36.9% 
Soils 13,900 10.9% 
Lab Packs 900 0.7% 
Debris 49,200 38.6% 
Batteries/Lead/Mercury/Reactive Metals 2400 1.9% 
Special Wastes/Other* 700 0.6% 

|TOTAL 127,300 100.0% 

"'Includes waste streams already meeting LDR standards 

Table 1-2. Proposed Treatment Options for MLLW 

WASTE TYPE VOLUME OF WASTE (m3)" % OF TOTAL VOLUME 

Alkali Metals Treatment 690 0.3% 
Amalgamation 20 < 0 . 1 % 
Deactivation 810 0.4% 
Inorganic Debris Treatment 8600 4.3% 
Mercury Separation 1170 0.6% 
Neutralization/Non-Aqueous 10 < 0 . 1 % 
None/Meets LDR 31,660 15.7% 
Organic Destruction 24,280 12.1% 
Pre- or Post-Treatment 26,620 13.2% 
Soil Washing 6590 3.3% 
Stabilization 57,270 28.5% 
To Be Determined 29,250 14.5% 
Wastewater Treatment 4430 2.2% 
Waste Isolation Pilot Plant 9830 4.9% 

|TOTAL 201,230 100.0% b 

a Includes both wastes with and without Identified treatment options and waste stream volumes proposed for treatment by 
multiple systems (i.e., treatment train volumes). Consideration of multiple treatment systems causes total volume to be 
greater than the total in Table 1-1. 

b Does not add to 100.0% because of rounding 
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Although the FFCAct does not specifically require the DOE to address disposal of treated 
mixed waste, both the DOE and the States realize that the method of treatment for a specific 
waste is an integral component of any considerations of methods for its disposal. As a result, the 
DOE established the FFCAct Disposal Workgroup (DWG) in June 1993 to work with the States 
to define and develop a process for evaluating disposal options. The focus of the DWG was to 
identify, from among the sites currently storing or expected to generate MLLW, sites that were 
suitable for further evaluation regarding their disposal capability. Some sites that had been 
determined to have marginal or no potential for disposal activities were removed or postponed 
from further evaluation under this process. Remaining sites were evaluated more extensively using 
a performance evaluation (PE) process that served as a preliminary scoping analysis. The PE was 
a technical analysis and did not address any ethical, social, or policy considerations relevant to 
siting MLLW disposal facilities. Further detail on the screening process for potential disposal 
sites is provided in Chapter 2 of this volume. 

Application of the performance evaluation was limited to those sites with the potential for 
MLLW disposal as determined in the DWG screening process. Established processes are already 
being implemented for studying, designing, constructing, and ultimately operating disposal 
facilities for HLW and MTRU wastes (i.e., HLW repository and Waste Isolation Pilot Plant); 
therefore, disposal options were not considered in the PE process for either HLW or MTRU. 

The DOE's Environmental Management Programmatic Environmental Impact Statement 
Project (EM PEIS Project) has analyzed potential costs, risks, transportation, and other 
environmental impacts of using each of the potential sites for some level of disposal activity. In 
conducting the PE, the PEIS data served as additional sources for use in discussions with 
personnel at the candidate sites to determine what analyses and data were appropriate for 
incorporation into the PE. 
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2. EVALUATION PROCESS FOR MLLW DISPOSAL OPTIONS 

This chapter describes how the disposal planning process was established by the Disposal 
Workgroup, what major activities were accomplished, and how the performance evaluation 
results are expected to be used in the disposal configuration study. 

2.1 SCREENING PROCESS FOR POTENTIAL DISPOSAL SITES 

The process adopted by the DWG for evaluating disposal options is summarized in 
Figure 2-1. In October 1993, the DOE prepared a draft report describing the history and status of 
the DOE's low-level waste (LLW) and MLLW disposal program; the draft report also outlines a 
disposal planning process (DOE, 1994). The sites originally evaluated in this process were the 49 
reported to Congress by the DOE in the Mixed Waste Inventory Report (MWIR) (April 1993) as 
currently storing or expected to generate MLLW* (Table 2-1). In the initial step of this process, 
sites that were in geographic proximity were combined into a single site for consideration in 
subsequent steps. Following this approach, the following sites were combined: 

• Lawrence Livermore National Laboratory and Sandia National Laboratories (California) 
• Idaho National Engineering Laboratory and Argonne National Laboratory (West) 
• Sandia National Laboratories (New Mexico) and Inhalation Toxicology Research Institute 
• Oak Ridge National Laboratory, Oak Ridge K-25 Site, and Oak Ridge Y-12 Site 

This grouping reduced the number of sites to 44. 

The DWG then established a screening process using exclusionary criteria for these 44 
sites. These criteria were developed by reviewing Federal and State laws regarding the siting of 
waste treatment, storage, and disposal facilities to determine whether any criteria could be 
considered exclusionary minimum requirements for hosting disposal activities and could be 
applied uniformly across sites. At a joint DOE/States meeting in Tucson, Arizona, on March 3-4, 
1994, an agreement was reached that in order to be further evaluated for potential disposal 
activities, a site 

• must not be located within a 100-y floodplain, 
• must not be located within 61 m of an active fault, and 
• must have sufficient area to accommodate a 100-m buffer zone. 

The first two criteria were derived from regulatory requirements under the Resource 
Conservation and Recovery Act (RCRA, 1976), which restricts the location of waste treatment, 
storage, and disposal facilities. The third criterion was derived from guidance from the EPA and 
the DOE concerning the minimum area required to properly operate a disposal facility. 

•Information compiled since 1993 indicates that the DOE currently generates, stores, or expects to generate (over the next five years) MLLW at 41 
sites. 
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Figure 2-1. Evaluation process for DWG disposal options. 
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Table 2-1. The 49 DOE Installations Reported to Congress in 1993 as Storing or Generating 
MLLW (modified from DOE, 1994, Table 3-1) 

CALIFORNIA 
Energy Technology Engineering Center 

General Atomics 

General Electric Vallecitosa ,b 

Lawrence Livermore National Laboratory 

Lawrence Berkeley Laboratory 

Laboratory for Energy-Related Health Research 

Mare Island Naval Shipyard 

Sandia National Laboratories—California15 

COLORADO 
Grand Junction Project Office 

Rocky Flats Plant 

CONNECTICUT 

Knolls Atomic Power Laboratory, Windsor" 

FLORIDA 
Pinellas Plant b 

HAWAII 

Pearl Harbor Naval Shipyard 

IDAHO 
Argonne National Laboratory—West 

Idaho National Engineering Laboratory 

IOWA 
Ames Laboratory 

ILLINOIS 
Argonne National Laboratory—East 

Site A/Plot M, Palos Forest Preservea,b 

KENTUCKY 
Paducah Gaseous Diffusion Plant 

MAINE 
Portsmouth Naval Shipyard 

MISSOURI 
Kansas City Plant b 

University of Missouri 

Weldon Springs Site Remedial Action Project 

NEVADA 
Nevada Test Site 

a At the time of the report to Congress, this installation was not 
years, 

b No longer stores or plans to generate mixed waste 

NEW JERSEY 
Middlesex Sampling Plant b 

Princeton Plasma Physics Laboratory",b 

NEW MEXICO 

Inhalation Toxicology Research Institute6 

Los Alamos National Laboratory 

Sandia National Laboratories—New Mexico 

NEW YORK 
Brookhaven National Laboratory 

Colonie Interim Storage Site 

Knolls Atomic Power Laboratory, Kesselring 

Knolls Atomic Power Laboratory, Niskayuna 

West Valley Demonstration Project 

OHIO 

Battelle Columbus Laboratory9 

Fernald Environmental Management Project 

Mound Plant 

Portsmouth Gaseous Diffusion Plant 

RMI Titanium, Inc. 

PENNSYLVANIA 
Bettis Atomic Power Laboratory 

SOUTH CAROLINA 
Charleston Naval Shipyard 

Savannah River Site 

TENNESSEE 

K-25 Site, Oak Ridge Reservation 

Oak Ridge National Laboratory, Oak Ridge 

Reservation 

Y-12 Plant, Oak Ridge Reservation 

TEXAS 

Pantex Plant 

VIRGINIA 

Norfolk Naval Shipyard* 

WASHINGTON 
Hanford Site 

Puget Sound Naval Shipyard 

producing or storing mixed waste but might do so in the next 5 
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Application of the three exclusionary criteria identified 18 sites that did not meet the 
criteria. The results were presented at a March 30-31, 1994, joint DOE/States meeting in Dallas, 
Texas. At that time, an agreement was reached to remove the 18 sites from further evaluation 
and to prepare "fact sheets" on the remaining 26 sites. The fact sheets provided by the DOE 
would give additional site-specific information for identifying the strengths and weaknesses of the 
remaining sites for the purpose of disposal activities. 

A predecisional draft of the report Framework for DOE Mixed Low-Level Waste 
Disposal: Site Fact Sheets (Gruebel et al., 1994) was subsequently prepared. On July 13,1994, 
it was submitted for comment and review by the State representatives who had been discussing 
the selection of potential disposal sites. The DOE and the State representatives met on 
July 26-27,1994, in Denver, Colorado, to discuss the fact sheet report and to consider proposals 
for elimination of sites from further evaluation. Prior to the meeting, the DWG had reviewed the 
information in the site fact sheets and evaluated the 26 sites according to the following 
methodology: 

A. Factors contained in the fact sheets were grouped into three categories and evaluated: 

1. Technical Considerations—factors that represent the technical ability of a site to 
accommodate the waste disposal facility and minimize the risk of releases of waste 
constituents (e.g., precipitation and eyapotranspiration, tectonic and volcanic hazard 
potential, soil stability and topography, flooding potential, groundwater hydrology 
[depth to groundwater]). 

2. Potential Receptor Considerations—factors that gauge the potential magnitude of 
consequences in the event a disposal facility ceases to function properly (e.g., 
population changes, significant groundwater resources, sensitive environment). 

3. Practical Considerations—factors that can potentially affect the development and 
long-term management of a disposal facility (ownership, mission, MLLW storage and 
generation, regulatory considerations). 

B. The DWG evaluated each of the 26 sites according to the three categories. One of three 
results was assigned for each category: the site posed (1) a major problem, (2) a moderate 
problem, or (3) a minor problem. Sites with major problems were defined as having 
features or attributes that make developing and operating a disposal facility extraordinarily 
difficult. Moderate problems were defined as significant problems that could likely be 
solved with additional efforts and resources. Sites designated as having minor problems 
were those having neither major nor moderate problems. 

Based on the DWG evaluation, during the July 1994 meeting the DOE proposed to the 
States that nine additional sites be eliminated from further consideration. Following the ensuing 
discussion, the DOE and the States agreed that the following sites would be eliminated from 
further evaluation: 
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Site State 
Energy Technology Engineering Center California 
General Atomics California 
General Electric Vallecitos Nuclear Center California 
Pinellas Plant Florida 
Site A/Plot M Illinois 

The DOE and the States also agreed that the following sites, while not eliminated from further 
evaluation, would be given a lower priority for further evaluation: 

Site State 
Weldon Spring Remedial Action Project Missouri 
Brookhaven National Laboratory New York 
Mound Plant Ohio 
Bettis Atomic Power Laboratory Pennsylvania 
Knolls Atomic Power Laboratory—Niskayuna New York 

Sites in this group had issues that required further consideration. Such considerations included 
lack of data or information on the characterization of the technical attributes of the site, the 
volume of MLLW that may be generated by the site, and the existence and adequacy of other 
arrangements for disposal of the sites' MLLW. The DOE and the States agreed to further 
evaluate these sites in terms of their capabilities for on-site disposal of their own MLLW only if 
no other options could be identified through the disposal evaluation process. In no instance 
would these sites be considered as a disposal option for wastes from other sites; also, it was 
agreed these sites could be eliminated from further analysis should sufficient information suggest 
that their potential for disposal activities is too limited. 

While the West Valley Demostration Project (WVDP) site remained on the list of potential 
disposal sites, DOE's roles and responsibilities for the WVDP are specifically delineated by the 
WVDP Act of 1980. Because the WVDP Act may prohibit disposal of waste from other sites, the 
DOE and the States agreed to evaluate this site for on-site radionuclides of concern. 

In a subsequent decision, the DOE also assigned a lower priority for further evaluation to 
Knolls Atomic Power Laboratory—Kesselring (KAPL-K). Because of its exclusive mission as a 
research and development facility for the Department of the Navy, permanent disposal capacity 
for mixed waste is not part of the strategic planning for the site. The decision was also based on 
the very small volumes of its mixed waste streams (1.8 m3 in storage, and waste generation 
projected at approximately 45 m3 over the next five years), the desire to minimize shipments, and 
the fact that no onsite treatment is planned for KAPL-K's mixed waste streams. Similar to other 
low-priority sites, KAPL-K will be considered for development of mixed waste disposal capacity 
only in the event that no other viable option for its waste residues is found through disposal 
configuration analysis. 

2.2 EVALUATION PROCESS FOR POTENTIAL DISPOSAL SITES 

For the 15 sites not eliminated from further evaluation or assigned a lower priority for 
evaluation, a more technically detailed performance evaluation was conducted to increase 
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understanding of the strengths and weaknesses of a site's potential for a disposal facility and to 
better identify what types of disposal activities could or could not occur at a site. The sites 
considered in this analysis were the following (see also Figure 2-2): 

Site State 
Lawrence Livermore National Laboratory, Site 300 California 
Rocky Flats Environmental Technology Site Colorado 
Idaho National Engineering Laboratory Idaho 
Argonne National Laboratory-East Illinois 
Paducah Gaseous Diffusion Plant Kentucky 
Nevada Test Site Nevada 
Los Alamos National Laboratory New Mexico 
Sandia National Laboratories/New Mexico New Mexico 
West Valley Demonstration Project New York 
Fernald Environmental Management Project Ohio 
Portsmouth Gaseous Diffusion Plant Ohio 
Savannah River Site South Carolina 
Oak Ridge Reservation Tennessee 
Pantex Plant Texas 
Hanford Site Washington 

National Rocky Flats 

Figure 2-2. Sites considered in the PE. 
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The goal of the performance evaluation analysis was to quantify and compare the limitations 
of these 15 DOE sites for the disposal of MLLW. The objective was, therefore, to use a set of 
modeling assumptions of sufficient detail to capture major site-specific characteristics and yet be 
general enough for consistent application at all sites. The PE did not address any ethical, social, 
or policy considerations relevant to siting such facilities. 

The results of the PE are presented in terms of concentrations of radionuclides in MLLW 
streams that a disposal facility at a site can accept without violating the general performance 
objectives prescribed in DOE Order 5820.2A (DOE, 1988a). This information will be used to 
identify the types of waste technically suitable for disposal at a given site. 

2.3 DISPOSAL CONFIGURATION STUDY 

In order to make an informed decision about the disposal of MLLW at each of the 15 sites 
(see Figure 2-3), certain activities will need to be conducted after the performance evaluations 
have been completed. These activities encompass the three steps outlined below. To gain 
stakeholder input and to resolve issues at the earliest possible stage, each step in the process will 
be coordinated with the States, and input from key stakeholders will be encouraged. 

• Develop Estimates of Waste Volumes and Radionuclide Concentrations in Treated 
MLLW Residues and Compare Concentrations to PE-Derived Radionuclide 
Concentrations 

Once treatment methods are finalized through the FFCAct process, estimates of treated 
residue volumes and radionuclide concentrations will be developed for each of the MLLW 
streams. Waste streams that can be disposed of on-site will be identified, while other 
waste streams will be matched with disposal facilities at other sites that are technically 
capable of accepting them. Also, wastes that are eligible for disposal at a commercial 
facility will be identified at this step. 

• Develop On-Site Versus Off-Site Disposal Criteria 

Even if the waste streams are technically acceptable for on-site disposal, a range of other 
factors will be considered in developing the criteria for deciding whether disposal of 
wastes can occur on-site. These factors include cost, facility capacity, compatibility of 
wastes, equity, transportation, and related issues. Input from the States and stakeholders 
will be critical to this step in the process. 

• Analyze Options of DOE's Disposal Configuration for MLLW 

As a third step, complex-wide configurations for the disposal of treated MLLW will be 
developed; each such configuration will include the consideration of a full range of 
options. For purposes of the conduct of the performance evaluations, a disposal 
configuration is defined as a determination of the locations and sizes of a suite of disposal 
facilities. For each such suite, the sources and nature of the waste streams to be 
considered will be carefully designated, and each configuration option will be analyzed 
taking into consideration the relevant technical and non-technical issues. Again, input 
from the States and stakeholders is considered to be critical during this step. 
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Figure 2-3. Disposal configuration study for MLLW. 
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3. IMPLEMENTATION OF PERFORMANCE EVALUATIONS 

This chapter describes the organization and responsibilities for managing and performing the 
activities associated with the performance evaluations. The chapter also describes the quality 
control and quality assurance used in the PE analysis. 

3.1 TEAMS 

As shown in Figure 3-1, several technical teams implemented the PE and ensured the 
quality of the analysis. Members of these various groups are listed in Appendix A. 

Steering Committee 

Policy Issues 

DOE-HQ/Site/National Governors 
Association Coordination 

Senior Review Panel Policy Issues 

DOE-HQ/Site/National Governors 
Association Coordination 

Independent Review of 
PE Analysis 

Policy Issues 

DOE-HQ/Site/National Governors 
Association Coordination 

Review Team Core Teams Site Technical Staff 

Management Issues 

Technical Review 

Conduct Site Visits 

Work with Site Technical Staff, 

Perform Analyses 

Produce Reports 

Provide Site-Specific 
Knowledge 

Provide Expertise in PA 
and Site Knowledge 

Work with Core Team 

Figure 3-1. Roles and responsibilities of PE teams. 

The Steering Committee consisted of four persons, two from DOE Headquarters and one 
each from the DOE Idaho Operations Office and Oak Ridge Reservation, who were familiar with 
both technical and policy-related MLLW issues. They provided coordination among the 
DOE/Headquarters (DOE/HQ), DOE sites, and the States, and presented policy-related issues to 
the DOE/HQ for resolution. 

The Senior Review Panel provided independent review of the PE analyses. The panel 
consisted of six highly reputable technical experts from academia, state environmental agencies, 
and consulting organizations who were familiar with various aspects of radioactive-waste 
management. Five members of the panel were selected by the DOE; one member was selected by 
the National Governors Association. 
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The six-member Review Team included representatives from Sandia National Laboratories 
and Oak Ridge National Laboratory, DOE contractors, and consulting organizations. This team 
was responsible for the overall technical quality and consistency of the analysis. The team 
examined the validity of assumptions, the selection of models and pathways, and the application of 
the models to the sites being considered. 

The Core Teams were composed of technical staff members from Sandia National 
Laboratories and Oak Ridge National Laboratory. Each Team had six to seven members and was 
responsible for the analysis of certain sites. This responsibility included information collection, 
interactions with site technical staff, and analysis. The two teams maintained close 
communication to ensure consistency between the teams in applying the PE approach. 

The site technical staff included staff members who were familiar with details of the 
environmental characteristics and disposal issues at each of the 15 sites being evaluated. For 
those sites that had on-going disposal performance assessment activities, site technical staff were 
those staff members who were extensively involved with the performance-assessment analysis. 
Site technical staff members were responsible for working with the Core Teams and arranging for 
interaction with other site personnel. Because interactions with each site resulted in contacting 
numerous staff, these individuals are not listed in Appendix A but are acknowledged at the end of 
their respective site chapters in Volume 3 of this report. 

The Core Teams worked with representatives from the 15 sites to use important research, 
site characterization, modeling, and other analyses that had been performed at the sites. These 
interactions included visits by the Core Teams to each of the sites. As a result of the 
accompanying information exchange with site personnel, it was possible to incorporate into the 
PE analyses the best documented understanding of technical staff members who had spent years 
studying the individual sites. 

3.2 QUALITY ASSURANCE/QUALITY CONTROL 

The PE quality assurance/quality control (QA/QC) procedures developed by the Core 
Teams provided traceability of all data, assumptions, and calculations. A fundamental aspect of 
the QA/QC plan was to document each assumption and calculation. The QA form (shown in 
Figure 3-2) was used to document every significant piece of data, interaction with site personnel, 
assumption, reference, and calculation method used in the PE. Each QA form has a unique file 
name consisting of the site code, topic code, preparer's initials, and date. The QA forms were 
maintained in easily accessible files throughout the PE process and will be readily available for one 
year after completion of this study. The forms will then be archived. 
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SITE NAME: 

CONTACT POINT: 

/ 
(PHONE) (FAX) 

DISCUSSION SUMMARY: 

REFERENCES: 

UPDATE OF PREVIOUS TOPIC: File Name: Date:. 

NAME OF PREPARER: 

Figure 3-2. Sample QA record. 
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The quality assurance procedures for the PE ensured that the best documented data were 
available for the PE and that models were appropriate for site conditions. The Core Teams 
collected information, worked with site technical staff, and performed the PE analysis while 
maintaining consistency between the teams in applying the PE approach. The site technical staff 
worked with the Core Teams and reviewed the site-specific data and assumptions that were used 
in the PE. The general approach used by the Core Teams was to 

1. Collect, both independently and from site technical staff, data and other information 
including conceptual models used for performance assessments for low-level waste (LLW) 
disposal. 

2. Develop preliminary conceptual models for the disposal site based on assembled data and 
information. 

3. Visit the site for first-hand information and then work on a continuing basis with site 
technical staff and other technical personnel in developing the PEs. 

4. Discuss preliminary conceptual models with the site technical staff and modify as 
necessary. 

5. Define the important pathways and ensure the availability of applicable data. 

Through this approach, which was independent of computer models, the Core Teams were able to 
accommodate in their calculations a wide variety of sites with differing complexities and levels of 
supporting data. 

The Review Team was responsible for the overall quality and consistency of the analysis 
through examination of the validity of assumptions, the selection of models and pathways, and the 
application of the models to the sites being considered. As previously indicated, the Senior 
Review Panel independently reviewed the PE analyses and documented their review. 
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4. APPROACH AND ASSUMPTIONS USED IN THE 
PERFORMANCE EVALUATIONS 

The goal of the performance evaluation (PE) was to quantify and compare the limitations 
of 15 DOE sites for the disposal of MLLW. The objective was, therefore, to use a set of 
modeling assumptions of sufficient detail to capture major site-specific characteristics and yet 
generic enough for consistent application at all sites. Additionally, the analyses were developed to 
ensure that no systematic biases were introduced, that the sites, were analyzed consistently, and 
that all major assumptions were clearly stated. 

The PE consisted of relatively simple analyses based on the approach used in many low-
level waste (LLW) performance assessments. The approach used incorporated a generic 
framework that was consistent across all sites while, at the same time, it permitted the analysts to 
accommodate the input of site-specific data and knowledge. When staff members at a site had 
performed more complex analyses, the relevant components of these analyses were factored into 
the parameters used in the PE analysis. With this approach, it was possible for the Core Teams to 
compare sites using a consistent analysis that incorporated the best available data. 

The PE teams did not use more complex analyses, such as those found in some 
performance assessments, for two primary reasons: (1) several of the 15 sites to be evaluated did 
not have data to support a more sophisticated analysis, and (2) the additional time and resources 
required to complete such an effort were not consistent with the goals of the PE analysis. 

Although the approach was simple, every effort was made to ensure that the PEs were 
technically adequate for the intended purpose and that the PE results reflected the real strengths 
and weaknesses of each of the 15 sites for the disposal of MLLW. To ensure technical adequacy, 
the PE teams adopted the following strategy, that is, they agreed that they would use 

• Existing knowledge, analyses, and data at each site to the extent practicable, 
• Well-established policies and recommendations on disposal-related issues, and 
• Extensive and continuous reviews from both internal and external sources. Internal 

reviewers were defined as individuals who were familiar with the specific performance 
evaluation; external reviewers were those who were familiar with radiological assessment, 
but not the specific evaluation. 

The PE was based solely on radiological assessment for disposal even though the wastes 
under consideration also contain hazardous components that are subject to RCRA requirements 
(RCRA, 1976). The PE analysis assumed that the chemical components of the wastes would be 
treated to Land Disposal Restrictions (LDRs) according to RCRA's treatment processes and that 
a MLLW disposal facility would comply with all RCRA design criteria. 

Because the PE was a radiological assessment for disposal, it followed DOE Order 
5820.2A (DOE, 1988a) as the basis for the analysis. According to this Order, the DOE is 
required to dispose of all LLW and MLLW to ensure that it is managed in a manner that assures 
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protection of the health and safety of the public. The Order requires that a performance 
assessment be prepared for each proposed DOE disposal facility for LLW and MLLW to 
demonstrate compliance with certain performance objectives. As specified in the DOE Order, 
these objectives require the DOE facility operators to 

(1) "Protect public health and safety in accordance with standards specified in applicable EH 
Orders and other DOE Orders. 

(2) "Assure that external exposure to the waste and concentrations of radioactive material 
which may be released into surface water, ground water, soil, plants and animals results 
in an effective dose equivalent that does not exceed 25 mrem/yr to any member of the 
public. Releases to the atmosphere shall meet the requirements of 40 CFR 61. 
Reasonable effort should be made to maintain releases of radioactivity in effluents to the 
general environment as low as is reasonably achievable. 

(3) "Assure that the committed effective dose equivalents received by individuals who 
inadvertently may intrude into the facility after the loss of active institutional control 
(100 y) will not exceed 100 mrem/yr for continuous exposure or 500 mrem for a single 
acute exposure. 

(4) "Protect ground water resources, consistent with Federal, State and local requirements." 

Li accordance with requirements in the EPA's 40 CFR Part 61, the performance objective for 
limiting releases of radionuclides to the atmosphere generally is expressed in terms of a limit on 
dose equivalent of 10 mrem (0.1 mSv) per year. The requirement for protection of groundwater 
resources, although unspecified in the DOE Order, usually has been interpreted by DOE sites in 
terms of limits on concentrations of radionuclides that are reasonably consistent with a limit on 
dose equivalent of 4 mrem (0.04 mSv) per year for the drinking water pathway only, assuming 
consumption of two liters per day of water. This assumption is consistent with proposed 
revisions of EPA standards for radioactivity in public drinking water supplies, as specified in 
40 CFR Part 141 (EPA, 1991). 

Although, as stated above, the performance measures used in the PE were consistent with 
the performance objectives in DOE Order 5820.2A (DOE, 1988a), their application was slightly 
different than that used in most performance assessments. In a performance assessment, the 
analyst compares the doses estimated from performance calculations for a proposed disposal 
system (i.e., disposal facility and surrounding environment) with the performance objectives in 
DOE Order 5820.2A to demonstrate whether the proposed facility is in compliance. However, 
the purpose of the performance evaluation (PE) was to provide estimates of the maximum 
concentrations of each radionuclide that would comply with the performance measures. This 
"waste concentration," attenuated by the natural and man-made barriers in the disposal facility and 
environment, provided an estimate of the concentration at the performance boundary (i.e., the 
point of compliance) that was consistent with the performance measure. A maximum waste 
concentration was associated with each radionuclide and each performance measure. The 
minimum of these radionuclide-specific and performance-measure-specific waste concentrations 
was the permissible waste concentration for each radionuclide. (This approach is similar to that 
used in the Savannah River E-Area performance assessment [MMES et al., 1994].) 
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The PE teams could have used all of the performance objectives listed in DOE Order 
5820.2A (DOE, 1988a) as performance measures. However, as explained more folly in Chapter 5 
of this volume, experience with LLW performance assessments has shown that some of the 
performance objectives are generally more restrictive than others. Specifically, a performance 
objective of 4 mrem (0.04 mSv) per year for the drinking water pathway (from the groundwater 
protection requirement) is generally more restrictive than the 25 mrem (0.25 mSv) per year 
performance objective for all pathways because the major portion of the all-pathways dose is from 
ingestion of drinking water. Similarly for inadvertent intrusion, the performance objective for 
chronic exposures of 100 mrem (1 mSv) per year is generally more restrictive than the 
performance objective for acute exposure (500 mrem [5 mSv]). Thus, the PE performance 
measures used the more restrictive performance objectives: 

• 4 mrem (0.04 mSv) per year from the drinking water pathway for releases to groundwater, 
• 10 mrem (0.1 mSv) per year from all exposure pathways for atmospheric releases, and 
• 100 mrem (1 mSv) per year from all exposure pathways for long-term, chronic exposure of 

inadvertent intruders. 

The PE teams assumed that the performance measures for the water and atmospheric 
pathways applied at a performance boundary that was 100 m from the edge of the disposal facility 
and that all performance measures applied for 10,000 y after disposal. The performance boundary 
and time period were based on the recommendations of the DOE's Performance Assessment Task 
Team (Wood et al., 1994a). The DOE formed the Task Team, comprised of experts in 
performance assessment, to make recommendations on implementing DOE Order 5820.2A (DOE, 
1988a) in terms of the disposal of LLW. The Task Team's recommendations were used in the 
PEs where they were applicable. The performance measures and their implementation in the PE 
are discussed in more detail in Section 5.1. 

The PE teams used two generic disposal facilities: a RCRA-compliant, below-ground 
trench and a RCRA-compliant, above-ground tumulus. To provide consistency in the evaluation 
of the 15 sites, it was assumed that the size and shape of each generic facility were the same. 
More detail is presented in Section 5.2.2. 

The PE teams assumed that the waste form was grouted treatment residuals because grout 
is the most common waste form used for the stabilization of waste. More detail is presented in 
Section 5.2.1. 

The PE teams used the same list of radionuclides for 14 of the 15 sites.* The list was 
based on the DOE MLLW inventory. Determination of the list is discussed in Section 5.2.3. 
Using the same list of radionuclides for the sites provided consistency among the site evaluations. 
An assumption of the PE methodology was that radionuclides were continuously released from 
the disposal facility. This assumption allowed the effects of dispersion and diffusion in the vadose 
and saturated zones to be neglected. More detail on this assumption is provided in 
Section 5.3.1.2. 

*As explained in more detail in Chapter 10 of Volume 3, the West Valley Demonstration Project site was analyzed for only 18 
radionuclides because these were the only ones expected to be in the MLLW at that site. 
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The PE teams analyzed releases from a MLLW disposal facility through three 
pathways—water, atmospheric and inadvertent intrusion. The PE teams represented the 
attenuation of radionuclides that occurred between the waste in the disposal facility and the 
performance boundary as a "concentration reduction factor" (CRF). The PE teams used the CRF 
approach so that intermediate results could be displayed in a transparent fashion that allowed 
comparisons of the effects of the disposal facility and site on overall performance. This approach 
also allowed comparisons of results from different sites. The CRFs pertained to transport effects 
only, assuming non-decaying constituents; the PE teams accounted for the effects of radioactive 
decay separately in the calculations. 

The PE teams used two CRFs to account for the attenuation in the water pathway: a CRF 
for the source (CRFSource) and a CRF for environmental transport (CRFma*). The CRFSource 

accounted for the attenuation of the radionuclide concentration in the solid waste and the leachate 
exiting the disposal facility. It is the ratio of the radionuclide concentration in waste to its 
resulting concentration in the leachate exiting the disposal facility (CwastJCuachat^)- The CRFsource 
calculation is developed further in Section 5.3.1.1. The CRFwdter accounted for attenuation of 
radionuclide concentration in the leachate exiting the disposal facility and the concentration at the 
performance boundary. It is the ratio of the radionuclide concentration in the leachate exiting the 
disposal facility to its concentration in the water at the performance boundary (CuachaJCwate^)-

The CRFwater was not separated into factors for both the vadose and saturated zones 
because the PE teams assumed that the vadose zone did not provide a concentration reduction. 
Because the PE teams used a continuous source model and no dispersion assumption, the 
concentration reduction factor for the vadose zone was equal to one. The CBFwater calculation is 
developed further in Section 5.3.1.2. 

The PE teams used retarded travel time in the vadose and saturated zones to estimate the 
amount of radioactive decay occurring at the time of arrival at the performance boundary. This 
effect is discussed in Section 5.3.1.2. 

For the atmospheric pathway, the PE teams used two CRFs to account for the attenuation 
encompassing diffusion to the ground surface and mixing and dispersion in the atmosphere to the 
performance boundary. The concentration reduction factor for diffusion in soil (CRFoiff) was 
conservatively modeled (i.e., using large diffusion constants) in an attempt to bound releases from 
alternative transport mechanisms (e.g., desiccation cracks, burrowing animals, and root uptake). 
The CRFD/ffis the ratio of the radionuclide concentration in the waste to its resulting 
concentration at the soil surface (CwastJCss). The concentration reduction factor for atmospheric 
mixing and dispersion (CRFoup) is the ratio of the concentration at the soil surface to its resulting 
concentration at the 100-m performance boundary. Gaussian dispersion was the primary 
concentration-attenuating mechanism used in calculating the CRFDisp. These calculations for the 
atmospheric pathway are developed further in Section 5.3.2. 

The intruder scenarios did not explicitly use a CRF. The PE teams analyzed scenarios for 
exposure of inadvertent intruders by using factors for converting concentrations of radionuclides 
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in waste to annual effective dose equivalents. The intruder scenarios are discussed further in 
Section 5.3.3. 

As discussed in Section 5.1, the permissible waste concentrations developed in the PE 
were based on three separate performance measures related to (1) drinking water, (2) atmospheric 
releases, and (3) inadvertent intrusion. The PE teams did not estimate the permissible waste 
concentrations based on a combination of these three performance measures because the simple 
models used in this analysis did not account for the time history of releases and doses. Rather, the 
models only provided estimates of the peak releases and doses. Therefore, because the peak 
doses for the water and atmospheric releases generally occur at different times, adding the two to 
estimate total doses from all release pathways was not deemed appropriate. 

Relative to those used in many performance assessments for LLW disposal facilities, the 
PE teams used simple and conservative conceptual models for flow and transport of 
radionuclides. The PE teams used data based on interactions with the technical staff members 
who were most familiar with characterization and analysis at each site. The data came from a 
wide range of sources, including site-specific field and laboratory experiments, site-specific 
analyses, the relevant scientific literature, and site technical staff. The source of each data value 
used in the analyses is listed in the individual site chapters (see Volume 3 of this report). 

Illustrative Example 
The PE approach for an exposure pathway involving the consumption of contaminated 

groundwater is shown in Figure 4-1. The following steps describe the approach used for this 
exposure pathway: 

1. Identify the important radionuclides that are present in the DOE MLLW inventory. This 
identification is based on those radionuclides common within the DOE complex. 
Additional details on the radionuclide inventory are presented in Section 5.2.3. 

2. For each radionuclide, determine the maximum permissible concentration in the 
appropriate medium (CW r for water) at the 100-m performance boundary. This step 
involves the application of the annual effective dose equivalent (represented as the 
performance measure) and the appropriate pathway dose conversion factors (annual 
effective dose equivalent per unit concentration) for each radionuclide. Details are 
provided in Section 5.4. 

3. Relate the performance measure to the permissible radionuclide concentration in the 
leachate (Cuachat^) released from the disposal facility. Using results of site analyses and 
data evaluation, estimate the attenuation due to dilution of the radionuclides in the 
groundwater system from the location below the facility to the performance boundary to 
calculate the environmental-transport-to-drinking-water CRF (CRFwatei) between the two 
locations. Treat pathways to surface water similarly. Additional details are provided in 
Section 5.3.1.2. 
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Identify the Important Radionuclides 
Based on MLLW in DOE Inventory 

Determine Permissible Concentration of Performance Measure: 
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Dose =4 mrem (0.04 

mSv) per yr 

' ' 

Estimate Permissible Concentration of 
Each Radionuclide in Leachate Released 

from the Facility 

Conceptual Model for 
Groundwater Flow and 

Transport; Data on 
Infiltration and 

Recharge, Disposal 
Facility (Area, Design) 

Estimate Permissible Concentration in 
Waste for Each Radionuclide Data on Waste Form Estimate Permissible Concentration in 
Waste for Each Radionuclide Data on Waste Form 

Figure 4-1. Steps in PE methodology for a water pathway. 



4. Estimate the attenuation of radionuclide concentrations between the leachate and the 
original waste form in the disposal facility. A desorption model represents the equilibrium 
partition of radionuclides between the solid waste form and the liquid phase in contact 
with the waste form. Additional details are provided in Section 5.3.1.1. 

Determine the radioactive decay term to account for the decrease in activity during the 
time the waste was detained in the disposal facility plus the delay due to the retarded travel 
time through the vadose zone and groundwater system to the performance boundary. 
Incorporation of this term increases the permissible waste concentration because of the 
decrease in activity occurring as a result of radionuclide decay taking place prior to arrival 
of the radionuclide at the performance boundary. Additional details are provided in 
Section 5.4.2. 

Calculate the permissible concentration in the waste for each radionuclide. For the water 
pathway, the maximum permissible concentration in the waste for a radionuclide is the 
product of the permissible concentration at the performance boundary, the source-to-
leachate CRF (CRFsoune), the leachate-to-performance-boundary CRF (CRFWatei), and the 
radioactive decay term. Additional details are provided in Chapter 5. 

Details of the PE approach for the water pathway are provided in Section 5.3.1 and Appendix B 
of this volume. 

Atmospheric releases were treated similarly in the PEs; however, a diffusion model was 
used to estimate the fluxes from the disposal facility to the ground surface, and a Gaussian 
dispersion model was used to transport the fluxes to the performance boundary. Additional 
details of the PE approach for atmospheric releases are provided in Section 5.3.2 and Appendix C 
of this volume. 

For intrusion scenarios, the outcomes of the PEs included estimates of permissible 
radionuclide concentrations using the annual effective dose equivalent (the performance measure) 
and the scenario-specific dose conversion factors (i.e., annual effective dose equivalents per unit 
concentration of radionuclides in waste) for appropriate exposure pathways (e.g., inhalation of 
particulates, ingestion of vegetation, and external exposures). The calculations included a 
radioactive decay term for the time of intrusion. In making the calculation, assumptions were 
made about the amount of waste that might be brought to the surface from direct intrusion into 
the waste. In conducting the PEs, two generic intruder scenarios were used—homesteader and 
post-closure drilling; since they were controlling, dose estimates were made for chronic exposures 
only. Additional details of the intruder scenarios are provided in Section 5.3.3. 
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5. COMPONENTS OF THE PERFORMANCE EVALUATION 

Technical processes, assumptions, and equations;—either determined by regulations, 
expert opinions, or scientific information—are used in a performance evaluation. This section 
presents the technical details of the processes, assumptions, and equations used in the PE and 
justifications for the assumptions that were used. 

The details of the components and assumptions of the PE and their linkage provide a basic 
understanding of the PE process. Components are defined here as the individual building blocks 
that describe the phenomena of release, migration, and the resulting exposures of humans to 
radionuclides from a disposal facility. The basic components of the PE are the following: 

• performance measures 
• source term 
• transport 
• exposure pathways and dose conversion factors 

5.1 PERFORMANCE MEASURES 

In the PE, selected radiological performance measures are used to estimate permissible 
waste concentrations at a given disposal site. Performance measures, which are analogous to 
performance objectives for actual disposal systems, as defined in DOE Order 5820.2A (DOE, 
1988a), are used with the site-specific PE to estimate the disposal limits for radionuclides. The 
performance objectives, as defined in the DOE Order, were discussed in Chapter 4: 

• 4 mrem (0.04 mSv) per year from the drinking water pathway for releases to groundwater, 
• 10 mrem (0.1 mSv) per year from all exposure pathways for atmospheric releases, and 
• 100 mrem (1 mSv) per year from all exposure pathways for long-term, chronic exposure 

of inadvertent intruders. 

5.1.1 Implementation of Compliance with the Performance Objectives 

Four issues arise in the implementation of compliance with the performance objectives 
specified in DOE Order 5820.2A (DOE, 1988a). The issues are (1) point of compliance, (2) time 
period of compliance, (3) protection of groundwater resources, and (4) doses from radon. The 
following discussions present the rationale used in the PE methodology for resolving these issues. 

Point of Compliance. The point of compliance for the performance objectives for off-site 
individuals and protection of groundwater resources is not specified in DOE Order 5820.2A 
(DOE, 1988a). In accordance with a recent recommendation of the DOE's Performance 
Assessment Task Team (Wood et al., 1994a), the boundary between the disposal site and possible 
locations of off-site individuals is assumed to be defined by a 100-m buffer zone around all waste 
disposal units at a site. Exposures to off-site individuals then are assumed to occur at the location 
of maximum concentrations of radionuclides outside the 100-m buffer zone. Similarly, the 
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performance objective for protection of groundwater resources is assumed to apply at any 
location outside the 100-m buffer zone (Wood et al., 1994a). Although this assumption would 
allow radionuclide concentrations in groundwater inside the buffer zone to exceed drinking water 
standards, performance assessments at DOE low-level waste disposal sites (e.g., see MMES et al., 
1994; OKNL, 1994) have indicated that the concentrations inside the buffer zone should not 
exceed those outside the buffer zone by large amounts. The boundary of the 100-m buffer zone is 
defined in the PE as the "performance boundary." 

Time Period of Compliance. The time period of compliance with the performance objectives is 
also not specified in DOE Order 5820.2A (DOE, 1988a). Thus, the performance objectives 
presumably would apply at all future times. However, in accordance with a recommendation of 
the DOE's Performance Assessment Task Team (Wood et al., 1994a), a time limit of 10,000 y is 
applied to the performance objectives for off-site individuals, inadvertent intruders, and protection 
of groundwater resources. This time limit is the same as that specified in EPA standards for 
disposal of spent fuel, high-level waste, and transuranic waste in 40 CFRPart 191 (EPA, 1992), 
and it acknowledges that predictions of disposal facility performance for much longer times are 
highly speculative. A time limit of 10,000 y is expected to ensure an adequate level of protection 
of public health and the environment and therefore, is used in the PE methodology. 

Protection of Groundwater Resources. The performance objectives for LLW disposal do not 
define what is meant by "protection of groundwater resources," even though this requirement 
usually is assumed to mean compliance with the limits on radionuclide concentrations as specified 
in the EPA drinking water standards. In performance assessments for LLW disposal at DOE 
sites, one of two options for drinking water standards normally is used: (1) concentration limits 
for radium and gross alpha activity and a limit on dose equivalent to the whole body or any organ 
of 4 mrem (0.04 mSv) per year for all beta/gamma-emitting radionuclides, as specified in current 
EPA standards (40 CFR Part 141 [EPA, 1991]), or (2) a limit on effective dose equivalent of 
4 mrem (0.04 mSv) per year for all radionuclides. The second option has been adopted in the PE 
methodology because it is functionally equivalent to the proposed standards for man-made 
radionuclides (EPA, 1991). Furthermore, the performance objective for groundwater protection 
usually is assumed to apply only to radionuclides released from the disposal facility, while doses 
from natural background or other man-made sources not under the control of the DOE disposal 
site are excluded. This assumption with regard to groundwater protection conforms with 
longstanding recommendations of the National Council on Radiological Protection and 
Measurements (NCRP, 1993) and the International Commission on Radiological Protection 
(ICRP, 1991) that dose limits for members of the public do not include doses from natural 
background. 

Doses from Radon. The performance objectives in DOE Order 5820.2A (DOE, 1988a) do not 
specify whether doses from radon and its short-lived decay products should be taken into account. 
However, the performance measures used in the PE (i.e., the dose limits for the water pathway, 
airborne releases, and exposures of inadvertent intruders) specifically exclude doses from 
inhalation of radon and its short-lived decay products. This exclusion, which would affect the 
results of the PE only for isotopes of radium and their uranium and thorium precursors, is based 
on regulatory precedents for controlling radiation exposures of the public as described below. 
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In general, exposures of the public to radon are not currently regulated in the same manner 
as are releases of other radionuclides. For example, current EPA standards for radioactive 
materials in public drinking water supplies (40 CFRPart 141) (EPA, 1991), for radionuclide 
releases from operating nuclear fuel-cycle facilities (40 CFR Part 190), and for airborne 
radionuclide releases from DOE facilities (40 CFR Part 61) (EPA, 1993), all specifically exclude 
radon. Although both the EPA and the NCRP have recommended indoor radon levels at which 
remedial actions should be considered, the dose rates accompanying these action levels are far 
above those for other radiation sources. Proposed revisions of the drinking water standards 
include a concentration limit for radon (EPA, 1991), but the proposal is highly controversial, due 
in part to the high cost of complying with the limit, and has not yet been issued as a Final Rule. 
Finally, in proposed new guidance on radiation protection of the public (EPA, 1994), the EPA 
excludes doses from radon in the dose limit for members of the public from all sources combined 
and from any authorized limits for individual practices or sources of exposure. For these reasons, 
radon is specifically excluded in the PE methodology. 

Although 40 CFR 61 excludes radon from the dose limit (EPA, 1993), exposures to radon 
are controlled by specifying a limit on the release rate to the atmosphere of 20 pCi/m2-s. 
Therefore, the assumptions of the PE are that a limit on the release rate of radon could be used as 
a future design objective for MLLW disposal facilities and that the design objective could be met 
by an appropriate combination of limits on the concentrations of radon precursors in waste and 
the thickness of cover materials over the waste. 

5.1.2 Basis for Performance Measures Used in the Performance Evaluation 

For many LLW disposal sites, releases of radionuclides to off-site locations are assumed 
to occur primarily via the groundwater or surface water pathway. Acceptable releases then would 
be controlled by the following two performance objectives: (1) a limit on effective dose equivalent 
of 25 mrem (0.25 mSv) per year from all exposure pathways, and (2) a limit on effective dose 
equivalent of 4 mrem (0.04 mSv) per year from the water pathway only. Performance 
assessments for the DOE LLW disposal sites have indicated that the performance objective for the 
water pathway only will, in general, be more restrictive than the performance objective for the all-
exposure pathway because the terrestrial foodchain pathways are a relatively inefficient way of 
delivering dose from the use of contaminated water compared with direct ingestion (MMES et al., 
1994; ORNL, 1994). Therefore, an effective dose equivalent of 4 mrem per year from the water 
pathway is used in the PE as the performance measure. 

The performance objective for inadvertent intruders specifies two dose limits, one for 
long-term, chronic exposure scenarios and the other for scenarios involving a single, acute 
exposure. Performance assessments at the DOE LLW disposal sites have indicated that, for most 
sites and facility designs, the lower annual dose limit for long-term, chronic exposure scenarios is 
more restrictive than the higher dose limit for a single, acute exposure in determining acceptable 
disposal limits (MMES et al., 1994; ORNL, 1994). Therefore, in most cases, the dose limit for 
acute exposure scenarios can be ignored. The long-term, chronic exposure scenarios for 
inadvertent intruders used in the PE for MLLW disposal facilities are discussed in Section 5.3.3.1. 
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5.1.3 Effective Dose Equivalents 

The performance measures for evaluating the impacts of radionuclide exposures occurring 
through the water pathway, the atmospheric pathway, and inadvertent human intrusion are 
expressed in terms of limits on the effective dose equivalent. The concept of the effective dose 
equivalent was developed by the ICRP to provide a system that could be used for expressing the 
risks of partial body exposures (primarily resulting from the deposition of radionuclides in the 
human body) and whole body exposures (due, for example, to exposures from external sources) 
on an equal-risk basis. In developing the system, the ICRP (a) based the limits on the risk of 
death from cancer and hereditary effects; and (b) considered, in the case of internally deposited 
radionuclides, not only the dose during the year of intake but also the dose resulting from the 
continuing presence of this material in the body (ICRP, 1979). Conversion of the dose to a 
portion of the body (as, for example, to a single organ within the body) into an equivalent dose to 
the whole body is accomplished through use of what are called "tissue weighting factors." The 
concept of the effective dose equivalent has been adopted by the EPA and conforms with its 
current radiation protection policies as well as those of other Federal agencies (Office of the 
President, 1987). 

5.1.4 Summary 

The following performance measures were selected for the PE analysis in determining 
acceptable radionuclide concentrations in wastes destined for placement in MLLW disposal 
facilities: 

• For releases of radionuclides to groundwater or surface water beyond the 100-m buffer 
zone around disposal sites, a limit on effective dose equivalent of 4 mrem (0.04 mSv) per 
year from the drinking water pathway for 10,000 y after disposal, excluding doses from 
radon and its short-lived decay products; 

• For releases of radionuclides to air beyond the 100-m buffer zone around disposal sites, a 
limit on effective dose equivalent of 10 mrem (0.1 mSv) per year from all exposure 
pathways for 10,000 y after disposal, excluding doses from radon and its short-lived decay 
products; and 

• For chronic exposures of inadvertent intruders onto disposal sites following loss of active 
institutional controls at 100 y after disposal, a limit on effective dose equivalent of 
100 mrem (1 mSv) per year for 10,000 y after disposal, excluding doses from radon and 
its short-lived decay products. 

5.2 SOURCE TERM 

The source term is defined as the concentrations of the contaminants that are released 
from the boundary of a disposal facility. Three subcomponents are important in determining the 
source term: the physical and chemical characteristics of the waste form, the characteristics of the 
disposal facility, and the characteristics of the radionuclides. Each of the three subcomponents 
used in the PE is described below. 
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5.2.1 Waste Form 

As discussed in Section 1.1, the DOE's MLLW will be treated according to RCRA's Land 
Disposal Restriction treatment requirements prior to disposal. MLLW with organic hazardous 
components will likely undergo some type of thermal treatment followed by stabilization of the 
residues. For those MLLW containing metals, immobilization is the most common treatment 
process. The Site Treatment Plans developed for each DOE site will specify the preferred type of 
treatment for each mixed waste stream. The final waste forms in many cases are not specified in 
the STPs; therefore, assumptions are made in the PE about the waste form. 

The waste form assumed in the PE is grouted treatment residuals. Grout, consisting 
primarily of hydrated Portland cement and fly ash, is often used to stabilize wastes containing 
hazardous metals or to stabilize residues resulting from thermal treatment. Grout is considered 
the primary waste-form stabilizer in three LLW performance assessments: Oak Ridge SWSA 6 
(ORNL, 1994); Hanford vaults (Kincaid et al., 1993); and Savannah River Z-Area (MMES et al., 
1992). Although other waste forms may be proposed in the STPs, grouted treatment residuals 
will probably be the most common. Additional information and assumptions used to evaluate the 
behavior of a grouted waste form are presented in Section 5.3.1.1. 

5.2.2 Disposal-Facility Design 

Disposal-facility design assumptions are divided into three categories: type and size of 
facilities, engineered barriers, and location of facilities. Six DOE sites currently have plans to 
develop MLLW facilities (DOE, 1994); as described in the following sections, the design features 
proposed for these facilities have been taken into consideration in determining the assumptions 
used in developing the PE. 

5.2.2.1 Facility Types and Sizes 

Two generic disposal facilities are considered in the PE: a RCRA-compliant, below-
ground trench and a RCRA-compliant, above-ground tumulus. Using these generic facilities 
allows common assumptions for consistent comparison of the disposal capabilities of the 15 sites. 
Assumptions pertaining to these facilities are presented in this section. For sites that are currently 
developing plans for an MLLW disposal facility and have advanced their plans to the point of 
specifying a facility design that is significantly different from the generic designs used in the PE, a 
third site-specific design (see Section 5.2.2.2) is also evaluated. 

Compliance with RCRA is assumed by designing the disposal facility in the manner 
prescribed in the RCRA regulations. The major RCRA requirements on disposal facility design 
are the specification of a cover system with low hydraulic conductivity and the requirement for a 
leachate collection system with a liner. The liner and leachate collection system are assumed to 
function as designed for 30 y, the minimum period of active monitoring required (RCRA, 1976). 
The cover system is assumed to function for 100 y, the period of active institutional controls 
defined in DOE Order 5820.2A (DOE, 1988a). These assumptions are discussed more fully in 
Section 5.2.2.2. 
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Generic Trench 

A schematic representation of the RCRA-compliant, below-ground trench is shown in 
Figure 5-1. The generic trench is assumed to be a square, 2500-m2 facility based on designs 
assumed in the draft Environmental Management Programmatic Environmental Impact Statement. 
This facility is small enough to be located on all 15 sites currently being analyzed in the PE. 
Grouted waste is assumed to be placed directly into the trench and then backfilled with natural 
soils. The mixing fraction (i.e., the volume of waste contained in a unit volume of disposal 
facility) is assumed to be 2/3 and accounts for the non-waste volume between trenches and from 
packaging of the grout blocks. This fraction relates the radionuclide concentration in the leachate 
to that in disposed waste (see Section 5.3.1.1). 

Figure 5-1. Artist's conception of a generic RCRA-compliant, below-ground trench. 
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Generic Tumulus 

A schematic representation of the RCRA-compliant, above-ground tumulus is shown in 
Figure 5-2. Like the generic trench, the generic tumulus is also assumed to be a square, 2500-m2 

facility. Grouted waste is assumed to be placed within the concrete vault boxes and sealed. The 
vault boxes are then stacked three high and covered with a RCRA-compliant cover system. The 
mixing fraction is assumed to be 1/3. This value is based on the volumetric fraction of waste 
contained in a concrete vault used in the tumulus design in the Oak Ridge SWSA 6 performance 
assessment (ORNL, 1994). 

Figure 5-2. Artist's conception of a generic RCRA-compliant, above-ground tumulus. 

5.2.2.2 Engineered Barriers 

Engineered barriers are man-made features emplaced in a disposal facility to enhance its 
waste isolation capabilities. In the PE analysis, engineered barriers apply only to the water 
pathway. The atmospheric release analysis assumes that no credit is taken for the differences in 
disposal facility features (see Section 5.3.2), and the inadvertent intruder analyses use different 
assumptions for the engineered barriers (see Section 5.3.3). 
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Three components regarding the performance of the engineered barriers are considered in 
the PE: liner and leachate collection system, cover system, and concrete vaults for the tumulus 
design. The behavior of the major engineered components of the generic facilities is assumed to 
be the same across all 15 sites, regardless of site-specific climate and other mechanisms promoting 
or retarding degradation. Figure 5-3 shows the assumed time-dependent performance of the 
engineered barriers for the generic trench and tumulus facilities. 

Annual 
Rate of 
Water 
Flowing 
through 

Facility, o> 
(cm/y) 

0.003 

RCRA-Compliant Trench 

RCRA-Compliant Tumulus 

Natural Recharge through Local Soils (SHe-Speciflc) 

Saturated Hydraulic 
Conductivity of RCRA Cover 
(assume 10"7 cm/s and unit 
hydraulic gradient) 

Saturated Hydraulic 
Conductivity of Concrete 
(assume 10"10 cm/s and 
unit hydraulic gradient) 

Facility 
Closure 

30 100 

/ X 
Time (y) 

Leachate Collection 
System Fails 

300 

|Cover System Fails} Concrete Vaults Fail 

Figure 5-3. Assumed performance of engineered barriers for the two generic facilities. 

Generic Trench 

For the generic trench, a low-permeability RCRA cover and a RCRA leachate collection 
system are assumed operable at the time of closure. For the first 30 y following closure, the 
RCRA leachate collection system is assumed to collect all leachate from the facility so that no 
releases from the site occur during this time (Figure 5-3). 

The liner and leachate collection system are assumed to fail abruptly at 30 y after closure. 
At that time, releases of radionuclides from the facility are possible through infiltration of water 
through the RCRA cover into the facility. The rate of water moving into the facility is calculated 
based on the lesser of either a unit hydraulic gradient and a saturated hydraulic conductivity of 
1 x 10* cm/s (as required by RCRA for the cover system), or the site-specific value for natural 
recharge through local soils. 
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Institutional controls are assumed to last for 100 y (see Section 5.1). Beyond this time, 
when the site caretaker no longer maintains the facility cover, the rate of water moving through 
the facility is assumed to be the same as the average annual recharge through local soils. In other 
words, after 100 y the RCRA cover system and the liner are assumed to have degraded in such a 
way that they are indistinguishable from the local soils. 

Generic Tumulus 

For the generic tumulus, a low-permeability RCRA cover system and a RCRA leachate 
collection system are assumed operable at the time of closure (Figure 5-3). For the first 30 y 
following closure, the RCRA leachate collection system is assumed to collect all leachate from the 
facility so that no releases from the site occur during this time. 

As with the generic trench, the liner and leachate collection system of the generic tumulus 
are assumed to fail abruptly at 30 y. At that time, the rate of water moving through the facility is 
assumed to be based on the lesser of the hydraulic conductivity of concrete vaults at a unit 
hydraulic gradient or natural recharge through local soils. The saturated hydraulic conductivity of 
concrete is assumed to be 1 x 10'10 cm/s (0.003 cm/y), which is much less than the hydraulic 
conductivity of a RCRA cover (3 cm/y). The hydraulic integrity of the concrete vaults in the 
tumulus facility is assumed to be maintained for 300 y. 

Three hundred years after closure, the concrete vaults are assumed to fail hydraulically. 
The resulting rate of water moving through the facility and through the contacted waste is 
assumed to be the same as the natural recharge through local soils. 

Site-Specific Design 

In addition to the two generic designs, for sites with current plans for MLLW disposal 
facilities, a third, site-specific analysis was also performed using the PE methodology. However, 
most existing MLLW plans were either trench or tumulus designs; therefore, only sites with a 
facility design having an assumed performance of engineered barriers that was considerably 
different than the generic trench or tumulus were evaluated. The results of these analyses are 
contained in Appendix B of Volume 3 of this report. 

5.2.2.3 Location of Disposal Facility 

The location assumed for the evaluation of the generic and site-specific facilities is based 
on site-specific input acquired during site visits by the Core Teams. For sites with MLLW 
disposal plans, the planned location of the facility is used for the PE analysis. For sites with no 
existing LLW or planned MLLW disposal facilities, considerations such as current operations, 
hydrogeology, and future land use were used in designating a proposed location for use in the PE 
analysis. Because the performance boundary for the analysis is only 100 m from the disposal 
facility, some larger sites with relatively uniform hydrogeologic conditions selected an 
approximate location with an appropriate hydrologic setting for the disposal facility. 
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5.2.3 Radionuclides Evaluated in the PE. 

In developing the list of radioactive materials used for the PE, specific radionuclides 
expected to be in MLLW were identified and cross-checked. The initial list was based on data 
received from the sites represented in the DOE's Mixed Waste Inventory Report (MWIR). These 
data provided a master list of all radionuclides reported in MLLW in the DOE complex. The 
master list of radionuclides was screened and checked in the following manner: 

1. Radionuclides with half-lives less than five years were eliminated. One hundred years of 
institutional controls ensure little impact to intruders from such radionuclides. In a similar 
manner, engineered barriers and travel times ensure little impact to off-site individuals and 
resources.. 

2. The screened list was compared to the list of radionuclides considered in the analyses for 
the EM PEIS, which in turn was based on information in the 1991 Integrated Data Base 
(DOE, 1992; communication with Bruce Wilkens, Argonne National Laboratory-East, 
August 26, 1994). The screened list was found to include all radionuclides considered in 
the EM PEIS with half-lives greater than five years (Table 5-1). 

3. The screened list was compared to the list of radionuclides considered in performance 
assessments for LLW at the Oak Ridge Reservation (ORNL, 1994), the Savannah River 
Site (E Area vaults) (MMES et al., 1994), the Hanford Site (grout vaults) (Kincaid et al., 
1993), the Idaho National Engineering Laboratory (Maheras et al., 1994), and the Nevada 
Test Site (Area 5) (Magnuson et al., 1992). Included in the performance assessments for 
these 5 sites were an additional 12 radionuclides with half-lives greater than 5 y that were 
not reported in the MWIR. These radionuclides were added to the screened list 
(Table 5-1): 

4. Kr-85, a noble gas listed only in the MWIR, was not expected to be present in waste that 
has been treated for disposal and was therefore eliminated in the final screening. 

The final list of radionuclides considered in the PE consists of 58 radionuclides 
(Table 5-1). No attempt was made to associate parent radionuclides and radioactive decay 
products; if radioactive decay products were listed explicitly in any of the sources of information, 
they were included in the master list. Because the effects of any radioactive decay products of 
significance were considered in developing the dose conversion factors for the various pathways, 
the effects of any such radionuclides are automatically taken into consideration in the PE 
calculations (see Section 5.4.2). 
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Table 5-1. Radionuclide Inventory for Performance Evaluations (screened for half-lives of 
5 y or greater) (Part 1 of 2) 

1 

Nuclide Half-Life 
(y)1 Source of Information 

1 

Nuclide Half-Life 
(y)1 

MWIR EM PEIS PA 

1 

Nuclide Half-Life 
(y)1 

MWIR EM PEIS 
ORR2 SRS 3 HAN4 NTS 5 INEL6 

1 H-3 1.23 E+01 * * * * * * 

2 C-14 5.73 E+03 * * * * * 

3 AI-26 7.30 E+05 * * 

4 Si-32 1.00 E+02 * 

5 CI-36 3.01 E+05 * * 

6 K-40 1.28 E+09 * * 

7 Co-60 5.27 E+00 * * * * * 

8 Ni-59 7.60 E+04 * * * * 
9 Ni-63 1.00 E+02 * * * * * 

10 Se-79 6.50 E+04 * * * 

11 Sr-90 2.91 E+01 * * * * * * * 

12 Zr-93 1.50 E+06 * * 

13 Nb-93m 1.61 E+01 * * 

14 Nb-94 2.00 E+04 * * * 

15 Tc-99 2.13 E+05 * * * * * 

16 Pd-107 6.50 E+06 * 

17 Ag-108m 1.30 E+02 * 

18 Cd-113m 1.41 E+01 * * * 

19 Sn-121m 5.50 E+01 * * 

20 Sn-126 1.00 E+05 * * * 

21 1-129 1.57 E+07 * * * * 

22 Cs-135 2.30 E+06 * * * 

23 Cs-137 3.02 E+01 * * * * * * 

24 Ba-133 1.05 E+01 * 

25 Sm-151 9.00 E+01 * * * 

26 Eu-152 1.35 E+01 * * * 

27 Eu-154 8.59 E+00 * * * * * 

28 Pb-210 2.23 E+01 * * 

29 Ra-226 1.60 E+03 * * * * + 

30 Ra-228 5.76 E+00 * * 
31 Th-229 7.30 E+03 * * * 

1 GENE, 1989 
2ORNL,1994 
3MMESetal., 1994 
4Wncaldetal.leds.,1993 
5 Magnuson et al., 1992 
8Maherasetal.,1994 

5-11 



Table 5-1. Radionuclide Inventory for Performance Evaluations (screened for half-lives of 
5 y or greater) (Part 2 of 2) 

Nuclide Half-Life 
(y)1 

Source of Information Nuclide Half-Life 
(y)1 

MWIR EM PEIS PA 

Nuclide Half-Life 
(y)1 

MWIR EM PEIS 
ORR2 SRS 3 HAN4 NTS5 INEL6 

32 Th-230 7.54 E+04 * * * • * 

33 Th-232 1.40 E+10 * * " * * * 
34 Pa-231 3.28 E+04 * 
35 U-232 7.00 E+01 * * * 
36 U-233 1.59 E+05 * * * 
37 U-234 2.46 E+05 * * * * * 
38 U-235 7.04 E+08 * * * * * * * 

39 U-236 2.34 E+07 * * * 

40 U-238 4.47 E+09 * * * * * * * 

41 Np-237 2.14 E+06 * * * * * 

42 Pu-238 8.77 E+01 * * * * * * 

43 Pu-239 2.41 E+04 * * * * * * * 

44 Pu-240 6.56 E+03 * * * * * * 

45 Pu-241 1.44 E+01 * * * * 
46 Pu-242 3.75 E+05 * * * * 
47 Pu-244 8.00 E+07 * 
48 Am-241 4.33 E+02 * * * * * 

49 Am-243 7.37 E+03 * * * 

50 Cm-243 2.91 E+01 * * * 

51 Cm-244 1.81 E+01 * * * * * 

52 Cm-245 8.50 E+03 * 

53 Cm-246 4.76 E+03 * 

54 Cm-247 1.56 E+07 * 
55 Cm-248 3.48 E+05 * 
56 Cf-249 3.51 E+02 * * 

57 Cf-250 1.31 E+01 * 

58 Cf-251 9.00 E+02 * 

1 GENE. 1989 
20RNL,1994 
3MMESJtal..1994 
4 Wncaid et al., eds., 1993 
5 Magnuson et al., 1992 
8 Maheras et al., 1994 
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5.3 TRANSPORT 

The transport component of the PE addresses the migration and attenuation of 
radionuclides from the time they are released from the disposal facility to the ultimate location of 
compliance (performance boundary). Radionuclides are transported from the disposal facility to 
human receptors through three pathways—water, atmospheric, and inadvertent intrusion. 

The PE provides estimates of permissible radionuclide concentrations, Cw, in disposed 
MLLW treatment residuals at 15 sites consistent with the performance objectives of DOE Order 
5820.2A (DOE, 1988a). As discussed in Chapter 4, the radionuclide concentrations in the waste 
are calculated by the following factors: performance measures, dose conversion factors, 
concentration reduction factors, and a radioactive decay term. 

The calculation for the water pathway is 

(5-1) 

where 

Cw-waer = lOOOxi^ x — = — x CRF^ x CRFWuer x r ^ 

Cw-water is the concentration of a specific radionuclide in the disposed waste corresponding 
to the permissible drinking water dose at the performance boundary (uCi/m3); 

1000 is a factor for converting u,Ci/L to u,Ci/m3; 
Hwater is the performance measure of 0.004 rem (0.04 mSv) per year effective dose 

equivalent from consumption of drinking water; 
PDCFwater is the dose conversion factor for the water ingestion pathway represented by 

the annual effective dose equivalent per unit concentration for drinking water for each 
radionuclide ([rem/yjY [uCi/L]); 

CRFsoune is the concentration reduction factor for the source ([mCi/L/[mCi/L]); 
CRFwater is the concentration reduction factor for environmental transport in groundwater 

or surface water ([mCi/Lj7[mCi/L]); and 
fDecay is the term accounting for radioactive decay during detention time in the waste plus 

retarded travel time via environmental transport in the water pathway to the exposure 
point at the performance boundary (dimensionless). 

The calculation for the atmospheric pathway is 

where 

HAtm x — ^ — x CRFDiff x CRFDisp x rDecqy (5-2) 
Attn 

Cw-Atm is the concentration of a specific radionuclide in the disposed waste corresponding 
to the permissible dose at the performance boundary due to atmospheric releases 
(uCi/m3); 

HAtm is the performance measure of 0.01 rem (0.1 mSv) per year for all pathways for 
atmospheric releases; 
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where 

SDCFAtm is the scenario dose conversion factor represented as the annual effective dose 
equivalent per unit concentration for all pathways from atmospheric releases for each 
radionuclide ([rem/y]/[uCi/m3]); 

CRFoiff is the concentration reduction that occurs from the top of the disposal facility to 
the soil surface as the radionuclide diffuses upward [(u,Ci/m3)/ (u.Ci/m3)]; 

CRFoisp is the concentration reduction that occurs as the radionuclide is emitted to the 
atmosphere, mixed with the ambient air, and dispersed downwind to the performance 
boundary [(|iCi/m3)/ (uCi/m3)]; and 

fDecay is the term accounting for radioactive decay during detention time in the waste plus 
travel time via environmental transport in the atmospheric pathway to the performance 
boundary (dimensionless). 

The calculation for the inadvertent intruder pathway is 

! (5-3) 
^W-ltOr ~ **lnlr X ~^T^Z7 X ^'cay 

Cw-intr is the concentration of a specific radionuclide in the disposed Waste corresponding 
to the permissible dose to an inadvertent intruder (uCi/m3); 

Hj„tr is the performance measure of 0.1 rem (1 mSv) per year effective dose equivalent for 
inadvertent intrusion; 

SDCFintr is the annual effective dose equivalent per unit concentration for an intrusion 
scenario for each specific nuclide ([rem/y]/ [u.Ci/m3]); and 

fDecay is the decay term accounting for radioactive decay prior to the assumed intrusion 
(dimensionless). 

The PE results based on these general equations estimate the waste concentration in direct 
correspondence to the permissible dose for each radionuclide, assuming it contributes the entire 
dose. 

5.3.1 Water Pathway 

Two CRFs are calculated for the water pathway: one for the attenuation between the 
waste and leachate exiting the bottom of the disposal facility, CRFsource', and one for the 
attenuation between the leachate exiting the disposal facility and the water at the performance 
boundary, CRFwater- As shown in Equation 5-1, radioactive decay is accounted for by rDecay, and 
the ingrowth of radiologically significant decay products is accounted for by PCDFwater-
Therefore, the concentration reduction factors, CRFsource and CRFwater, represent concentration 
reductions for the radionuclides, not taking radioactive decay into account. 
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5.3.1.1 Source CRF 

For a stabilized waste form (see Section 5.2.1), the source CRF, CKFSource, is defined as 

LRt'source =^Waste / ^ Leachate (p'^J 

where 
Cwaste is the concentration in the grouted waste form for each radionuclide averaged over 

the entire volume of waste in the disposal facility (|iCi/L), and 
Cuachate is the corresponding concentration in the leachate for each radionuclide as it exits 

the bottom of the disposal facility (u€i/L). 

The partitioning of radionuclides between the solid phase (i.e., radionuclides sorbed onto 
the grout) and the liquid phase (i.e., radionuclides dissolved in the pore water) is assumed to be 
determined by the equilibrium sorption phenomenon. This assumption is consistent with analyses 
in the three LLW performance assessments that have evaluated grouted waste forms (ORNL, 
1994; MMES et al., 1994; Kincaid et al., 1993). With this assumption, the radionuclide 
concentration in the leachate based on desorption in infiltrating water can be described (ORNL, 
1994) by 

C = Waste Jm /c C\ 
^Leachate t n , yG „ \ \P'J) 

where 
OG is the volumetric water content of the grouted waste form (mL/mL); 
K° is the distribution coefficient (i.e., solid/liquid partition coefficient) of the 

radionuclide in the grout (mL/g); 
PG is the dry bulk density of the grouted waste form (g/cm3); and 
fm is the mixing fraction, defined as the ratio of the volume of waste disposed in a unit 

volume of the facility. 

Combining Equations 5-4 and 5-5 derives a relationship for CRFsource in terms of the grout 
distribution coefficient (K°) and the properties of the stabilized waste (&?, pa, andfm): 

(0G+K°pG) 
J m 

In addition to K°, the parameters that affect the source term CRFSource include the dry 
bulk density of the grout (pa), the volumetric water content of the grout (#j), and the mixing 
fraction (fm). These terms are summarized in Table 5-2 and are used in all site analyses. 
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Table 5-2. Summary of Grout and Facility Parameters That Affect the Source Term CRF 
(CRFsowce) 

Parameter Value Comment 

Grout Dry Bulk 
Density (pe) 

1.76 g/cm3 The dry bulk density of grout is defined as the oven-dried 
mass per unit volume of grout. Value is based on Oak 
Ridge SWSA 6 performance assessment (ORNL, 1994). 

Grout Volumetric 
Water Content (0G) 

0.3 The volumetric water content of the grout is defined as the 
volume of water per unit volume of grout. The grout is 
assumed to be saturated, which reflects the hygroscopic 
nature of cementitious grouts. Under saturated conditions 
the water content and the porosity are the same. 

Mixing Fraction ( f j Trench 2/3 
Tumulus 1/3 

This factor is the fraction of waste volume in the disposal 
facility. The fm for a trench design is 2/3, and the fm for a 
tumulus design is 1/3 (see Section 5.2.2.1). 

Limited information exists on appropriate values for radionuclide distribution coefficients 
in grout (K° ); this is due in part to the wide variety of methods used to measure waste 
teachability from different waste forms. For example, the EPA (1989) identified nine extraction 
procedures and three different leaching tests. In light of this variability, conservative K° values 
(i.e., \cwK° values that yield relatively high radionuclide concentration estimates in the leachate) 
are used in the PE. These values are based largely on the analysis in the Oak Ridge SWSA 6 
performance assessment (ORNL, 1994). The grouted waste form considered in the formulation 
of K° values in the Oak Ridge performance assessment was based on mixing dry waste with 
pumpable grout. Conversely, K° values in the Hanford vault performance assessment (Kincaid et 
al., 1993), and the Savannah River Z-Area vaults performance assessment (MMES et al., 1992), 
are based on grout formulations in which the radionuclides are contained in water mixed into the 
grout material. Much higher K° values were used in the performance assessments for the 
Savannah River and Hanford sites than for Oak Ridge. The lower values used in the Oak Ridge 
performance assessment are more conservative in that they result in smaller values for CRFsource', 
thus, these values are used as the primary basis for estimating the values used in the PE. Because 
of the high degree of variability associated with K°, all values used in the PE are rounded to the 
nearest order of magnitude (e.g., a K° value of 7 mL/g was assumed to be 10 while a K° of 
3000 mL/g was assumed to be 1000) so as not to imply more precision in these values than is 
justified. The distribution coefficient values used in the PE and the resulting CRFSource for the 
generic tumulus and trench facilities are listed in Table 5-3. 
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Table 5-3. Waste K° Values Used in the Performance Evaluation and Resulting Source 
Concentration Reduction Factors (CRFsource) for the Tumulus and Trench 
Design (Part 1 of 2) 

Radionuclide Grout Kd 

(mL/g) 

CRFsource Radionuclide Grout Kd 

(mL/g) Tumulus Trench 

H-3 0 0.90 0.45 I 
C-14 10 54 27 
AI-26 100 540 270 
Si-32 100 540 270 I 
CI-36 0 0.90 0.45 
K-40 1 6.2 3.1 
Co-60 100 540 270 
Ni-59 10 54 27 
Ni-63 10 54 27 
Se-79 1 6.2 3.1 
Sr-90 100 540 270 
Zr-93 10 54 27 
Nb-93m 10 54 27 
Nb-94 10 54 27 
Tc-99 1 6.2 3.1 
Pd-107 100 540 270 
Ag-108m 100 540 270 
Cd-113m 100 540 270 
Sn-121m 10 54 27 
Sn-126 10 54 27 
1-129 1 6.2 3.1 
Cs-135 10 54 27 
Cs-137 10 54 27 
Ba-133 10 54 27 
Sm-151 10 54 27 
Eu-152 10 54 27 
Eu-154 10 54 27 
Pb-210 100 540 270 
Ra-226 10 54 27 
Ra-228 10 54 27 
Th-229 100 540 270 
Th-230 100 540 270 
Th-232 100 540 270 
Pa-231 100 540 270 
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Table 5-3. Waste K° Values Used in the Performance Evaluation and Resulting Source 
Concentration Reduction Factors (CRFSource) for the Tumulus and Trench 
Design (Part 2 of 2) 

Radionuclide Grout Kd 

(mUg) 

wTpSource Radionuclide Grout Kd 

(mUg) Tumulus Trench 

U-232 100 540 270 
U-233 100 540 270 
U-234 100 540 270 
U-235 100 540 270 
U-236 100 540 270 
U-238 100 540 270 
Np-237 100 540 270 
Pu-238 100 540 270 
Pu-239 100 540 270 
Pu-240 100 540 270 
Pu-241 100 540 270 
Pu-242 100 540 270 
Pu-244 100 540 270 
Am-241 100 540 270 
Am-243 100 540 270 
Cm-243 100 540 270 
Cm-244 100 540 270 
Cm-245 100 540 270 
Cm-246 100 540 270 
Cm-247 100 540 270 
Cm-248 100 540 270 
Cf-249 100 540 270 
Cf-250 100 540 270 
Cf-251 100 540 270 

A review of Table 5-3 reveals two interesting results pertaining to the values for CRFsource 
for the trench and tumulus. First, the tumulus values are twice the trench values. This result is 
due solely to the differences in mixing fraction values selected for the two facilities. Second, the 
values for H-3 and Cl-36 are less than one, implying a concentration increase for these 
radionuclides. This effect is the result of an assumed K° value of zero for these two 
radionuclides. This low K° value implies that these radionuclides are not sorbed on the grouted 
waste form but rather they are entrained in the matrix. These radionuclides will tend to readily 
leave the solid phase and enter the water phase very easily. 
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5.3.1.2 Environmental Transport CRF for Water 

The environmental transport CRF for water, CRFWater, describes the attenuation of 
radionuclide concentrations between the leachate and the performance boundary (100 m) in the 
groundwater or surface water. The environmental transport CRF for water is defined as 

where 
CRFwater is the environmental transport concentration reduction factor for the water 

pathway (dimensionless); 
Cuachate is the radionuclide concentration in the leachate exiting the disposal facility 

(u.Ci/L); and 
Crater is the resulting radionuclide concentration in water at the performance boundary 

(u,Ci/L). 

To conduct the water pathway analyses, a generic conceptual model has been developed 
that incorporates site-specific geometry and water flow paths into a simple transport analysis 
(Figure 5-4). This generic conceptual model is applicable to both arid and humid sites. Different 
hydrogeologic environments cause the water flow to vary considerably from one site to another; 
therefore, site-specific development of conceptual models for water flow relies heavily on 
interaction with the site technical staff in determining the pathways to be included in the PE. An 
acceptable conceptual model and its associated assumptions must be supported by site-specific 
knowledge and data. Depending on site-specific conditions, surface water, the vadose zone, and 
groundwater may be pathways of consideration. Once the water flow paths are established, the 
same radionuclide transport assumptions are imposed on each site to provide consistency in the 
PE analyses. Several specific details about the generic conceptual model are described in 
Appendix B. 

Major Assumptions for Flow and Transport in the Generic Conceptual Model 

A number of assumptions were made with respect to flow and transport in the generic 
model. The more important of these are 

• Steady-state flow in the vadose and saturated zones (see Appendix B of this volume). 
• Continuous and constant source release from the disposal facility with step increases at the 

times of failure of the engineered barriers (see Section 5.2.2.2). 
• One-dimensional flow and transport in the vadose zone with no lateral spreading from 

diffusion or dispersion (see Appendix B of this volume). As a result of this assumption, 
the CRF for transport through the vadose zone is unity. 

• When the relevant geologic formations in the vadose zone at a site were known to contain 
fractures, these fractured sections were not considered in the analysis and the resulting 
thickness of the vadose zone was reduced. 

• One-dimensional flow and transport in the saturated zone with no diffusion or 
hydrodynamic dispersion in the longitudinal or transverse directions (see Appendix B). 
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Figure 5-4. Generic conceptual model for the water pathway. 

• When the relevant geologic formations in the saturated zone were known to contain 
fractures, matrix porosity and the fractured porosity were combined as an effective 
porosity. 

• Complete mixing across an appropriate mixing depth used to represent dilution in the 
saturated zone. The appropriate mixing depth is based on aquifer properties; thin aquifers 
are assumed to be completely mixed across their entire depth. A one-dimensional flow, 
three-dimensional transport code (PAGAN) (Chu et al., 1991) is used to estimate an 
appropriate mixing depth for thicker aquifers, using estimates for dispersivities compiled 
by the Electric Power Research Institute (EPPJ, 1985) based on the type of geologic 
formation in the saturated zone. 

• Sorption of dissolved radionuclides on the porous media in both unsaturated and saturated 
zones result in retarded travel times of radionuclides. 

• Solubility constraints are not considered. 

The most significant PE assumption that simplifies the estimation of the CRFwater is the 
continuous release of radionuclides from the disposal facility. This assumption is justified for two 
reasons. First, the radionuclide inventory in the disposal facility is unknown, so the duration of 
release is unknown; assuming a continuous release source is therefore conservative relative to 
assuming a release of finite duration. Second, the assumption allows the effects of longitudinal 
dispersion and diffusion on peak concentration in the vadose and saturated zones to be neglected. 
With a non-decayed, continuous release source, the concentration at the base of the vadose zone 
eventually equals the leachate concentration, and the concentration in groundwater at the 
performance boundary eventually equals the concentration within the leachate-groundwater 
mixing zone. Mechanical dispersion in the longitudinal direction affects the shape of the 
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contaminant front but provides no attenuation of the peak. Mechanical dispersion in the lateral 
transverse direction is a much weaker (10 to 100 times less) effect than dispersion in the 
longitudinal direction except under low-flow conditions (Freeze and Cherry, 1979, p. 396). While 
lateral transverse dispersion provides some attenuation of the centerline concentration peak, the 
effect is minor. Therefore, ignoring the attenuating effect of lateral transverse dispersion is a 
simplifying assumption that provides conservatism. Additional discussion on this subject is 
provided in Appendix B of this volume. 

Vadose Zone 

The volumetric flow of water through the facility that generates leachate is based on the 
performance and size of the disposal facility as discussed in Sections 5.2.2.1 and 5.2.2.2. It is 
defined as 

where 
Qf = qfA (5-8) 

Qf is the volumetric flow rate of leachate from the disposal facility (m3/y); 
qf is the rate of water moving through the facility (m/y); and 
A is the facility plan area (m2). 

As shown in Figure 5-3, qf is initially controlled by the RCRA cover (trench) or the 
concrete vault (tumulus) properties. When all engineered barriers have failed, qf is assumed to be 
equal to the natural recharge through local soils, / (Figure 5-4). 

No lateral spreading is assumed, so the leachate flux through the vadose zone is confined 
to the soil column directly below the plan area of the facility. Additional details about the effects 
of this assumption are provided in Appendix B of this volume. The water pathway analysis 
considered the effects of fracture flow where relevant (see Section 6.1.2.4 in this volume). 

The water travel time in the vadose zone, tm, for steady-state, one-dimensional flow under 
unit gradient conditions is defined as 

' - = T (5"9) 

where 
/ is the distance between the disposal facility and groundwater (m), and 
6W is the volumetric moisture content in the vadose zone (mL/cm3). 

Retarded contaminant travel time in the vadose zone, tcv, is defined as 

tcv=tw(l + KdPb/0fy) (5-10) 
where 

Kd is the soil distribution coefficient for the radionuclide in the vadose zone (mL/g), and 
Pb is the dry bulk density of the media in the vadose zone (g/cm3). 
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Saturated Zone 

As contaminated water enters the aquifer, the contaminant mixes with clean groundwater, 
forming a plume with a shape controlled by aquifer and contaminant properties. The generic 
conceptual model assumes that instantaneous and complete mixing within the aquifer occurs 
directly below the facility. 

The dilution of contaminants by mixing with groundwater that was originally free of any 
radionuclides is the only attenuation effect in the water pathway, and the CRF is (see Appendix B) 

CRF!rater = (Qf+Qgw)/Qf (5-H) 

where Qgy, is the volumetric groundwater flow (m3/y), defined as 

Qg.=qg.dma2 (5-12) 
where 

#gw is the groundwater Darcy velocity, the volume discharge per unit bulk area 
(m/y), 
dm is the contaminant mixing depth in the groundwater (m), and 
a2 is the width of the facility (m). 

The contaminant mixing depth in the groundwater, dm, is estimated according to the 
properties of the aquifer. For thin aquifers, mixing over the entire aquifer thickness is assumed. 
For thicker aquifers, the mixing depth is estimated by the plume thickness at 100 m from the 
facility due to vertical dispersion. The estimate is provided through use of a one-dimensional 
flow, three-dimensional transport computer code (PAGAN) [Chu, et al., 1991]. 

The water travel time in the saturated zone, tws, assuming steady-state, one-dimensional 
flow, is defined as 

< „ = » (5-13) 

•tgw 

where n is the porosity of the saturated zone. 

Retarded contaminant travel time in the saturated zone, tcs, is defined as 

ta = tws(\ + KdPbln). (5-14) 
The radionuclide-specific arrival time equals the detention time in the disposal facility plus 

the retarded travel times in the vadose and saturated zones. 
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Radioactive Decay Term 

For release to water, the radioactive decay term, roecay, accounts for radioactive decay 
during detention time in the disposal facility plus retarded travel to the performance boundary. 
The radioactive decay term is defined as 

'Decay VXP . 
M/2 

where 
ta is the radionuclide arrival time at the performance boundary, calculated as the detention 

time in the disposal facility plus retarded travel time (y); and 
ti/2 is the radionuclide half-life (y). 

Site-Specific Data Requirements 

The minimum site-specific data required to perform the water pathway analysis are listed 
in Table 5-4. 

Table 5-4. Site-Specific Data Required for Water Pathway Analyses 

Parameter Description 

/ Natural recharge through local soils (m/y) 

<7sw Darcy flow rates in saturated zone (m/y) 

n Porosity in saturated zone (cnr^/cm3) 

0w Ambient moisture content in the unsaturated zone (mL/cm3)* 

dm Mixing depth in the aquifer (m) 

Pb Dry bulk density of the porous media in the unsaturated and 
saturated zones (g/cm3) 

Ki Solid/liquid partition coefficient of the porous media in the 
unsaturated and saturated zones (mL/g) | 

* Because one milliliter of water is essentially one cubic centimeter, this unit is dimensionless. 

5.3.2 Atmospheric Pathway 

Radionuclides can be transported from the waste disposal unit to the soil surface through a 
variety of mechanisms including diffusion, burrowing animals, plant root uptake, and water flow 
through cracks caused by desiccation. When radionuclides reach the soil surface, they may be 
entrained in the air in vapor form (volatiles) or suspended in the air by the wind as particulate 
matter (non-volatiles). Once airborne, the radionuclides are assumed to be transported via 
atmospheric dispersion to a receptor located 100 m downwind of the disposal facility. 

(5-15) 
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Because of the difficulty and uncertainty associated with modeling the variety of potential 
transport processes for radionuclides to the soil surface, the approach taken in the PE is to use 
volatile or gaseous diffusion with several conservative assumptions to bound the releases from all 
transport processes. The diffusion mechanism has been used in two existing low-level waste 
performance assessments to analyze the atmospheric pathway (Kincaid et al., 1993; MMES et al., 
1994), and the burrowing animal mechanism has been used by one existing LLW performance 
assessment (Maheras et al., 1994). The plant root uptake and desiccation crack mechanisms have 
not been considered in existing performance assessments. 

Only the volatile radionuclides, H-3 and C-14, are considered in the PE for atmospheric 
releases. The radionuclide, 1-129, may become volatile during the high temperatures of a reactor 
accident but is not generally volatile under disposal-facility conditions. 

Two environmental transport CRFs are used for the atmospheric pathway. The 
concentration reduction that occurs from the top of the disposal facility to the soil surface as the 
radionuclide diffuses upward, CRFoiff, is defined as: 

CRFDiff = 9**- (5-16) 

where 
Cwaste is the radionuclide concentration in the waste (jxCi/m3), and 
Css is the radionuclide concentration at the soil surface above the disposal facility resulting 

from the concentration in the waste (|xCi/m3). 

The concentration reduction that occurs as the radionuclide is released into the air and dispersed 
downwind to the performance boundary, CRFDisP, is defined as: 

CRF^ = $*- (5-17) 

where 
CAUTI is the radionuclide concentration in the ambient air resulting from the air 

concentration at the soil surface (u.Ci/m3). 

As was shown in Equation 5-2, radioactive decay, rDecay, is separately accounted for. 
Therefore, the concentration reduction factors for atmospheric releases represent concentration 
reductions for the radionuclides, not taking radioactive decay into account. 

5.3.2.1 Transport Calculations 

The analytical method to estimate the two atmospheric concentration reduction factors is 
summarized below, discussed in detail in Appendix C of this volume, and illustrated in Figure 5-5. 
To bound the amount of a particular radionuclide transported to the soil surface by various 
transport processes with diffusion, certain assumptions are incorporated into the analyses. These 
assumptions are the following: 
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Figure 5-5. Conceptual model for the atmospheric pathway. 

• The waste is completely mixed within the soil, and therefore, no credit is taken for the 
waste disposal facility. 

• An upper-bound diffusion coefficient is used in the calculation. 
• All diffusion is upward. 
• Diffusive flux is approximated as first order, linear, and steady state. 

The CKFoiff is calculated using the following equation: 

r R F _ xns 
Diff ~ ~rd 

where 

(5-18) 

x is the cover thickness above the disposal facility (m); 
n is the porosity of the soil (dimensionless); 
s is the percent saturation of the soil (dimensionless); 
r is the ratio of the density of water in air to that in the liquid phase, for 3H, or the ratio of 

the CO2 concentration in the air to that in dissolved water, for 1 4C (dimensionless); and 
d is the depth of the surface soil (m). 
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The calculation ofCRFoisp is 

d 
CRF^ = — (5-19) 

where 
"" DAD 

D is the 3H or HCO2 diffusion coefficient in air (m2/s); and 
AD is the atmospheric dispersion term ([u,Ci/m3] / [u£i/m2-s]). 

The atmospheric dispersion term, AD, is estimated using a Gaussian air dispersion model. Site-
specific meteorological data are used in the analysis. 

To estimate transport time of the radionuclide to the soil surface, the diffusion velocity, vj, 
is approximated as a one-dimensional, first-order, linear expression. Assuming Vd is uniform, the 
transport time, tj, is given by 

ta = 3 - . (5-20) 

Based on the parameter values presented in the next section, the transport time through 
the soil is estimated to be in the range of a few days. Transport time in the atmosphere is in the 
range of seconds to minutes. Therefore, the assumed detention time in the disposal facility of 
100 y is clearly the dominating factor in determining the time before arrival of any releases at the 
performance boundary. 

For releases to the atmosphere, roecay accounts for radioactive decay during detention in 
the disposal facility, and travel to the soil surface and the performance boundary. The radioactive 
decay term is the same as that defined in Equation 5-15 for the water pathway, where 

/„ is the radionuclide arrival time at the performance boundary, calculated as the detention 
time in the disposal facility plus travel time (y). 

5.3.2.2 Data Requirements 

The key parameters that affect the atmospheric pathway include the cover thickness (x), 
the depth of surface soil (d), the soil porosity (w), the percent saturation in the soil voidspace (s), 
the diffusion coefficient in air (D), and the atmospheric dispersion parameter (AD). These terms 
are summarized in Table 5-5 and are used in all site analyses. 
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Table 5-5. Data Required for Atmospheric Pathway Analyses (parameters in bold type 
represent generic values) 

1 Parameter Comments 

Cover thickness (x) For the generic trench and tumulus, the soil thickness is equal to 
1 m, based on the SRS E-Area performance assessment (MMES et 
al. f 1994). For site-specific facilities, a site-specific cover 
thickness is used. 

Depth of surface soil The depth of the surface soil, assumed to be 0.01 m. This value 
was chosen based on the INEL RWMC PA (Maheras et al., 1994). 

Soil porosity (n) The fraction of the soil above the waste disposal facility that is void space. 
Percent saturation in the 
soil void space (s) 

The fraction moisture content in the void space of the soil above the waste 
disposal facility. 

Diffusion coefficient 
in air (D) 

This parameter is used in the volatile radionuclide calculations to 
determine flux density. For 3 H, D is equal to 2.39 x 10"5 m2/s, and 
for 1 4 C 0 2 , D is equal to 1.40 x 10"5 m2/s. 

Atmospheric dispersion 
parameter (AD) 

The atmospheric dispersion parameter is the radionuclide concentration of a 
particular radionuclide at 100 m beyond the facility boundary per unit flux 
density. This value is obtained by dispersion models and depends on site-
specific meteorological parameters (i.e., wind speed and direction, ambient air 
temperature, and atmospheric stability). 

5.3.3 Inadvertent Intrusion 

As previously discussed, the performance measure in the PE against which to gauge the 
intruder dose is the 100 mrem (1 mSv) per year from long-term, chronic exposure. Because 
future societal behavior is difficult to predict, the scenarios for inadvertent intrusion used in this 
analysis are based on the assumption that future inadvertent intruders behave similarly to such 
individuals at the present time. 

5.3.3.1 Scenario and Pathway Models 

Based primarily on assumptions used by the NR.C in developing the waste classification 
system for near-surface disposal of radioactive waste in 10 CFR Part 61 (NRC, 1982), several 
standard scenarios for inadvertent intrusion involving an initial acute exposure followed by a long-
term chronic exposure have been widely used. These scenarios include a basement construction 
(acute) and homesteader or agriculture (chronic) scenario; a discovery in which an inadvertent 
intruder immediately recognizes the presence of the disposal facility, promptly closes the 
excavation, and withdraws (acute) and a resident, non-homesteader (chronic) scenario in which 
the engineered barriers are assumed to remain intact and prevent direct access to waste; and a 
drilling (acute) and post-drilling (chronic) scenario. 

Performance assessments at DOE LLW disposal sites (MMES et al., 1994; OKNL, 1994) 
have revealed the following insights about exposure scenarios for inadvertent intruders. First, 
scenarios for long-term, chronic exposure usually are more important than those for acute 
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exposure in determining limits on concentrations of radionuclides that would be acceptable for 
disposal in order to meet the performance objective for protection of inadvertent intruders. This 
effect is primarily due to the short duration of exposure and the higher permissible dose limit for 
acute exposures. Second, the chronic homesteader scenario usually determines the concentration 
limits for most radionuclides, although the post-drilling scenario can be more restrictive for 
relatively short-lived radionuclides (e.g., Sr-90 and Cs-137) if drilling into waste could reasonably 
occur well before a large scale excavation into the waste. This effect is due to the presence of 
engineered barriers that would preclude excavation but not drilling. Consequently, the PE 
analysis is based on the homesteader and post-drilling scenarios; they are described below. 
Implicit in this discussion is the understanding that the actual long-term living habits of future 
inadvertent intruders are difficult to predict with any certainty and that this uncertainty 
presumably increases with time. The obvious difficulty of predicting the behavior of future 
societies has been recognized by others (e.g., NAS, 1995). The exposure scenarios for 
inadvertent intruders discussed below are consistent with the approach used by the NRC in 
developing the waste classification system in 10 CFR Part 61 and are expected to bound the 
exposures from common hypothesized inadvertent intrusions. 

Homesteader Scenario. After active institutional control ceases, the homesteader scenario is 
normally based on the assumption that an intruder comes onto the disposal site and establishes a 
permanent homestead, including on-site sources of water and foodstuffs. Waste in the disposal 
units is assumed to be accessed when the intruder constructs a home directly on top of the 
disposal facility and the foundation of the home extends into the waste. Some of the waste 
exhumed from the disposal facility during excavation for the foundation then is assumed to be 
mixed with native soil in the intruder's vegetable garden. Once a permanent homestead has been 
presumed to have been established on the site, various pathways for chronic exposure are 
assumed, including ingestion of vegetables grown in the contaminated garden soil; direct ingestion 
of contaminated soil; external exposure to contaminated soil while working in the garden or 
residing in the home on top of the disposal facility; and inhalation, while working in the garden or 
residing in the home, of radionuclides released into air from contaminated soil. The various 
exposure pathways assumed in the homesteader scenario are illustrated in Figure 5-6(a). 

Post-Drilling Scenario. The post-drilling scenario assumes that an intruder who resides 
permanently near the site drills through a disposal unit in constructing a well for a domestic water 
supply. It is further assumed that, following construction of the well, the contaminated material 
brought to the surface during drilling operations is mixed with native soil in the intruder's 
vegetable garden. In this case, the relevant pathways for chronic exposure include ingestion of 
vegetables grown in the contaminated garden soil, ingestion of contaminated soil, and external 
and internal exposures, the latter occurring primarily through inhalation, while working in the 
garden. These pathways essentially are the same as those assumed for the homesteader scenario, 
except that the concentrations of radionuclides in garden soil resulting from intrusion by drilling 
are generally assumed to be significantly less (e.g., by about an order of magnitude) than the 
concentrations in garden soil resulting from a large-scale excavation at the site as in the 
homesteader scenario. The various exposure pathways assumed in the post-drilling scenario are 
illustrated in Figure 5-6(b). 
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Figure 5-6. Exposure pathways in the PE for (a) homesteader and (b) post-drilling intrusion 
scenarios. 
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The exposure pathways assumed in the post-drilling scenario often are the same as some 
of the pathways assumed in the homesteader scenario. However, as indicated previously, the 
amount of waste assumed to be mixed with contaminated soil in the intruder's vegetable garden 
usually is assumed to be significantly less in the post-drilling scenario. Furthermore, certain 
exposure pathways involving residence in a home on top of the disposal facility are assumed in the 
homesteader scenario but are not relevant in the post-drilling scenario. Therefore, if the two 
scenarios are assumed to occur at the same time after disposal (i.e., if a large-scale excavation and 
drilling into the waste are assumed to become credible at the same time), the homesteader 
scenario always will result in higher estimates of dose per unit concentration of radionuclides in 
the disposed waste and it would thus impose more restrictive limits on concentrations of 
radionuclides that would be acceptable for disposal. However, if the post-drilling scenario 
occurred before the homesteader scenario (e.g., if, for some period of time after loss of active 
institutional controls, the engineered barriers precluded a large-scale excavation into the waste but 
not drilling), the post-drilling scenario could result in higher estimates of dose per unit 
concentration for relatively short-lived radionuclides (e.g., Sr-90 and Cs-137). These 
radionuclides would decay appreciably between the times assumed for first occurrence of the 
post-drilling and homesteader scenarios. 

An important characteristic of the standard scenarios for inadvertent intrusion that were 
developed by the NRC in 10 CFR Part 61 (NRC, 1982) and that have been used in performance 
assessments of DOE LLW disposal sites is that the scenarios are reasonably generic (i.e., they are 
generally applicable to many disposal sites and facility designs). Thus, estimates of dose to 
inadvertent intruders are generally less dependent on site-specific conditions than are estimates of 
dose from off-site releases into groundwater. 

The definitions of exposure scenarios and assumptions about exposure pathways and 
model parameter values used in the performance assessments to date have considered, to a large 
degree, the design of the disposal facility (e.g., the expected long-term integrity of engineered 
barriers that might preclude intrusion into the waste, placement of waste at depths sufficient to 
preclude intrusion by surface excavation) and local environmental conditions affecting reasonable 
actions that might be taken by inadvertent intruders (although future social behavior, including 
intrusion scenarios, is resistant to prediction). Because the generic disposal facilities in this 
analysis are the same for all sites, the intrusion-based permissible waste concentrations are also 
generally the same for all sites. The exception is for site environmental conditions that dictate 
different times for intrusion. 

Inadvertent intrusion is assumed to be precluded during any period of active institutional 
controls over a disposal site. In accordance with the NRC's 10 CFR Part 61 (NRC, 1982) and 
DOE Order 5820.2A (DOE, 1988a), an assumption of the PE is that active institutional controls 
over MLLW disposal facilities will be maintained for 100 y after disposal. Thus, for any facility 
design that does not include engineered barriers or other features (e.g., disposal well below the 
ground surface) to deter intrusion into the waste, inadvertent intrusion could occur at any time 
after loss of active institutional controls (i.e., any time beyond 100 y after disposal). 
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The time of intrusion depends on the method of intrusion, the disposal technology, and 
site-specific factors. Unless modified by site-specific conditions, intrusion in the homesteader 
scenario is assumed to occur at 500 y for the generic above-ground tumulus and at 300 y for the 
generic shallow trench. The waste form is assumed to be indistinguishable from its surroundings 
at these times. Additional credit is given to the tumulus because of the concrete vault-boxes 
incorporated into this design. Unless modified by site-specific conditions, the post-drilling 
scenario is assumed to occur after the 100 y of institutional control when the waste is assumed to 
be indistinguishable from natural formations. The assumed lifetime of engineered barriers for 
preventing intrusion is consistent with that used by the NRC in developing the waste classification 
system in 10 CFRPart 61 (NRC, 1982). 

An assumption of standard exposure scenarios for inadvertent intrusion is that an intruder 
receives exposures from use of contaminated water from an on-site well, in addition to exposures 
from direct intrusion into solid waste within the disposal facility. In the PE, however, only 
scenarios involving direct intrusion into solid waste in the disposal facility are considered. This 
simplification to the analysis is based on performance assessment results (MMES et al., 1994; 
ORNL, 1994) that indicated that the maximum exposures to radionuclides obtained from an on-
site well generally would not occur at the same time as the maximum exposures to radionuclides 
in solid waste in the disposal facility. Thus, the total dose to an inadvertent intruder would not be 
the sum of the maximum doses for the two pathways. In some cases, the total dose would be well 
approximated by the greater of the doses from either pathway. 

Furthermore, the dose limit in the performance measure for the water pathway at the 
boundary of the 100-m buffer zone (4 mrem/y) is considerably more stringent than the dose limit 
in the performance measure for protection of inadvertent intruders (100 mrem/y). Therefore, at 
most sites, the maximum dose from use of contaminated water obtained from an on-site well 
should be only a small fraction of the dose limit for inadvertent intruders. Finally, focusing only 
on direct intrusion into solid waste conforms with the original intent of the concept of a 
hypothetical inadvertent intruder at waste disposal sites. This concept was intended to be used in 
determining limits on residual concentrations of radionuclides in disposal facilities (NRC, 1982), 
by considering exposures of off-site individuals as the basis for determining limits on permissible 
releases of radionuclides from disposal facilities. Thus, the approach used in the PE provides a 
clear separation between a performance measure for the water pathway that is used to limit 
permissible releases from disposal facilities and a performance measure for inadvertent intruders 
that is used to limit permissible concentrations in the facilities even if no releases occurred. 

In principle, evaluations of exposures of future inadvertent intruders to solid waste in 
disposal facilities should take into account depletions of radionuclide inventories in the waste over 
time because of release and transport from the disposal facility as well as radioactive decay. 
However, because models for estimating radionuclide releases often are intended to be 
conservative (i.e., to overestimate releases that might occur), the resulting inventories in the 
disposal facility and, thus, the resulting doses to inadvertent intruders, could be underestimated. 
Therefore, in intruder dose analyses, the conservative assumption often is made that radionuclide 
inventories in solid waste are depleted only by radioactive decay; this assumption is used in the 
PE. 
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5.3.3.2 Assumptions and Generic Approach Used in the PE 

In summary, the assumptions related to the intruder scenarios are as follows: 

• Only chronic exposure is considered (associated with a 100 mrem [1 mSv] per year 
performance measure). 

• Intrusion occurs only beyond the period of active institutional controls (100 y), and 
depends on the intrusion scenario and site-specific factors. Benefits from passive 
institutional controls (e.g., permanent marker system, public records of prior land use) 
after active institutional control are not considered. 

• Only pathways related to direct intrusion into the waste are considered (i.e., water 
pathways are not considered). 

• Inhalation exposure to radon is not considered (see Section 5.1.1). 
• The performance measures apply for 10,000 y (see Section 5.1). Therefore, radionuclides 

with significant long-lived decay products and whose doses increase with time (i.e., 
U-233, U-234, U-235, U-238, Th-230, Pu-244, Cm-245, and Cm-247) are taken at the 
maximum dose within the 10,000 y. 

• Depletion of radionuclide inventory from the waste disposal facility by leaching through 
water pathways is not considered. 

The generic equation for the permissible concentration in the waste (Cw) based on an 
intrusion scenario for a specific radionuclide is as follows: 

SDCFImi 

where 
Cw-intr is the concentration of radionuclide in the waste disposal unit (u,Ci/m3); 
Hi„tr(X) is the total intruder annual dose for scenario x (rem/y); 
^ SDCFi„tr,i is the radionuclide-specific scenario dose conversion factor 

[(rem/y)/(uCi/m3)]; and 
i"Decay is the term accounting for radioactive decay prior to intrusion (dimensionless). 

The total intruder doses consist of doses from several exposure pathways (e.g., direct 
external exposure to waste, ingestion of food or soil, and inhalation of suspended airborne soil 
particles). Factors that are used to calculate the doses, and therefore the scenario dose 
conversion factors (SDCFs), include, for example, correction factors for the amount of natural 
soil mixed with exhumed waste, plant-to-soil concentration ratios, shielding factors, and the 
fraction of time the individual is exposed through a certain pathway. Some of the factors used to 
calculate the SDCF are constant, while others may vary depending on factors such as exposure 
pathway and disposal technology. A more detailed discussion on the intruder exposure pathways 
and associated factors is provided in Appendix D of this volume. 
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To calculate the Cw-intr in Equation 5-21, the annual dose Hjntr(X) is set equal to the 
performance measure (i.e., 0.1 rem [1 mSv] per year chronic dose). The total SDCF for an 
intruder scenario is the sum of each SDCF for each exposure pathway applicable to an intruder 
scenario, as shown in Equation 5-21. Further details are presented in Appendix D of this volume. 
Each SDCF is an annual effective dose equivalent per unit concentration of waste and is in units 
of (rem/y)/(u€i/m3). The SDCFs for an assumed exposure scenario for inadvertent intruders are 
derived from existing performance assessments. 

The radioactive decay term for the inadvertent intrusion scenarios accounts for radioactive 
decay prior to an assumed intrusion. Similar to Equation 5-15 for the water and atmospheric 
pathways, the radioactive decay term is defined as 

rDtcv=exp 

where 

ln(2)(t,) 
*l/2 

(5-22) 

ti is the time of intrusion for the intruder scenario being analyzed (y) (discussed in Section 
5.3.3.1); and 

ti/2 is the radionuclide half-life (y). 

The exceptions for the generic intruder scenarios are eight radionuclides with significant 
long-lived decay products and whose doses increase over time. Six of the radionuclides (U-233, 
U-234, U-235, U-238, Pu-244, and Cm-247) continue to increase in dose beyond the 10,000-y 
performance period. Therefore, /, is assumed to be at 10,000 y when the dose would be at its 
maximize during that period. Two other radionuclides (Th-230 and Cm-245) also increase in 
dose over time but have maximum doses before the 10,000-y performance period. The maximum 
doses for Th-230 and Cm-245 occur at 9,000 and 1,000 y, respectively, which are used as the tt 

values. 

5.4 EXPOSURE PATHWAYS AND DOSE CONVERSION FACTORS 

In estimating the dose from the ingestion or inhalation of radionuclides, factors for 
converting radionuclide intakes into committed effective dose equivalents are needed. Similarly, 
in estimating the dose from external exposure, factors for converting concentrations of 
radionuclides in environmental media (i.e., air, water, and soil) to effective dose-equivalent rates 
are needed. These factors usually are referred to as dose conversion factors. 

5.4.1 Dose Conversion Factors 

In the PE, dose conversion factors developed by the EPA (Eckerman et al., 1988; 
Eckerman and Ryman, 1993) for internal and external exposure of a reference adult are used. The 
dose conversion factors for internal exposure are based on dosimetric and metabolic models 
recommended in ICRP Publications 30 and 48 (ICRP, 1979; ICRP, 1986). The dose conversion 
factors for external exposure include a calculation for exposure to contaminated surface soil, 
which is a potentially important exposure pathway for inadvertent intruders. 
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Dose conversion factors for internal and external exposure also have been developed by 
the DOE (1988b, 1988c). These dose conversion factors are similar to those developed by the 
EPA Some differences in the values for internal exposure are due primarily to the approach used 
in rounding off the estimates; the values for external exposure in the DOE compilation were 
developed by a calculational methodology that results in slight overestimates of dose. In addition, 
the DOE compilation of external dose conversion factors does not include values for exposure to 
contaminated surface soil. Therefore, the DOE compilations are not used in the PE. 

In estimating disposal limits for radionuclides based on the performance measure for 
protection of groundwater and surface water resources, the limits on radionuclide concentrations 
in water at the performance boundary beyond the 100-m buffer zone are obtained from the dose 
limit in the performance objective (i.e., a limit on effective dose equivalent of 4 mrem [0.04 mSv] 
per year), an assumed intake of water of 2 L per day, and the ingestion dose conversion factors 
developed by the EPA (Eckerman et al., 1988). 

In the PE, the concentration limits for radionuclides in water are calculated by using the 
ingestion dose conversion factors developed by the EPA (Eckerman et al., 1988) rather than by 
obtaining these limits directly from proposed revisions of the drinking water standards 
(EPA, 1991). This approach is preferred primarily because the results are reproducible. In 
addition, the proposed drinking water standards do not include similar calculations for alpha-
emitting radionuclides (for which separate concentration limits were proposed [EPA, 1991]), but 
the same dose limit from the drinking water standards for beta/gamma-emitting radionuclides was 
selected for the PE. Thus, in the PE, a consistent method for estimating concentration limits in 
water is used for all radionuclides. For alpha-emitting radionuclides, the assumed dose limit of 
4 mrem (0.04 mSv) per year is considerably more restrictive than the concentration limits 
proposed by the EPA (1991), which are 20 pCi/L (0.7 Bq/L) for Ra-226 and Ra-228; 20 mg/L for 
uranium based on considerations of chemical toxicity; and 15 pCi/L (0.6 Bq/L) for gross alpha 
activity, excluding Ra-226, uranium, and Rn-222. 

For ingestion of contaminated water, the following general equation shows the factors 
used to convert the performance measure into a permissible concentration in the drinking water 
(Eckerman et al., 1988): 

Cwaur -HWaler/\IRWater*DCFIng) (5-23) 
where 

Cwater is the radionuclide-specific permissible concentration in drinking water (u,Ci/L); 
Hwater is the annual dose (effective dose equivalent) (rem/y); 
IRwater is the intake rate (ingestion of water) (730 L/y); and 
DCFing is the internal dose conversion factor for ingestion (rem/u.Ci). 

The PDCFwater is the product of the intake rate (IRwater) and the nuclide-specific dose 
conversion factor (DCFj„g) (i.e., the denominator in Equation 5-23). Therefore, the nuclide-
specific PDCFwater will be the same for each site. The values ofPDCFWater for drinking water 
ingestion are presented in Table 5-6. 
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Table 5-6. Dose Conversion Factors for the Water Pathway (EPA, 1988a unless otherwise 
noted) 

Radionuclide PDCF Ingestion" 
(rem/yJ/foCI/L) 

H-3 4.67E-02 
C-14 1.52E+00 
AI-26 1.06E+01 
Si-32 7.99E+00 
CI-36 2.21 E+00 
K-40 1.36E+01 
Co-60 1.97E+01 
Ni-59 1.53E-01 
Ni-63 4.21 E-01 
Se-79 6.35E+00 
Sr-90 1.12E+02 
Zr-93 1.59E+00 
Nb-93m 3.81 E-01 
Nb-94 5.21 E+00 
Tc-99 1.07E+00 
Pd-107 1.09E-01 
Ag-108m 5.56E+00 
Cd-113m 1.17E+02 
Sn-121m 1.28E+00 
Sn-126 1.53E+01 
1-129 2.01 E+02 
Cs-135 5.16E+00 
Cs-137 3.65E+01 
Ba-133 2.48E+00 
Sm-151 2.84E-01 
Eu-152 4.73E+00 
Eu-154 6.97E+00 
Pb-210 5.30E+03 
Ra-226 6.27E+03 
Ra-228 1.64E+03 

Radionuclide PDCF Ingestion * 
(rem/y)/(nCi/L) 

Th-229 2.94E+03 
Th-230 b 
Th-232 3.63E+03 
Pa-231 1.85E+04 
U-232 1.55E+03 
U-233 b 
U-234 b 
U-235 b 
U-236 1.96E+02 
U-238 2.07E+02 
Np-237 3.24E+03 
Pu-238 2.34E+03 
Pu-239 2.58E+03 
Pu-240 2.58E+03 
Pu-241 4.82E+08 
Pu-242 2.45E+03 
Pu-244 4.11E+03 
Am-241 2.66E+03 
Am-243 2.64E+03 
Cm-243 1.83E+03 
Cm-244 1.47E+03 
Cm-245 4.56E+03 
Cm-246 2.70E+03 
Cm-247 2.70E+03 
Cm-248 9.94E+03 
Cf-249 3.46E+03 
Cf-250 2.64E+08 
Cf-251 3.54E+03 

1 PDCF Is based on a water consumption rate of 2 L per day. 
' PDCF Is based on curve-fit equations for PDCFs (see Appendix E of Volume 2): 

Th-230 PDCF = 343.6 + 2.644*T - 4.9E-4*T2 + 4.274E-08*T3 -1.44E-12*T* 
U-233 PDCF = 217.3 + 0.26013*T-8.656E-6*T2 

U-234 PDCF = 206.2 + 5.612E-3*T + 8.032E-06*T 2 -^SE-IO'T 3 

U-235 PDCF = 188.6 + 0.3909*T - 3.728E-06*T2 

These curve Tit equations are for arrival times of the radionuclides at the performance boundary between 100 and 10,000 y. If arrival 
time exceeds 10,000 y, the calculation is made for T=10,000 y. 
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The performance measure for atmospheric releases is based on all exposure pathways, and 
the associated dose conversion factors are associated with ingestion of vegetables, meat, and milk; 
inhalation of radionuclides; and, if applicable, external exposure. The performance measure for 
exposure of inadvertent intruders is based on several exposure pathways (e.g., direct external 
exposure to waste, ingestion of food or soil, and inhalation of airborne suspended soil particles). 
Factors that are used to calculate the doses and therefore the scenario dose conversion factors 
include correction factors for the amount of natural soil mixed with exhumed waste, plant-to-soil 
concentration ratios, shielding factors, and the fraction of time the individual is exposed through a 
certain pathway. Details of the approach are given in Appendices C and D of this volume. 

5.4.2 Treatment of Radioactive Decay Products 

Buildup and decay of all radiologically significant decay products of radionuclides in the 
waste inventory at the time of disposal are taken into account in the PE, based on use of the 
Bateman equations to estimate the activity of the decay products at any time after disposal. 
However, particularly for transport in groundwater (which is a relatively complex problem for 
radioactive decay chains with long-lived decay products), simplifying assumptions are used to 
estimate the contributions from the decay products. These assumptions should result in 
conservative (i.e., high) estimates of dose per unit activity of the parent radionuclide in the 
disposal facility. 

Many radionuclides that are assumed to be present in MLLW at DOE sites decay to 
products that are also radioactive. Although the list of radionuclides in the assumed inventory 
does not explicitly include radioactive decay products that are not present initially, all decay 
products are included in the PE when they could contribute significantly to the dose. Following 
this approach, contributions to dose from buildup and decay of the radioactive decay products are 
individually considered for the water pathway following releases to groundwater or surface 
waters, for exposures of off-site individuals following airborne releases of radionuclides, and for 
exposures of inadvertent intruders. 

Three different situations involving radioactive decay products must be considered in the 
PE. The first is the common occurrence of radioactive decay products that are short-lived 
compared with both the half-life of the parent radionuclide and the time after disposal at which 
exposures are assumed to occur. Examples of this situation include Y-90 produced in the decay 
of Sr-90, and Ra-228 and its shorter-lived decay products produced in the decay of Th-232. For 
all radionuclides with such short-lived decay products, the dose for any exposure situation of 
concern is estimated by assuming that the activity of the decay products is in equilibrium with the 
activity of the parent at the assumed exposure location, taking into account the appropriate 
branching fractions in the decay of the parent. 

The second situation is the frequent occurrence in decay chains for long-lived actinides of 
a long-lived parent radionuclide that decays to a radionuclide or radionuclides that are long-lived, 
but still shorter-lived than the parent. Examples of this situation include U-234, Th-230, and 
Ra-226 produced in the decay of U-238; and Pa-231 produced in the decay of U-235. In such 
decay chains, the half-lives of the decay products are sufficiently long that their activity usually 
will not be in equilibrium with the activity of the parent at the time exposures are assumed to 
occur. 
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For transport of radionuclides by the groundwater pathway, a proper treatment of the type 
of decay chain described above is a rather complex problem involving convolution integrals in the 
form of Laplace transforms, even when a one-dimensional flow model without dispersion is 
assumed and transport of radionuclides is determined by the distribution coefficient, Kj (Rosinger 
and Tremaine, 1980). Therefore, a simplified approach is used in the PE. The concentration of 
the parent radionuclide in water at the performance boundary and the time after disposal at which 
the radionuclide reaches the performance boundary are calculated based essentially on the 
maximum annual release from the disposal facility, time of the release, and the retarded transport 
time of the radionuclide to the performance boundary. From these results, the concentrations of 
the decay products in water at the performance boundary are calculated using the Bateman 
equations for radioactive decay. This approach assumes, in effect, that all decay products are 
produced at the performance boundary itself, rather than along the entire path of travel. Because 
the parent radionuclide and decay products generally have different sorption characteristics and 
would generally not travel together, this approach should give a conservative (i.e., higher) 
estimate of possible contributions of long-lived decay products to the dose from the water 
pathway. 

For releases of radionuclides to air and exposures of inadvertent intruders to solid waste, 
time delays between releases and subsequent exposures of the kind described above for the 
groundwater pathway would not be of concern. Therefore, for long-lived radionuclides that 
decay to long-lived products that are shorter-lived than the parent, the Bateman equations are 
used to estimate the activity of the decay products at the time releases or exposures are assumed 
to occur, and these activities then are used to estimate the dose from a parent radionuclide and its 
decay products. 

The third situation involves a decay product that is longer-lived than its parent 
radionuclide. Examples of this situation include Am-241 produced in the decay of Pu-241 
and U-234 produced in the decay of Pu-238. When a decay product is longer-lived than its 
parent, the maximum activity of the decay product is approximately equal to the initial activity of 
the parent multiplied by the ratio of the half-lives of the parent and the decay product, but there is 
never any kind of equilibrium between the activities of the parent and decay product. 

In principle, the dose from a radionuclide and its longer-lived decay product for any 
exposure situation can be estimated by using the Bateman equations to obtain the activity of the 
decay product at the time exposures are assumed to occur. However, if exposures are expected 
to occur at a time sufficiently long after disposal that the activity of the shorter-lived parent is 
reduced to innocuous levels, as might be expected to occur in groundwater transport of relatively 
short-lived transuranic radionuclides (e.g., Pu-238 and Pu-241), a simple and conservative 
approach would be to convert the initial activity of the parent to an equivalent initial activity of 
the decay product using the ratio of the two half-lives and then using the activity of the decay 
product as input to the transport and exposure analysis. This is the approach used in the PE. 

Additional details about the treatment of radioactive decay products in the PE are 
presented in Appendix E of this volume. 
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6. CONCEPTUAL MODEL ASSUMPTIONS AND PARAMETER 
SENSITIVITY ANALYSES 

This chapter presents a discussion of the major assumptions for the conceptual models 
used in the PE and provides a brief parameter sensitivity analysis for the models used in the 
performance evaluation. The parameters shown to be of minor importance are discussed and 
dismissed in this section. The effects of the most important parameters on site-specific results are 
discussed in each of the site chapters contained in Volume 3 of this report. 

6.1 DISCUSSION OF MAJOR ASSUMPTIONS IN CONCEPTUAL MODELS 

The major simplifying assumptions used in the conceptual models for the water and 
atmospheric pathways and the intruder scenarios are presented in Chapter 5 of this volume. The 
effect of these assumptions on the results of the analysis are discussed in this section. Several 
assumptions relate to the conceptual models for all pathways and scenarios, so they are discussed 
separately under "All Pathways and Scenarios." 

The PE was developed for use as a screening tool. As such, those responsible for this 
effort used many simplifying assumptions to develop the conceptual models for the water and 
atmospheric transport and intrusion scenarios. Most of these simplifying assumptions tended to 
provide conservatism. For purposes of this discussion, conservative means that the maximum 
permissible waste concentrations calculated by the PE method are likely to be lower than if a 
more detailed analysis were done, such as in a performance assessment. Parameters within each 
of the pathway models for which major assumptions were made are discussed in this section and 
are listed in Table 6-1. 

Table 6-1. Major Parameters for Which Simplifying Assumptions Were Made in Developing the 
PE Conceptual Models 

I Pathway Parameter 
All Pathways and Scenarios Waste form and performance All Pathways and Scenarios 

Performance of engineered barriers 
All Pathways and Scenarios 

Radionuclide combinations 

All Pathways and Scenarios 

Applicable regulations 
Water Solubility constraints Water 

Continuous source 
Water 

Sorption effects 

Water 

Fractured flow 

Water 

Regional recharge 
Atmospheric Volatile radionuclide transport Atmospheric 

Volatility and chemical forms 
Intrusion Scenario Applicable scenarios Intrusion Scenario 

Time of intrusion 
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Performance assessments have been developed for LLW disposal facilities at some sites 
evaluated by this project (INEL, Hanford, ORR, and SRS). For these sites, comparisons have 
been made between the results of the PEs and the site-specific analyses. These are presented in 
Appendix A of Volume 3 and are summarized in the appropriate site chapters in Volume 3. 
Because the differences in results between the site-specific performance assessments and the PEs 
are largely due to differences in conceptual models, the differences in conceptual models are also 
described in Appendix A. At the time the PE was being performed, performance assessments 
were being drafted for LLW disposal facilities at NTS and LANL; available information from the 
draft performance assessments was incorporated in the appropriate site chapters in Volume 3. 

6.1.1 All Pathways and Scenarios 

Several of the assumptions used in the PE were basic to all pathways. These pertain to the 
(1) waste form and performance, (2) performance of engineered barriers, (3) radionuclide 
combinations, and (4) applicable regulations. Included in this section is a discussion of the effects 
of these assumptions on the three primary exposure pathways. 

6.1.1.1 Waste Form and Performance 

Grout is the waste form evaluated in the PE because the majority of treated and stabilized 
DOE MLLW is anticipated to be stabilized by this method, although other waste forms may also 
be used. A less-engineered waste form likely to be disposed of as MLLW is debris and demolition 
wastes, which may only receive some type of prior surface decontamination. A vitrified waste 
form has also been proposed for stabilizing LLW and would represent a more stable waste form 
compared to grout; however, due to the large costs of vitrification and the early stage of 
development of this technology, it is not likely to be widely used for MLLW currently. The 
degree of waste form performance is site specific and waste specific, and some sites may not 
require a more highly engineered waste form. 

Water Pathway. With respect to the water pathway, the performance of the waste form 
used in the PE is encompassed in the source concentration reduction factor, CRFsmme, which is 
defined as the ratio of the radionuclide concentration in the solid waste to the resulting 
concentration in the leachate. As mentioned in Section 5.3.1, solubility constraints are not 
considered. The effect of this assumption on the CRFsoune is discussed later in this section. The 
PE was designed to allow easy substitution of waste form models and any waste form 
performance model can be substituted for the CRFSource- Many mechanisms can be used to 
represent the distribution of the radionuclides between the grouted waste and the surrounding 
leachate including solubility limits, equilibrium desorption, kinetic desorption, and diffusion. The 
model used in the PE for the grouted waste form is equilibrium desorption with infiltrating water 
through the disposal facility. 

The combination of desorption with infiltration is commonly used as a source-term model 
for grouted waste in performance assessments for LLW disposal. When this release scenario is 
considered, diffusion is usually primarily important for early, low-rate releases at a time when 
infiltration rates through the disposal facility are low. When infiltration rates increase, desorption 
and transport with the infiltrating waters through the facility dominate the diffusion transport. 
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The effect of neglecting diffusion as a transport mechanism is considered minor for the purposes 
of this analysis. With respect to source term, the PE calculations estimate only the peak release 
from the disposal facility, and the effect of diffusion on the peak release rate changes the timing 
but not the magnitude. 

With respect to the kinetic desorption approach, equilibrium desorption is conservative 
because equilibrium between radionuclides in the solid and liquid phases is assumed to occur 
instantaneously. This results in higher leachate concentrations. 

Using alternative waste forms (e.g., vitrified debris) could have a much larger impact on 
the results of the analysis than modifying the release mechanisms for grouted waste. For example, 
leachate from a vitrified waste form would likely be modeled as a dissolution process that is 
dependent on the chemical equilibrium between the silicate minerals encapsulating the waste and 
the surrounding leachate solution. Due to the much lower solubility of the accompanying 
radionuclides, the CRFsowce for a vitrified waste could be several orders of magnitude larger than 
those used for a grouted waste form. The process of vitrification may remove many of the more 
volatile radionuclides, a situation where a reduced risk to the public from disposal may be offset 
by an increased risk to workers from treatment. 

A debris waste form would likely be modeled as a desorption or rinsing process which 
would probably produce a CRFSource of lower magnitude than that provided by the grout model. 

Atmospheric Pathway. The conceptual model for the atmospheric pathway assumes that 
the waste form has the physical properties of the surrounding soils with respect to diffusion of 
volatile radionuclides into the atmosphere. This assumption may be reasonable for a grout or 
debris waste form but may not be appropriate for a vitrified waste form. A vitrified waste form 
disposed in the shallow subsurface would have a very low release rate, if any, with respect to 
atmospheric releases, one of the primary reasons being, as previously pointed out, that the more 
volatile radionuclides may have been removed during vitrification. 

Intruder Scenarios. The intruder scenarios assume that the waste form is indistinguishable 
from soil at the time of intrusion. This assumption may be reasonable for a grout or debris waste 
form but may not be appropriate for a vitrified waste form. A vitrified waste form disposed in the 
shallow subsurface could be expected to maintain its structural integrity for a much longer time 
than a grout or debris waste form. The assumed intruder scenarios may be reasonable for this 
type of waste, but the transfer of contaminants would be substantially less to none. 

In summary, the choice of waste form will significantly affect the PE estimates of the 
permissible concentrations of radionuclides in the waste for the water and atmospheric pathways 
and the intruder scenarios. The grouted waste form was used in this analysis because it is 
expected to be a common waste form for MLLW disposal. However, the main effect of a vitrified 
waste form would be to increase the permissible concentrations of radionuclides in the waste. 
The grouted form may be reasonably comparable to a debris waste form. 
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6.1.1.2 Performance of Engineered Barriers 

For the water pathway, the engineered barriers in the PE are assumed to provide waste 
isolation for at least 100 y for the generic trench and at least 300 y for the generic tumulus. As 
demonstrated in Table 7-2 in this volume, the difference in performance of the two facilities 
affects only the shorter-lived radionuclides (e.g., H-3), with the tumulus design providing greater 
permissible waste concentrations. For longer-lived radionuclides (e.g., Tc-99), the difference in 
the estimated permissible concentrations of radionuclides in the waste for the two facilities is 
negligible. 

Appendix A of Volume 3 presents a discussion of the performance of the site-specific, 
above-ground vault design (the Mixed Waste Disposal Facility [MWDF]) planned for the 
Savannah River Site (SRS). The performance of the engineered barriers for this disposal facility 
was assumed to be 3000 y in the site-specific performance assessment for a comparable LLW 
facility (MMES, 1994). For the water pathway, comparison of the permissible waste 
concentrations calculated for the MWDF with those for the tumulus in Table 7-4 of this volume 
for the SRS shows that the Tc-99 concentrations are within a factor of three, while H-3 
concentrations are not limited by the MWDF, which indicates that the longer duration engineered 
barriers provide significantly higher permissible concentrations of radionuclides in the waste for 
the shorter-lived radionuclides. Differences in permissible waste concentrations for longer-lived 
radionuclides are minor. 

The assumed performance of engineered barriers for the water and atmospheric pathways 
also affects the PE estimates of the permissible concentrations of radionuclides in the waste for 
the intruder scenarios. In the PE, the time of a homesteader intrusion is assumed to occur 300 y 
after closure of the trench facility and 500 y after closure of the tumulus facility, and the time of a 
post-drilling intrusion is assumed to occur as early as 100 y. For the same reasons as discussed 
for the water pathway, the primary effect of these time-of-intrusion assumptions pertains to 
shorter-lived radionuclides. The engineered barriers are designed for long-term performance, but 
the performance cannot be assured. Based on experience, performance of engineered barriers is 
hard to justify for more than a few hundred to a few thousand years; few engineering containment 
projects have been designed to last thousands of years. While these barriers may remain intact for 
thousands of years, allowing credit for only a few hundred years duration may introduce 
conservatism into the analysis. 

In general, two basic principles apply to the disposal of radioactive waste. The first is to 
contain the waste while it decays to acceptable levels. This principle applies to shorter-lived 
radionuclides that can be contained by natural or engineered structures that can reasonably be 
expected to remain intact for a few hundred years. For longer-lived radionuclides, complete 
containment is difficult to demonstrate with any certainty. This situation requires use of the 
second principle, which is to control the release rate so that potential individual exposures from 
those releases will not be excessive. Slow release implies that the containment features degrade 
slowly, with no abrupt failures that might lead to large increases in the projected doses to exposed 
individuals. 
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To provide consistency of analysis and to emphasize the differences in natural conditions 
among the sites, the PE team assumed that two types of disposal facilities, a generic trench and a 
generic tumulus, were to be used. Performance of these facilities has been modeled in a simplified 
and conservative manner based on the approaches used in many LLW performance assessments. 
As illustrated by the MWDF at SRS, sites that require additional long-term performance of 
engineered barriers can achieve this objective by additional attention to more robust design of the 
disposal facility. 

6.1.1.3 Radionuclide Combinations 

The PE calculations provided estimated maximum permissible concentrations for 
individual radionuclides by assuming that each individual radionuclide provides the entire 
permissible dose. This approach allows the flexibility to evaluate the acceptability of various 
combinations of radionuclide inventories. One of the effects of this approach, however, is that 
estimates of the permissible concentrations for individual radionuclides in the waste are higher 
than would be permitted for a combination of radionuclides. This approach has been taken 
because the actual radionuclide inventories at each evaluated site are unknown. 

To evaluate the acceptability of disposal of various combinations of MLLW waste 
streams, the sum effractions rule is applied. Using this approach, the acceptability of a multiple-
radionuclide inventory is determined by summing the ratios of each radionuclide waste 
concentration to its permissible concentration. A sum less than or equal to one indicates that the 
inventory is acceptable for disposal. 

Some site-specific performance assessments are based on radionuclide inventories and 
volumes, not on the maximum permissible concentrations for individual radionuclides in the 
waste. More recent performance assessments use an approach similar to that used in the PE. To 
permit direct comparisons of the results of the PAs and the PEs, the analyses of the PAs presented 
in Appendix A of Volume 3 are based on maximum permissible concentrations of the individual 
radionuclides. 

6.1.1.4 Applicable Regulations 

The performance measures used in the PE are 4 mrem (0.04 mSv) per year for exposures 
from the water pathway and 10 mrem (0.10 mSv) per year for the atmospheric exposure pathway. 
Both of these limits have been questioned, and depending on circumstances, it is possible that the 
limits could be changed in the future. 

Should a new regulatory limit be set in the future that changes any pathway performance 
objective, the PE results could be modified by multiplying the affected pathway waste 
concentration by the ratio of the new and old performance objective. For example, should a new 
limit for the water pathway be set at 15 mrem per year, radionuclide waste concentrations for the 
water pathway would be increased by the ratio (15 mrem per year/4 mrem per year), that is, the 
permissible concentrations for radionuclides in the waste, as controlled by the water pathway, 
would increase by a factor of almost four. Other changes in regulations could be treated similarly. 
The PE method presented here contains sufficient flexibility to readily accommodate such 
changes. 
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6.1.2 Water Pathway 

Five major parameters for which assumptions have been made are discussed in this 
section: (1) solubility constraints, (2) continuous source, (3) sorption effects, (4) fractured flow, 
and (5) regional recharge. These assumptions tend to increase the conservatism of the PE 
analysis. Each of these assumptions is discussed below. 

6.1.2.1 Solubility Constraints 

As a simplifying assumption, the PE calculations do not include the effects of solubility 
limits in the estimates of permissible waste concentrations, even though it is recognized that such 
limits can potentially increase the permissible waste concentration dramatically. This assumption 
implies that all radionuclide concentrations are inventory limited, and that there is a direct, linear 
relationship between the permissible dose at the performance boundary and the permissible waste 
concentration. 

Li cases where the calculated leachate concentration (i.e., the highest dissolved 
concentration) for a radionuclide is higher than its maximum solubility, then the radionuclide is 
solubility limited and not inventory limited, effectively resulting in no limit on permissible waste 
concentration for the water pathway using the methods developed for the PE. For example, a 
radionuclide with a high concentration in disposed waste and a low solubility can have a maximum 
leachate concentration no higher than its solubility limit. Should this leachate concentration be 
sufficiently low that mixing of leachate with groundwater provides a groundwater radionuclide 
concentration equivalent to less than 4 mrem per year, then the radionuclide is solubility limited 
and there will be no restriction on its concentration in the disposed waste based on the water 
pathway. 

However, when other radionuclides are present in the disposal facility (as is the case for 
actual MLLW), the concentration of each individual radionuclide will be lower than if the 
estimated permissible concentration were based on each radionuclide contributing the entire 
4 mrem annual dose. The sum-of-fractions rule (see Section 6.1.1.3) is used to estimate the 
permissible concentrations for multiple radionuclides in MLLW. To use the sum-of-fractions rule, 
an estimate of the maximum permissible radionuclide concentration is required, even if that 
maximum is higher than allowed by solubility limits. An indication of the degree to which the 
solubility limit is exceeded by eight indicator radionuclides is presented in this section. 

The highest aqueous concentrations estimated in the PE are in the leachate exiting the 
disposal facility. (The PE leachate concentration can be determined by dividing the permissible 
waste concentration by the CRFsowce and the 1000 L/m3 conversion factor.) The highest leachate 
concentrations from all 15 sites for eight indicator radionuclides (identified and discussed in 
Chapter 7 of this volume) are compared in Table 6-2 with solubility limits compiled from the 
literature (ORNL, 1994, Appendix C). This comparison shows that, for three of the radionuclides 
(Cs-137, U-238, and Pu-239), the solubility limit is less than the estimated leachate concentration; 
for four (C-14, Sr-90, Tc-99, and Am-241), the estimated leachate concentration is less than the 
solubility limit. 

6-6 



Table 6-2. Comparison of the Highest Leachate Concentrations from the Generic Tumulus for 
the 15 Sites Evaluated in the PE with Solubility Limits Compiled from the Literature 
(limits are for the most soluble species) (ORNL, 1994, Appendix C) 

Indicator 
Radionuclide 

Site with Highest 
Permissible Waste 

Concentration 

PE Leachate 
Concentration 

(nCi/L) 

Literature 
Solubility 

Limit 
fcCi/L) 

Chemical 
Formula for 
Literature 

Solubility Limit 

H-3 
LLNL/SNL/LANL/ 

Pantex/WVDP NLa _b T 2 0 
C-14 LANL 2E4 1E5 BaC03 

Sr-90 Paducah 7E4 2E6 SrC03 

Tc-99 Pantex/LANL 1E0 3E5 NH4Tc04 

Cs-137 All Sites NL 5E11 CS2CO3 

U-238 LANL/INEL/Pantex 5E-3 1E-4 U0 2 

Pu-239 ANLE 7E-1 3E-1 Pu02 

Am-241 Pantex 2E0 6E3 Am 20 3 

a No Limit - the PE leachate concentration is above the specific activity of the pure, elemental radionuclide. 
b A solubility limit for tritium is not realistic for this analysis because the form of tritium is assumed to be Mated water. 
No water pathway analysis was conducted for NTS. 

For Cs-137, the inventory is not limited even without considering solubility limits, so that 
application of solubility limits does not provide higher inventory limits. For U-238, the solubility 
limit is about fifty times smaller than the highest leachate concentration, so including the solubility 
limit would provide higher permissible waste concentrations for this radionuclide. The maximum 
leachate concentration for Pu-239 is slightly higher than the literature solubility limit value, 
indicating that Pu-239 would be solubility limited. This would result in a higher permissible 
concentration for this radionuclide in the waste. Neglecting solubility limits will have no impact 
for radionuclides with unlimited permissible waste concentrations. These results indicate that 
neglecting solubility limits does not have a significant effect on the results except for U-238. 

The use of solubility limits is complicated by many factors, including (1) the assumed 
chemical speciation of the element, (2) interactions of multiple elements, and (3) conditions of pH 
and Eh and the aqueous environment as it changes from a high-pH grouted waste form to a more 
pH-neutral groundwater. Each of these factors is discussed briefly below. 

Wide ranges of solubility limits are found for many radionuclides depending on the 
assumed chemical speciation. The exact chemical speciation of the radionuclide is generally not 
known after disposal and therefore must be assumed. Therefore, the uncertainty associated with 
solubility limits due to the assumed chemical form of the radionuclides can be very large. 
Neglecting solubility limits is analogous to assuming a very high chemical solubility; such an 
approach tends to maximize leachate concentrations. 
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Selection of solubility values is hampered by the lack of knowledge of environmental 
conditions, particularly pH and Eh, especially considering the previously cited large changes in 
conditions between a grouted waste and natural waters at a site. Solubility is a function of these 
parameters, and the lack of knowledge of long-term, site-specific conditions makes selection of 
specific solubility limits difficult. 

6.1.2.2 Continuous Source 

A continuous source of radionuclides from each disposal facility was assumed in the PE 
because, although the duration of release depends on the radionuclide inventory, the site-specific 
waste inventories are not known. Because of the shape of a contaminant plume resulting from a 
continuous source, the primary consequence of this assumption is that longitudinal dispersion is 
neglected in the water pathway calculations. Another effect of the continuous source assumption 
relates to sorption modeling and is discussed in the next section. As discussed in Appendix B.3 of 
this volume, longitudinal dispersion affects the shape of the contamination front for a continuous 
source and provides some peak attenuation for a finite source. The dispersion coefficient can be 
represented as being proportional to pore-water velocity. As discussed in Appendix A. 1 of 
Volume 3, for the INEL site, which has one of the largest pore-water velocities of the 15 sites, 
including the attenuation effects of dispersion increases the permissible waste concentrations for 
the water pathway by about 20% when compared with the no-dispersion case. 

The continuous source assumption can also affect attenuation in the subsurface. 
Calculations for the LLW performance assessment at Oak Ridge (ORNL, 1994) were based on 
the assumption that sorption effects in the vadose zone attenuated the dissolved radionuclide 
concentrations in the subsurface. As discussed in Appendix A.3 of Volume 3 of this report, this 
attenuation effect is related to the duration of the source from the facility, with shorter source 
durations providing larger attenuation effects. The effect is more pronounced for radionuclides 
with higher Kd values. A continuous source assumption results in a more conservative (i.e., 
lower) permissible waste concentration with respect to the models used in the Oak Ridge 
performance assessment. 

6.1.2.3 Sorption Effects 

Sorption is treated as a linear and reversible equilibrium process in the PE, which results in 
retardation of the radionuclides but no concentration attenuation due to the assumption of a 
continuous source. Other approaches have been used in LLW performance assessments which 
include processes (e.g., partially irreversible sorption) that cause concentration attenuation during 
transport. Calculations for the LLW performance assessment at Oak Ridge were based on a 
vadose zone sorption model which provided concentration attenuation proportional to the 
assumed partition coefficient and duration of release. Calculations for the Hanford performance 
assessment of the 200 West Area (Wood et al., 1994b) were based on a sorption model which 
provided concentration attenuation proportional to the retardation factor, R, with larger R values 
resulting in increased concentration attenuation. The sorption model used in the PE provides 
more conservative (i.e., lower) permissible waste concentrations than these two models by as 
much as two orders of magnitude (see Appendix A.4 in Volume 3). 
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A wide variety of sorption models has been developed. However, most of these require a 
considerable amount of knowledge of the nature of the sorbent, sorbate, and the solution 
chemistry, which is beyond the scope of the PE. The PE incorporates a simple and widely used 
approach consisting of a linear model utilizing a distribution coefficient (KJ). As discussed by 
Galya (1987), when dispersive effects are considered for a finite-duration source, sorption 
accentuates the dispersive concentration attenuation by slowing contaminant movement and 
providing more time for the dispersive effects to act. 

6.1.2.4 Treatment of Fracture Flow 

Fractured geologic material is present at a few of the sites evaluated in the PE project. 
Flow in these materials was treated in the PE in the following manner. When fractured materials 
are present in the vadose zone, flow through these materials is assumed to be complete and 
instantaneous relative to the matrix flow in the non-fractured geologic materials. This approach is 
consistent with the performance assessment analysis for INEL LLW. Not considering sections of 
the vadose zone due to the presence of fractures is usually conservative because the fractures 
generally do not transmit water except during extreme events such as floods, and the disposal 
facilities are assumed to be located out of the floodplains. Because of capillary effects, only the 
smaller pores within the rock matrix will contain water; the fractures will contain air. 

When fractured materials are present in the saturated zone, the fractures and matrix 
porosity are treated through application of an assumed combined effective porosity and a larger 
hydraulic conductivity. Pore velocity and contaminant travel times are based on this effective 
porosity and hydraulic conductivity. This approach is a common way of treating regional 
fractured groundwater flow. 

6.1.2.5 Regional Recharge 

In the PE, the concentration in the saturated zone resulting from dilution of leachate with 
groundwater is assumed to be constant during transport to the 100-m performance boundary. As 
shown in Section A. 3 of Volume 3 of this report, for ORR additional concentration dilution is 
provided by mixing of infiltrating water from regional recharge with the contaminated 
groundwater. While this effect is usually quite small, Oak Ridge dilution due to regional recharge 
provides more attenuation than dilution of leachate with groundwater. Therefore, sites with high 
recharge relative to groundwater flow and low CRFwater values would benefit most from inclusion 
of dilution from regional recharge. 

6.1.3 Atmospheric Release 

Assumptions related to two major parameters in the conceptual model for the atmospheric 
pathway are discussed in this section: (1) volatile radionuclide transport and (2) volatility and 
chemical forms. 
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6.1.3.1 Volatile Radionuclide Transport 

Transport of radionuclides from a disposal facility to the soil surface can occur through 
several potential processes including gas and vapor diffusion, desiccation cracks, erosion, plant 
root uptake, and burrowing animals. Transport via several of these potential pathways has 
received relatively little research, and useful transport models are generally not available. The 
gas- and vapor-phase diffusion model was chosen to represent the potential transport of volatile 
radionuclides because these processes are recognized as important transport mechanisms and data 
are available to perform the analysis. The data chosen for the diffusion analysis were intentionally 
conservative (i.e., tended to increase the transport rate) to attempt to capture the uncertainty of 
representing other possible transport mechanisms. 

The conceptual model for the atmospheric pathway is based on transport through soils 
with porosity and moisture content similar to that occurring naturally at the site. In practice, 
however, it is almost certain that a MWDF will have a cover and liner that will include a low 
permeability vapor barrier to limit emanation of volatile contaminants. Vapor barriers generally 
consist of low permeability soil layers that are constructed to have low porosity and small 
interstitial pore diameters. Because select materials are used, it is not likely that they will ever 
have characteristics similar to native soils. Therefore, the assumption of natural soil conditions 
provides further conservatism for the atmospheric pathway. 

6.1.3.2 Volatility and Chemical Forms 

Implicit in the use of a gas- or vapor-phase diffusion model is the assumption that the 
radionuclides of interest will be volatile under disposal facility conditions. All wastes are assumed 
to be disposed of in a stabilized and solidified form containing no pressurized gases. Therefore, 
the transition from solid to gas or vapor form must occur prior to gas or vapor-phase transport. 

Tritium (H-3) and C-14 are the only two radionuclides considered in the atmospheric 
pathway analysis. Other radionuclides, including 1-129 and Cs-137, become volatile under high 
temperature conditions but are not expected to be volatile under disposal facility conditions. The 
disposed H-3 is assumed to become associated with the water (substituting for a normal hydrogen 
atom) and to mix with the water passing through the disposal facility, with the associated water 
vapor providing the transport mechanism for the atmospheric transport. The radionuclide C-14 is 
assumed to be transformed to carbon dioxide gas (C02), which provides the mechanism for 
atmospheric transport. Each of these assumptions is discussed below. 

Tritium will likely be present in the disposed waste as a form of hydride (e.g., lithium 
hydride) or as tritiated water (3HHO). Tritium is then assumed to become associated with the 
water infiltrating through the disposal facility and is assumed to be completely present in the water 
phase. The water vapor present in the disposal facility will then contain tritium and the vapor 
migration to the ground surface provides the pathway assumed in the PE. As the relative 
humidity decreases, the driving force for evaporation increases, suggesting that arid disposal sites 
are more likely to have a larger tritium transport in the vapor phase than more humid sites. 

6-10 



Carbon compounds are converted to a gas (CO2) in disposal sites such as municipal 
landfills by microbial degradation of organic materials. This mechanism for carbon dioxide 
generation is implicit in the PE with regard to C-14. To occur, biodegradation requires the 
presence of several factors. These include an electron donor (e.g., organic carbon), terminal 
electron acceptors, adequate nutrients, an acceptable pH, proper temperature, absence of toxic 
constituents, and adequate mixing, time, and moisture. Several factors related to the waste form 
used in the PE make the presence of some of these conditions doubtful. The high pH associated 
with grout (greater than 12) would dramatically slow the biodegradation process. Should carbon 
dioxide be generated, the high pH will cause it to be transformed to highly soluble carbonate and 
bicarbonate ions. These factors are not explicitly considered in the PE analysis for atmospheric 
transport. 

6.1.4 Intrusion Scenarios 

The homesteader and post-drilling scenarios used in the PE are the same for all sites 
except for SRS which has a later time of intrusion for the post-drilling scenario. Although future 
social behavior, including intrusion scenarios, is difficult to predict, these two scenarios were used 
because, based on experience gained in performance assessments (ORNL, 1994; MMES, 1994), 
they tend to be the most restrictive of the standard scenarios evaluated. Particularly, the scenarios 
that resulted in long-term, chronic exposure (e.g., homesteader and post-drilling) have been 
shown to be more restrictive than scenarios based on a one-time, acute exposure (e.g., discovery, 
drilling operations). At many sites, particularly in the arid regions of the country, the intrusion 
scenarios provide the most restrictive permissible waste concentrations for most radionuclides. 

The effects of the assumptions for two major parameters related to the selection of 
intrusion scenarios are discussed here: (1) applicable scenarios and (2) time of intrusion. 

6.1.4.1 Applicable Scenarios 

At each of the 15 sites, the lesser of the permissible radionuclide concentrations in the 
waste calculated from the homesteader and post-drilling scenarios is compared to the comparable 
estimates for the water and atmospheric analyses. Under some conditions, the homesteader 
intrusion scenario may not be credible. For example, when the waste is disposed below grade at a 
sufficient depth to preclude intrusion for the construction of a basement, the homesteader scenario 
becomes unlikely. This situation can occur only at sites with sufficiently thick vadose zones to 
allow disposal at such depths, an attribute of the more arid sites, and would generally be more 
costly than shallow disposal. 

Assuming that the wastes can be disposed of at a depth which precludes inadvertent 
human intrusion under the homesteader scenario, the permissible waste concentrations for 
intrusion will be based solely on the post-drilling scenario. Table 6-3 shows the permissible waste 
concentrations for the generic trench and tumulus designs based on the homesteader and post-
drilling scenarios. The most restrictive waste concentrations are shown in bold italics. Analysis 
of the data in Table 6-3 shows that 47 and 43 of the 58 radionuclide concentrations for the 
generic trench and tumulus designs, respectively, are limited by the homesteader scenario. 
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Table 6-3. Permissible Waste Concentrations for the Standard Intrusion 
Scenarios (most limiting radionuclide concentrations for each 
facility design is highlighted in bold italic) (Part 1 of 2) 

Nuclide 

H-3 

Trench Tumulus Nuclide Nuclide 

H-3 

Cw-lntr 
Homesteader" 

(nCi/m3) 

Cw-lntr 
Post-Drilling 

(u^Ci/m3) 

Cw-lntr 
Homesteader * 

fcCi/m3) 
NL 

Cw-lntr 
Post-Drilling 

(uCi/m3) 

Nuclide Nuclide 

H-3 1E+12 7E+07 

Cw-lntr 
Homesteader * 

fcCi/m3) 
NL 7E+07 H-3 

C-14 1E+04 7E+04 1E+04 7E+04 C-14 
AI-26 5E+01 5E+04 5E+01 5E+04 AI-26 
Si-32 9E+03 1E+04 4E+04 1E+04 Si-32 
CI-36 2E+02 9E+02 2E+02 9E+02 CI-36 I 
K-40 7E+02 2E+04 7E+02 2E+04 K-40 
Co-60 NL 3E+10 NL 3E+10 Co-60 
Ni-59 3E+06 1E+07 3E+06 1E+07 Ni-59 
Ni-63 8E+06 1E+07 3E+07 1E+07 Ni-63 
Se-79 2E+05 8E+05 2E+05 8E+05 Se-79 
Sr-90 1E+06 SE+04 1E+08 SE+04 Sr-90 
Zr-93 5E+06 3E+07 5E+06 3E+07 Zr-93 
Nb-93m 5E+12 4E+09 NL 4E+09 Nb-93m 
Nb-94 9E+01 9E+04 1E+02 9E+04 Nb-94 
Tc-99 2E+04 8E+04 2E+04 8E+04 Tc-99 
Pd-107 6E+06 3E+07 6E+06 3E+07 Pd-107 
Ag-108m 5E+02 1E+05 1E+03 1E+05 Ag-108m 
Cd-113m 4E+09 1E+06 7E+13 1E+06 Cd-113m 
Sn-121m 2E+07 5E+07 2E+08 5E+07 Sn-121m 
Sn-126 8E+01 7E+04 8E+01 7E+04 Sn-126 
1-129 2E+03 1E+04 2E+03 1E+04 1-129 
Cs-135 2E+05 8E+05 2E+05 8E+05 Cs-135 
Cs-137 3E+05 8E+05 3E+07 8E+05 Cs-137 
Ba-133 2E+11 3E+08 NL 3E+08 Ba-133 
Sm-151 2E+08 2E+08 8E+08 2E+08 Sm-151 
Eu-152 6E+08 2E+07 2E+13 2E+07 Eu-152 
Eu-154 4E+12 4E+08 NL 4E+08 Eu-154 
Pb-210 7E+06 7E+04 4E+09 7E+04 Pb-210 
Ra-226 8E+01 3E+03 9E+01 . 3E+03 Ra-226 
Ra-228 NL 4E+09 NL 4E+09 Ra-228 
Th-229 5E+02 3E+04 SE+02 3E+04 Th-229 
Th-230 8E+01 7E+04 8E+01 7E+04 Th-230 
Th-232 6E+01 2E+04 6E+01 2E+04 Th-232 
Pa-231 2E+02 5E+03 2E+02 5E+03 Pa-231 



Table 6-3. Permissible Waste Concentrations for the Standard Intrusion Scenarios 
(most limiting radionuclide concentrations for each facility design is 
highlighted in bold italic) (Part 2 of 2) 

Nuclide Trench Tumulus Nuclide Nuclide 
Cw-fntr 

Homesteader' 
(u.Ci/m3) 

Cw-lntr 
Post-Drilling 

(u.Ci/m3) 

Cw-lntr 
Homesteader * 

(u.Ci/m3) 

Cw-lntr 
Post-Drilling 

(u.Ci/m3) 

Nuclide 

U-232 2E+03 5E+04 1E+04 5E+04 U-232 
U-233 7E+02 1E+05 7E+02 1E+05 U-233 
U-234 1E+03 1E+05 1E+03 1E+05 U-234 
U-235 6E+02 1E+05 6E+02 1E+05 U-235 
U-236 2E+04 1E+05 2E+04 1E+05 U-236 
U-238 5E+03 1E+05 5E+03 1E+05 U-238 
Np-237 4E+02 4E+03 4E+02 4E+03 Np-237 
Pu-238 7E+04 1E+05 4E+05 1E+05 Pu-238 
Pu-239 6E+03 5E+04 6E+03 5E+04 Pu-239 
Pu-240 6E+03 5E+04 7E+03 5E+04 Pu-240 
Pu-241 2E+05 1E+06 3E+05 1E+06 Pu-241 
Pu-242 6E+03 5E+04 6E+03 5E+04 Pu-242 
Pu-244 4E+02 5E+04 4E+02 5E+04 Pu-244 
Am-241 7E+03 5E+04 9E+03 5E+04 Am-241 
Am-243 9E+02 4E+04 9E+02 4E+04 Am-243 
Cm-243 1E+06 8E+05 5E+06 8E+05 Cm-243 
Cm-244 2E+06 3E+06 2E+06 3E+06 Cm-244 
Cm-245 1E+03 4E+04 1E+03 4E+04 Cm-245 
Cm-246 6E+03 5E+04 6E+03 5E+04 Cm-246 
Cm-247 3E+02 5E+04 3E+02 5E+04 Cm-247 
Cm-248 2E+03 1E+04 2E+03 1E+04 Cm-248 
Cf-249 8E+02 4E+04 1E+03 4E+04 Cf-249 
Cf-250 2E+06 9E+06 2E+06 9E+06 Cf-250 
|cf-251 2E+03 4E+04 2E+03 4E+04 Cf-251 

a "NL" means No Limit - estimated permissible concentration is higher than the specific activity of the pure 
.elemental radionuclide. 
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Eliminating the concentration limits for the homesteader scenario results in all radionuclide 
waste concentrations being based on the post-drilling scenario. The net result is an increase in 47 
and 43 permissible radionuclide concentrations in the waste for the generic trench and tumulus 
designs, respectively. The changes in permissible concentrations range from none for Sm-151 (in 
the case of the generic trench) to an increase by three orders of magnitude for Al-26 (in the case 
of the generic trench and tumulus) and for Nb-94 (in the case of the generic trench). Shorter-
lived radionuclides (i.e., radionuclides with half-lives shorter than about 30 y) are generally 
already limited by the post-drilling scenario and are not affected by elimination of the homesteader 
scenario. The medium- and longer-lived radionuclides are generally limited by the homesteader 
scenario because more restrictive exposure assumptions are used, and the radioactive decay 
differences due to the different times of exposure are minor. In general, the permissible waste 
concentrations for the homesteader and post-drilling scenarios are similar for the longer-lived 
radionuclides and radionuclides with longer-lived decay products. Therefore, the medium half-life 
radionuclides generally exhibit the most change in permissible waste concentrations when 
changing from the homesteader to the post-drilling scenario. 

In summary, the permissible waste concentrations for intrusion for 47 and 43 of the 58 
radionuclides for the generic trench and tumulus designs, respectively, are limited by the 
homesteader scenario. Disposal of the wastes below grade at a depth which precludes exposure 
via the homesteader scenario effectively eliminates this scenario as a realistic scenario. The 
permissible waste concentrations for intrusion scenarios would then be based solely on the post-
drilling scenario and will be up to three orders of magnitude higher than the homesteader 
permissible waste concentrations. Disposal at a depth below grade that will preclude intrusion via 
the homesteader scenario appears to be a very effective method for increasing the permissible 
waste concentrations for intrusion. The sites most likely to benefit from this approach are 
generally arid sites which have sufficient vadose zone thickness for deeper disposal of wastes and 
for which the limits on permissible radionuclide concentrations in the waste are based on estimates 
derived using the intrusion scenario. 

6.1.4.2 Time of Intrusion 

Intrusion is assumed to be credible after loss of active institutional controls at 100 y 
following closure. The post-drilling scenario is assumed to occur at 100 y for sites with 
technology suitable for drilling water wells in hard rock. In regions where hard-rock drilling is 
uncommon (SRS), the time of post-drilling intrusion is assumed to occur at 300 y. Intrusion via 
the homesteader scenario is assumed to occur at 300 y for the generic trench and 500 y for the 
generic tumulus for all sites. The 300- and 500-y intrusion times are based on the assumed 
integrity of the trench and tumulus disposal facilities. The effect of the assumed time of intrusion 
is illustrated in Table 6-4 in which the permissible waste concentrations for the intrusion scenarios 
are presented for intrusion at 300 y for the generic trench and 500 y for the generic tumulus and 
100 y for both. 
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Table 6-4. Maximum Permissible Waste Concentrations for Homesteader 
Intrusion at 100, 300, and 500 y (Part 1 of 2) 

Nuclide Cw4W 
Homesteader 

(uCi/m3) 

lntrusion=100y 

CWAMT 
Homesteader* 

(uCi/m3) 

lntrusion=300 y 

Cw-intr 
Homesteader" 

(uCi/m3) 

lntrusion=500 y 

Nuclide 

H-3 1E+07 ' 1E+12 9E+16 H-3 

C-14 1E+04 1E+04 1E+04 C-14 

AI-26 5E+01 5E+01 5E+01 AI-26 

Si-32 2E+03 9E+03 4E+04 Si-32 

CI-36 2E+02 2E+02 2E+02 CI-36 

K-40 7E+02 7E+02 7E+02 K-40 

Co-60 3E+07 NL NL Co-60 

Ni-59 3E+06 3E+06 3E+06 Ni-59 

Ni-63 2E+06 8E+06 3E+07 Ni-63 

Se-79 2E+05 2E+05 2E+05 Se-79 

Sr-90 1E+04 1E+06 1E+08 Sr-90 
Zr-93 5E+06 5E+06 5E+06 Zr-93 
Nb-93m 8E+08 5E+12 2E+16 Nb-93m 

Nb-94 9E+01 9E+01 1E+02 Nb-94 
Tc-99 2E+04 2E+04 2E+04 Tc-99 

Pd-107 6E+06 6E+06 6E+06 Pd-107 
Ag-108m 2E+02 5E+02 1E+03 Ag-108m 

Cd-113m 2E+05 4E+09 7E+13 Cd-113m 
Sn-121m 1E+06 2E+07 2E+08 Sn-121m 
Sn-126 8E+01 8E+01 8E+01 Sn-126 
1-129 2E+03 2E+03 2E+03 1-129 
Cs-135 2E+05 2E+05 2E+05 Cs-135 
Cs-137 3E+03 3E+05 3E+07 Cs-137 
Ba-133 5E+08 3E+14 NL Ba-133 
Sm-151 4E+07 2E+08 8E+08 Sm-151 
Eu-152 2E+04 6E+08 2E+13 Eu-152 
Eu-154 4E+05 4E+12 NL Eu-154 
Pb-210 1E+04 7E+06 4E+09 Pb-210 
Ra-226 8E+01 8E+01 9E+01 Ra-226 
Ra-228 9E+06 NL NL Ra-228 
Th-229 5E+02 5E+02 5E+02 Th-229 
Th-230 2E+03 8E+01b 8E+01 b Th-230 
Th-232 6E+01 6E+01 6E+01 Th-232 
Pa-231 2E+02 2E+02 2E+02 Pa-231 
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Table 6-4. Maximum Permissible Waste Concentrations for Homesteader 
Intrusion at 100, 300, and 500 y (Part 2 of 2) 

Nuclide Cw-lntr 
Homesteader 

(uCi/m3) 

Intrusions 00 y 

Cw-lntr 
Homesteader" 

(uCi/m 3) 

lntrusion=300 y 

Cw-lntr 
Homesteader* 

(uCi/m 3) 

lntrusion=500 y 

Nuclide 

U-232 2E+02 2E+03 1E+04 U-232 | 

U-233 1E+04 7E+02 ° 7E+02 c U-233 J 
U-234 2E+04 1E+03C 1E+03C U-234 I 
U-235 1E+03 6E+02 c 6E+02 c U-235 

U-236 2E+04 2E+04 2E+04 U-236 ' 
U-238 5E+03 5E+03 5E+03 U-238 

Np-237 4E+02 4E+02 4E+02 Np-237 
Pu-238 2E+04 7E+04 4E+05 Pu-238 
Pu-239 6E+03 6E+03 6E+03 Pu-239 
Pu-240 6E+03 6E+03 7E+03 Pu-240 
Pu-241 2E+05 2E+05 3E+05 Pu-241 
Pu-242 6E+03 6E+03 6E+03 Pu-242 
Pu-244 4E+02 4E+02 4E+02 Pu-244 
Am-241 5E+03 7E+03 9E+03 Am-241 
Am-243 9E+02 9E+02 9E+02 Am-243 
Cm-243 2E+04 1E+06 5E+06 Cm-243 
Cm-244 4E+05 2E+06 2E+06 Cm-244 
Cm-245 1E+03 1E+03 1E+03 Cm-245 

Cm-246 6E+03 6E+03 6E+03 Cm-246 

Cm-247 5E+02 3E+02 3E+02 Cm-247 

Cm-248 2E+03 2E+03 2E+03 Cm-248 
Cf-249 5E+02 8E+02 1E+03 Cf-249 

Cf-250 1E+06 2E+06 2E+06 Cf-250 
Cf-251 1E+03 2E+03 2E+03 Cf-251 

a "NL" means No Limit - estimated permissible waste concentration is larger than the specific activity of the pure 
elemental radionuclide 

b Concentration based on exposure at 9,000 y, the time of maximum dose 
c Concentration based on exposure at 10,000 y, the time of maximum dose 



Because the only difference in the scenarios is the time of intrusion, the short-lived 
radionuclides are most affected due to differences in their rates of decay. Additionally, because 
the 100-y homesteader intrusion would occur at the same time as the post-drilling scenario and 
because the homesteader scenario contains more restrictive exposure pathways, the 100-y 
homesteader scenario would provide slightly more restrictive permissible waste concentrations 
than the post-drilling scenario. The permissible waste concentrations for intrusion scenarios for 
longer-lived radionuclides and radionuclides with longer-lived decay products are generally not 
affected by reducing the times of intrusion from 300 and 500 y to 100 y. So for the PE, earlier 
intrusion would significantly affect only the shorter-lived radionuclides (i.e., those with half-lives 
less than about 100 y), and the permissible waste concentrations would be more restrictive by one 
to three orders of magnitude. 

6.2 PARAMETER SENSITIVITY ANALYSIS 

A parameter sensitivity analysis for the PE is presented in this section for the models used 
in the water and atmospheric pathway analysis and the intruder scenario analysis. These analyses 
show that the site-specific results are not sensitive to many generic and site-specific parameters, 
and those parameters that do not significantly impact the results are discussed and their dismissal 
justified in this chapter. 

For those parameters which significantly affect the results of the analyses, the effects of 
their variation on the site-specific PE results are discussed in the individual site chapters. The 
parameter sensitivity analysis presented here separately addresses the water pathway, the 
atmospheric pathway, and the intrusion scenarios. 

6.2.1 Water Pathway 

The general equation used in the water pathway analysis is shown in Figure 6-1. Site-
specific modifications of this equation at Oak Ridge and West Valley to include a shallow 
subsurface flow zone cause minor variations for pathways. The changes in results based on 
changes of individual parameters can be inferred from this equation. Each generic and site-
specific parameter is discussed separately below. Because the retardation equation is contained 
within the decay equation, all of the parameters appear in the exponential of the decay equation. 

6.2.1.1 Generic Parameters 

The main objective of the PE is to provide information that can be used to compare the 
capabilities of various DOE facilities to serve as sites for the disposal of MLLW. Therefore, as 
long as waste forms and facility designs are consistent, the actual values are not as important. 
However, the PE provides a perspective on whether intrusion scenarios or transport scenarios 
(i.e., water or atmospheric transport) are likely to control waste concentrations. For this reason, 
reasonable values for the five generic parameter values (#j, Kj3, pa,fm, and A) in the water 
pathway analysis are necessary for the results to be useful. These parameters are discussed in this 
section. 
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Figure 6-1. Major components and parameters used in the calculation of the permissible waste concentration for the water pathway. 
Parameters are explained in the Nomenclature listed at the front of this volume. 



Grout Volumetric Moisture Content, fe 

The grout volumetric moisture content, $a, appears only in the equation for CRFSource (see 
Figure 6-1). Variations in 6b values affect the results as the grout distribution coefficient, K°, 
value becomes small. Under these conditions, the CRFsource is proportional to changes in 0G- A 
value of 0.3 is assumed in the analysis. The parameter has practical physical bounds ranging from 
about 0.1 to 0.3 (Glasser and Adkins, 1994). In regard to sensitivity of results, this parameter is of 
minor importance because, even when K° = 0, the maximum variability in CRFSoUrce is a decrease 
by a factor of less than two. 

Grout Distribution Coefficient. K° 

The grout distribution coefficient, K°, appears only in the equation for CRFSource. 
Changes in CRFSoUrce are proportional to changes in K° for all but very low parameter values, 
which are influenced by the grout moisture content. The K° values assumed for the different 
radionuclides are zero or multiples often to represent the potentially significant variability of this 
parameter. Values for this parameter have a wide degree of variability, and the values used in the 
PE were based on the conservative (i.e., smaller) values that were used in the Oak Ridge SWSA 6 
performance assessment (ORNL, 1994). Values used in performance assessments at Savannah 
River (MMES, 1994) and Hanford (Kincaid et al., 1993) are sometimes two orders of magnitude 
larger than the values used in the PE, depending on the radionuclide. These higher values may 
include the effects of grout blends specifically designed to retain certain radionuclides. An order-
of-magnitude change in the parameter will result in an order-of-magnitude change in the results. 

Because the values for this parameter have a high degree of variability, it is an important 
parameter in regard to sensitivity. Additionally, because generic values were used, variations in 
this parameter produce the same results for the CRFSourCe at all sites. Therefore, no other 
sensitivity analysis was performed. 

Grout Bulk Density, pa 

The grout bulk density, pa, appears only in the equation for CRFSource. Changes in results 
are proportional to changes in /*? except for K° values of 1 mL/g, which are also influenced by 
the grout moisture content, and K° values of 0 mL/g, for which there is no effect. A value of 1.8 
g/cm3 is assumed in the PE analysis. The parameter has practical physical bounds ranging from 
about 1.1 to 2.5 g/cm3 (Winter and Nilson, 1979). In regard to sensitivity of results, this 
parameter is of minor importance because the maximum variability in CRFsource is an increase or 
decrease by a factor of less than two. 
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Mixing Fraction./, 

The mixing fraction,^, appears only in the equation for CRFs™™- Because the parameter 
is in the denominator, changes in results are inversely proportional to changes in parameter values. 
Values of 0.33 and 0.67 are assumed in the analysis for the generic tumulus and trench facility, 
respectively. The parameter has practical physical bounds (i.e., the volume fraction of waste that 
can be emplaced in the facility) ranging from about 0.25 to 0.50 for the tumulus design and 0.4 to 
0.75 for the trench design. In regard to sensitivity of results, this parameter is of minor 
importance because the maximum change in results is an increase or decrease by a factor of less 
than two. 

Disposal Facility Plan Area. A. and Facility Width. a-> 

These parameters appear only in the equation for CRFwater- Assuming that the shape of 
the facility remains square, then changes in results are generally proportional to the inverse square 
root of the change in the area, A. Doubling the size of the disposal facility causes a reduction in 
the permissible waste concentration for the water pathway that is slightly smaller than the square 
root of the change in A. The exact effects of variations in the value for this parameter are site-
specific because the modifying factors in the CKFwater are site-specific. 

The length of the disposal facility parallel to the flow of groundwater is the parameter 
implicit in the facility plan area of most importance. A longer length will lead to proportionally 
more leachate with respect to the groundwater flux. Increasing the length of the disposal facility 
parallel to groundwater flow will decrease the permissible waste concentrations. The practical 
consequence of this effect is that disposal facilities oriented with the long dimension perpendicular 
to groundwater flow will result in higher permissible waste concentrations than facilities oriented 
with the long dimension parallel to groundwater flow. Because the disposal facilities evaluated in 
the PE are hypothetical, the orientation problem is avoided by assuming a square-shaped plan area 
oriented parallel to the direction of groundwater flow. 

Because the capacity of site-specific disposal facilities may need to be much different than 
the assumed facility, this parameter is potentially important in evaluating the permissible waste 
concentrations for a specific site. The effect of facility size is discussed in the site chapters. 

6.2.1.2 Site-Specific Parameters 

Many parameter values in the water pathway analysis are unique to each site. Some of 
these parameters have fairly narrow practical physical bounds, which limits their potential impact 
on the results. The discussions in this section illustrate the lack of sensitivity of the results to 
these parameters. Some other parameters have potentially more variability, although site 
characterization efforts can help narrow the uncertainty of these values. The trends in sensitivity 
are discussed in this section, and the effects on the results of variations in these parameter values 
are discussed in the site chapters. 
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Groundwater Darcv Velocity, q™ 

The groundwater Darcy velocity, q^,, appears in the equation for CRFwater and the 
equation for rDecay (see Figure 6-1). Changes in CRFwater are generally proportional to changes in 
qgw (i.e., increasing the groundwater velocity increases dilution). Changes in rDecay due to changes 
in q&, are inversely proportional to changes in the exponential function of the decay equation (i.e., 
increasing the recharge rate decreases the vadose zone travel time). This factor is more important 
for shorter-lived radionuclides because roeeay is related to arrival time and hence, decay. The exact 
effects of changes in this parameter are site-specific because the modifying factors in the CRFwater 
and rDecay are site-specific. This parameter is potentially important in regard to sensitivity. The 
impact of these variations on the permissible waste concentrations is discussed in the site chapters. 

Mixing Depth. dm 

The mixing depth, dm, appears in the equation for CRFwater- Changes in results are 
generally proportional to changes in q^ (i.e., increasing the mixing depth increases the permissible 
waste concentration due to increased dilution). Values for this parameter vary between 1 and 15 
m for the 15 sites, with the lower values being limited by aquifer thickness and the upper values 
being based on the estimated plume depth at the 100-m performance boundary. For those sites 
where the mixing depth is constrained by the aquifer thickness, very little variability can occur and 
the results will be insensitive to these minor variations. The mixing depth for thick aquifers was 
estimated using generic estimates for transverse dispersivity (EPRI, 1985) and a one-dimensional 
flow, three-dimensional transport code (PAGAN [Chu et al., 1991]). The mixing depths based on 
plume thicknesses at 100 m provided by this code are not sensitive to changes in input parameter 
values. The primary reason for this insensitivity is that there is insufficient distance for larger 
changes in plume thickness to develop. In regard to sensitivity of results, this parameter is of 
minor importance. 

Natural Recharge through Local Soils, i 

The natural recharge through local soils, /', appears in the equations for CRFwater and rDecay 

(the water flowing through the facility, % is initially controlled by the RCRA cover [trench] or the 
concrete vault [tumulus] properties; when all engineered barriers have failed, #-is assumed to be 
equal to the natural recharge through local soils, /). Changes in CRFwater are generally inversely 
proportional to changes in /' (i.e., increasing the recharge decreases dilution by groundwater). 
Changes in rDecay due to changes in / are inversely proportional to changes in the exponential 
function of the decay equation (i.e., increasing the recharge decreases the vadose zone travel 
time). This factor is more important for shorter-lived radionuclides because rDecay is related to 
arrival time and hence, decay. The exact effects of changes to this parameter are site-specific 
because the modifying factors in the CRFwater and rDecay are site-specific. This parameter is 
potentially important in regard to sensitivity because it is difficult to measure; few sites considered 
in the PE were able to estimate values of this parameter with a high degree of confidence. The 
impact of the variations of/ on the permissible waste concentrations is discussed in the site 
chapters. 
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Distance Between the Disposal Facility and the Saturated Zone. / 

The distance between the disposal facility and the saturated zone, /, appears in the 
equation for roecay and affects the travel time in the vadose zone. Changes in results due to 
changes in / are proportional to changes in the exponential function of the decay equation, which 
are generally important only for shorter-lived radionuclides; increases in / result in increases in 
permissible waste concentrations. In regard to uncertainty of results, this parameter is of minor 
importance because the parameter values are site-specific and generally easily and accurately 
determined from site data. As a result, the associated uncertainty in the values for these 
parameters is generally very low. 

Vadose Zone Volumetric Moisture Content. 6L 

This parameter appears in the equation for roecay and affects the travel time in the vadose 
zone. Because the Kd portion of the equation provides a much larger effect, values for volumetric 
moisture content are only important when the vadose zone distribution coefficient, K& is very 
low. Changes in the estimates of the permissible concentrations of radionuclides in the waste due 
to changes in &, are proportional to changes in the exponential function of the decay equation, 
which are generally important only for shorter-lived radionuclides. Increases in 9*, result in 
increases in vadose zone travel time and permissible waste concentrations. 

While &w has a physical range from about 0.05 to greater than 0.50 (Guymon, 1994), site-
specific ranges are much more constrained. In humid regions, a reasonable range for 9„ may be 
0.15 to 0.50. For a short-lived radionuclide with a small Kd (e.g., H-3) at a site with a ft, of 0.3, a 
recharge of 0.1 m/y, and a distance between the trench and saturated zone of 10 m, the maximum 
change in the estimates of the permissible concentrations of radionuclides in the waste is an 
increase or decrease by a factor of about 3. In arid regions, a reasonable range for 0^ may be 0.05 
to 0.15. For a short-lived radionuclide with a small Kd (e.g., H-3) at a site with a &w of 0.10, a 
recharge of 0.05 m/y, and a distance between the trench and saturated zone of 30 m, the results 
increase or decrease by a factor of 6. Results for the tumulus facility and for longer-lived 
radionuclides will be less sensitive to variations in this parameter because the relative influence of 
the variations on rDecay is less. In regard to sensitivity of results, this parameter is of minor 
importance because reasonable changes in its value do not significantly change the estimates of 
the permissible concentrations of radionuclides in the waste. 

Saturated Zone Porosity, n 

The saturated zone porosity, n, appears in the equation for roecay and affects the travel time 
in the saturated zone. Because thzKd portion of the equation provides a much larger effect, the 
porosity value is only important when the saturated zone travel time is large with respect to the 
vadose zone travel time (a condition often found in humid sites) and when the saturated zone 
distribution coefficient, Kd, is very low. Changes in the estimates of the permissible 
concentrations of radionuclides in the waste due to changes in n are proportional to the 
exponential function of the decay equation, which are generally important only for shorter-lived 
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radionuclides, with increases in n resulting in increases in saturated-zone travel-time and the 
permissible concentrations of radionuclides in the waste. 

While n has a physical range across all geologic materials from about 0.01 to greater than 
0.50 (Guymon, 1994), site-specific ranges are much more constrained because site-specific 
geology is generally known. Porosities of specific geologic materials can generally be measured 
to within a few percent (Department of the Army, 1980). Therefore, variations in this parameter 
will be minor, and in regard to the sensitivity of results, this parameter is of minor importance. 

Bulk Density in the Vadose and Saturated Zones, p, 

The bulk density of the materials in the vadose and saturated zones appears in the equation 
for roecay and affects the retarded travel time in the vadose and saturated zones, respectively. 
Changes in the estimates of the permissible concentrations of radionuclides in the waste due to 
changes in pb modified by the detention time in the disposal facility are proportional to changes in 
the exponential function of the decay equation, except for low Kj values which are influenced by 
the moisture content or porosity. 

The values used in the analyses are site-specific but the bulk density has practical physical 
bounds ranging from about 1.3 to 2.5 g/cm3 (Guymon, 1994). Bulk densities of specific geologic 
materials are generally known within a few percent (Department of the Army, 1980). Because 
this parameter is in the exponential function of the decay term, the maximum change in the 
estimates of the permissible concentrations of radionuclides in the waste due to doubling or 
halving pb is an increase or decrease by a factor of about seven. Therefore, variations in this 
parameter will be minor, and in regard to sensitivity of results, this parameter is of minor 
importance. 

Distribution Coefficient in the Vadose and Saturated Zones. Kj 

The distribution coefficient in the vadose and saturated zones, Kd, appears in the equation 
for roecay and is used to calculate the retarded travel time for each radionuclide. Changes in the 
estimates of the permissible concentrations of radionuclides in the waste due to changes inKj are 
inversely proportional to changes in the exponential function of the decay equation, and this factor 
is more important for shorter-lived radionuclides because roecay is related to arrival time. Values 
for these parameters are site-specific and depend on a wide range of variables including the 
element under consideration, solution chemistry (e.g., pH, Eh, and ionic strength), the presence of 
competing compounds, the soil mineralogy, and the presence of organic compounds. The studies 
needed to generate Kd values are generally not good indicators for field conditions. Therefore, 
most sites do not have site-specific values and default literature values must be used. There is 
wide variability in Kd values even for site-specific soils and radionuclides; major increases in the 
values for this parameter result in estimated arrival times at the performance boundary in excess of 
10,000 y. As a result, short-lived radionuclides will be particularly impacted by variations in Kd. 
The exact effects of changes to this parameter are site-specific because the modifying factors in 
the roecay are site-specific. This parameter is potentially important in regard to sensitivity. The 
impact of these variations on the permissible waste concentrations is discussed in the site chapters. 
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6.2.1.3 Summary of Parameter Sensitivity Analysis for the Water Pathway 

The sensitivity of results to variations in values for thirteen generic and site-specific 
parameters has been discussed for the water pathway, and the water pathway estimates of the 
permissible concentrations of radionuclides in the waste have been shown to be relatively 
insensitive to variations in all but five parameters (grout distribution coefficient, K°; natural 
recharge, /; groundwater Darcy velocity; q^\ plan area of the disposal facility, A; and soil 
distribution coefficients, KJ). The other parameters change the estimates of the permissible 
concentrations of radionuclides in the waste by less than an order of magnitude when varied to 
their practical maximums and minimums. The trends in results based on variations in the five 
influential parameters have been identified and discussed. Because generic values were used, 
variations in the grout distribution coefficient will affect all sites in the same manner. For this 
reason, this parameter is not discussed further. The site-specific effects of the variations of the 
remaining four influential parameters is presented and discussed in each site chapter in Volume 3 
of this report. 

6.2.2 Atmospheric Pathway 

The general equation used in the atmospheric pathway analysis is shown in Figure 6-2. 
The trend in changes in results based on changes of individual parameters can be inferred from 
this equation. Each generic and site-specific parameter is discussed separately below. 

6.2.2.1 Generic Parameters 

The values for many parameters related to the atmospheric pathway analysis are generic to 
the PE method and the same at all sites. These parameters are discussed in this section. 

Soil Thickness Above the Disposal Facility, x 

The soil thickness above the disposal facility, x, appears only in the equation for CRFoiff 
(see Figure 6-2). Changes in the estimates of the permissible concentrations of radionuclides in 
the waste are proportional to changes in parameter values with increasing thickness resulting in 
increasing permissible concentrations. A value of 1 m is arbitrarily assumed in the PE analysis. In 
regard to uncertainty of the estimates of the permissible concentrations of radionuclides in the 
waste, this parameter is of minor importance because one meter is likely a lower bound value for 
the cover thickness. However, disposal at deeper depths would lower the diffusion rate and result 
in higher permissible waste concentrations. 

Ratio of Water Density in Air to Liquid and Ratio of CO? Concentration in Air to Dissolved CO? 
Concentration in Water, r 

These ratios appear in the denominator of the equation for CRFDiff, and changes in results 
are inversely proportional to changes in these values. In regard to sensitivity of the estimates of 
the permissible concentrations of radionuclides in the waste, these parameters are of minor 
importance because the values come from standard handbooks and are generally very well known; 
therefore, very little change in permissible waste concentrations will result from small possible 
changes in these parameters. 
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Tritium and Carbon Diffusion Coefficient in Air. D 

These diffusion coefficients appear in the denominator of the equation for CRFDhP, and 
changes in the estimates of the permissible concentrations of radionuclides in the waste are 
inversely proportional to changes in these values. In regard to sensitivity of the estimates of the 
permissible concentrations of radionuclides in the waste, these parameters are of minor 
importance because the values come from standard handbooks and are generally very well known; 
therefore, very little change in permissible waste concentrations will result from small possible 
changes in these parameters. 

6.2.2.2 Site-Specific Parameters 

Three parameter values in the atmospheric pathway analysis are unique to each site. 
These parameters have fairly narrow practical physical bounds, which limit the potential impact to 
the sensitivity of the results. The discussions in this section illustrates the lack of sensitivity of the 
results to these parameters. 

Vadose Zone Porosity and Percent Saturation, n and s 

These parameters appear in the equation for CRFoiff, and variations in these parameters 
result in linear variations in the estimates of the permissible concentrations of radionuclides in the 
waste. The product of the vadose zone porosity and percent saturation equals the vadose zone 
volumetric moisture content, #», and as discussed in Section 6.2.1, the moisture content has a 
physical range from about 0.05 to greater than 0.50, while site-specific ranges are much more 
constrained. In humid regions, a reasonable range for &y, may be 0.15 to 0.60. In arid regions, a 
reasonable range for 0w may be 0.05 to 0.15. In regard to sensitivity of the estimates of the 
permissible concentrations of radionuclides in the waste, this parameter is of minor importance 
because, for assumed moisture contents at the mid-point of these ranges, the variation in results 
when the parameter is varied to its extreme is a factor of about three. 

Atmospheric Dispersion Term. Ag 

This parameter appears in the denominator of the equation for CRFoup, and changes in the 
estimates of the permissible concentrations of radionuclides in the waste are inversely proportional 
to changes in these values. The CRFoisp values provide minor concentration reductions relative to 
CRFoijf. In addition, AD varies over a fairly narrow range across all sites (minimum is 0.17 
(u,Ci/m3)/(jiCi/m2-s) at Argonne and maximum is 0.75 (uCi/m3)/(|j.Ci/m2-s) at Oak Ridge). In 
regard to the sensitivity of the estimates of the permissible concentrations of radionuclides in the 
waste, this parameter is of minor importance because the 100-m performance boundary is so close 
to the disposal facility that significant dispersion effects are not developed, even with the very 
different wind speeds, directions, and stability classes represented by the 15 sites. 

6.2.2.3 Summary of the Atmospheric Pathway 

The sensitivity of six generic and site-specific parameters has been discussed for the 
atmospheric pathway, and the atmospheric pathway estimates of the permissible concentrations of 
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radionuclides in the waste have been shown to be relatively insensitive to variations in all 
parameters. None of the changes in site-specific parameters changed the estimates of the 
permissible concentrations of radionuclides in the waste by an order of magnitude even when 
varied to their practical maximums and minimums. Therefore, it can be concluded that the 
estimates of the permissible concentrations of radionuclides in the waste for the atmospheric 
pathway analysis are relatively insensitive to variations in the parameters used in this analysis. 
However, disposal at greater depths (increased value of x) results in lower diffusion rates and 
higher permissible concentrations of radionuclides in waste. 

6.2.3 Intrusion Scenarios 

The generic intruder scenario dose conversion factors (SDCFs) include consideration of 
doses from several exposure pathways. For the homesteader scenario, the exposure pathways are 
vegetable ingestion, soil ingestion, external exposure (in the garden and in the home), and 
inhalation of airborne soil particles (in the garden and in the home). The post-drilling scenario 
includes doses contributed from vegetable ingestion, soil ingestion, external exposure while 
working in the garden, and inhalation of airborne soil particles while in the garden. The 
parameters used to estimate doses from these exposure pathways are presented in Table 6-5. 
Also listed in Table 6-5 are the radionuclides that are controlled by each exposure pathway in the 
generic intruder scenario. In some cases, more than one pathway significantly contributes to the 
total dose received as a result of exposures to a single radionuclide. 

The sensitivity of each SDCF (and hence, each radionuclide-specific waste concentration 
limit) to changes in values of specific input parameters depends on which exposure pathway is 
limiting. Radionuclides whose concentrations are limited by the ingestion pathway will be more 
sensitive to changes in the vegetable and soil intake rates and the mixing fraction of exhumed 
waste to clean soil; radionuclides whose concentrations are limited by the external exposure 
pathway will be more sensitive to the fraction of time exposed and the shielding factor provided 
by the home; those whose concentrations are limited by the inhalation pathway will be more 
sensitive to the inhalation rate and mass loading of soil particles in the air. 

Summarized in the Table 6-6 are the effects of changes in the values for each for these 
input parameters on the magnitudes of the dose conversion factors for the dominant pathway of 
exposure for each of the eight indicator radionuclides. The analyses are based on evaluations of 
the generic trench homesteader intrusion scenario, with one parameter being modified at a time to 
evaluate the impacts on the SCDFs. The assumed changes in the parameters were selected to 
represent reasonable upper bounds based on physical limitations or other constraints. 

As will be noted, the magnitudes of many of the SCDFs are directly related to the values 
of the key input parameters. This relationship is especially true for the short- to medium-lived 
radionuclides (i.e., H-3, C-14, and Sr-90) whose concentrations are limited by the ingestion 
pathway. While it also holds for a long-lived radionuclide (such as Tc-99), in the case of an 
extremely long-lived radionuclide (such as U-238) the relationship is less direct. A direct 
relationship also holds between the value of the SCDF and the exposure time for a radionuclide 
(such as Cs-137) whose concentration is limited by the external exposure pathway. 
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Table 6-5. Exposure Pathways, Pathway-Specific Parameters, and Pathway-Dominant 
Radionuclides 

Exposure Pathway Parameters Nuclides Dominated by Specific 1 
Pathway 1 

Vegetable ingestion Intake rate for ingestion of 
vegetables (IRV), density of soil, 
mixing fraction of exhumed 
waste to clean soil (fm) 

H-3, C-14, Si-32, CI-36, Ni-59, | 

Ni-63, Se-79, Sr-90, Zr-93, Nb-93m, 

Tc-99, Pd-107, Cd-133m, Sn-121m, 

1-129, Cs-135, Sm-151, Pb-210, 

U-232, U-236, U-238, Np-237 

(22 nuclides) 

j Soil ingestion Intake rate for ingestion of soil 
(IRs), density of soil, mixing 
fraction of exhumed waste to 
clean soil (fm) 

Pa-231, U-236, Pu-238, Pu-239, 

Pu-240, Pu-241, Pu-242, Am-241, 

Cm-244, Cm-245, Cm-246, Cm-248, I 

Cf-249, Cf-250 (14 nuclides) 

1 External exposure 

1 (in the garden) 

Mixing fraction of exhumed 
waste to clean soil (fm), fraction 
of time exposed (fet) 

AI-26, K-40, Co-60, Nb-94, Ag-108m, 

Sn-126, Cs-137, Ba-133, Eu-152, 

Eu-154, Ra-226, Ra-228, Th-229, 

Th-230, Th-232, Pa-231, U-232, 

U-233, U-234, U-235, U-238, Np-237, 

Pu-238, Pu-244, Am-243, Cm-243, 

Cm-247, Cf-249, Cf-251 (29 nuclides) 

External exposure 

(in the home) 

Mixing fraction of exhumed 
waste to clean soil (fm), fraction 
of time exposed (fet), shielding 
factor of home (fs) 

AI-26, K-40, Co-60, Nb-94, Ag-108m, 

Sn-126, Cs-137, Ba-133, Eu-152, 

Eu-154, Ra-226, Ra-228, Th-229, 

Th-230, Th-232, Pa-231, U-232, 

U-233, U-234, U-235, U-238, Np-237, 

Pu-238, Pu-244, Am-243, Cm-243, 

Cm-247, Cf-249, Cf-251 (29 nuclides) 

Inhalation of airborne 
soil particles (in the 
garden) 

Average inhalation rate (IRa), 
mass loading of soil in air (U), 
fraction of time exposed (fet), 
density of soil, mixing fraction of 
exhumed waste to clean soil (fm) 

Pa-231, U-236, Pu-238, Pu-239, 

Pu-240, Pu-241, Pu-242, Am-241, 

Cm-244, Cm-245, Cm-246, Cm-248, 

Cf-249, Cf-250 (14 nuclides) 

| Inhalation of airborne 
1 soil particles (in the 
| home) 

Average inhalation rate (IRa), 
mass loading of soil in air (U), 
fraction of time exposed (fet), 
density of soil 

Pa-231, U-236, Pu-238, Pu-239, 

Pu-240, Pu-241, Pu-242, Am-241, 

Cm-244, Cm-245, Cm-246, Cm-248, 

Cf-249, Cf-250 (14 nuclides) 

Note: In some cases, doses from two or three pathways contribute significantly to the total dose for one radionuclide. Also, for 
Pu-238, soil ingestion and inhalation dominate before 3,000 y and external exposure dominates beyond 3,000 y; Cf-249 is 
dominated by external exposure prior to 3,000 y and by soil ingestion and inhalation after 3,000 y. 
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Table 6-6. Sensitivity of PE Scenario Dose Conversion Factors (SDCFs) for the Generic Trench Homesteader Intruder Scenario 

PE Results Sensitivity to Variation in Parameters 

Generic 
Intruder 
SDCF 

Dominant 
Pathway 

Double IRV 

and IRj 
Increase IR, 

(heavy 
exercise) 

Increase f, 
(no shielding 
from home) 

Increase U 
10-fold 

Increase fm 

(no mixing 
with clean 

soil) 

Increase 
fit-g 

Increase 
f«t-h 

Parameters: 
IRv(kg/y) 
IRs(kg/y) 
IR, (m3/y) 
fs 
Um (kg/m3) 
Uh (kg/m3) 
Im-ag 

fet-s 

fet-h 

90 
0.037 
8000 
0.7 

1E-7 
1E-8 
0.2 

0.01 
0.5 

180 
0.074 

26000 
1 

1E-6 
1E-7 

1.0 
0.25 

1 

H-3 4.0E-06 veg 7.9E-06 4.0E-06 4.0E-06 4.0E-06 2.0E-05 4.0E-06 4.0E-06 

C-14 1.5E-05 veg 3.0E-05 1.5E-05 1.5E-05 1.5E-05 7.5E-05 1.5E-05 1.5E-05 

Sr-90 2.0E-04 veg 4.0E-04 2.0E-04 2.0E-04 2.0E-04 9.9E-04 2.0E-04 2.0E-04 

Tc-99 1.2E-05 veg 2.4E-05 1.2E-05 1.2E-05 1.2E-05 6.1E-05 1.2E-05 1.2E-05 

Cs-137 7.6E-04 external 7.7E-04 7.6E-04 1.1E-03 7.6E-04 8.1E-04 8.5E-04 1.5E-03 

U-238 4.2E-05 veg 5.0E-05 5.0E-05 5.5E-05 7.5E-05 7.4E-05 4.9E-05 7.7E-05 

Pu-239 3.2E-05 soil/inhal 5.2E-05 6.1E-05 3.2E-05 1.5E-04 1.1E-04 4.4E-05 4.5E-05 

Am-241 2.9E-05 soil/inhal 4.4E-05 4.7E-05 3.2E-05 1.0E-04 9.1E-05 3.7E-05 4.3E-05 

IRv = vegetable intake rate; IR, = soil intake rate; IR, = adult inhalation rate; f, = shielding factor; L^ = mass loading in the garden; Lm= mass loading in the home; fm-.g = mixing fraction of 
exhumed waste to soil for the agriculture intrusion scenario; f«~ = fraction of time exposed to external radiation in the garden; f«-b= fraction of time exposed to external radiation in the home. 





7. SUMMARY OF RESULTS AND CONCLUSIONS 

Based on technical considerations, estimates of the permissible waste concentrations for 
58 radionuclides that can be placed in two types of generic MLLW disposal facilities at each of 14 
DOE sites are presented in Volume 3 of this report. These estimates were based on the PE 
methodology presented in this volume (Volume 2). A 15th site (WVDP) was analyzed for only 
18 radionuclides because these were the only ones expected to be in the MLLW at that site. The 
estimated permissible waste concentrations that would be acceptable for disposal at each site are 
presented in the chapters in Volume 3 that cover each site. These chapters in Volume 3 contain 
detailed descriptions of the conceptual models, assumptions, and input parameters used for the 
calculations for the water pathway, atmospheric pathway, and intruder scenarios. A discussion of 
the conceptual model assumptions and parameter sensitivity analyses of the estimates derived 
through the PEs is presented in Chapter 6 of this volume. Summarized in this chapter are the 
results of the analyses performed for all 15 sites. This summary includes a discussion of these 
estimates in context of the uncertainty and sensitivity associated with the analyses and with 
respect to site-specific performance assessments. It also includes a listing of the conclusions that 
were reached on the basis of this discussion. 

The PE is focused on the disposal of radionuclides in the physical and chemical forms 
expected to be present in treated and stabilized DOE MLLW. Many important issues related to 
MLLW disposal have not been considered in this analysis, including distributive equity, MLLW 
treatment performance and costs, transportation risks and costs, and disposal performance of the 
RCRA constituents that will also be present in MLLW. These issues will be addressed in later 
phases of the planning process for MLLW disposal. 

The performance evaluation represents a first-order scoping study only. The results are 
limited in applicability, having been developed for the sole purpose of comparing the various DOE 
sites on the basis of estimated limits on radionuclide concentrations in wastes that can be placed in 
hypothetical disposal facilities. The conduct of site-specific performance assessments prior to 
construction or operation of any DOE MLLW disposal facility is required by DOE Order 
5820.2A. Since such assessments frequently account for additional concentration attenuation 
mechanisms, they generally result in estimated permissible waste concentrations that are less 
restrictive than those presented in this report. 

7.1 INDICATOR RADIONUCLIDES 

As indicated above, the estimated concentration limits for a given set of radionuclides in 
the DOE MLLW inventory are presented in Volume 3 for the two proposed disposal facility 
designs at each of the 15 sites. Each set of estimates is based on an analysis involving three 
exposure pathways. Although each of the radionuclides is unique, many of them are similar with 
respect to important characteristics, such as their half-lives, environmental mobility, and 
radiotoxicity. 

7-1 



To simplify the presentation of results and to facilitate the discussions in this chapter, each 
of the 58 radionuclides is aggregated into one or more of eight groups, with each of these groups 
being represented by an "indicator" radionuclide. These eight indicator radionuclides were 
selected because they (1) represent certain specific characteristics in terms of their half-lives, their 
environmental mobility, and their radiotoxicity, and (2) are some of the more important 
radionuclides that have been identified in DOE MLLW streams. After this general discussion 
using indicator radionuclides, a summary of the exposure pathways limiting the permissible waste 
concentrations based on the entire 58 radionuclides is presented. The eight indicator 
radionuclides and their associated characteristics are listed in Table 7-1. 

Table 7-1. Characteristics of the Indicator Radionuclides 

Radionuclide Half-Life (years) Mobility Radiotoxicity 
H-3 Short 12.3 High and Volatile Low 
C-14 Medium 5700 High and Volatile Low 
Sr-90 Short 29.1 High Medium 
Tc-99 Long 213,000 High Low 
Cs-137 Short 30.2 Medium Medium 
U-238 Long 4.47 billion Medium Medium 
Pu-239 Long 24,100 Low High 
Am-241 

(Np-237)a 

Medium 
(Long) 

433 
(2.14 million) 

Low 
(High) 

High 
(High) 

Half-life - Short: tia s 30 y; Medium: 30 < tia £ 10,000 y; Long t1/2 > 10,000 y 
Mobility - High: K, £ 5 mL/g; Medium: 5 < Kd £ 100 ml/g; Low: K, > 100 mL/g 
Radiotoxicity- Low: PDCF<; 1 (rem/y)/(nCi/L); Medium: 1 < PDCF* 100 (rem/y)/(nCi/L); High: PDCF > 100 (rem/y)/(>Ci/L) 
a Although Np-237 is a decay product of Am-241, it has significantly different properties. See text for discussion of this 

indicator radionuclide. 

For the purposes of grouping of radionuclides, a short half-life is defined as less than 
approximately 30 y (where Cs-137 [Ua - 30.2 y] is classified as short-lived), medium as 30 to 
10,000 y, and long as in excess of 10,000 y. While half-life is an easily quantifiable parameter, the 
terms short-, medium-, and long-lived are more arbitrary and should be viewed within the context 
of their travel time at a particular site. 

Environmental mobility depends on many factors related to soil characteristics, the 
chemical form of the radionuclide in the environment, pH, Eh, and sorption potential. As 
modeled in the PE, environmental mobility is largely a function of the sorption coefficient (Kj) of 
the radionuclide in the soil, with lower Kd values resulting in higher mobility. Radionuclides are 
arranged into three groups in this chapter, with a high mobility radionuclide defined as having a 
^between 0 to 5 mL/g; medium mobility as aKd between 5 to 100 mL/g; and low mobility as a 
Kd over 100 mL/g. Again, the terms low, medium, and high mobility are arbitrary. 
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Radiotoxicity is represented by pathway dose conversion factors (PDCF) for the water 
pathway (see Table 5-6 of this volume). The PDCFs for the 58 radionuclides used in the PE 
analysis range over six orders-of-magnitude. For the purposes of grouping the radionuclides, a 
low radiotoxicity radionuclide is defined as having a PDCF less than 1 (rem/y)/(u£i/L); medium 
toxicity as 1 to 102 (rem/y)/(|iCi/L); and high toxicity as greater than 102 (rem/y)/(uCi/L). As in 
the case of environmental mobility, the terms low, medium, and high are arbitrary. 

Tritium (H-3) and C-14 are included as indicator radionuclides in part because they are the 
only radionuclides being analyzed in the PE for the atmospheric pathway. Other radionuclides, 
including 1-129 and Cs-137, could become volatile under high temperature conditions but are not 
expected to be volatile under the disposal facility conditions anticipated to be present at the sites 
being evaluated. 

The remaining six indicator radionuclides represent various decay rates, mobility, and 
radiotoxicity. Strontium-90 and Cs-137 are short-lived radionuclides important in the DOE 
MLLW inventory and have medium and low environmental mobility, respectively. Because of its 
high mobility and long half-life, Tc-99 has traditionally been a problem radionuclide for 
performance assessments with respect to the water pathway. Two long-lived actinides (U-238 
and Pu-239) are frequently present in the DOE MLLW inventory. The radionuclide Am-241, 
which has a "medium" half-life (430 y) and "low" mobility, has a long-lived decay product 
(Np-237) with much higher mobility. As a result, this decay product dominates the doses at later 
exposure times (after approximately 5000 y). Consequently, permissible waste concentrations for 
the water pathway for Am-241 are based on doses from Am-241 for early arrival times at the 
performance boundary but from Np-237 for later arrival times. The tables in this chapter that 
summarize the permissible concentrations for Am-241 identify which radionuclide is contributing 
the majority of the permissible dose. 

While all 58 radionuclides cannot be definitively categorized into a single one of the eight 
indicator radionuclide groupings, a generalized grouping is shown in Table 7-2. As a 
consequence of the impact of significant decay products (discussed above), some of the 
radionuclides appear in more than one indicator radionuclide grouping. Because transport values 
of radionuclides depend on localized conditions, a site-specific grouping may be different than that 
presented here. 

The remainder of this chapter presents an overall summary and discussion of the results of 
the PE analyses. A summary of the estimated permissible waste concentrations for the three 
individual pathways—water, atmospheric, and intrusion—is presented in Sections 7.2 through 
7.4, with a comparison of all pathways being presented in Section 7.5. The estimated limits for 
the individual radionuclides are discussed in Section 7.6, and the conclusions reached as a result 
of the associated analyses are summarized in Section 7.7. 
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Table 7-2. A General Grouping of the 58 Radionuclides Evaluated in the PE 

Indicator 
Radionuclide 

Nuclides with Similar Half-Life and Mobility Characteristics 

H-3 Volatile I 
C-14 Volatile 
Sr-90 Co-60,Cd-113m,Ba-133 
Tc-99 (1-129)", (Np-237), (Am-241 )b, (Pu-241)b 

Cs-137 (Nb-93m), Eu-152, Eu-154, (Pb-210), (Ra-228) 
U-238 (AI-26), (CI-36), (K-40), (Pd-107). U-233, U-234. U-235, (U-236). Pu-238c 

Pu-239 (Ni-59), (Se-79), (Zr-93), (Nb-94), (Sn-126), (Cs-135), Th-230, Th-232, Pa-231, Pu-
242, Pu-244, Cm-243d, Cm-247, Cm-248 

Am-2418 (Si-32), (Ni-63), (Ag-108m), (Sn-121m), (Sm-151), Ra-226, Th-229, U-232, Pu-238, 
Pu-240, Pu-241f, Am-243, Cm-244g, Cm-245, Cm-246, Cf-249, Cf-250h, Cf-251 

a Parentheses Indicate that toxicity category is different than for indicator radionuclide. 
b Am-241 and Pu-241 are based on their decay product Np-237. 
c The characteristics of Pu-238 are based on its decay product U-234. 
d The characteristics of Cm-243 are based on its decay product Pu-239. 
e The listed radionuclides are similar to Am-241 only for early arrival times at the performance boundary. Because these radionuclides 

nave medium half-lives and are generally of low mobility, later arrival times will result in significant radioactive decay. Later arrival times 
for Am-241 result in its mobile, long-lived, radiologically significant decay product, Np-237, contributing significantly to the dose. 

f The characteristics of Pu-241 are based on its decay product Am-241. 
g The characteristics of Cm-244 are based on its decay product Pu-240. 
h The characteristics of Cf-250 are based on its decay product Cm-246. 

7.2 RESULTS OF THE WATER PATHWAY ANALYSIS 

The water pathway analysis is based on site-specific modification of a generic conceptual 
model for flow and transport of radionuclides and uses a framework that provides consistency of 
analysis for the 15 sites. The attenuation in the concentrations between the disposed waste and 
the performance boundary is represented by the source concentration reduction factor, CRFSource, 
the environmental transport concentration reduction factor for the water pathway, CRFwater, and 
the radioactive decay term, rpecay- The CRFsoune represents the concentration attenuation between 
the disposed waste and the leachate exiting the disposal facility and is modeled as a process that 
incorporates desorption and infiltration. The CRFwater represents the attenuation in concentrations 
of the radionuclides between the leachate emerging from the waste and that in the groundwater 
reaching the 100-m performance boundary. It is modeled as a dilution of leachate in the 
groundwater flowing beneath the disposal facility. The roecay represents the radioactive decay that 
occurs prior to arrival at the performance boundary. The PE methodology is described in chapter 
5 of this volume, and details of the site-specific analyses are contained in Volume 3 of this report. 

7.2.1 Natural Site Characteristics 

The performance evaluation showed that the estimates of permissible radionuclide 
concentrations in the waste, based on the water pathway, were highly dependent on some of the 
natural characteristics of the site. These include the recharge, depth-to-groundwater, and 
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subsurface geology. Of these, the annual recharge is directly affected, and the depth-to-
groundwater is affected to some extent, by the climate of the region in which the disposal facility 
is located. For this reason, the 15 sites were divided into arid and humid groups, with the former 
including LLNL, Hanford, NTS, INEL, RFETS, SNL, LANL, and Pantex and the latter including 
ANLE, PGDP, FEMP, PORTS, ORR, SRS, and WVDP. Table 7-3 and Figure 7-1 show several 
important characteristics of the 15 sites analyzed by the PE. Sites being compared in the tables 
and figures in this chapter are arranged so that sites in the western portions of the contiguous U.S. 
are shown on the left and sites in eastern portions of the U.S. are shown on the right. 

For three of the sites, the subsurface geology was a special consideration in determining 
flow and transport through the vadose zone. For LANL, ORR, and WVDP, portions of the 
geologic media in the vadose zone were not considered for various reasons (see footnotes to 
Table 7-3). The permissible waste concentrations for the water pathway at these sites reflect the 
reduced total thickness of the vadose zone used in the PE analyses. 

The natural recharge is used to estimate the amount of water passing through the disposal 
facility after the engineered barriers are assumed to be no longer functioning. The recharge is also 
used to estimate the volume of leachate moving through the vadose zone. Estimated recharge 
ranges from less than 0.01 m/y at Pantex to 0.40 m/y at SRS. No recharge is reported for NTS 
because the draft performance assessment for the LLW facility at that site indicates that no net 
recharge occurs. The natural recharge is determined by many factors including precipitation, 
evapotranspiration, surface topography and runoff, and the hydraulic conductivity of the 
subsurface geology. For example, ORR, which has the highest precipitation rate of all sites, has 
less than half the natural recharge of SRS due to the low hydraulic conductivity of the underlying 
formations and a hilly terrain that promotes surface and shallow subsurface runoff. As illustrated 
in Figure 7-1(a), with the exception of WVDP, which overlies a formation with very low 
hydraulic conductivity, most eastern sites have higher natural recharge than western sites. 

The depth-to-groundwater (Figure 7-l[b]) controls the time required for water and 
radionuclides to reach the groundwater. At the 15 sites, this depth, commonly referred to as the 
"vadose zone," ranges from 1.5 m at PGDP to 360 m at LANL. With the exception of RFETS, 
the western sites generally have much thicker vadose zones than the eastern sites. To assure 
conservatism in the analyses, the thickness of the vadose zones at LANL, ORR, and WVDP were 
assumed to be equal to the non-fractured portion only (see Table 7-3). 

The groundwater Darcy velocity (Figure 7-l[c]) is related to the amount of leachate 
dilution provided by the groundwater and to the time required for water and the accompanying 
radionuclides to travel through the saturated zone to the 100-m performance boundary. The 
groundwater Darcy velocities for the 15 sites range from 0.31 m/y at WVDP to 56 m/y at INEL. 
These velocities are determined by the hydraulic gradient and the hydraulic conductivity at each 
site. Following this approach, the relatively flat hydraulic gradient at SNL and the low hydraulic 
conductivity at WVDP both result in low groundwater Darcy velocities. 
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Table 7-3. Characteristics of the 15 Sites 

Arid Sites Humid Sites I 

Parameter LLNL Hanford NTS INEL RFETS SNL 

0.02 

LANL Pantex ANLE PGDP FEMP PORTS ORR SRS WVDP 

Natural recharge (m/y) 0.025 0.05 a 0.07 0.05 

SNL 

0.02 0.02 0.006 0.1 0.12 0.15 0.11 0.18 b 0.4 0.01 c 

Depth to Groundwater (m) 160 72 240 50 13 150 360 d 120 38 1.5 e 6.7 5 2 ' 17 1 B 

Groundwater Darcy velocity (m/y) 9.9 22 1.4 56 0.59 0.5 23 6 6 25 28 7.7 2.9 8.1 0.31 

Water travel time in vadose zone (y) 1100 130 65,000 120 31 530 830 2000 112 26 h 11 10 I 8.5 i 

Water travel time in saturated zone to 
100-m performance boundary (y) 

2.5 1.4 70 0.18 17 60 1.3 4 0.5 1 1.1 4.5 1.2 3.7 670 J 

a The draft LLW performance assessment indicates no net downward water migration. Travel time is therefore a conservative estimate provided in the draft performance assessment, 
b Recharge through the disposal facility due to contributions from up-slope runoff is estimated to be 2.2 m/y. The majority of infiltratng water flows laterally in the shallow 

subsurface, so that only 0.18 m/y contributes to the leachate flux entering the groundwater system, 
c Natural recharge is 0.07 m/y, with vertical deep recharge equal to 0.01 m/y and the remaining water flowing laterally. 
d Vadose zone thickness used in the PE is 333 m, which is the result of not considering 27 m of fractured tuff in the transport analysis, 
e Depth to groundwater is 1.5 m, but depth to the Regional Gravel Aquifer is 15.5 m, which is the result of adding 1.5 m of unsaturated material to 14.0 m of saturated media in which 

transport is predominantly vertical, 
f Vadose zone thickness used in the PE is 0 m, which is the result of not considering 2 m of fractured saprolite in the transport analysis, 
g Vadose zone thickness used in the PE is 0 m, which is the result of not considering 1 m of material in the transport analysis, 
h Water travel time to the water table is 2.5 y for the tumulus, but travel time to the Regional Gravel Aquifer is 26 y. 
i Data not available or estimated, 
j Includes vertical (540 y) and horizontal (130 y) flow path. 
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a A range of values was used in the LLW performance assessment for the 200 East Area at Hanford. This value represents 
an upper bound estimate, 

b The draft performance assessment indicates a lack of net downward migration at NTS. 
c Infiltration through the disposal facility due to contributions from up-slope runoff is estimated (o be 22 m/y. 
d Natural infiltration rate is 0.07 m/y, with vertical deep infiltration equal to 0.01 m/y and the remaining infiltration flowing laterally. 

e Vadose zone thickness used in the PE is 333 m, which is the result of not taking credit for 27 m of fractured tuff in the transport analysis, 
f Vadose zone thickness used in the PE is 15.5 m, which is the result of adding 1.5 m of unsaturated material to 14.0 m of saturated 

media in which transport is predominantly vertical, 
g Vadose zone thickness used in the PE is 0 m, which is the result of not taking credit for 2 m of fractured saprolite in the transport analysis. 
h Vadose zone thickness used in the PE is 0 m, which is the result of not taking credit for 1 m of fractured material in the transport analysis. 
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Figure 7-1. Selected characteristics of the 15 sites. 
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Water travel times in the vadose and saturated zones are presented in Table 7-3 and 
illustrated in Figure 7-2. For sites with thick vadose zones (Figure 7-1 [b]) (i.e., LLNL, Hanford, 
NTS, INEL, SNL, LANL, Pantex, and ANLE), the estimated travel times through the vadose 
zone are 9 to 900 times larger than those for the saturated zone. The SNL ratio of 9 is due to the 
low hydraulic gradient in the regional aquifer; this low gradient results in low groundwater 
velocities. The remaining sites have much thinner vadose zones, and the travel times in the 
vadose and saturated zones are on the same order of magnitude. The long water travel time in the 
saturated zone at WVDP is due to the low hydraulic conductivity of one formation and the low 
hydraulic gradient in the aquifer. 

These site characteristics are generally similar for the humid sites (high recharge and thin 
vadose zones) and the arid sites (low recharge and thick vadose zones), although there are some 
exceptions. For example, the vadose zone is relatively thin at RFETS although it is otherwise 
consistent with an arid site, and the recharge at WVDP is relatively low for a humid site. As may 
be noted in the discussion that follows, the permissible waste concentrations for most 
radionuclides for disposal in facilities at arid sites are limited by the intrusion scenario, while at 
humid sites the permissible concentrations of many of the radionuclides are limited by the water 
pathway. Because the intrusion scenarios are essentially identical for the 15 sites, sites where the 
waste concentrations are limited by the water pathway will have more restrictive limits than those 
where the waste concentrations are limited by intrusion. This condition implies that, based on 
these considerations, concentration limits for disposal of radionuclides in humid regions will 
generally be more restrictive than those in arid regions. 

The presence of certain natural characteristics at disposal sites can improve their 
performance relative to retarding the migration of radionuclides. For example, if a disposal 
facility is underlain with a sand containing clay having a large sorption capacity, the movement of 
radionuclides may be significantly retarded relative to a clean sand even though water travel times 
may be short. For this reason, it is important to consider site-specific factors in conducting 
performance analyses. Such factors were considered to the extent possible in conducting the PEs 
while, at the same time, care was taken to maintain a consistent framework throughout the 
analyses. 

7.2.2 Results for the Water Pathway 

A summary of the permissible concentrations for each of the eight indicator radionuclides, 
based on analyses for the water pathway, for each of the 15 sites is shown in Table 7-4. The 
limits for the generic trench are shown in part (a) and for the generic tumulus in part (b). Each 
indicator radionuclide will be discussed individually later in this section in the context of the site-
and radionuclide-specific characteristics, but some general conclusions related to Table 7-4 are 
presented here. 
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a Vadose zone thickness used in the PE is 333 m, which is the result of not taking credit for 27 m of fractured tuff in the transport analysis, 
b Vadose zone thickness used in the PE is 15.5 m, which is the result of adding 1.5 m of unsaturated material to 14.0 m of saturated 

media in which transport is predominantly vertical, 
c Vadose zone thickness used in the PE is 0 m, which is the result of not taking credit for 2 m of fractured saprolile in the transport analysis, 
d Vadose zone thickness used in the PE is 0 m, which is the result of not taking credit for 1 m of fractured material in the transport analysis. 

Figure 7-2. Subsurface water travel times (y) in the vadose and saturated zones. 
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Table 7-4. Permissible Waste Concentrations for the Water Pathway (uCi/m3) 

(a) Generic Trench 

Nuclide 

H-3 

Arid Sites Humid Sites 
Nuclide Nuclide 

H-3 

LLNL 

NL " 

Hanford 

3E+07 

NTS' INEL RFETS SNL LANL Pantex 

NL 

ANLE 

5E+06 

PGDP 

5E+05 

FEMP PORTS ORR SRS WVDP Nuclide Nuclide 

H-3 

LLNL 

NL " 

Hanford 

3E+07 - 1E+08 7E+04 NL NL 

Pantex 

NL 

ANLE 

5E+06 

PGDP 

5E+05 6E+04 4E+03 2E+03 7E+04 4E+11 H-3 
C-14 1E+07 ° 3E+03 - 1E+04 3E+02 2E+06 c 4E+08 ° NL c 5E+02 3E+03 9E+02 3E+02 1E+02 4E+02 4E+02 C-14 
Sr-90 NL c NL - NL NL NL ° NL ° NL c NL NL 9E+10 3E+05 NL 6E+11 NL Sr-90 
Tc-99 1E+03 5E+02 - 2E+03 4E+01 1E+02 2E+03 3E+03 5E+01 4E+02 1E+02 5E+01 2E+01 6E+01 6E+01 Tc-99 
Cs-137 NL ° NL - NL c NL c NL e NL c NL ° NL c NL c NL c NL NL c NL NL c Cs-137 
U-238 4E+02 e 2E+02 - 1E+03 c 2E+01 c 4E+01 c 1E+03 c 1E+03 ° 2E+01 c 2E+02 6E+01 2E+01 1E+01 3E+01 2E+01 c U-238 
Pu-239 NL c 4E+03 c - NL ° 3E+02 c NL c NL c NL c 1E+04 e 8E+01 c 1E+01 ° 3E+00 ° 9E-01 3E+00 NL ' ° Pu-239 
Am-241 1E+05 c ' d 7E+04 '•* - 3E+05 °'d 6E+03 d 1E+04 c ' d 3E+05 c ' d 4E+05 c ' d 7E+03 ' 6E+04 d 2E+04 d 7E+03 d 2E+01 8E+03 d 8E+03 d Am-241 

(b) Generic Tumulus 

Nuclide 
Arid Sites Humid Sites 

— — • 

Nuclide Nuclide LLNL Hanford NTS' INEL RFETS SNL LANL Pantex ANLE PGDP FEMP PORTS 

3E+10 

ORR 

3E+06 

SRS 

2E+10 

WVDP 

NL 

— — • 

Nuclide 

H-3 NL 1E+14 - 3E+14 2E+12 NL NL NL 1E+13 1E+12 7E+10 

PORTS 

3E+10 

ORR 

3E+06 

SRS 

2E+10 

WVDP 

NL H-3 

C-14 4E+07 c 7E+03 - 3E+04 8E+02 6E+06 c 8E+08 ° NL ° 1E+03 7E+03 2E+03 7E+02 3E+02 8E+02 1E+03 C-14 
Sr-90 NL ° NL - NL NL NL c NL ° NL c NL ° NL NL NL NL NL NL e Sr-90 
Tc-99 2E+03 1E+03 - 5E+03 9E+01 2E+02 SE+03 SE+03 1E+02 9E+02 3E+02 1E+02 5E+01 1E+02 1E+02 Tc-99 
Cs-137 NL c NL - NL c NL c NL c NL c NL c NL c NL c NL ° NL c NL c NL ° NL c Cs-137 
U-238 9E+02 c 5E+02 - 2E+03 ° 4E+01 ° 9E+01 c 2E+03 c 2E+03 c 5E+01 c 4E+02 1E+02 5E+01 2E+01 5E+01 5E+01 c U-238 
Pu-239 NL c 2E+04 c - NL c 3E+04 c NL c NL c NL c 3E+05 c 1E+03 c 4E+01 c 2E+01 c 2E+00 6E+00 ° NL c Pu-239 
Am-241 3E+05 '•" 1E+05 '•" - 6E+05 "•" 1E+04 " 3E+04 '•" 7E+05 c ' d 8E+05 "•" 1E+04 d 1E+05 d 4E+04 " 1E+04 d 5E+01 2E+04 d 2E+04 c ' d Am-241 

a Water pathway was not evaluated for this site. 
b No Limit - estimated permissible waste concentration is greater than the specific activity of the pure elemental radionuclide. 
c Radionuclide concentration is based on an arrival time beyond 10,000 y. 
d Decay product contribution is significant to determination of this value. 



For the medium- and long-lived indicator radionuclides (C-14, Tc-99, U-238, Pu-239, and 
Am-241 [as Np-237]), the permissible waste concentrations acceptable for disposal in the generic 
tumulus are approximately twice those for the generic trench (within round off error). The 
performance for these radionuclides is based on site conditions after all engineered barriers within 
the disposal facilities have failed. At that time, the only assumed difference in the disposal 
facilities is their unit capacity; the generic trench is assumed to contain twice as much waste as the 
generic tumulus per unit volume. 

For the short-lived radionuclides (H-3, Sr-90, and Cs-137), the permissible waste 
concentrations, where limited, are orders of magnitude higher for the generic tumulus than for the 
generic trench. These higher concentrations are due to the fact that the performance of the 
engineered barriers within the generic tumulus is assumed to be better than in the generic trench. 
As a result, the radionuclides are detained for a much longer period of time in the tumulus. The 
primary difference in the estimates for the limiting concentrations is directly due to differences in 
the time available for radioactive decay. 

In general, based on technical considerations, most sites categorized as arid have much 
higher permissible waste concentrations than the humid sites for short-lived radionuclides and 
slightly higher permissible waste concentrations for long-lived radionuclides. This is due primarily 
to the radioactive decay that occurs during the longer travel times to the performance boundary at 
the arid sites (see Table 7-3). 

Some radionuclides listed in Table 7-4 have no limit (NL) on their permissible waste 
concentration. These unlimited concentrations are the result of the combined effects of their 
relatively short half-lives and the extremely long travel times to the performance boundary. "No 
limit" is defined as a permissible waste concentration that is greater than the specific activity of 
the pure elemental radionuclide. 

Estimates are that many of the radionuclides will arrive at the performance boundary 
beyond 10,000 y. The estimated waste concentrations for these radionuclides are presented in 
Table 7-4 for information purposes only. Consistent with the current approach used in 
performance assessments for LLW disposal (Wood et al., 1994), estimates of the peak 
radionuclide concentrations for arrivals at the performance boundary beyond 10,000 y were not 
considered in determining the most restrictive disposal limit from among the several pathways 
evaluated. 

Values for the various parameters needed for calculating the key factors in the water 
pathway for the eight indicator radionuclides in the generic tumulus for the 15 sites are presented 
in Table 7-5. These include the CRFsoune, which is radionuclide-specific; the CRFwater, which is 
site-specific; the soil distribution coefficients, Ks, the radionuclide travel times; the radioactive 
decay term, rDecay, and the permissible waste concentrations for the water pathway, Cw-water- In the 
tables, to, includes the time from facility closure to arrival at the water table and consequently, 
includes the detention time of radionuclides in the disposal facility plus the travel time in the 
unsaturated zone. The site-estimated water travel time in the vadose zone at NTS (Frenchman 
Flats) far exceeds the performance period of 10,000 y; as a result, PE calculations for the water 
pathway were not performed for NTS (see Chapter 7 in Volume 3). The Kj values do not include 
any effects of chelating agents; these chelating agents are assumed not to be in the waste. 
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{-; Table 7-5. Input Parameters and Estimated Waste Concentrations for the Water Pathway at the 15 Sites (tumulus design) (Part 1 of 4) 

(a)H-3 (CRFsourc = 0.9) 

Parameter 
Ar d Sites Humid Sites j 

Parameter LLNL Hanford NTS* INEL RFETS SNL LANL Pantex ANLE PGDP FEMP 

12 

PORTS ORR SRS WVDP \ 

CRFwater 88 45 . 190 4 8.5 210 220 4.5 39 

FEMP 

12 4.5 5800 c 5.1 4.7 | 
Kd <mL/g)b 0.1 0 . 0 0.1 0.1 0/0.1 0.1 0.1 0.1 0.1 0.1 0 0 0 

tcvM 2.7E+03 4.3E+02 . 4.2E+02 3.6E+02 2.1E+03 2.8E+03 6.3E+03 4.3E+02 3.5E+02 3.2E+02 3.2E+02 3.0E+01 3.1E+02 3.0E+01 

f«(y) 4.6 1.4 . 1.8E-01 4.0E+01 9.6E+01 2.1 7.4 5 1.8 1.6 6.5 1.2E+00 3.7E+O0 9.4E+02 

tk=t.i (y)d 2.7E+03 4.3E+02 . 4.2E+02 4.0E+02 2.3E+03 2.8E+03 6.3E+03 4.3E+02 3.5E+02 3.2E+02 3.2E+02 3.1E+01 3.1E+02 9.7E+02 

fdecay >1.0E+50 3.3E+10 . 1.8E+10 7.6E+09 >1.0E+50 >1.0E+50 >1.0E+50 3.4E+10 3.4E+08 6.9E+07 8.2E+07 5.8E+00 4.2E+07 4.4E+23 

Cw-Wfr 
(nCi/ms) NL e 1E+14 . 3E+14 2E+12 NL NL NL 1E+13 1E+12 7E+10 3E+10 3E+06 2E+10 NL 

(b)C-14 (CRFSottrct =54) 

Parameter 
Arid Sites Humid Sites 

Parameter LLNL Hanford NTS* INEL RFETS SNL LANL Pantex ANLE PGDP FEMP PORTS ORR SRS VWDP 

CRF Water 88 45 . 190 4 8.5 210 220 4.5 39 12 4.5 2.0 5.1 4.7 
Kd (mUg)" 5 0 . 0 5 5 0 /5 5 5 5 5 5 0 2 1 

tcvM 6.6E+04 4.3E+02 . 4.2E+02 2.0E+03 6.8E+04 8.4E+04 2.0E+05 3.7E+03 1.5E+03 7.2E+02 7.0E+02 3.0E+02 5.3E+02 3.0E+01 

f«(y) 1.0E+02 1.4 - 1.8E-01 1.2E+03 1.9E+03 4.2E+01 1.7E+02 2.3E+02 4.1E+01 3.0E+01 1.0E+02 1.2E+00 6.9E+01 4.1E+03 

t total (y)' 6.6E+04 4.3E+02 . 4.2E+02 3.2E+03 7.0E+04 8.4E+04 2.0E+05 3.9E+03 1.5E+03 7.5E+02 8.0E+02 3.0E+02 6.0E+02 4.1E+03 

fdecav 3.0E+03 1.1E+00 . 1.1E+00 1.5E+00 4.9E+03 2.6E+04 3.5E+10 1.6E+00 1.2E+00 1.1E+00 1.1E+00 1.0E+00 1.1E+00 1.6E+00 
Cw-Watar 
(nCI/m1) 4E+07 ' 7E+03 • 3E+04 8E+02 6E+0G ' 8E+08 ' NL ' 1E+03 7E+03 2E+03 7E+02 3E+02 8E+02 1E+03 ' 

a Water pathway was not evaluated for this site. 
b Where only a single value is presented, it is for both the unsaturated and saturated zones. Where two numbers are given, the first is for the unsaturated zone and the second Is for the saturated zone. 
c Based on the infiltration rate through the facility derived from estimates of the performance of concrete vault boxes; see Chapter 5 in this volume for details. 
d SumoffndN, andfCI 

e No Limit - the estimated concentration is higher than the specific activity of the pure elemental radionuclide. 
f Radionuclide concentration is based on an arrival time beyond 10,000 y. 



Table 7-5. Input Parameters and Estimated Waste Concentrations for the Water Pathway at the 15 Sites (tumulus design) (Part 2 of 4) 

(c)Sr-90 (CRFSource = 540) 

Paramtttr 

Ar d Sites Humid Sites j 
Paramtttr LLNL Hanford NTS* INEL RFETS SNL LANL Pantax ANLE PQDP FEMP PORTS ORR SRS VWDP | 

ORFWater 88 45 . 190 4 8.5 210 220 4.5 39 12 4.5 2.0 5.1 4.7 I 
Kd (mL/g)' 15 1 • 2 15 15 116 /15 15 15 15 2 0 / 1 5 15 30 10 » 
fev(y) 2.0E+05 2.6E+03 • 2.6E+03 5.5E+03 2.0E+05 1.3E+06 6.0E+05 1.0E+04 3.7E+03 2.0E+03 1.4E+03 3.0E+01 1.5E+03 5.0E+01 

fe«(y) 3.1E+02 8.7 • 7.0E+00 3.4E+03 5.5E+03 1.2E+02 4.9E+02 6.8E+02 1.2E+02 8.7E+01 4.0E+02 1.7E+03 3.3E+02 1.7E+04 

fiotoi (y)' 2.0E+05 2.6E+03 . 2.6E+03 8.9E+03 2.1E+05 1.3E+06 6.0E+05 1.1E+04 3.7E+03 2.1E+03 1.8E+03 1.7E+03 1.8E+03 1.7E+04 

/"decay >1.0E+50 7.5E+26 - 3.8E+26 >1.0E+50 >1.0E+50 >1.0E+50 >1.0E+50 >1.0E+50 4.9E+38 1.6E+21 1.8E+18 2.9E+17 1.8E+18 >1.0E+50 
CltUfmr 
(nCi/m') NL * NL NL NL NL ' NL ' NL ' NL ' NL NL NL NL NL NL f | 

( d ) T c - 9 9 (CRF'source = 6 . 2 ) 

Paramtter 

Ar id Sites Humid Sites 
Paramtter LLNL Hanford NTS* INEL RFETS SNL LANL Panttx ANLE PQDP FEMP PORTS ORR SRS WVDP 

CRF Water 88 45 - 190 4 8.5 210 220 4.5 39 12 4.5 2.0 5.1 4.7 

Kd (mUg)' 0.1 0 • 0.15 0.1 0.1 0.3/0.1 0.1 0.1 0.1 0.02 0.1 0 0.4 0 / 4 

fev(y) 2.7E+03 4.3E+02 • 5.8E+02 3.6E+02 2.2E+03 5.6E+03 6.3E+03 4.3E+02 3.5E+02 3.1E+02 3.1E+02 3.0E+02 3.4E+02 3.0E+01 

f « ( y ) 4.6 1.4 . 6.9E-01 4.0E+01 9.6E+01 2.1 7.4E+00 5 1.8 1.2 6.5 1.2 1.5E+01 9.1E+03 

t total (y)" 2.7E+03 4.3E+02 - 5.8E+02 4.0E+02 2.3E+03 5.6E+03 6.3E+03 4.3E+02 3.5E+02 3.1E+02 3.2E+02 3.0E+02 3.6E+02 9.1E+03 

/"decay 1.0 1.0 • 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 
Cw-Wafr 
(nCI/m') 2E+03 1E+03 - 5E+03 9E+01 2E+02 5E+03 6E+03 1E+02 9E+02 3E+02 1E+02 6E+01 1E+02 1E+02 

a Water pathway was not evaluated for this site. 
b Where only a single value Is presented, it is for both the unsaturated and saturated zones. Where two numbers are given, the first is for the unsaturated zone and the second is for the saturated zone. 
c Based on the infiltration rate through the facility derived from estimates of the performance of concrete vault boxes; see Chapter 5 In this volume for details. 
d Sum of I * * * * and f M 

e No Limit - the estimated concentration is higher than the specific activity of the pure elemental radionuclide. 
f Radionuclide concentration Is based on an arrival time beyond 10,000 y. 



Table 7-5. Input Parameters and Estimated Waste Concentrations for the Water Pathway at the 15 Sites (tumulus design) (Part 3 of 4) 

(e)Cs-137 (CRFSourc>=54) 

Parameter 

Arid Sites Humid Sites 
Parameter LLNL Hanford NTS" INEL RFETS SNL LANL Pantex ANLE PGDP FEMP PORTS ORR SRS WVDP 

CRF Water 88 45 . 190 4 8.5 210 220 4.5 39 12 4.5 2.0 5.1 4.7 

Kd (mUg)' 280 1 . 20 280 280 428 / 280 280 280 280 280 280 3000 100 40 

fev(y) 3.6E+06 2.6E+03 . 2.2E+04 9.6E+04 3.8E+06 8.7E+06 1.1E+07 1.9E+05 4.2E+03 2.3E+04 2.1E+04 3.0E+01 1.2E+04 3.0E+01 

f » (y) 5.7E+03 8.7 . 6.8E+01 6.4E+04 1.0E+05 2.3E+03 9.1E+03 1.3E+04 2.2E+03 1.6E+03 5.5E+03 1.4E+05 3.3E+03 1.3E+05 

flow (y)d 3.6E+06 2.6E+03 . 2.2E+04 1.6E+05 3.9E+06 8.7E+06 1.1E+07 2.0E+05 6.4E+03 2.5E+04 2.7E+04 1.4E+05 1.5E+04 1.3E+05 

fdecav >1.0E+50 7.9E+25 . >1.0E+50 >1.0E+50 >1.0E+50 >1.0E+50 >1.0E+50 >1.0E+50 >1.0E+50 >1.0E+50 >1.0E+50 >1.0E+50 >1.0E+50 >1.0E+50 
Cw-Water 
(nCi/mJ) NL e ' NL - NL ' NL ' NL ' NL ' NL ' NL f NL ' NL ' NL ' NL f NL ' NL ' 

(f)U-238 (CRFsource =540) 

Parameter 

Arid Sites Humid Sites 
Parameter LLNL Hanford NTS" INEL RFETS SNL LANL Pantex ANLE PGDP FEMP PORTS ORR SRS WVDP 

CRF water 88 45 - 190 4 8.5 210 220 4.5 39 12 4.5 2.0 5.1 4.7 

Kd (mL/g)b 35 0 . 1000/100 35 35 1.8/35 35 3 5 / 7 35 3.1/1.68 35 40 50 3 5 / 9 

fw(y) 4.6E+05 4.3E+02 - 1.1E+06 1.2E+04 4.8E+05 6.0E+O5 1.4E+06 2.4E+04 8.0E+03 5.7E+02 3.0E+03 3.0E+02 5.9E+03 3.0E+01 

tc, (y) 7.1E+02 1.4 . 3.4E+02 8.0E+03 1.3E+04 2.8E+02 1.1E+03 3.2E+02 2.8E+02 1.1E+01 6.9E+02 2.2E+03 1.7E+03 5.9E+04 

f totally)" 4.6E+05 4.3E+02 . 1.1E+06 2.0E+04 4.9E+05 6.0E+05 1.4E+06 2.4E+04 8.3E+03 5.8E+02 3.7E+03 2.2E+03 7.6E+03 5.9E+04 

/"decay NA fl NA . NA NA NA NA NA NA NA NA NA NA NA NA 
Cw-Wittr 
(fiCi/m5) 9E+02 ' 6E+02 > 2E+03 ' 4E+01 ' 9E+01 ' 2E+03 f 2E+03 ' 5E+01 ' 4E+02 1E+02 6E+01 2E+01 6E+01 6E+01 ' 

1 MIMli-J* 

a Water pathway was not evaluated for this site. 
b Where only a single value is presented, it Is for both the unsaturated and saturated zones. Where two numbers are given, the first Is for the unsaturated zone and the second is for the saturated zone. 
o Based on the infiltration rate through the facility derived from estimates of the performance of concrete vault boxes; see Chapter 5 in this volume for details. 
d Sum of / » * » and : „ 
e No Limit - the estimated concentration is higher than the specific activity of the pure elemental radionuclide. 
f Radionuclide concentration is based on an arrival time beyond 10,000 y. 
g Not Applicable - radioactive decay is implicit in pathway dose conversion factor. 



Table 7-5. Input Parameters and Estimated Waste Concentrations for the Water Pathway at the 15 Sites (tumulus design) (Part 4 of 4) 

(g)Pu-239 (CRFSmrct = 540) 

Parameter 
Arid Sites Humid Sites | 

Parameter LLNL Hanford NTS" INEL RFETS SNL LANL Parttex ANLE PGDP FEMP PORTS ORR 

2.0 

SRS WVDP | 

CRFWater 88 45 - 190 4 8.5 210 220 4.5 39 12 4.5 

ORR 

2.0 5.1 4.7 

K„ (mUg)" 550 100 - 2000/200 550 550 110/550 550 550/500 550 550 550 40 100 550/1760 

tcvly) 7.1E+06 2.2E+05 . 2.1E+06 1.8E+05 7.4E+06 1.0E+07 2.2E+07 3.7E+05 1.0E+05 4.6E+04 4.3E+04 3.0E+02 1.2E+04 3.0E+01 

f«(y) 1.1E+04 7.3E+02 . 6.8E+02 1.3E+05 2.0E+05 4.5E+03 1.8E+04 2.3E+04 3.4E+04 3.2E+03 1.1E+04 1.9E+03 3.3E+03 4.2E+06 

ttot»i (yV 7.1E+06 2.2E+05 . 2.1E+06 3.1E+05 7.6E+06 1.0E+07 2.2E+07 3.9E+05 1.3E+05 4.9E+04 5.4E+04 2.2E+03 1.5E+04 4.2E+06 

fdecay >1.0E+50 5.2E+02 . 6.0E+26 8.5E+03 >1.0E+50 >1.0E+50 >1.0E+50 7.8E+04 3.7E+01 4.1E+00 4.7E+00 1.1E+00 1.5E+00 >1.0E+50 
Cw-Wat»r 
(nCi/m5) NL " 2E+04 ' - NL ' 3E+04 ' NL * NL ' NL ' 3E+05 ' 1E+03 ' 4E+01 ' 2E+01 f 2E+00 6E+00 f NL ' 

(h) Am-241 (CRFsour* = 540) 

Parameter* 
Arid Sites Humid Sites 

Parameter* LLNL Hanford NTS' INEL RFETS SNL LANL Pantex ANLE PQDP FEMP PORTS ORR SRS WVDP 

CRF Water 88 45 . 190 4 8.5 210 220 4.5 39 12 4.5 2.0 5.1 4.7 

Kd (mUg)" 5 10 - 50/5 5 5 0.007/5 5 5/20 5 2.4 5 40 10 5 

fev(y) 6.6E+04 2.2E+04 - 5.4E+04 2.2E+03 7.0E+04 8.4E+04 2.0E+05 4.4E+03 1.4E+03 5.2E+02 7.9E+02 3.0E+02 1.6E+03 3.0E+01 

f « (y) 3.8E+01 7.3E+01 . 6.4E+00 1.0E+03 6.8E+02 1.5E+01 6.2E+02 2.3E+02 1.5E+03 1.3E+00 1.0E+01 1.9E+03 2.0E+02 6.0E+06 

t total (y)" 6.6E+04 2.2E+04 . 5.4E+04 3.2E+03 7.0E+04 8.4E+04 2.0E+05 4.6E+03 1.5E+03 5.2E+02 8.0E+02 2.2E+03 1.8E+03 6.0E+06 

^decay 1.0E+00 1.0E+00 . 1.0E+00 1.0E+00 1.0E+00 1.0E+00 1.0E+00 1.0E+00 1.0E+00 1.0E+00 1.0E+00 3.1E+01 1.0E+00 1.0E+00 
Cw-Wattr 
(nCi/m5) 3E+05 ' 1E+05 ' • 6E+05 ' 1E+04 ' 3E+04 ' 7E+05 ' 8E+05 ' 1E+04 ' 1E+05 4E+04 1E+04 5E+01 2E+04 2E+04 ' 

a Water pathway was not evaluated for this site. 
b Where only a single value is presented, it is for both the unsaturated and saturated zones. Where two numbers are given, the first is for the unsaturated zone and the second is for the saturated zone. 
c Based on the Infiltration rate through the facility derived from estimates of the performance of concrete vault boxes; see Chapter 5 in this volume for details. 
d S u m Of ( vado»* 

e No Limit - the estimated concentration is higher than the specific activity of the pure elemental radionuclide. 
f Radionuclide concentration is based on an arrival time beyond 10,000 y. 
g Except for ORR where the dose is controlled by Am-241 ,Ka. travel times, and r*c» are those of Np-237, the dominant decay product of Am-241. 



To simplify the discussion of the indicator radionuclides, only the results for the generic 
tumulus are presented. As discussed previously, the permissible waste concentrations for the 
generic trench and tumulus disposal technologies are similar for the long-lived radionuclides. 
Further, the short-lived radionuclides generally have more restrictive water pathway 
concentrations at humid sites, which are more likely to use tumulus technology. For example, 
ORR currently uses tumulus technology for LLW disposal and SRS uses a below-ground vault 
facility which has engineered barriers that are more robust than those for a tumulus facility. The 
performance of each indicator radionuclide at the 15 sites is discussed below. 

H-3 
Values for the key input parameters and the estimated permissible concentrations for H-3 

are shown in Table 7-5(a). Tritium is highly mobile with a short (12.3 y) half-life. As a result, 
sites with thick vadose zones and/or low recharge will provide travel times long enough for this 
radionuclide to decay to an insignificant level. These sites include LLNL, NTS, SNL, LANL, 
Pantex, and WVDP. As a result, there is no limit on the permissible concentrations of H-3 to be 
placed in disposal facilities at these four sites. In contrast, conditions at a humid site can be very 
different. Because of its high mobility, the amount of H-3 that can be leached from grouted waste 
in the generic tumulus at sites located in regions that are humid and have a relatively thin vadose 
zone can be significant even prior to failure of the engineered barriers (see Figure 5-3 of Volume 
2). This early release is important in estimating permissible waste concentrations for short-lived, 
mobile radionuclides which would otherwise decay to insignificant levels in the tumulus prior to 
failure (at 300 y) of the engineered barriers. This early release is even more significant for the 
trench design because a higher release rate is assumed between 30 and 100 y after facility closure 
(see Figure 5-3 of volume 2). Consequently, as shown in Table 7-3, the permissible waste 
concentrations for H-3 are much lower for a trench than for a tumulus design. 

In general, the arid sites have high (often unlimited) permissible waste concentrations for 
H-3 for the tumulus design. The humid sites have relatively high permissible waste concentrations 
for H-3 for the tumulus design. 

C-14 
Values for the key input parameters and the estimated permissible concentrations for C-14 

are shown in Table 7-5(b). Carbon-14 is highly mobile with a half-life of 5700 y. The permissible 
concentrations for this radionuclide at LLNL, SNL, LANL, and Pantex are relatively high, and the 
arrival time at the performance boundary for these sites is beyond 10,000 y. Because of the 
general absence of water at NTS, it can also be assumed to have essentially an unlimited 
permissible waste concentration acceptable for disposal at that site. The travel times for C-14 at 
the remaining sites are relatively short. Therefore, significant radioactive decay of C-14 does not 
occur before it reaches the performance boundary. 

Sr-90 
Values for the key input parameters and the estimated permissible concentrations for 

Sr-90 are shown in Table 7-5(c). Because of its short half-life (29.1 y) and moderate sorption 
capacity, this radionuclide decays to an insignificant level (large T'Decay) at all evaluated sites prior 

7-16 



to reaching the performance boundary. Therefore, based on the results of the PE, the disposal of 
Sr-90 is not limited by the water pathway at any of the 15 sites. 

Tc-99 
Values for the key input parameters and the estimated permissible concentrations for 

Tc-99 are shown in Table 7-5(d). Because of its long half-life (2.1E5 y) and high mobility, this 
radionuclide does not undergo significant decay prior to reaching the performance boundary at 
any of the 15 sites. As a result, once Tc-99 migrates from the facility, its concentration is 
attenuated only by dilution of the leachate by groundwater. At ORR, in particular, the large 
recharge relative to groundwater flow results in a low permissible concentration. 

Only NTS has a Tc-99 arrival time at the performance boundary greater than 10,000 y, 
due mainly to low or non-existent recharge and thick vadose zones. While permissible waste 
concentrations are uniformly low at all sites, the arid site concentrations are generally higher than 
those of the humid sites. 

Cs-137 
Values for the key input parameters and the estimated permissible concentrations for 

Cs-137 are shown in Table 7-5(e). Because of its short half-life (30.2 y) and high sorption 
capacity, Cs-137 decays to an insignificant level at all sites prior to reaching the performance 
boundary. Based on the results of the PE, Cs-137 disposal is not limited by the water pathway at 
any of the sites. 

U-238 
Values for the key input parameters and the estimated permissible concentrations for 

U-238 are shown in Table 7-5(f). This radionuclide has an extremely long half-life (4.5E9 y) and 
moderately low mobility. Therefore, the estimated permissible concentrations for U-238 are 
relatively low at all sites, even though eight sites have arrival times at the performance boundary 
in excess of 10,000 y. At Hanford, the mobility of U-238 through the soil is assumed to be high 
(i.e., low Kd values) so that even with the low infiltration rate and thick vadose zone, the 
radionuclide arrives at the performance boundary in less than 10,000 y. The soil at FEMP exhibits 
similar low Kj values with the result being that U-238 would also be anticipated to reach the 
performance boundary at this site in less than 10,000 y. The combination of moderate mobility, 
higher infiltration rates, and thinner vadose zones cause U-238 to arrive at the performance 
boundary before 10,000 y at Hanford, PGDP, FEMP, PORTS, ORR, and SRS. 

Estimates of the transport of U-238 in the groundwater show that, for the arid sites, its 
movement will be sufficiently delayed that, in general, its arrival at the performance boundary will 
be in excess of the 10,000-y performance period. However, because of the extremely long half-
life of the radionuclide (4.5 billion y), there could be significant concentrations in the groundwater 
regardless of when it arrives (i.e., even if the time is well beyond 10,000 y). 

Pu-239 
Values for the key input parameters and the estimated permissible concentrations for 

Pu-239 are shown in Table 7-5(g). This radionuclide has a long half-life (2.41E4 y) and generally 
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has low mobility. At most sites, the Pu-239 arrival times at the performance boundary are well 
beyond 10,000 y. At LLNL, NTS, INEL, SNL, LANL, Pantex, and WVDP, the combination of 
long groundwater travel times and low mobility causes estimated Pu-239 arrival times at the 
performance boundary from 2 million to 20 million years. These arrival times result in an 
unlimited permissible concentration for Pu-239 in wastes acceptable for disposal at these sites. At 
ORR and SRS where it is assumed to have medium mobility and a short water travel time, Pu-239 
has a very low permissible waste concentration; however, at SRS this radionuclide arrives at the 
performance boundary beyond 10,000 y. 

Am-241 
Values for the key input parameters and the estimated permissible concentrations for 

Am-241 are shown in Table 7-5(h). The half-life of this radionuclide is 430 y but it decays to 
Np-237, which has a half-life of over two million years. Americium-241 generally has very low 
environmental mobility and therefore decays to insignificant levels prior to reaching the 
performance boundary. The exception is at ORR, where the assumption of much greater 
mobility, coupled with short water travel times, causes it to arrive at the performance boundary in 
an estimated time of 2200 y. As a result, the permissible concentration for Am-241 in wastes 
acceptable for disposal at that site is low. 

Upon decay, Am-241 forms Np-237 which can be a significant source of exposure. In 
fact, for times beyond about 5,000 y, the estimated dose will be due primarily to Np-237. Even 
so, this radionuclide, which is mobile in the environment, will arrive at the performance boundary 
at times beyond 10,000 y at all sites except PGDP, FEMP, PORTS, ORR, and SRS. 

7.3 RESULTS OF THE ATMOSPHERIC PATHWAY ANALYSIS 

The atmospheric pathway analysis used in the PE is based on the use of a generic 
conceptual model that incorporates generic and site-specific data to estimate the transport of 
volatile radionuclides. Only two volatile radionuclides, H-3 and C-14, were analyzed for the 
atmospheric pathway. Other radionuclides, including 1-129 and Cs-137, could become volatile 
under high temperature conditions but these conditions are not expected to be present at any of 
the disposal facilities. Because the analysis is quite generic, a common set of assumptions was 
used for the generic trench and tumulus design. For this reason, on the basis of the atmospheric 
pathway analysis there is no difference in the estimates of permissible waste concentrations for 
these two types of disposal facilities. 

The attenuation in the radionuclide concentrations between the disposal facility and the 
performance boundary is represented by the soil diffusion concentration reduction factor, CRFoiff, 
the atmospheric dispersion concentration reduction factor, CRFD,SP, and the radioactive decay 
term, roecay- The CRFuiff represents the attenuation in the radionuclide concentrations between the 
disposed waste and the top of the soil surface. The CRFoisp represents the attenuation between 
the top of the soil surface and the 100-m performance boundary. The rDecay represents the 
radioactive decay that occurs prior to the arrival of the radionuclide at the performance boundary 
and includes 100 y of assumed detention in the disposal facility. The 100-y detention time is 
based on the following generic assumptions of the PE: 
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• The waste form was grouted MLLW treatment residuals. Based on this assumption, 
tritium as vapor was bound in the pore water of the hydrophilic grout, and carbon dioxide 
as a gas carrying the C-14 isotope was limited by the high pH of the grout, so that the 
waste form provided retention of these volatile radionuclides in the disposal facility. 

• The disposal facility was capped by a RCRA-compliant cover system. Based on this 
assumption, the cover system was maintained to provide low permeability for 100 y. 

The CRFs for soil diffusion and atmospheric dispersion, the radionuclide decay term, 
rDecay, and the permissible concentrations for the atmospheric pathway for H-3 and C-14 are 
shown in Table 7-6. Comparison of the data for the 15 sites shows that the concentration 
reduction factors for H-3 and C-14 are similar, with CRFpiff providing the largest concentration 
reduction for both radionuclides. Because the waste is assumed to begin migrating at the end of 
the 100-y institutional control period, the main difference between H-3 and C-14 comes from the 
rDecay term; at 100 y H-3 has decayed significantly because of its short half-life while C-14 has 
decayed very little. 

The important conclusions from the PE model for the atmospheric pathway are that 
(1) there is no significant difference in the permissible waste concentrations of volatile 
radionuclides acceptable for disposal at the 15 sites, even though site-specific soil and 
meteorological data were used in the calculations, and (2) the estimated permissible waste 
concentration limits for H-3 are much higher than C-14 because of the short half-life of H-3. 

7.4 RESULTS OF THE ANALYSIS OF INADVERTENT INTRUSION SCENARIOS 

The PE used two inadvertent intrusion (the "homesteader" and "post-drilling") scenarios 
based primarily on the assumptions used by the NRC staff in developing the waste classification 
system for near-surface disposal of radioactive waste in 10 CFR Part 61 (NRC, 1982). Because 
the behavior of future societies is difficult to predict, specific assumptions are made in this analysis 
to enable predictions of permissible radionuclides in waste. 

The homesteader scenario is based on the assumption that, at some period after 
institutional control, an intruder establishes a permanent homestead above a closed disposal 
facility and develops on-site sources of water and agricultural products. The assumed time of 
intrusion was based on the disposal technology and site-specific factors. Intrusion into a trench 
facility was assumed to occur at 300 y, and intrusion into a tumulus facility was assumed to occur 
at 500 y. Waste in the disposal units is assumed to be accessed when the intruder constructs a 
home directly on top of the disposal facility and the foundation of the home extends into the 
waste. Some of the waste exhumed from the disposal facility then is assumed to be mixed with 
uncontaminated native soil in the intruder's vegetable garden. This mixing results in a chronic 
exposure through ingestion of vegetables and soil, external exposure, and inhalation. As 
discussed in Section 5.3.3, the homesteader scenario does not consider exposure from 
contaminated water. This simplification is based on results from LLW disposal performance 
assessments (MMES et al., 1994; ORNL, 1994). In these performance assessments, the times of 
maximum exposure via direct exposure and exposure from contaminated water are different such 
that the total dose is not the sum of the maximum doses for the two pathways. 
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Table 7-6. Concentration Reduction Factors, Radioactive Decay Terms, and Permissible Waste Concentrations for H-3 and C-14 for 
the Atmospheric Pathway at 15 Sites (tumulus and trench designs) 

(a) H-3 

Arid Sites Humid Sites I 
Parameter LLNL 

2E+06 
Hanford NTS INEL 

4E+06 
RFETS 
2E+06 

SNL LANL Pantex ANLE PGDP FEMP 
3E+06 

PORTS 
2E+06 

ORR SRS WVDP I 

CRFom 

LLNL 
2E+06 8E+05 8E+05 

INEL 
4E+06 

RFETS 
2E+06 8E+05 5E+05 2E+06 3E+06 2E+06 

FEMP 
3E+06 

PORTS 
2E+06 4E+06 4E+06 4E+06 I 

CRFoiap 1E+03 8E+02 1E+03 1E+03 1E+03 1E+03 1E+03 2E+03 3E+03 1E+03 8E+02 1E+03 5E+02 2E+03 6E+02 I 
/"Decay 3E+02 3E+02 3E+02 3E+02 3E+02 3E+02 3E+02 3E+02 3E+02 3E+02 3E+02 3E+02 3E+02 3E+02 3E+02 I 
Cw-Atm 
(nCi/m3) 

7E+09 2E+09 3E+09 1E+10 7E+09 3E+09 2E+09 1E+10 3E+10 7E+09 7E+09 7E+09 7E+09 3E+10 9E+09 j 

(b) C-14 

Parameter 
Arid Sites Humid Sites I 

Parameter LLNL Hanford NTS INEL RFETS SNL LANL Pantex ANLE PGDP 
5E+04 

FEMP 
6E+04 

PORTS 
4E+04 

ORR 
9E+04 

SRS WVDP 
8E+04 I CRFom 4E+04 2E+04 2E+04 8E+04 4E+04 2E+04 1E+04 4E+04 7E+04 

PGDP 
5E+04 

FEMP 
6E+04 

PORTS 
4E+04 

ORR 
9E+04 1E+05 

WVDP 
8E+04 I 

CRFoiap 2E+03 1E+03 2E+03 2E+03 2E+03 2E+03 2E+03 3E+03 4E+03 2E+03 1E+03 2E+03 1E+03 4E+03 1E+03 
/"Decay 1E+00 1E+00 1E+00 1E+00 1E+00 1E+00 1E+00 1E+00 1E+00 1E+00 1E+00 1E+00 1E+00 1E+00 1E+00 
Cw-Atm 
(nCi/m3) 

4E+03 1E+03 2E+03 7E+03 4E+03 2E+03 1E+03 5E+03 1E+04 5E+03 3E+03 4E+03 4E+03 2E+04 4E+03 



The post-drilling scenario is based on the assumption that an intruder who resides 
permanently near the disposal site drills through a disposal cell while constructing a well for a 
domestic water supply. The contaminated drill cuttings brought to the surface are assumed to be 
mixed with uncontaminated native soil in the intruder's vegetable garden. In this case, the 
relevant pathways for chronic exposure include ingestion of vegetables grown in the contaminated 
garden soil, ingestion of contaminated soil, and external and internal exposure, the latter occurring 
primarily through inhalation, while working in the garden. Again, the exposure to contaminated 
water is not considered for the same reasons given for the homesteader scenario. 

The homesteader scenario is assumed to occur at 300 y after closure for the generic trench 
and at 500 y for the generic tumulus. The waste form is assumed to be indistinguishable from its 
surroundings at these times. Additional credit is given to the tumulus facility because of the 
concrete vault-boxes incorporated into this design. The post-drilling scenario is assumed to occur 
after the 100-y institutional control period for both the trench and tumulus designs in hard-rock 
drilling regions when the waste is assumed indistinguishable from natural formations. In regions 
of soft-formation drilling (e.g., Savannah River Site), post-drilling intrusion is assumed not to 
occur until after 500 y for the tumulus and 300 y for the trench. The assumed lifetime of 
engineered barriers for preventing intrusion is consistent with that used by the NRC in developing 
the waste classification system in 10 CFR Part 61 (NRC, 1982). Exceptions to these times of 
intrusion are made for radionuclides that have increasing doses throughout the compliance period 
due to in-growth of decay products (e.g., the indicator radionuclide U-238). For these 
radionuclides, the time of intrusion is assumed to be 10,000 y in order to obtain the maximum 
dose within the period of performance. 

The permissible waste concentrations for the indicator radionuclides at the 15 sites for the 
trench and tumulus designs are shown in Table 7-7. The post-drilling scenario generally yields 
more restrictive concentration limits than the homesteader scenario for those radionuclides with 
short half-lives (i.e., H-3, Sr-90 and Cs-137) except for Cs-137 in the trench design. Cesium-137 
has a half-life that is just large enough for that radionuclide to be controlled by the homesteader 
scenario for the trench design. In general, the more restrictive concentration limits for the post-
drilling scenario are due to the assumption that this scenario takes place 200 and 400 y earlier 
than the homesteader intrusion scenario for the trench and tumulus designs, respectively. In 
general, the differences in permissible waste concentrations for the intruder pathway between the 
trench design and the tumulus design are not very significant for long-lived radionuclides. 
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Table 7-7. Permissible Waste Concentrations (nCi/m3) for the Standard Intrusion Scenarios 

Nuclide Trench Tumulus Nuclide 
Cw-lntr 

Homesteader 
|nCi/m3) 

Cw-lntr 
Post-Drilling 

(nCi/m3) 

Cw-lntr 

Homesteader 
(nCi/m3) 

Cw-lntr 
Post-Drilling 

(nCi/m3) 

H-3 1E12 7Et NLb 7E7 
C-14 1E4 7E4 1E4 7E4 
Sr-90 1E6 5E4 1E8 5E4 
Tc-99 2E4 8E4 2E4 8E4 
Cs-137 3E5 8E5 3E7 8E5 
U-238 SE3 1E5 5E3 1E5 
Pu-239 6E3 5E4 6E3 5E4 
Am-241 7E3 5E4 9E3 5E4 

a The limiting radionuclide concentrations for each facility design are highlighted in bold italics. 
b No Limit-the estimated concentration is higher than the specific activity of the pure elemental radionuclide. 

7.5 COMPARISON OF WATER AND ATMOSPHERIC PATHWAYS AND 
INTRUSION SCENARIOS 

The trends in performance of the radionuclides for the three exposure pathways have been 
summarized in the previous sections using eight indicator radionuclides. In Section 7.5.1, the 
indicator radionuclides are used to summarize the general trends in the exposure pathways 
limiting the permissible waste concentrations at the 15 sites. After this general discussion using 
indicator radionuclides, a summary of the exposure pathways limiting the permissible waste 
concentrations based on the entire 58 radionuclides is presented in Section 7.5.2. 

7.5.1 Indicator Radionuclides 

The permissible concentrations for the eight indicator radionuclides for the generic 
tumulus at the 15 sites for the water and atmospheric pathways and the intrusion scenarios are 
shown in Table 7-8. For intrusion, only the more restrictive value from the homesteader and 
post-drilling scenario is shown. It should also be noted that the atmospheric pathway is applicable 
only to H-3 and C-14; as previously explained, no other radionuclides were evaluated for this 
pathway. 

For the arid sites, the intruder pathway provides the limiting permissible concentrations for 
most of the indicator radionuclides. The atmospheric pathway is limiting for C-14 at the arid sites 
due in part to the conservative assumptions used in this pathway analysis. For the humid sites, the 
number of indicator radionuclides limited by the intruder scenarios is more comparable to the 
number limited by the water pathway. Technetium-99 is limited by the water pathway at all sites 
that have an arrival time at the performance boundary prior to 10,000 y. 
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Table 7-8. Summary of the Permissible Waste Concentrations (uCi/m3) for the Indicator Radionuclides (tumulus design) 
• • I I I • 11 —1 

Arid Sites , Humid Sites 
LLNL Hanford NTS INEL RFETS SNL LANL Pantex ANLE PGDP FEMP PORTS ORR SRS WVDP 

NL H-3 Water NLa 1E14 _b 3E14 2E12 NL NL NL 1E13 1E12 7E10 3E10 3E6C 2E10 

WVDP 

NL H-3 
Atmospheric 7E9 2E9 3E9 1E10 7E9 3E9 2E9 1E10 3E10 7E9 7E9 7E9 7E9 3E10 9E9 

H-3 

Intrusion 7E7 7E7 7E7 7E7 7E7 7E7 7E7 7E7 7E7 7E7 7E7 7E7 7E7 NL 7E7 

C-14 Water - 7E3 - 3E4 8E2 - - - 1E3 7E3 2E3 7E2 3E2 8E2 1E3 C-14 
Atmospheric 4E3 1E3 2E3 7E3 4E3 2E3 1E3 5E3 1E4 5E3 3E3 4E3 4E3 2E4 4E3 

C-14 

Intrusion 1E4 1E4 1E4 1E4 1E4 1E4 1E4 1E4 1E4 1E4 1E4 1E4 1E4 1E4 1E4 

Sr-90 Water . NL . NL NL _ _ - _ NL NL NL NL NL -Sr-90 
Intrusion SE4 SE4 5E4 5E4 5E4 5E4 SE4 SE4 SE4 SE4 SE4 SE4 SE4 1E8 5E4 

Tc-99 Water 2E3 1E3 - 5E3 9E1 2E2 SE3 SE3 1E2 9E2 3E2 1E2 SE1 1E2 1E2 Tc-99 
Intrusion 2E4 2E4 2E4 2E4 2E4 2E4 2E4 2E4 2E4 2E4 2E4 2E4 2E4 2E4 2E4 

Cs-137 Water - NL - - - - - - - - . - - - -Cs-137 
Intrusion 8ES 8E5 8ES 8E5 8E5 8E5 8E5 8ES 8ES 8E5 8E5 8ES 8ES 3E7 8E5 

U-238 Water - SE2 - - - - - - - 4E2 1E2 5E1 2E1 5E1 -U-238 
Intrusion 5E3 5E3 5E3 SE3 5E3 5E3 5E3 SE3 SE3 5E3 5E3 5E3 5E3 5E3 SE3 

Pu-239 Water - - - - - - - - - - - - 2E0 - -Pu-239 
Intrusion 6E3 6E3 6E3 6E3 6E3 6E3 6E3 6E3 6E3 6E3 6E3 6E3 6E3 6E3 6E3 

Am-241 d Water - - - - 1E4 - - - 1E4 1E5 4E4 1E4 SE1 2E4 -Am-241 d 

Intrusion 9E3 9E3 9E3 9E3 9E3 9E3 9E3 9E3 9E3 9E3 9E3 9E3 9E3 9E3 9E3 

a No Limit - the estimated permissible waste concentration is larger than the specific activity of the pure elemental radionuclide. 
b Indicates that the radionuclide anival time at the performance boundary is beyond 10,000 y (water pathway was not evaluated for NTS). 
c The most restrictive pathway is shown in bold italics. 
d The decay product Np-237 contributes significantly to the results for all sites but ORR, which has an earlier arrival time. 



The concentration limits for the indicator radionuclides, as specified by the NRC in 
Title 10 CFR Part 61 for disposal of commercial Class A LLW, are shown in Table 7-9. Limits 
are given for all the indicator radionuclides except U-238; the NRC waste classification system 
does not include a concentration limit for this radionuclide. 

Table 7-9. NRC Class A Limits for Radionuclide Concentrations for the Indicator Radionuclides 

Radionuclide Concentration Limits (uCi/m3) 
H-3 4E+07 
C-14 8E+05 
Sr-90 4E+04 
Tc-99 3E+05 
Cs-137 1E+04 
U-238 _ b 

Pu-239a 2E+04 
Am-241a 2E+04 
a Alpha emitting transuranic nuclide with half-life greater than 5 y based on 10 nCi/g 

limit assuming waste density of 2.4 g/cm 3 

b The NRC waste classification system does not include a concentration limit for this 
radionuclide. 

The permissible waste concentrations for the indicator radionuclides for the water 
pathway, the atmospheric pathway, and the intruder scenarios as analyzed in the PE; the water 
pathway and intrusion scenario results based on LLW performance assessments at four sites; and 
the NRC limits for the indicator radionuclides in Class A LLW are presented in Figure 7-3. 
Performance assessments for NTS and LANL are being drafted and are not available for detailed 
comparison. The values for the permissible waste concentrations from the performance 
assessments were developed by applying to the generic tumulus design the transport assumptions 
used in that performance assessment. 

The permissible waste concentrations derived from the performance assessments and NRC 
waste classification system are presented to provide a comparison with the permissible waste 
concentrations based on the PE. Each indicator radionuclide is discussed below. The degree of 
comparison between the permissible waste concentrations as analyzed in the PE and the 
performance assessments is primarily due to differences in the assumptions used in the two 
analyses. These differences are discussed in Section 7.6. 
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Figure 7-3. Generic tumulus permissible concentrations in waste for the indicator radionuclides 
compared with NRC limits for radionuclides in Class A wastes and the performance 
assessment results for four sites. (Part 1 of 4) 
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Figure 7-3. Generic tumulus permissible concentrations in waste for the indicator radionuclides 
compared with NRC limits for radionuclides in Class A wastes and the performance 
assessment results for four sites. (Part 2 of 4) 
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Figure 7-3. Generic tumulus permissible concentrations in waste for the indicator radionuclides 
compared with NRC limits for radionuclides in Class A wastes and the performance 
assessment results for four sites. (Part 3 of 4) 
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Figure 7-3. Generic tumulus permissible concentrations in waste for the indicator radionuclides 
compared with NRC limits for radionuclides in Class A wastes and the performance 
assessment results for four sites. (Part 4 of 4) 
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H-3 
Comparisons of permissible waste concentrations estimated in the PEs and LLW 

performance assessments and the NRC limits in Class A LLW for H-3 are shown in Figure 7-3 (a). 
The permissible concentrations for tritium, based on the PE, are limited by the intrusion pathway 
at all sites except ORR, where the water pathway is limiting. The atmospheric pathway 
concentrations are one to two orders of magnitude larger (less restrictive) than the intrusion 
concentrations. The water pathway concentrations are even higher, with several sites (LLNL, 
NTS, SNL, LANL, Pantex, and WVDP) having no limit for this radionuclide for this pathway due 
to its relatively rapid decay (Table 7-8). As may be noted, the NRC limit for this radionuclide in 
Class A waste is very similar to the PE intrusion limit. 

The permissible concentrations estimated by the PEs for this radionuclide are within one 
or two orders of magnitude of those from the LLW performance assessments at Hanford, INEL, 
and ORR for both the water pathway and intruder concentrations. A comparison has not been 
made for SRS because of difficulty in interpreting the performance assessment. The PE 
concentrations for the water pathway are more conservative (i.e., lower) than the performance 
assessment results with the best comparison occurring at INEL and the poorest at ORR. The PE 
concentrations for the intrusion pathway match those derived on the basis of the performance 
assessments within an order of magnitude. 

C-14 
Comparisons of the permissible waste concentrations estimated in the PEs and LLW 

performance assessments and the NRC limits in Class A LLW for C-14 are shown in 
Figure 7-3(b). The permissible waste concentrations for this radionuclide are limited by the 
atmospheric pathway at most of the arid sites and one of the humid sites. The water pathway 
limits concentrations at RFETS, ANLE, FEMP, PORTS, ORR, SRS, and WVDP. Intrusion is 
not the limiting pathway for any site. The NRC Class A waste limit is a factor of 13 higher than 
the PE intruder concentrations. 

The estimated waste concentration limits based on the PE analysis for the water pathway 
are within one or two orders of magnitude of those derived through the LLW performance 
assessments at Hanford, INEL, and ORR; a comparison has not been made for SRS. The PE 
estimates for the water pathway are more conservative (i.e., lower) than the performance 
assessment results, with the best comparison occurring at INEL and the poorest at ORR. The PE 
intrusion scenario estimates match the performance assessment estimates favorably to within an 
order of magnitude. 

Sr-90 and Cs-137 

Comparisons of the estimated permissible waste for Sr-90 and Cs-137 are shown in 
Figure 7-3 (c) and (e). The intruder pathway limits the permissible waste concentrations for Sr-90 
and Cs-137 at all sites because the concentrations based on the water pathway are unlimited. In 
both cases, the concentration limit based on the PE analysis for the intruder scenario agrees with 
the NRC Class A concentrations limit within a factor of three for these radionuclides. 
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The permissible concentrations for the water pathway based on the PE estimates and the 
performance assessments at Hanford, INEL, ORR, and SRS are not limited because the long 
travel times relative to the half-lives for these radionuclides cause them to decay to insignificant 
levels at the performance boundary. The permissible concentrations for the intruder scenarios 
based on performance assessments are within an order of magnitude of the PE estimates for Sr-90 
at Hanford and ORR and for Cs-137 at ORR. The permissible concentrations for intrusion based 
on performance assessments are within two orders of magnitude for Sr-90 at INEL and for 
Cs-137 at Hanford and INEL. 

7c-99 
Comparisons of the estimated permissible waste concentrations for Tc-99 are shown in 

Figure 7-3(d). The permissible concentrations for this radionuclide are limited by the water 
pathway at all sites except NTS, where the radionuclide arrives at the performance boundary 
beyond 10,000 y. In general, the concentration limits for the water pathway are more restrictive 
at the humid sites than at the arid sites. The NRC limit for this radionuclide in Class A LLW is 
about an order of magnitude higher than the PE intruder concentrations. 

The permissible concentrations for the water pathway based on the performance 
assessments at Hanford, ESfEL, and SRS are within about an order of magnitude of the PE 
estimates. The estimate based on the performance assessment at ORR is a factor of about 50 
higher than the PE estimate. In all cases where both sets of estimates are available, the PE 
estimates are more restrictive. The permissible concentrations for the intruder scenarios based on 
the performance assessments at Hanford, INEL, ORR, and SRS are within an order of magnitude 
of the PE estimates. 

U-238 
Comparisons of the estimated permissible waste concentrations for U-238 are shown in 

Figure 7-3(f). The permissible waste concentrations for U-238 are limited by intrusion at the arid 
sites (except for Hanford) and at a few humid sites (WVDP and ANLE) because the radionuclide 
arrives at the performance boundary beyond 10,000 y for the water pathway and is not considered 
in determining the permissible concentration at these sites. The water pathway limits the 
permissible concentrations for this radionuclide at Hanford due to the high mobility assumed at 
that site. The water pathway for U-238 is limiting at the remaining humid sites due to its 
moderate mobility and short travel times. In general, the permissible waste concentrations for this 
radionuclide are low at all sites. The concentration limits for the water pathway are more 
restrictive than the intruder limits at the humid sites by one to two orders of magnitude. No NRC 
Class A waste limit is specified for U-238. 

The permissible concentrations for the water pathway based on the performance 
assessments at Hanford and INEL are within about an order of magnitude of the PE estimates. 
The estimate based on the performance assessment at ORR is a factor of about 50 higher than the 
PE estimate. In all cases where both sets of estimates are available, the PE estimates are more 
restrictive. An estimate of the permissible concentration for the water pathway from the 
performance assessment at SRS has not been made because of difficulty in interpreting the 
performance assessment. The permissible concentrations for the intruder scenarios based on the 
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performance assessments at Hanford, INEL, ORR, and SRS are within about an order of 
magnitude of the PE estimates. 

Pu-239 
Comparisons of the estimated permissible waste concentrations for Pu-239 are shown in 

Figure 7-3 (g). In general, the permissible waste concentrations for this radionuclide are limited by 
intrusion because Pu-239 arrived at the performance boundary beyond 10,000 y for the water 
pathway at all sites but ORR. At ORR, the water pathway limited Pu-239 due to the high 
mobility assumed at that site, with the water pathway concentration limit being more than two 
orders of magnitude lower than that for intrusion. The estimated NRC limit for this radionuclide 
in Class ALLW is within an order of magnitude of the estimate derived through the PE intruder 
scenario. 

The estimated permissible concentrations for the water pathway based on the performance 
assessments at Hanford and INEL are also based on arrival at the performance boundary beyond 
10,000 y and are not shown. At ORR, the estimate based on the LLW performance assessment is 
a factor of about 50 higher than the PE estimate. An estimate of the permissible concentration for 
the water pathway from the performance assessment at SRS has not been made because of 
difficulty in interpreting the performance assessment. The permissible concentrations for the 
intruder scenarios based on the performance assessments are within about an order of magnitude 
of the PE estimates at all four sites. 

Am-241 
Comparisons of the estimated permissible concentrations for Am-241 are shown in 

Figure 7-3 (h). The permissible waste concentrations for this radionuclide are limited by intrusion 
at all sites but ORR, although by only slightly at RFETS, ANLE, and PORTS. At ORR, Am-241 
was limited by the water pathway due to the assumption of high mobility at that site, with the 
permissible waste concentration limit for the water pathway being over two orders of magnitude 
more restrictive than that for the intruder scenario. The estimated NRC limit for this radionuclide 
in Class A waste is within an order of magnitude of the PE intruder concentrations. 

The permissible concentrations for the water pathway based on the performance 
assessments at Hanford and INEL are also based on estimated arrival at the performance 
boundary beyond 10,000 y and are not shown. At SRS, the estimate based on the LLW 
performance assessment is a factor of 2 higher than the PE estimate. At ORR, the estimate based 
on the LLW performance assessment is a factor of about 50 higher that the PE estimate. The 
permissible concentrations for the intruder scenarios based on the performance assessments are 
within about an order of magnitude of the PE estimates at Hanford, INEL, and ORR, while the 
estimate based on the performance assessment at SRS was approximately two orders of 
magnitude higher than the PE estimate. 
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7.5.2 Individual Radionuclides 

The indicator radionuclides are useful for discussing the basis for the trends in limiting 
pathways at the 15 sites. With this basis, a summary of the limiting pathways for all 58 
radionuclides at the 15 sites is now presented. The number of the 58 radionuclides controlled by 
the water and atmospheric pathways and intrusion scenarios for the 15 sites is shown in 
Figure 7-4. This figure confirms the previous observation that the permissible waste 
concentrations for disposal of most radionuclides at arid sites are predominantly limited by 
intrusion scenarios. In contrast, the water pathway is limiting for a significant number of 
radionuclides at most humid sites, the exceptions being ANLE and WVDP. 

The radionuclides limited by the water and atmospheric pathways for both the generic 
trench and tumulus are shown in Table 7-10 for the 15 sites. All blank cells and radionuclides not 
listed are limited by the intrusion pathway. Analysis of this table shows the following: 

Tritium (H-3) is limited by the water pathway at Hanford, RFETS, and the humid sites 
(except WVDP) for the generic trench and at ORR and SRS for both the generic trench and 
tumulus. At all other sites the generic tumulus detains this radionuclide for a sufficient period of 
time to make the limiting permissible waste concentration that based on evaluations of the 
intruder scenarios. 

For both the generic trench and tumulus designs, the atmospheric pathway is limiting for 
C-14 at all arid sites except RFETS; the water pathway is limiting for C-14 at all humid sites 
except PGDP. 

The water pathway is limiting for Tc-99 at all sites but one for both the generic trench and 
tumulus designs. The exception is NTS, which is assumed to have no water pathway. 

Several radionuclides (Cl-36, K-40, Pd-107,1-129, U-233, U-234, U-235, U-236, U-238, 
and Np-237) are limited by the water pathway at most humid sites for both the generic trench and 
tumulus designs. These radionuclides are long-lived and relatively mobile in the environment. 
Several other radionuclides are limited by the water pathway at selected sites. 

Fourteen radionuclides not listed in Table 7-10 (Al-26, Co-60, Ni-63, Sr-90, Ag-108m, 
Cd-113m, Sn-121m, Ba-133, Cs-137, Sm-151, Eu-152, Eu-154, Pb-210, and Ra-228) are limited 
by intrusion at all sites. These results are due to either (1) high radionuclide Kj values in soil that 
cause arrival at the performance boundary beyond 10,000 y or (2) a combination of short half-life 
and medium to high radionuclide Kj values in soil that cause significant decay prior to reaching 
the performance boundary. This being the case, disposal of these radionuclides is possible at all 
15 sites with the same permissible waste concentration. 
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Figure 7-4. Number of radionuclides limited by the water and atmospheric pathways and intrusion scenarios (tumulus design). 



Table 7-10. Radionuclides Limited by the Water Pathway for the Generic Trench Only (o), for Both the 
Generic Trench and Tumulus (•), and for the Atmospheric Pathway for Both Facility Types (x) 

Nuclide* 

Arid Sites H Humid Sites 

Nuclide Nuclide* 

LL
NL

 

Ha
nfo

rd
 b 

CO 

5 £ RF
ET

S 

SN
L 

LA
NL

 

Pa
nte

x 

AN
LE

 

PG
DP

 

FE
MP

 

PO
RT

S 

OR
R 

SR
S 

c 
a. o Nuclide 

H-3 0 0 0 0 0 0 • H-3 
C-14 X X X X • X X X • xd C-14 

Si-32 e Si-32 
CI-36 • • 0 • • • • - CI-36 
K-40 • • 0 • • • • K-40 
Ni-59 0 - Ni-59 
Se-79 • 0 0 • - Se-79 
Zr-93 . Zr-93 
Nb-93m - Nb-93m 
Nb-94 0 - Nb-94 
Tc-99 • Tc-99 
Pd-107 0 • • - Pd-107 
Sn-126 0 . Sn-126 
1-129 • • • 1-129 
Cs-135 • 0 0 - Cs-135 
Ra-226 0 - Ra-226 
Th-229 . Th-229 
Th-230 - Th-230 
Th-232 . Th-232 
Pa-231 • - Pa-231 
U-232 U-232 
U-233 U-233 
U-234 U-234 
U-235 U-235 
U-236 U-236 
U-238 U-238 
Np-237 • • . Np-237 
Pu-238 Pu-238 
Pu-239 0 Pu-239 
Pu-240 0 Pu-240 
Pu-241 0 0 0 . Pu-241 
Pu-242 0 . Pu-242 
Pu-244 0 - Pu-244 
Am-241 0 0 0 Am-241 
Am-243 - Am-243 
Cm-243 0 - Cm-243 
Cm-244 0 . Cm-244 
Cm-245 - Cm-245 
Cm-246 - Cm-246 
Cm-247 . Cm-247 
Cm-243 . Cm-248 
Cf-249 - Cf-249 
Cf-250 - Cf-250 
Cf-251 - Cf-251 
a Fourteen radionuclides not listed—all intruder limited (Al-26, Co-60, Ni-63, Sr-90, Ag-108m, Cd-113m, Sn-121m, Ba-133, Cs-137, Sm-151, 

Eu-152. Eu-154, Pb-210, and Ra-228). 
b No water pathway analysis was performed at this site, 
c Only 18 on-site radionuclides were evaluated, 
d Trench is limited by the water pathway, 
e "-" indicates radionuclide not evaluated at this site 
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An additional seventeen of the 58 radionuclides (Si-32, Ni-59, Zr-93, Nb-93m, Nb-94, 
Ra-226, Th-229, Th-230, Th-232, Am-243, Cm-245, Cm-246, Cm-247, Cm-248, Cf-249, 
Cf-250, and Cf-251) are limited by intrusion at 14 of the 15 sites. These results are due to either 
(1) high radionuclide Kj values in soil that cause arrival at the performance boundary beyond 
10,000 y or (2) a combination of short half-life and medium to high radionuclide Rvalues in soil 
that cause significant decay prior to reaching the performance boundary. The water pathway 
limits Si-32, Zr-93, and Nb-93m at SRS; Ni-59, and Ra-226 at PORTS; and Nb-94, Am-243, and 
the radioisotopes of thorium, curium, and californium at ORR. Based on the PE results, the 
limiting concentrations for disposal of these 17 radionuclides at 14 of the 15 sites are those based 
on the intruder pathway. 

An additional 9 of the 58 radionuclides (Sn-126, Pa-231, U-232, Pu-239, Pu-240, Pu-242, 
Pu-244, Cm-243, and Cm-244) are limited by intrusion at 13 of the 15 sites. The water pathway 
limits Sn-126 at PORTS and ORR; Pa-231 at Hanford and SRS; U-232 at Hanford and FEMP; 
and the radioisotopes of plutonium and curium at ORR and SRS. These results are due to either 
(1) high radionuclide Kj values in soil that cause arrival at the performance boundary beyond 
10,000 y or (2) a combination of short half-life and medium to high radionuclide^ values in soil 
that cause significant decay prior to reaching the performance boundary. Thus, the PE results 
indicate that in the case of these 9 radionuclides, the permissible waste concentrations are based 
on the intruder scenarios at 13 of the 15 sites. 

For the humid sites, a larger number of radionuclides are limited by the generic 
trench design than by the tumulus design. This indicates that the tumulus design is more effective 
than the trench design at such sites. However, at some of these sites the shallow depth of the 
groundwater precludes subsurface (i.e., trench) disposal. 

At NTS, 57 of the 58 radionuclides are limited by the intrusion pathway, and C-14 is 
limited by the atmospheric pathway; the water pathway was not evaluated. The NTS has the 
highest overall permissible waste concentrations (based on technical considerations) of the 15 
sites evaluated. 

At LLNL, SNL, LANL, and Pantex, 56 of the 58 radionuclides are limited by intrusion, 
C-14 is limited by the atmospheric pathway, and Tc-99 is limited by the water pathway. The 
differences in disposal performance at these four sites are almost indistinguishable using the PE 
methodology. The permissible waste concentrations are only slightly lower than at NTS where 
the water pathway is virtually non-existent. 

At Hanford, all the uranium isotopes are limited by the water pathway due to its assumed 
high environmental mobility at that site. 

At ORR, 35 of the 58 radionuclides are limited by the water pathway for both the generic 
trench and tumulus designs and one radionuclide is limited by the water pathway for the generic 
trench design. The ORR site has the most restrictive permissible waste concentrations of the 15 
sites. 
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At SRS, 19 of the 58 radionuclides are limited by the water pathway for both the generic 
trench and tumulus and an additional 8 radionuclides are limited by the water pathway for the 
generic trench. Thirteen of the 58 radionuclides are limited by the water pathway for both the 
generic trench and tumulus at FEMP and PORTS, and an additional 2 and 7 radionuclides are 
limited by the water pathway for the generic trench at FEMP and PORTS, respectively. At 
PGDP, 10 of the 58 radionuclides are limited by the water pathway for both the generic trench 
and tumulus and an additional 3 radionuclides are limited by the water pathway for the generic 
trench. These results provide an indication of the increased effectiveness of a tumulus facility at 
these humid sites. Of course, at some of these sites, the shallow depth of groundwater precludes 
subsurface (i.e., trench) disposal. 

7.6 DISCUSSION 

The effects of the major assumptions in the conceptual models used in the PE and the 
parameter sensitivity analyses for the models are discussed in Chapter 6 of this volume. 
Highlights of that chapter are summarized below. 

7.6.1 Conceptual Model Assumptions 

As shown in Section 7.5.1, many of the assumptions used in the PE result in permissible 
waste concentrations at the various sites that, in general, are more restrictive (lower) than those 
produced through the detailed performance assessment analyses. The one exception is INEL 
where the performance assessment limit for H-3 in the case of the intruder scenario is an order of 
magnitude more restrictive than the PE limit. However, despite this conservatism, as shown in 
Figure 7-4 the majority of the 58 radionuclides at all sites except ORR are limited by the assumed 
intrusion scenarios and not the water pathway. This result indicates that, in general, more detailed 
water pathway analyses might not be necessary for many radionuclides at most sites because the 
intruder scenario results are more limiting. However, results from intruder scenarios should be 
evaluated carefully because future social behavior, and intrusion scenarios, are resistant to 
prediction. 

7.6.1.1 AH Pathways and Scenarios 

Major assumptions used in the PE that affect estimates of the permissible waste 
concentrations based on analyses of the water pathway, the atmospheric pathway, and the intruder 
scenarios include (1) the anticipated performance of the waste form and (2) the anticipated 
performance of the engineered barriers. 

Although the PE considered a grouted waste form, performance of other waste forms can 
be easily substituted into the PE methodology provided representative data describing the 
performance of the specified waste form are available (see Chapter 6 of Volume 2). Vitrified 
waste and debris waste represent two potential alternative waste forms. Near surface disposal of 
a vitrified waste form would likely result in permissible waste concentrations, based on water 
pathway analyses, that are several orders of magnitude higher than those resulting from grouted 
wastes. These higher concentrations are due to the much smaller quantities of radionuclides 
anticipated to be present in the leachate from vitrified waste. In addition, the process of vitrifying 
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MLLW would likely volatilize several radionuclides (e.g., H-3, C-14). Although this process may 
present an additional health risk to workers, the intrusion scenarios might have fewer health 
effects because of greater difficulty intruding into glass than into concrete as well as differences in 
particle sizes likely to be generated. 

In terms of the water pathway and the intruder scenarios, assumptions about the 
performance of engineered barriers primarily affect the short-lived radionuclides. Because such 
radionuclides are generally limited by the post-drilling intrusion scenario, which is assumed to 
occur at 100 y after disposal (the assumed period of institutional controls), the permissible waste 
concentrations for shorter-lived radionuclides would increase if longer-duration engineered 
barriers could be justified. 

Performance of engineered barriers is difficult to justify for more than a few hundred to a 
few thousand years for several reasons: the long-term performance of concrete or grout is not 
well known and the dilution credit for grouted wastes will likely change; vault technologies may 
be more or less robust; and the performance of the leachate collection/drainage systems is largely 
ignored. Because little is known about the long-term performance of the waste form and disposal 
technology, relatively short time periods are used in the analyses of these features. 

7.6.1.2 Water Pathway 

The site-specific conceptual models and associated parameters for the PE water pathway 
analysis were developed through close interactions with the site technical staff. The models and 
parameters were subsequently reviewed by the project's Internal Review Team and Senior 
Review Panel. The PE analyses are simplified representations of site behavior using a number of 
conservative assumptions relative to the transport of the radionuclides. The PE methodology 
assumes that the peak concentrations of radionuclides in the groundwater can only be reduced by 
dilution of the leachate by the groundwater and through radioactive decay. The major 
assumptions used in the water pathway analysis relate to: (1) solubility constraints, 
(2) continuous source, (3) sorption effects, (4) fractured flow, and (5) dilution due to regional 
recharge. The effects of each are summarized below. 

The highest aqueous concentrations of radionuclides are in the leachate exiting the 
disposal facility (determined by the ratio of radionuclide concentration in the grout to the 
CRFsource [which is related to the grout Kj]). Leachate concentrations may be limited by the 
solubility of the radionuclides—a mechanism not considered in the PE analysis. Incorporating the 
effects of solubility into the analysis might increase some permissible radionuclide concentrations 
in the waste relative to those estimated in the PE. These increases could occur because the 
solubility constraint would prevent increases in leachate concentrations proportional to 
radionuclide concentrations in waste. 

The highest radionuclide concentrations in leachate from among the 15 sites were 
compared with estimates of solubility limits for the indicator radionuclides. For about half of the 
indicator radionuclides (Cs-137, U-238, and Pu-239), the solubility limit was lower than the 
leachate concentration assumed in the PE (see Table 6-2). The concentrations for Cs-137 is 
unlimited for the water pathway at most sites, so application of solubility limits does not provide 
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higher limits. For U-238 and Pu-239, the solubility limit is about 50 and 5 times lower, 
respectively, than the leachate concentration, indicating that, for the water pathway, consideration 
of solubility limits would increase the permissible waste concentrations for these radionuclides and 
is therefore conservative. Because solubility limits are dependent on the chemical composition of 
the leachate and groundwater, especially for uranium and plutonium, the values used elsewhere 
may be different than those discussed here. 

The continuous-source assumption provides minor conservatism when compared to a 
finite-duration source because it allows dispersion effects to be ignored. This assumption has also 
been used because the radionuclide inventories needed for estimating the duration of release from 
the disposal facility at each site are not known. Compared with the LLW performance 
assessment at INEL that included dispersion but otherwise used an analysis similar to the PE, the 
PE permissible waste concentrations are about 15% lower (more conservative). Effects may be 
different at other sites. 

Sorption is treated with a linear and reversible equilibrium mechanism in the PE. This 
treatment results in retardation of the radionuclides but no concentration attenuation except by 
decay because a continuous source is assumed. The linear and reversible equilibrium mechanism 
is a common way to treat sorption in performance assessments, although other mechanisms have 
been used (e.g., partially reversible sorption, kinetically limited sorption). The approach use in the 
PE provides conservative results relative to these other sorption models. 

Fracture flow and flow through preferential flow paths are treated conservatively by 
(1) assuming that the vadose zone in the PE is equal to the non-fractured portion or non-
preferential flow path portion only and (2) combining the fractured porosity with the matrix 
porosity as an effective porous media in the saturated zone. The vadose zone method is 
consistent with the approach used in the LLW performance assessment at INEL. The saturated 
zone method is commonly used in performance assessments. Fractured flow was assumed to 
occur at LANL, ORR, and ANLE. 

While dilution due to mixing of leachate with uncontaminated groundwater is included in 
the analysis, dilution of radionuclide concentrations in the saturated zone by regional recharge is 
not considered in the PE. Dilution of contaminants in the saturated zone due to regional recharge 
can increase the permissible waste concentrations slightly. Ignoring this mechanism represents a 
conservatism in the PE. Humid sites with high recharge relative to groundwater flow and low 
CRFwater values would benefit most from dilution from regional recharge, although the effect 
would be minor. 

7.6.1.3 Atmospheric Pathway 

Two major assumptions are used to develop the conceptual model of the atmospheric 
pathway: (1) vapor diffusion is used as a surrogate for other transport processes and (2) the 
radionuclides for which analyses were performed were restricted to those with a volatility and 
chemical form that made them candidates for airborne release. 
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Of the many potential processes for transporting radionuclides from a disposal facility to 
the soil surface (e.g., gas and vapor diffusion, desiccation cracks, erosion, plant root uptake, and 
burrowing animals), only vapor diffusion is used in the PE to evaluate the atmospheric releases. 
Conservative parameter values have been used in the PE models for gas and vapor diffusion to 
attempt to capture the uncertainty of representing other transport mechanisms. 

Only two radionuclides (H-3 and C-14) were evaluated in terms of the atmospheric 
pathway. One hundred years of detention in the disposal facility is assumed prior to their release. 
The radionuclide H-3 must become associated with water vapor and migrate from the 
hygroscopic Portland cement-based grouted waste, and C-14 must be transformed into an acid 
gas (CO2) (a form unlikely to exist in the near future in the high pH environment associated with 
grouted waste) prior to its migration from the disposal facility. The assumed RCRA-compliant 
liner and cover systems also present barriers to migration of the volatile radionuclides. Therefore, 
the 100-y time period used in the analysis may be reasonable. Because it is short-lived, H-3 will 
decay to insignificant levels after a period of 100 y or more. In contrast, because C-14 is long-
lived, detention times in this range, and even longer, will have little effect on the permissible 
concentrations for this radionuclide. 

7.6.1.4 Intruder Scenarios 

Two major assumptions were made in the conceptual model used for estimating the 
permissible waste concentrations based on intrusion: (1) the identification and selection of the 
scenarios assumed to be applicable; and (2) the time at which intrusion is assumed to occur. The 
selection of applicable scenarios is largely a matter of policy. However, the scenarios selected for 
this analysis are based on those used by NRC (1982) and by DOE (ORNL, 1994 and MMES et 
al., 1994). 

For the purposes of the PE, the homesteader and post-drilling scenarios are assumed to 
occur at all sites. However, it is recognized that, under some conditions, the homesteader 
scenario may not be credible. For example, when disposal of the waste is below grade at a depth 
sufficient to preclude intrusion for the construction of a basement, this particular scenario is 
unrealistic. For these situations, the post-drilling intrusion scenario is used to estimate the 
permissible waste concentrations for intrusion. The net effect is that the permissible waste 
concentrations for disposal of radionuclides in the generic trench and tumulus designs are 
increased for 47 and 43 of the 58 radionuclides, respectively. For the medium- and longer-lived 
radionuclides, these increases range up to three orders of magnitude; the permissible 
concentrations for the shorter-lived radionuclides are already limited by the post-drilling scenario. 

The time of intrusion for the homesteader scenarios is 300 y and 500 y for the generic 
trench and tumulus designs, respectively, while it is generally 100 y for the post-drilling scenario 
for both facility designs. Assuming that the homesteader scenario occurs at 100 y instead of 
300 y and 500 y for the generic trench and tumulus facilities, respectively, causes the shorter-lived 
radionuclides to have reduced permissible waste concentrations by up to three orders of 
magnitude relative to the post-drilling scenario, which, as previously stated, generally limits the 
permissible concentration for the shorter-lived radionuclides. The permissible concentrations for 
the longer-lived radionuclides are minimally affected by this change of intrusion times. 
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7.6.2 Parameter Sensitivity Analyses 

A discussion of the parameter sensitivity analysis for the water and atmospheric pathways 
and intrusion scenarios is presented in Chapter 6 of this volume. The effects of changes in the 
values for the most sensitive parameters on the permissible concentrations are further analyzed in 
each chapter in Volume 3. The overall results of these analyses can be summarized as follows. 

Changes to five parameters in the water pathway were shown in Chapter 6 to provide 
potentially significant changes in the estimated permissible concentrations: grout distribution 
coefficients, Kj*; annual recharge at a site, i; groundwater Darcy velocity at a site, q^\ plan area 
of the disposal facility, A; and soil distribution coefficients, Kj. The results were relatively 
insensitive to the remaining parameters due to either (1) limitations on the physical range of the 
parameter (e.g., bulk density and porosity) or (2) a high degree of certainty in the measured value 
(e.g., thickness of the vadose zone). 

The radionuclide-specificK,/3 values are assumed to be the same at all sites so that 
changes in this parameter will cause identical changes at all sites. The site-specific impacts of 
changes in the remaining four parameters are presented in the site chapters with respect to 
changing limiting permissible waste concentrations from/to the water pathway to/from the 
intrusion scenario or atmospheric pathway. Sensitivity analyses showed that, for all sites, large 
variations in any single parameters were required to change the pathway that was limiting in terms 
of permissible waste concentrations. 

The two most important parameters in the water pathway calculations are the natural 
recharge and the .£/values of radionuclides in the subsurface media; both parameters affect the 
travel time of radionuclides. Because of the 10,000-y limiting performance period used in the PE 
analysis, Kj values used for those radionuclides that do not arrive at the performance boundary 
until after 10,000 y can be very important. For example, U-238 and Pu-239 do not reach the 
performance boundary in the groundwater at SNL before 10,000 y. Sensitivity analysis shows 
that the-Krf values of U-238 and Pu-239 in the subsurface soils must be lowered from 35 mL/g 
and 550 mL/g, respectively, to 0.75 mL/g to decrease the travel time to less than 10,000 y. 
Another example is Tc-99 at LLNL, where the water pathway is the controlling pathway when an 
recharge of 0.025 m/y is assumed. Sensitivity analysis shows that the natural recharge would 
have to decrease to 0.0018 m/y, more than an order of magnitude, for the intrusion pathway to 
control the permissible concentration for this radionuclide. 

The atmospheric pathway was designed to provide estimates of permissible concentrations 
as a surrogate for a variety of mechanisms (e.g., burrowing animals, bio-intrusion, and desiccation 
cracks), and many of the parameters used in the analysis are based on literature values. Due to 
the generic nature of the analysis, the sensitivity analysis shows that no reasonable site-specific 
parameter changes would significantly change the results. 

A generic, mostly site-independent approach to intrusion analysis has been adopted in the 
PE analysis. Consequently, on the basis of these analyses, the permissible waste concentration for 
each radionuclide is the same at all sites regardless of site-specific conditions except at SRS. At 
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that site, the post-drilling intrusion scenario was modified to reflect local drilling conditions. The 
sensitivity analysis for the intrusion scenarios provided information on the most significant 
exposure pathways (e.g., inhalation; ingestion of water, agricultural products, and soil; external 
exposure) for the various radionuclides. Increasing the values of the parameters to their 
reasonable upper bounds based on physical limitations or constraints resulted in changes to the 
permissible radionuclide concentrations in waste of factors less than or equal to five for the 
indicator radionuclides. The largest changes to the permissible radionuclide concentrations in 
waste resulted from changes in the mixing fraction (the ratio of exhumed waste mixed with clean 
soil). 

7.6.3 Comparison of the PE with LLW Performance Assessments 

Appendix A of Volume 3 compares the results of the PE analyses to the results from site-
specific performance assessments at INEL, Hanford, ORR, and SRS. While the performance 
assessments attempt to be conservative representations of actual site behavior, the PE water 
pathway analyses provide more conservative (i.e., lower) permissible waste concentrations than 
the performance assessments due to the simple and conservative transport assumptions used in the 
PE. For example, non-equilibrium sorption models were used in the performance assessments at 
ORR and Hanford for the transport in the vadose zone. Because using these models leads to 
additional attenuation of the peak radionuclide concentrations that are not reflected in the PE 
calculations, the estimates associated with the PE tend to be more conservative. 

A summary of the comparison of the permissible waste concentrations in the PE and LLW 
performance assessments is shown in Table 7-11 for radionuclides arriving at the performance 
boundary before 10,000 y along with the differences in transport mechanisms used in the two 
analyses. The PE estimated concentrations for the water pathway are within two orders-of-
magnitude of the performance assessment results for all radionuclides, and less than one order of 
magnitude for most radionuclides, at a few sites despite the differences in the methodologies. The 
use of multiple transport mechanisms in the performance assessments generally resulted in the 
largest differences between the PE and performance assessment results. 

As demonstrated in Appendix A of Volume 3, the PE analysts were able to reproduce the 
performance assessment results when the performance assessment assumptions were incorporated 
into the PE analyses. This agreement between the PE and performance assessments results should 
not be viewed as a validation of the PE or the performance assessment analyses. The PE 
conceptual models were based largely on the performance assessment conceptual models at these 
sites, and many of the same parameters were used in both analyses. The PE analyses can be 
viewed as a conceptual and mathematical simplification of the more sophisticated and complicated 
performance assessment computer codes; similar results can be reproduced with simple analyses 
using the same conceptual models. 
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Table 7-11. Comparison of the Permissible Waste Concentrations and Assumptions in the PEs 
and LLW Performance Assessments for the Water Pathway 

Performance 
Assessment 

Site 

Ratio of Value from 
Performance Assessment 

to PE Value for Cw 

Additional Transport Mechanisms Used in the 
Performance Assessment 

Hanford 10-20 • Non-equilibrium sorption used in the vadose zone. 
• Longitudinal dispersion used in the vadose and 

saturated zones. 
• Dilution due to mixing with ambient water in the 

vadose zone. 
INEL 1-1.2 • Longitudinal dispersion used in the vadose and 

saturated zones. 
• Dose from decay products not considered. 

ORR 20-50 • Non-equilibrium sorption used in the vadose zone. 
• Dilution due to mixing with regional recharge water 

in the saturated zone. 
• Longitudinal dispersion used in the saturated zone. 

SRS 1-10 • Constant source due to solubility constraints for 
uranium and plutonium. 

The intruder analyses used in the PE are generally based on the methods presented in the 
ORR and SRS performance assessments. As shown in Appendix A of Volume 3, the PE waste 
concentration limits are similar to those derived on the basis of performance assessments for these 
two sites. Additionally, the PE estimated concentrations are generally similar to those derived 
from the performance assessments for the intruder scenarios at INEL and Hanford. 

7.7 OBSERVATIONS 

Many factors are important in developing and comparing MLLW disposal options, 
including selection of waste treatment and stabilized waste form, disposal facility design, 
distributive equity, transportation risks and costs, and social and political factors. As applied here, 
the PE is a simple, scoping-level analysis which primarily provides technical information on the 
relative capability of 15 DOE sites to dispose of 58 radionuclides in generic trench and tumulus 
facilities. Additionally, these facilities are assumed to satisfy the relevant design requirements of 
RCRA for the hazardous constituents of the MLLW. 

The observations based on the analyses contained in this report are grouped into four 
categories: (1) site performance, (2) radionuclide performance, (3) sensitivity of results, and 
(4) comparisons with other relevant analyses. The 15 sites analyzed in this report are classified as 
"arid" or "humid" according to their climatological characteristics. The sites classified as arid are 
LLNL, Hanford, NTS, INEL, RFETS, SNL, LANL, and Pantex. The sites classified as humid are 
ANLE, PGDP, FEMP, PORTS, ORR, SRS, and WVDP. 
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Site Performance 
• At the arid sites, the permissible waste concentrations for most radionuclides are limited by 

the intruder pathway because the travel times to the performance boundary for the water 
pathway are generally sufficient to allow (1) significant radioactive decay for the short-lived 
radionuclides and (2) arrival beyond the performance period of 10,000 y for all but the long-
lived, highly mobile radionuclides. 

• At most humid sites, the permissible waste concentrations for many radionuclides are limited 
by the intruder pathway because the travel times to the performance boundary for the water 
pathway are generally sufficient to allow (1) significant radioactive decay for the less-mobile, 
short-lived radionuclides and (2) arrival beyond the performance period of 10,000 y for all but 
the few long-lived, mobile radionuclides. 

• At NTS, 57 of the 58 radionuclides are limited by the intrusion pathway, and C-14 is limited 
by the atmospheric pathway. The water pathway was not analyzed at this site because it was 
not considered a credible pathway due to the extremely arid nature of the site and the large 
depth to groundwater. The NTS has the highest overall permissible waste concentrations 
(based on technical considerations) of the 15 sites evaluated. 

• At LLNL, SNL, LANL, and Pantex, 56 of the 58 radionuclides are limited by intrusion, C-14 
is limited by the atmospheric pathway, and Tc-99 is limited by the water pathway. The 
differences in disposal performance at these four sites are almost indistinguishable using the 
PE methodology. The permissible waste concentrations are only slightly lower than at NTS 
where the water pathway is virtually non-existent. 

• At Hanford, the PE results suggest that all the uranium isotopes are limited by the water 
pathway due to the observed high mobility of these isotopes at that site. However, uranium 
generally has low solubility, and including consideration of solubility limits may change this 
result. 

• At ORR, 35 of the 58 radionuclides are limited by the water pathway for both the generic 
trench and tumulus designs, and one radionuclide is limited by the water pathway for the 
generic trench design. Based on the analysis in the PE, ORR has the most restrictive 
permissible waste concentrations of the 15 sites for radioactive waste disposal. 

• At SRS, 19 of the 58 radionuclides are limited by the water pathway for both the generic 
trench and tumulus designs, and an additional 8 radionuclides are limited by the water 
pathway for the generic trench design. The remaining radionuclides were limited by intrusion. 

• At FEMP and PORTS, 13 of the 58 radionuclides are limited by the water pathway for both 
the generic trench and tumulus designs; an additional 2 and 7 radionuclides are limited by the 
water pathway for the generic trench design at FEMP and PORTS, respectively. At PGDP, 
10 of the 58 radionuclides are limited by the water pathway for both the generic trench and 
tumulus designs, and an additional 3 radionuclides are limited by the water pathway for the 
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generic trench design. The remaining radionuclides were limited by intrusion except C-14 in 
the generic tumulus at PGDP, where this radionuclide is limited by the atmospheric pathway. 

• At the humid sites, more radionuclides are limited by the water pathway than at the arid sites. 
This suggests that the longer containment provided by the tumulus design is of special benefit 
at these locations because fewer radionuclides are limited by this pathway than for the trench 
design. It should be noted, also, that at some of these sites the shallow depth of the 
groundwater precludes subsurface (i.e., trench) disposal. 

Radionuclide-Specific Performance 
• Tritium (H-3) is limited by the water pathway at Hanford, RFETS, and the humid sites 

(except WVDP) for the generic trench design and at ORR and SRS for the both the generic 
trench and tumulus designs. At most sites, the generic tumulus design provides sufficient 
detention for disposal of H-3 at the intruder concentration limit. Tritium is not limited by the 
atmospheric pathway at any of the sites. 

• For both the generic trench and tumulus designs, the atmospheric pathway is limiting for C-14 
at all arid sites except RFETS; the water pathway is limiting for C-14 at all humid sites except 
PDGP. The limiting concentrations for C-14 based on the water pathway or atmospheric 
pathway are generally within an order of magnitude at all sites. 

• The water pathway is limiting for Tc-99 at all sites but one for both the generic trench and 
tumulus designs. The exception is NTS, which is assumed to have no water pathway. This is 
due to its high mobility and long half-life. In general, the permissible waste concentrations for 
this radionuclide are moderately higher at the arid sites than at the humid sites; at NTS, the 
permissible concentration is significantly higher. 

• Several radionuclides (Cl-36, K-40, Pd-107,1-129, U-233, U-234, U-235, U-236, U-238, and 
Np-237) are limited by the water pathway at most humid sites for both the generic trench and 
tumulus designs. These radionuclides are long-lived and relatively mobile in the environment. 

• Fourteen of the 58 radionuclides (Al-26, Co-60, Ni-63, Sr-90, Ag-108m, Cd-113m, Sn-121m, 
Ba-133, Cs-137, Sm-151, Eu-152, Eu-154, Pb-210, and Ra-228) are limited by intrusion at all 
sites. These results are due to either arrival at the performance boundary beyond 10,000 y or 
significant decay prior to reaching the performance boundary. This being the case, disposal of 
these radionuclides is possible at all 15 sites with the same permissible waste concentration. 

• An additional seventeen of the 58 radionuclides (Si-32, Ni-59, Zr-93, Nb-93m, Nb-94, 
Ra-226. Th-229, Th-230, Th-232, Am-243, Cm-245, Cm-246, Cm-247, Cm-248, Cf-249, 
Cf-250, and Cf-251) are limited by intrusion at 14 of the 15 sites. The water pathway limits 
Si-32, Zr-93, and Nb-93m at SRS; Ni-59 and Ra-226 at PORTS; and Nb-94, Am-243, and the 
radioisotopes of thorium, curium, and californium at ORR. These results are due to either 
arrival at the performance boundary beyond 10,000 y or significant decay prior to reaching the 
performance boundary. Based on the PE results, the limiting concentrations for disposal of 
these 17 radionuclides at 14 of the 15 sites are those based on the intruder scenarios. 
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• An additional ten of the 58 radionuclides (Sn-126, Pa-231, U-232, Pu-239, Pu-240, Pu-242, 
Pu-244, Cm-243, and Cm-244) are limited by intrusion at 13 of the 15 sites. The water 
pathway limits Sn-126 at PORTS and ORR; Pa-231 at Hanford and SRS; U-232 at Hanford 
and FEMP; and the radioisotopes of plutonium and curium at ORR and SRS. These results 
are due to either arrival at the performance boundary beyond 10,000 y or significant decay 
prior to reaching the performance boundary. Thus, the PE results indicate that, in the case of 
these 10 radionuclides, the permissible concentrations are based on the intruder scenarios. 

• In the case of the intrusion-limited radionuclides, the post-drilling scenario provides more 
restrictive limits than the homesteader scenario for those with half-lives less than about 30 y 
for the generic trench and less than about 130 y for the generic tumulus. This result is due 
primarily to the differences in times of intrusion and number of exposure pathways for the two 
scenarios: the post-drilling scenario occurs earlier but has fewer exposure pathways than the 
homesteader scenario. 

Sensitivity of Results 
• For radionuclides limited by the water pathway, the permissible concentrations are most 

sensitive to the assumed values of the grout distribution coefficient, K°d, at all sites. This 
parameter has a controlling effect on the radionuclide concentration in the leachate exiting the 
disposal facility. However, generic values were used for the grout distribution coefficient in 
the PE, so variations in the coefficient affect all sites in the same manner. 

• Consideration of radionuclide solubility in the analysis may increase the permissible 
radionuclide concentrations for some radionuclides limited by the water pathway, particularly 
for the isotopes of uranium and plutonium that generally have low solubility. Radionuclides 
that are solubility limited will have no inventory limit. 

• The travel time to the performance boundary is principally determined by the recharge and 
depth to groundwater for the water pathway. While depth to groundwater is generally well 
known at each site, average recharge must generally be estimated. The sensitivity analyses 
have shown that for these sites, the recharge would usually have to change by an order of 
magnitude or more to alter the limiting pathway for most radionuclides. The humid sites 
generally require smaller changes in recharge than the arid sites to change the limiting 
pathway. 

• For the shorter-lived radionuclides at the humid sites, their permissible concentrations for the 
water pathway are sensitive to values of their soil distribution coefficient, KA and the natural 
recharge, /', for the site. Large changes in these parameters, however, are typically required to 
change the limiting pathway for most radionuclides. 

• Assuming that the homesteader intrusion scenario occurs at 100 y, the same time as the post-
drilling scenario, instead of at later times, causes a decrease in permissible concentration of up 
to three orders of magnitude for some shorter-lived radionuclides that would otherwise be 
limited by the post-drilling scenario. However, this assumption is not reasonable for disposal 
systems constructed with engineered barriers that would last beyond the 100-y period of 
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active institutional controls. This assumption will require further clarification in site-specific 
performance assessments. 

• Eliminating homesteader intrusion as a credible scenario (e.g., by disposing waste below grade 
at a depth sufficient to preclude intrusion) results in the permissible radionuclide 
concentrations being determined solely by the post-drilling scenario. The permissible 
concentrations would be increased for 47 and 43 of the 58 radionuclides for the generic trench 
and tumulus designs, respectively. The permissible concentrations would be increased by up 
to three orders of magnitude, primarily for the medium- and longer-lived radionuclides, 
because the shorter-lived radionuclides are already limited by the post-drilling scenario. 

• The permissible concentrations for the radionuclides released through the atmospheric 
pathway are not sensitive to changes in site-specific parameters because, although site-specific 
parameters are used, the analyses are basically generic. 

• Even with the simple and conservative water pathway analyses used in the PE, many 
radionuclides appear to be intruder limited across the complex, indicating that a detailed water 
pathway analysis may not need to be considered at many sites unless important site-specific 
details have not been captured in the PE analysis, or the site is expected to receive large 
amounts of long-lived and mobile radionuclides. However, results based on intruder scenarios 
should be evaluated carefully because future social behavior, and intrusion scenarios, are 
difficult to predict. 

Comparisons with Other Relevant Analyses 
• The permissible radionuclide concentrations calculated for the intrusion scenarios in the PE 

are generally within an order of magnitude of the limits specified by the NRC in 10 CFR 
Part 61 for commercial disposal of Class A LLW. However, the water pathway produced 
permissible concentrations that are much lower than these limits for some highly mobile 
radionuclides (e.g., Tc-99). 

• In general, the results of the PE compare reasonably well with those of the available site-
specific LLW performance assessments; however, differences in permissible concentrations for 
specific radionuclides greater than two orders of magnitude have been found. For the water 
pathway, the PE analyses yield more conservative (i.e., lower) permissible waste 
concentrations than the performance assessments. For the intrusion scenarios, the PE and 
performance assessment results generally agree within an order of magnitude. In the cases in 
which agreement was not as good, the lack of agreement was attributable to differences in 
assumptions between the PE and performance assessment methodologies for a particular site. 

7.8 CONCLUSIONS 

• All 15 DOE sites considered in this analysis have the technical capability for disposal of some 
radioactive materials in mixed low-level waste. This conclusion is based on the concentration 
limits that were estimated using the pathways for release of radionuclides to water and the 
atmosphere and the assumed scenarios for inadvertent human intrusion into disposal facilities. 
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However, the technical capabilities for disposal of radioactive materials in mixed waste also 
appear to differ significantly among the sites. Differences of up to four orders of magnitude in 
the estimated concentration limits have been calculated for some radionuclides at the various 
sites when the limits are based on the most restrictive of the results for the water and 
atmospheric pathways and intrusion scenarios at each site. For some radionuclides, even 
greater differences were seen in the separate results for the water release pathway among the 
various sites, due primarily to the differences in the assumed water travel times between 
humid and arid sites. The inadvertent human intrusion scenarios used in the analysis were 
largely generic and did not distinguish between sites. 

• For most radionuclides, the assumed scenarios for inadvertent human intrusion were more 
important in determining the estimated concentration limits for disposal than the scenarios for 
release to water or the atmosphere, particularly for sites located in arid regions. The intrusion 
scenarios considered in this analysis were based on scenarios commonly used in performance 
assessments for DOE facilities disposing of low-level radioactive waste. The scenarios are 
largely generic and, thus, the estimated radionuclide concentration limits are the same for 
nearly all sites. 

The intrusion scenarios considered in this analysis were developed based on the assumption of 
current human behavior to provide estimates of waste acceptance criteria in the form of 
concentration limits of radionuclides. Therefore, the issues associated with the recognized 
inability to predict the social behavior of populations far into the future were avoided. 

• Particularly at sites located in humid regions, the estimated concentration limits for disposal of 
some radionuclides were determined by the analysis for the water pathway. At other sites and 
for many radionuclides, however, the water pathway was not important because the 
radionuclide travel time to the performance boundary either was much greater than the half-
life of the radionuclide involved or was longer than the 10,000-year time of compliance 
assumed in the analysis. However, the estimates of permissible radionuclide concentrations in 
waste based on the peak concentrations, whenever they occur, have been calculated and are 
presented in the report. 

The modeling of the water pathway in this analysis is believed to be conservative for most 
sites. Therefore, in cases where a high concentration limit, or no limit, was estimated, a more 
sophisticated and rigorous analysis of the water pathway may not be warranted, provided 
performance measures similar to those assumed in this analysis were applied to future disposal 
facilities. On the other hand, in cases where a relatively low concentration limit for the water 
pathway was obtained (e.g., at the ORR and SRS sites), more refined and less conservative 
analyses, which take into account additional site-specific factors relevant to radionuclide 
transport in water, could be used to obtain more realistic calculated concentration limits for 
the water pathway based on additional site characterization data. Additionally, as site 
characterization continues and more information becomes available, additional exposure 
pathways might be identified, which could also result in changes to the concentration limits. 

• The analysis for the water pathway clearly demonstrated that engineered barriers offer no 
significant long-term advantages for the disposal of wastes containing longer-lived 
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radionuclides. The primary advantage of engineered barriers is for the disposal of wastes 
containing shorter-lived radionuclides. 

• The intrusion evaluation demonstrated that the permissible concentrations for medium-lived 
and longer-lived radionuclides were increased by up to three orders of magnitude at sites 
where the homesteader scenario was not credible (e.g., where waste was disposed of below 
grade at a depth sufficient to preclude this type of intrusion). However, a sufficiently thick 
vadose zone is required, a condition that generally occurs only at the arid sites. 

• Through sensitivity analyses, the PE provided insights on key parameters (e.g., natural 
recharge and groundwater flow rates at a site, half-lives, and mobility of radionuclides) 
characterizing both the sites and the wastes and revealed the impacts of changes in these 
parameters on the estimated concentration limits for various radionuclides. The PE also 
showed that the degree of conservatism in the estimated concentration limits of radionuclides 
depend on the implicit assumptions in the transport models and scenarios as well as on values 
assigned to key input parameters. 

• Indicator radionuclides were identified as effective surrogates for those radionuclides having 
similar properties and characteristics. The PE analysis showed that appropriately selected 
indicator radionuclides can be used in site-specific analyses of disposal facilities, thus reducing 
the analysis time and cost without resulting in significant additional uncertainties in the 
analyses. 

• The PE methodology was demonstrated as a useful scoping-level tool which provides a 
readily available approach for identifying important transport and exposure pathways. The PE 
methodology can also be used to identify where more detailed site-specific water pathway 
transport analyses may be required to determine more realistic estimates of the concentration 
limits for specific radionuclides. 

The PE methodology does not provide a substitute for the long-term performance 
assessments required by DOE Order 5820.2A for planned disposal facilities. It is likely that site-
specific performance assessments for the water and atmospheric release pathways would differ 
from the results in the PE analysis; the magnitude of the difference depends primarily on the 
differences in the assumptions used in the analyses. Site-specific analyses of inadvertent intrusion 
also may differ from the results of the PE methodology in some cases. 

The results of the PE or a site-specific performance assessment will not be the sole basis 
for decisions about waste disposal at particular DOE sites or within the DOE complex. A variety 
of additional factors need to be considered including, for example, the results of safety analyses 
for disposal facility operations, the degree to which a potential disposal site has already been 
contaminated by past operations or waste disposals, the benefits and costs associated with 
shipping waste from one site to another, and the issue of having many smaller disposal facilities at 
a variety of sites compared to having a smaller number of larger facilities at selected sites. 
Although adequate technical analyses are required for siting waste disposal facilities, economic 
and social concerns clearly will play an important role in their selection. 
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NOMENCLATURE 

a Length of the areal source (m) 
Aj Facility plan area 
A2 Area at the water table 
Qw Ambiant groundwater concentration 
Cr Total concentration based on the total mass flux 
CRFwater Ratio of the leachate to total groundwater concentration 
d Distance from the edge of the areal source (m) 
dm Mixing depth in groundwater (m) 
/ Natural recharge of water through local soils at disposal site (cm/y) 
Ia Rate of water flowing through the facility at time a 
h Rate of water flowing through the facility at time b 
Kd Radionuclide-specific distribution coefficient for the geologic media (mL/g) 
/ Distance between the facility and the water table 
L Vadose zone thickness (m) 
• 

m Leachate mass flux (g/y) 
n Aquifer porosity (dimensionless) 
qf Rate of water flowing through the disposal facility (m/y) 
qw Ambient moisture content in the vadose zone (mL/cm 3) 
QL Leachate flow 
CL Leachate concentration 
Qgw Groundwater flow 
QT Total flow 
R Retardation factor (dimensionless) 
ta Time of leachate collection system failure 
h Time of failure of engineered barriers 
tcrit Critical half-life 
tcva Arbitrary travel time through entire vadose zone 
tm Water travel time in the vadose zone (y) 
Our Ambient moisture content 
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APPENDIX B: 
CONCENTRATION REDUCTION FACTOR FOR THE WATER PATHWAY 

The PE made several assumptions in the generic conceptual model to estimate the 
concentration reduction factor for the water pathway (see Section 5.3.1 of this volume). These 
assumptions pertain to 

• dilution due to mixing of leachate and groundwater flows, 
• one-dimensional transport in the vadose zone (no spreading), 
• longitudinal dispersion for a continuous source, 
• transverse dispersion for a continuous source, 
• water travel time in the vadose zone, 
• water travel time in the saturated zone, and 
• performance of engineered barriers, recharge, and vadose zone travel time. 

B.1 DILUTION DUE TO MIXING OF LEACHATE AND GROUNDWATER FLOWS 

Equation 5-11 in Section 5.3.1.2 of this volume is the result of a mass flux mixing 
procedure outlined below. The procedure assumes that the leachate flow, QL, has a leachate 
concentration, G,, and that the groundwater flow, Qg*, has an ambient groundwater 
concentration, Cgw. From mass balance, the total flow is the sum of the two flows 

QT^QL + Q*, (B-l) 

and the total concentration based on the total mass flux is 

Assuming that the ambient background concentration is zero simplifies the resulting total 
concentration to 

where m is the leachate mass flux (g/y). Because CRFwater is defined as the ratio of the leachate to 
total groundwater concentration, in terms of flows, CRFwater is defined as 

'QL 

which is the form used in Equation 5-11 in Section 5.3.1.2 

O t f f c ( r - a + ^ (B-4) 
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Figure B-l. Effect of one-dimensional transport in the vadose zone. 

B.2 ONE-DIMENSIONAL TRANSPORT IN THE VADOSE ZONE (NO SPREADING) 

The effect of the one-dimensional transport assumption in the vadose zone is illustrated in 
two dimensions in Figure B-l. In the assumed case of one-dimensional transport, the mass flux 
reaching the groundwater, applied uniformly over the facility plan area, Ai, is 

m = AlqfCL . (B-5) 

At long times when q/ equals /, the contaminant g/is allowed to spread horizontally as it 
moves downward, so that the area at the water table is Ay, the mass flux reaching groundwater is 

m=A2qfCL . (B-6) 

Equating Equations B-5 and B-6, Q, is found to be proportionally less than CL by the ratio of Aj 
and A?. 

A2 

(B-7) 
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The assumption of contaminant spreading in the vadose zone has no effect on the 
groundwater concentration downstream of the mixing zone. As seen in Equation B-3, the 
downstream groundwater concentration due to mixing of leachate and groundwater equals the 
mass flux, m, of leachate divided by the combined flow of groundwater and leachate. The mass 
flux, m, in Equations B-3, B-5, and B-6 is identical due to conservation of mass. By assuming no 
spreading in the vadose zone, the calculations are simplified and require fewer input parameters 
with no change in results. 

During the period when engineered barriers are assumed to be effective, /* can be greater 
than q/. The no-spreading assumption is conservative in this case. 

B.3 LONGITUDINAL DISPERSION FOR A CONTINUOUS SOURCE 

The downstream concentration profile at breakthrough for the step function for a 
continuous contaminant source at time / for one-dimensional flow and transport is illustrated in 
Figure B-2(a). 

In the absence of transverse dispersion, the shape of the concentration profile is 
determined solely by the assumed longitudinal dispersion. Peak downstream concentration for a 
non-decaying solute is equal to the original concentration at the source. When the source release 
is continuous for a finite time of sufficient duration, the peak downstream concentration, as shown 
in Figure B-2(b), is still equal to the original concentration at the source. 

Only for source releases of limited duration will the peak downstream concentration be 
attenuated by dispersion, as shown in Figure B-3. 

The duration of time for a finite source to be well represented by a continuous source is a 
function of the pore velocity and distribution coefficient. The continuous source assumption 
provides results that are either correct or conservative relative to a release of finite duration. 

B.4 TRANSVERSE DISPERSION FOR A CONTINUOUS SOURCE 

The effects of lateral transverse dispersion on a continuous source in two dimensions 
along the axis of the direction of flow are shown in Figure B-4. 

The edges of the square contaminant wave are attenuated by transverse dispersion, and the 
centerline peak concentration is also attenuated. The amount of attenuation is a function 
transverse dispersivity and distance. Because the distance from the edge of the disposal facility to 
the performance boundary is 100 m, peak centerline attenuation by transverse dispersion is 
expected to be minor. Therefore, neglecting the effects of lateral transverse dispersion is 
conservative relative to incorporating it. 
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Figure B-2. Downstream concentration profiles for a continuous contaminant source (a) at 
breakthrough and (b) at peak downstream concentration. 
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B.5 WATER TRAVEL TIME IN THE VADOSE ZONE 

Water travel time in the vadose zone is used to estimate the time of contaminant arrival at 
the performance boundary and is calculated as 

lft 
C = ^ (B-8) 

Is 
where 

/ is the distance between the facility and the water table; 
Oy, is the ambient moisture content; and 
qf is the rate of water flowing through the facility. 

The low permeability cover and liners associated with a disposal facility will reduce 
recharge and may lower the ambient moisture content. The reduction in moisture content can be 
estimated by the empirical van Genuchten relationship. The effect of lowering the ambient 
moisture content is a decrease in travel time through the vadose zone. Ignoring this effect is not 
conservative but is only important for highly mobile (zero KJ), short half-life radionuclides at sites 
with thick vadose zones. 

For radionuclides with Kjs larger than zero, the retardation effect overwhelms the 
moisture content effects. Decay of long-lived radionuclides is fairly insensitive to small changes in 
travel time. Thin vadose zones translate to fast travel times, and small changes to large travel 
times are insignificant. 

Additionally, thick vadose zones are generally associated with arid sites where natural 
recharge is very small and similar in magnitude to water movement through a disposal facility. At 
these sites (e.g., Nevada Test Site), the permissible waste concentrations will likely be limited by 
intrusion or atmospheric releases. Therefore, using the ambient moisture content in the PE results 
in only minor lack of conservatism. 

B.6 WATER TRAVEL TIME IN THE SATURATED ZONE 

The concept that the time required to reach the maximum concentration at a fixed distance 
downstream from an areal source is a function of the water travel time from the center of the 
source of dimensions a by a is illustrated in Figure B-5. 
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Figure B-5. Time of maximum concentration at a fixed distance as a function of water travel time 
from the center of the source. 

As seen in Figure B-5, the maximum concentration is reached at time 

(d + a/2)n 
(B-9) 

• g* 

where 
d\s the distance from the edge of the areal source (m), 
a is the length of the areal source (m), 
qgw is the groundwater Darcy velocity (m/y), and 
n is the aquifer porosity (dimensionless). 

Therefore, to estimate the time of arrival of the peak concentration at a distance, d, from the edge 
of a disposal facility, the distance must be measured to the center of the facility. 

B.7 PERFORMANCE OF ENGINEERED BARRIERS, RECHARGE, AND VADOSE 
ZONE TRAVEL TIME 

An assumption used in the PE is that no radionuclides leach from the disposal facility 
while the leachate collection system is intact. As shown in Figure B-6, when the leachate 
collection system fails at time ta, radionuclides begin to leach from the facility at rate Ia. At time 
h, the engineered barriers are assumed to fail and movement of water through the facility occurs 
at rate h. As described in Chapter 5 of this volume, the rate of water movement (Ia) at ta will be 
less than or equal to the rate of water movement (h) at %. 
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Figure B-6. Leach rates of radionuclides from the disposal facility. 

For each radionuclide, an arbitrary travel time through the entire vadose zone, t^a, is 
calculated at the lower rate of water movement (see Figure B-7) as 

* _ = • 
RL$a (B-10) 

where 
R is the retardation factor (-), 
L is the vadose zone thickness (m), and 
t^ris the ambient moisture content in the vadose zone (mL/cm3). 

If the contaminant arrives at the water table before h, then a check is performed to 
determine which recharge is used to determine the CRFwater based upon the relationship between 
travel time and radioactive decay. Thus, the "critical half-life", tcrit, is defined as 
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Figure B-7. Calculation of travel time through the vadose zone. 

'ctf=fo-('.+0] 
In 2 

ln(4//J 
(B-ll) 

If the half-life of the radionuclide is shorter than the critical half-life, then the early rate, Ia, 
controls and the travel time through the vadose zone, *<*,, is equal to t^a- For this case, Ia is used 
to determine the CRFwater. If the half-life of the radionuclide is longer than the critical half-life, 
then the late rate, h, controls and t„ is equal to tb - ta. For this case, h is used to determine the 
CRFwater-

The leachate may not arrive at the water table by tb at sites with thick vadose zones and 
low natural recharge (see Figure B-8). In this situation, the leachate released at ta travels a 
distance Lj at rate Ia and a distance L2 at rate h. The travel time through the vadose zone is the 
sum of the time required to travel Lj and L2, and the CRFwater is determined by the higher rate. 

Specifically: 
tcv=t(Li) + t(L2) (B-12) 

The distances are defined as 

L = Lt+L2 03-13) 
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Figure B-8. Calculation of travel time at sites with thick vadose zones and low natural recharge. 

'(A) = & - 0 = 
Z(] X? 0W (B-14) 

t(L2)=L2R°w (B-15) 

Substituting equations B-14 and B-15 into B-13 results in 

Z, R 6„ 
' « = ( ' • - ' . ) + • 

•"2 " VW (B-16) 

Then, substituting forZ2 

t.^U-o + v-ijZp*- (B-17) 

Finally, substituting for Lj 

K = (h - O HL- itb - ta)-£-]Xpz- (B-18) 



APPENDIX C: 
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NOMENCLATURE 
AD Atmospheric dispersion term specifying the concentration in ambient air at the performance boundary produce by unit flux density 

leaving the soil at the disposal facility (p.Ci/m3 per (uCi/m 2-s) 
AH Absolute humidity of the atmosphere (kg/m 3), 
caju-3 Concentration of H-3 in air (uCi/m 3 ) 
Ca,t Concentration of radionuclide j in air (uCi/m 3) 
Catr.c Concentration of natural carbon in air (kg/m 3) 
Cair,c-u Concentration ofC-14 in air (uCi/m 3) 
Gton Radionuclide concentration in the ambient air resulting from the air concentration at the facility boundary (uCi/m 3) 
C(i,m;,/ Concentration of radionuclide i in beef (b) (uCi/kg) or milk (m) (uCi/L) 
CFB Radionuclide flux density out of the surface soil 
Cj„, Volatile radionuclide concentration in the pore water (uCi/m 3) 
Css Radionuclide concentration in soil above waste disposal facility resulting from concentration in waste (uCi/m 3 ) 
Cb,i Concentration of radionuclide / in beef from cattle that consumed contaminated vegetation (in uCi/kg) 
GB,J Concentration of radionuclide i in milk from dairy cows that consumed contaminated vegetation (in p.Ci/L) 
Cv Volatile radionuclide vapor concentration (uCi/m 3 ) 
Cvtc-H Concentration of C-14 in vegetation (uCi/kg) 
Cyjj.3 Concentration of H-3 in vegetation (uCi/kg) 
Cv,i Concentration of radionuclide / in vegetation (uCi/kg) 
Cwaste Radionuclide concentration in the waste (uCi/m 3) 
CRFoiff Concentration reduction factor for environmental transport by soil diffusion in atmospheric pathway (dimensionless) 
CRFDISP Concentration reduction factor for environmental transport by dispersion in air in the atmospheric pathway (dimensionless) 
d Depth of the surface soil 
D Diffusion coefficient in air 
DCFmgi Internal dose conversion factor for ingestion of radionuclide i (rem/uCi) 
DCFUA.1 Internal dose conversion factor from inhalation for radionuclide f (rem/uCi) 
EPA Environmental Protection Agency 
Fb.i Ratio of equilibrium concentration of radionuclide / in meat to daily intake by beef cattle (uCi/kg in meat per uCi/d intake) 
fcv Fraction of natural carbon in vegetation (dimensionless) 
F^i Ratio of equilibrium concentration of radionuclide i in milk to daily intake by dairy cows (uCi/L in milk per uCi/d intake) 
fm Fraction of vegetation that is water (dimensionless). 
H(bsn),i Annual dose from radionuclide / in beef (b) or milk (m) (rem/y) 
Hmh,i Annual dose from inhalation of radionuclide / in air (rem/y) 
HT,I Annual dose from atmospheric releases of radionuclide f 
HY,i Annual dose from radionuclide / in vegetation (rem/y) 
INEL Idaho National Engineering Laboratory 
IRa Intake rate of air (adult inhalation rate) (m 3/y) 
JRo>/y<) Adult intake rate of beef (b) (kg/y) or milk (m) (kg/L), and 
ZR» Adult intake rate of vegetables (kg/y) 
IRYCCOW) Consumption rate of vegetation by beef cattle or dairy cows (kg/y) 
ISCLT2 Industrial Source Complex Long Term [Dispersion Model Version] 2 
J Radionuclide flux density through the soil above the waste disposal facility (uCi/m 2-s) 
k Henry's Law constant for CO2 
n Soil porosity 
Ncoi Number of moles in 1 g of CO2 
Nmo Number of moles in 1 cm 3 of liquid water 
NRC Nuclear Regulatory Commission 
NTS Nevada Test Site 
ORR Oak Ridge Reservation 
p Partial pressure of CO2 in air (atm) 
r Ratio of water vapor present in dry air to that in the liquid phase 
RwWwa Concentration ratio of H-3 in vegetation water to H-3 in atmospheric water (dimensionless) 
s Percent saturation in the soil void space 
SRS Savannah River Site 
/ Diffusion transport time for volatile radionuclides 
x Cover thickness above the waste disposal facility (m) 
X Unit mole fraction 
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APPENDIX C: 
ATMOSPHERIC PATHWAY ANALYSIS 

The discussion below outlines the proposed method by which the atmospheric transport 
portion of the 16 performance evaluation analyses is conducted. The calculation of the two 
atmospheric concentration reduction factors is detailed in Sections C.l and C.2, the contaminant 
transport time is discussed in Section C.3, and the proposed modeling method that is used to 
determine the atmospheric dispersion term is discussed in Section C.4. Section C.5 presents the 
exposure analysis for the atmospheric pathway and develops pathway dose conversion factors. 

The PE analysis considers only the volatile radionuclides H-3 and C-14. The following 
method is derived from performance assessment documents written for low-level radioactive 
waste disposal facilities at Hanford (Kincaid et al., 1993), INEL (Maheras et al., 1994), NTS 
(Baer et al., 1994), ORR (ORNL, 1994), and SRS (MMES et al., 1994). The method borrows 
heavily from these documents and has been generalized for use at all sixteen sites. As much site-
specific data are used in the calculations as possible. 

The method determines two atmospheric concentration reduction factors: 

• CRFDiffis defined as the concentration reduction that occurs from the top of the disposal 
facility to the soil surface as the radionuclide diffuses upward. 

• CRFDisp is defined as the concentration reduction that occurs as the radionuclide is emitted 
to the atmosphere and dispersed downwind from the waste disposal facility boundary to 
the performance boundary. 

C.1 C/?FDWfCALCULATION 

CRFDiffh calculated as: 

CRFm= — (C-l) 
Css 

where 
Cwaste is the radionuclide concentration in the waste (u€i/m3), and 
Css is the radionuclide concentration in the soil surface above the waste disposal unit 

resulting from the concentration in the waste (uCi/m3). 

Volatile radionuclides are assumed to be transported to the soil surface by diffusion in the 
vapor phase (MMES et al., 1994). The vapor flux is assumed to be a first-order, linear process, 
and flux is assumed to occur from the top of the waste disposal unit to the soil surface. Therefore, 
the volatile radionuclide vapor concentration, Cv (uCi/m3), at the top of the waste disposal unit is 
approximated by: 

Cv - j(±) (C-2) 
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where 
J is the radionuclide flux density through the soil above the waste disposal facility 

(uCi/m2-s), 
D is the H-3 diffusion coefficient in air reported as 2.39 x 10*5 m2/s or the 1 4 C0 2 diffusion 

coefficient in air reported as 1.40 x 10"5 m2/s (CRC, 1981), and 
x is the cover thickness above the waste disposal facility (m). 

For H-3, the relation between its concentration in the water vapor and in the liquid water 
bound in the waste must be determined before Cw can be calculated. This can be accomplished by 
determining the ratio of water density in air to that in the liquid phase. If the air is saturated with 
water at 10°C, then the density of water vapor in dry air, or absolute humidity, is 9.2 grams of 
water vapor per cubic meter of dry air (MMES et al., 1994). Assuming the density of liquid water 
is 1 x 106 grams per cubic meter, the ratio of water vapor present in dry air to that in the liquid 
phase, r, is: 

_ 9 . 2 X 10" 6 g / m 3 (watcrvapor) ( . 

1 g / m (liquidwater) 

The relation between the concentration of C-14 in the air and in the liquid water bound in 
the waste can be calculated using Henry's Law. This law is a linear, first-order relationship 
derived by approximating equilibrium conditions between dissolved gas with a particular 
concentration in liquid water and the same gas with a particular concentration in the air adjacent 
to the liquid water. All of the C-14 in the disposal facility is assumed to be 14C02. For use in 
Henry's Law, the unit mole fraction, x> of 14C02 in the liquid water is determined as: 

Nco2pergofCQ3 

NmopergofHsO 
where 

Nco2 is the number of moles in 1 gram of CO2, and 
NH2O is the number of moles in 1 cubic meter of liquid water. 

Assuming the density of liquid water as 1.0 x 106 grams per cubic meter, % is equal to 4.1 x 10"7. 
The partial pressure of CO2 in the air,/? (atm), is calculated using Henry's Law: 

P = kX (C-5) 
where 

k is the Henry's Law constant for CO2. At 10°C, k is equal to 1040 atm/mole fraction 
(Foust et al., 1960 as cited in Cooper and Alley, 1986). 

Substituting the values for the unit mole fraction and Henry's Law constant for CO2 at 
10°C,/7 is calculated to be 4.3 x 10"4 atm. If the air is at atmospheric pressure, the concentration 
of CO2 in the air is approximately equal to 4.3 x 10"4 g/m3, and therefore, the ratio, r, of C0 2 in 
the air to that dissolved in the water is: 
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_ 4 . 3 X 1 0 ^ g / m 3 (COJinair) 

l g / m (CC>2 dissolved in water) 

H.J A i u g / i n (C02inair; . _ . . 
r = , , 3 (C-6) 

Because H-3 is assumed to be completely bound in the pore water and C-14 is assumed to 
be dissolved as 14C02, the volatile radionuclide concentration in the pore water, QwdxCi/m^is: 

CW = — (C-7) 

r 

The radionuclide concentration in the waste, Cwaste, is related to the Cp* as: 

CV«* = CpMS (C-8) 
where 

n is the soil porosity, and 
s is the percent saturation in the soil void space. 

Substituting Equation C-7 into Equation C-8 yields: 

G** = ^ (C-9) 
r 

and substituting Equation C-2 into Equation C-9 gives: 

CW* = — (C-10) 
Dr 

The flux density out of the soil surface is assumed to be equal to the flux density through the soil, 
J. Therefore, Css is calculated as: 

Css = — (C-ll) 
D v J 

where 
d\s the depth of the surface soil. The value for d\s assumed to be 0.01 m for all sites 

(Maheras et al., 1994). 

Substituting Equation C-10 and C-ll into Equation C-l gives: 

CRFoiff = — (C-12) 

rd 

C.2 CRFDlsp CALCULATION 

CRFDisp is calculated as: 
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CBFmp = — (C-13) 
CAtm 

where 
Css is the radionuclide concentration in the soil surface above the waste disposal unit 

(nCi/m3), and 
CAM is the radionuclide concentration in the ambient air resulting from the air 

concentration at the facility boundary (u,Ci/m3). 

Css is calculated using Equation C-l 1. 

The radionuclide flux density out of the surface soil is assumed to be emitted directly into 
the atmosphere where it is mixed with the ambient air flowing above the facility. Therefore, Cra is 
determined by: 

CFB = JAD (C-14)' 
where 

AD is the atmospheric dispersion term specifying the concentration in ambient air at the 
performance boundary produced by unit flux density leaving the soil at the disposal 
facility (u,Ci/m3 per u,Ci/m2-s). 

AD is the maximum annual average value among a set of receptors located at the performance 
boundary; it can be obtained using a Gaussian air dispersion model (see Section C.5). 

Equation C-ll and Equation C-14 are substituted into Equation C-13, yielding: 

CRFoisp = -4— (C-l 5) 
ADD 

C.3 TRANSPORT TIME TO THE RECEPTORS 

Assuming that the diffusive velocity, vj, is uniform and that it is approximated as one-
dimensional, first-order, and linear, the diffusion transport time, /, for volatile radionuclides, is 
given by (Fisher et al., 1979): 

t = ^ (C-16) 

where 
D is the diffusion coefficient in air (m2/s). 

Once airborne, the transport time to receptors located at the performance boundary 
downwind would probably take less than 100 seconds. Therefore, there would not be sufficient 
time for appreciable radionuclide decay during both the mixing phase and the dispersion phase of 
transport. 
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C.4 MIXING AND ATMOSPHERIC DISPERSION TERM DETERMINATION 

The atmospheric dispersion term, AD (nCi/m3 per u,Ci/m2-s), is estimated using the 
Industrial Source Complex-Version 2 Long Term Air Dispersion Model (ISCLT2) (EPA, 1992a). 
AD is defined as the maximum annual average value calculated for a set of receptors located 100 
m from the waste disposal facility. ISCLT2 is the EP A's refined air dispersion model for 
calculating long-term (annual average) atmospheric concentrations in simple terrain. GENU and 
AIRDOS-PC are two Gaussian dispersion models that are specifically approved for use in 
modeling affects of radionuclide emissions; however, both models have features that go well 
beyond the need of the PE analysis and would be considerably more cumbersome to use than 
ISCLT2. Because these three models incorporate the same basic dispersion equations, differences 
in the concentration estimates generated by the models would not be significant (less than an 
order of magnitude). 

The area of the waste disposal facility is an important input into the model. For the general 
tumulus and shallow trench designs, flux areas are the same for all sixteen sites. For those sites 
that have mixed waste disposal plans, site-specific waste disposal facility areas are used. In order 
to improve the accuracy of the model with receptors at close distances, the surface area of the 
disposal facility is divided into 256 equal squares. Note the length of the smaller squares is l/16th 
the length of the side of the facility area. Site-specific meteorological data are also used. Because 
the area flux is assumed to occur at ground-level, terrain is modeled as flat. This is an upper-
bound assumption that results in the maximum ground-level receptor concentrations. 

C.5 EXPOSURE ANALYSIS AND SCENARIO DOSE CONVERSION FACTORS 
The performance objective for atmospheric releases (10 mrem/y) includes doses from all 

potential exposure pathways associated with such releases. The annual doses for the two volatile 
radionuclides of interest (H-3 and C-14) are calculated from four exposure pathways: 

• inhalation of airborne radionuclides, 

• ingestion of vegetation exposed to airborne radionuclides (i.e., airborne-contaminated 
vegetation), 

• ingestion of beef from cattle consuming airborne-contaminated vegetation, and 

• ingestion of milk from cows consuming airborne-contaminated vegetation. 

No external doses are expected since the beta particles emitted by these two radionuclides 
have very low energies; in fact, these two radionuclides have external dose conversion factors 
equal to zero (DOE, 1988). The total dose from the atmospheric transport pathway is the sum of 
the doses from each of the four exposure pathways listed above. The equations used to calculate 
each exposure pathway dose are described below and the parameter values used in these 
equations are listed in Table C-l. This methodology is based on a conservative (i.e., higher) 
specific activity model presented in NRC Regulatory Guide 1.109 (NRC, 1977). Note that 
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because this is a pathway analysis, radioactive decay is not included in the calculations. To 
determine dose or, conversely, permissible waste limits, radioactive decay at the time of exposure 
must be taken into account. 

Table C-1. Parameter Values Used to Determine Doses from All Potential Exposure Pathways 
Associated with Atmospheric Emissions from Waste Disposal Facilities 

Nuclide-Specific Value 

Parameter Value H-3 C-14 Source 

IRa (adult average) (m3/y) 8000 ICRP 1975 

DCF{nh,t{reml\LC?) 6.4E-05 2.20E-056 EPA 1988 

AH(kgfm*) 0.0092 MMESetal. 1994 

Rwv/*a (dimensionless) 0.5 NRC 1977 

fm (dimensionless) 0.75 NRC1977 

Cair.c (kg/m3) 0.00016 NRC 1977; 
Napier etal. 1988 

fCv (dimensionless) 0.11 NRC 1977 

IRV (kg/y) 90 a MMESetal. 1994 

DCFin&i(Teml\iC\) 6.4E-05 2.1E-03 EPA 1988 

^..(d/kg) 1.2E-02 3.1E-02 NRC 1977 

IRyfcow) (kg/y) 5694 EPA 1992b 

iv,{d/ l) 1.0E-02 1.2e-02 NRC 1977 

#Mkg/y) 85 EPA 1992b 

mm (L/y) 112 EPA 1992b 

a Assumes approximately half of an individual's vegetable intake is from locally-grown, contaminated vegetation. 
b Carbon as C0 2 . 

The dose from direct inhalation of volatiles is calculated using the following equation: 

Hinh,i = Ca>i * IRa * DCFinKi (C-17) 
where: 

Hinh,i is the annual dose from inhalation of radionuclide / in air (rem/y), 
C^i is the concentration of radionuclide /' in air (uCi/m ), 
IRa is the intake rate of air (adult inhalation rate) (m /y), and (rem/u,Ci). 

To calculate the doses due to H-3 contamination in food, it is assumed that the source of 
the contamination is the air surrounding the vegetation. The concentration in the vegetation is 
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based on the amount of water in the vegetation and the amount of H-3 that would be in the plant 
water. The equation for calculating the concentration of H-3 in vegetation is as follows: 

Cv,H-3= (Ca,H-3 /AH) * Rw/wa *fwv (C-18) 
where: 

CV,H-3 is the concentration of H-3 in vegetation (|iCi/kg), 
Ca,H-3 is the concentration of H-3 in air (fxCi/m ), 
AH is the absolute humidity of the atmosphere (kg/m ), 
Rwv/wa is the concentration ratio of H-3 in vegetation water to H-3 in atmospheric water 

(dimensionless), and 
fwv is the fraction of vegetation that is water (dimensionless). 

The concentration of H-3 in air, Ca,H-3, divided by the absolute humidity, AH, is equivalent to the 
concentration in water. This, when multiplied by the fraction of water in the vegetation,^ and 
the concentration ratio of H-3 in vegetation water to atmospheric water, Rwv/wa, equals the 
concentration of H-3 in the vegetation. 

To estimate the doses from the ingestion of C-14 contaminated fool, it is assumed that the 
source of the contamination is the air surrounding the vegetation. It is also assumed that the ratio 
of C-14 to the natural carbon in vegetation is the same as the ratio of C-14 to natural carbon in 
the atmosphere surrounding the vegetation. For airborne releases, it is also assumed that plants 
obtain all their carbon from airborne CO2 and that animals obtain all their carbon through 
ingestion of plants (NRC, 1977, p. 1.109-26; Napier, et al., 1988, p. 4.86). 

The equation for calculating the concentration of C-14 in vegetation from contaminated 
air is: 

Cv>c-14 = (Cajr>c-i4/Cair>c) * fcv (C-19) 
where: 

Cv,c-14 is the concentration of C-14 in vegetation (|iCi/kg), 
Cair,c-14 is the concentration of C-14 in air (|iCi/m ), 
Cair,C is the concentration of natural carbon in air (kg/m ), and 
fcv is the fraction of natural carbon in vegetation (dimensionless). 

The concentration in vegetation is then used to calculate the dose from ingestion of 
contaminated vegetation. As shown in Table C-l, approximately 50% of the exposed person's 
vegetable intake is assumed to involve contaminated vegetation (MMES et al., 1994). The 
resulting dose can be estimated as follows: 

HVti = Cy./ * IRV * DCFmgj (C-20) 
where: 

Hvj is the annual dose from radionuclide / in vegetation (rem/y), 
Cv,i is the concentration of radionuclide / in vegetation (jiCi/kg), 
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IRV is the adult intake rate of vegetables (kg/y), and 
DCFj„gti is the internal dose conversion factor for ingestion of radionuclide i (rem/|j,Ci). 

The concentration in vegetation is also used to determine the concentration in beef and 
milk that will be consumed by humans. It is assumed that 100% of the cow's vegetation 
consumption is from grazing on fresh pasture grass contaminated with airborne radionuclides and 
that the animal grazes 365 days of the year. The concentrations in beef and in cow's milk are 
estimated as follows: 

Cb,i = CV)i *FbJ *IRv(cow)/(365d/y) (C-21) 

Cm,i = CVti * Fm>i * IRV(C0W) / (365 d/y) (C-22) 

where: 
Cbj is the concentration of radionuclide /' in beef from cattle that consumed contaminated 

vegetation (in uCi/kg), 
Cm>i is the concentration of radionuclide / in milk from dairy cows that consumed 

contaminated vegetation (in uCi/L), 
Cv,i is the concentration of radionuclide /' in vegetation consumed by beef cattle or dairy 

cows, 
Fb,t is the ratio of equilibrium concentration of radionuclide /' in meat to daily intake by 

beef cattle (uCi/kg in meat per u,Ci/d intake), 
Fm>i is the ratio of equilibrium concentration of radionuclide /' in milk to daily intake by 

dairy cows (jiCi/L in milk per jj.Ci/d intake), and 
IRv(cow) is the consumption rate of vegetation by beef cattle or dairy cows (kg/y). 
The annual radiation doses from the ingestion of beef and milk are calculated by 

multiplying the concentration in each medium by the human intake rate and the radionuclide-
speciflc internal dose conversion factor: 

Hbli= Cb,i * JRb * DCFingti (C-23) 

Hm,i = Cmii * IRm * DCFingti (C-24) 

where: 
H(b,m),i is the annual dose from radionuclide /' in beef (b) or milk (m) (rem/y), 
C(b,m),i is the concentration of radionuclide /' in beef (b) (uCi/kg) or milk (m) 

' faCi/L), 
IR(b,m) is the adult intake rate of beef (b) (kg/y) or milk (m) (kg/L), and 
DCFj„gtj is the internal dose conversion factor for ingestion of radionuclide /' 

(rem/u.Ci). 
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The annual dose from atmospheric releases of radionuclide /, HTJ, is the sum of the annual 
doses from the four exposure pathways described above (i.e., inhalation of contaminated air and 
ingestion of contaminated vegetables, beef, and milk): 

HT,i = Hinh,i + Hv>i + Hbti + Hm>i (C-25) 

For an assumed air concentration of 1 u,Ci/m , the above equations can be used to 
determine the annual dose for each of the two radionuclides. The values in Table C-1, when 
incorporated into the above equations, yield scenario dose conversion factors of 
8.33 x 102 mrem/y per uCi/m3 for H-3 and 2.20 x 105 mrem/y per uCi/m3 for C-14. Table C-2 
illustrates the contribution of each pathway to the overall dose. 

Table C-2. All Pathways Dose Resulting from Exposure to Air Contaminated at a Concentration 
ofluCi/m3ofH-3orC-14 

Pathway Radionuclide Pathway 
H-3 C-14 

Pathway 

mrem/y 
Percent of 
Total Dose mrem/y 

Percent of 
Total Dose 

Direct inhalation 512 61 190 <1 
Consumption of 
contaminated 
vegetables 

234 28 129,900 59 

Consumption of 
contaminated beef 

42 5 59,380 27 

Consumption of 
contaminated milk 

45 6 30,390 14 

TOTAL 833 mrem/ya 100% 219,860 mrem/yb 100% 

'Scenario dose conversion factor is 8.33 x 10 2 mrem/y per fiCi/m3. 
'Scenario dose conversion factor is 2.20 x 10 s mrem/y per ftCi/m3. 

References for Appendix C 

Baer, T. A. et al., 1994. Second Performance Assessment Iteration of the Greater Confinement 
Disposal Facility at the Nevada Test Site. SAND93-0089. Albuquerque, NM: Sandia 
National Laboratories. 

Cooper, C. D., and F. C. Alley, 1986. Air Pollution Control: A Design Approach. Prospect 
Heights, IL: Waveland Press, Inc. 

CRC, 1981. CRC Handbook of Chemistry and Physics. Eds. Robert C. Weast and Melvin J. 
Astle. Boca Raton, FL: CRC Press, Inc. 

C-ll 



DOE (U. S. Department of Energy), 1988. Internal Dose Conversion Factors for Calculation of 
Dose to the Public, DOE/EH-0071, July. 

EPA (U. S. Environmental Protection Agency), 1988. Limiting Values of Radionuclide Intake 
and Air Concentration and Dose Conversion Factors for Inhalation, Submersion, and 
Ingestion, Federal Guidance Report No. 11, Office of Radiation Programs, EPA 520/1-88-
020, September. 

EPA (U.S. Environmental Protection Agency), 1992a. User's Guide for the Industrial Source 
Complex (ISC2) Dispersion Models, Volume I: User Instructions. EPA Publication No. EPA-
450/4-92-008a. Research Triangle, NC: U.S. Environmental Protection Agency. 

EPA (U. S. Environmental Protection Agency), 1992b. User's Guide for CAP88-PC Version 1.0, 
Air and Radiation, 402-B-92-001, Las Vegas, Nevada. 

Fisher, H. B., E. J. List, R. C. Koh, J. Imberger, and N. H. Brooks, 1979. Mixing in Inland and 
Coastal Waters. New York, NY: Academic Press. 

Foust et al., 1960. Principles of Unit Operations. New York, NY: John Wiley & Sons, Inc. 

ICRP (International Commission on Radiological Protection), 1975. International Commission 
on Radiological Protection, Task Group Report on Reference Man, ICRP Publication No. 23, 
Pergamon Press, New York. 

Kincaid, C. T. et al., 1993. Performance Assessment of Grouted Double-Shell Tank Waste 
Disposal at Hanford, Vol. 1. WHC-SD-WM-EE-004, Rev. 0. Richland, WA: Pacific 
Northwest Laboratory and Westinghouse Hanford Company. 

Maheras, S. J. et al., 1994. Radioactive Waste Management Complex Low-Level Waste 
Radiological Performance Assessment. EGG-WM-8773. Idaho Falls, ID: Idaho National 
Engineering Laboratory. 

MMES (Martin Marietta Energy Systems, Inc.), EG&G Idaho, Inc., and Westinghouse Savannah 
River Company, 1994. Radiological Performance Assessment for the E-Area Vaults Facility 
(U). WSRC-RP-94-218. Aiken, SC: Westinghouse Savannah River Company. 

Napier et al., 1988. GENII - The Hanford Environmental Radiation Dosimetry Software System, 
Volume 1: Conceptual Representation, Battelle, Pacific Northwest Laboratory, Hanford, 
Washington, December. 

NRC (U. S. Nuclear Regulatory Commission), 1977. Regulatory Guide 1.109. Calculation of 
Annual doses to Man from Routine Releases of Reactor Effluents for the Purpose of 
Evaluating Compliance with 10 CFR Part 50, Appendix I. 

ORNL (Oak Ridge National Laboratory), 1994. Performance Assessment for Continuing and 
Future Operations at Solid Waste Storage Area 6. ORNL-6783. Oak Ridge, TN: Oak Ridge 
National Laboratory. 

C-12 



APPENDIX D: 
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NOMENCLATURE 

B v Plant-to-soil concentration ratio for each radionuclide [(nCi/kg fresh weight in 
vegetation)/(n.Ci/kg dry weight in soil)] 

C w Concentration of radionuclide in waste disposal unit (uCi /m 3 ) , 
DCFat Dose-rate conversion factor for external exposure [(rem/y)/(uCi/m 3 )] 
DCFittg Dose conversion factor for ingestion (rem/nCi) 
DCFmt, Dose conversion factor for inhalation (rem/nCi) 
fDtav Fraction of radionuclide remaining in waste after decay (dimensionless) 
f.t Fraction of year exposed 
fg Geometric correction factor (fraction of waste versus non-waste material in disposal unit) 
fm Mixing correction factor (i.e., mixing of waste with uncontaminated soil/material upon 

excavation/drilling) 
fs Shielding factor of home during indoor exposure 
Hlg Annual external dose from working in a garden with contaminated soil (rem/y) 
H,h Annual external dose from living in a house (rem/y) 
Hig Annual inhalation dose from suspended soils while working in a garden (rem/y) 
Ha Annual inhalation dose from suspended soils while in the home (rem/y) 
Hi(<iriU) Post-dril l ing intruder dose (rem/y) 
Hi(home) Homesteader intruder dose (rem/y) 
Hi(X) Total intruder annual dose for scenario x (rem/y), 
Hs Annual soil ingestion dose associated with vegetable intake (rem/y) 
Hv Annual vegetable ingestion dose from contaminated soil uptake in the plant (rem/y) 
IRa Inhalation rate of air (m3/y) 
IRS Soil consumption (intake) rate (kgfy) 
IRV Vegetable consumption (intake) rate (kg fresh weight/y) 
La Atmospheric mass loading of surface soil (kg/m3) 
PE Performance evaluation 
Pj Bulk density of soil (kg/m3) 
SCDF Scenario dose conversion factor [(rem/y)/(uCi/m3)] 
SDCFQ Scenario dose conversion factor [(rem/y)/(nCi/m3)] for exposure pathway i 
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APPENDIX D: 
INTRUDER SCENARIO EXPOSURE PATHWAYS 

The generic intruder equation for a specific radionuclide is as follows: 

Cv = H1(x)/(ZSDCF(i) *fDecay) (D-l) 

where 
Cw is the concentration of radionuclide in waste disposal unit (|iCi/m3), 
Hj(X) is the total intruder annual dose for scenario x (rem/y), 
SDCFft) is the scenario dose conversion factor [(rem/y)/( u.Ci/m3)] for exposure pathway 

/, adjusted for factors applicable to specific exposure pathway or scenario (e.g., 
fraction of radionuclide in waste accounting intake rate, fraction of waste mixed with 
uncontaminated soil, fraction of time exposed, plant-to-soil concentration ratios, etc.), 
and 

fDecay is the fraction of radionuclide remaining in waste after decay, €u, (1 = ln2/ti/2), 
dimensionless. 

The total intruder doses [Hj(X)] are made up of doses from several exposure pathways. The 
homesteader intruder dose [Huhome)] and the post-drilling intruder dose [#;(</„•«)] are the sums of 
doses from the following exposure pathways: 

Hj(home) ~ Hv + Hs + Heh + Heg + Hig + Hjh (P"2) 

Hi(driit) = Hv + Hs+ Heg + Hig (D-3) 

where 
Hi(X) is the total intruder annual dose for scenario x, 
Hv is the annual vegetable ingestion dose from contaminated soil uptake in the plant, 
Hs is the annual soil ingestion dose associated with vegetable intake, 
Heh is the annual external dose from living in house, 
Heg is the annual external dose from working in garden with contaminated soil, 
Hig is the annual inhalation dose from suspended soils while working in garden, and 
Hjh is the annual inhalation dose from suspended soils while in the home. 

Note that water pathways have been eliminated as explained in Section 5.3.3. 

Although the equation for an exposure pathway dose is the same for different scenarios, 
they may not be equal because some factors used to calculate these terms would be different for 
each scenario (see Table D-l). 
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Table D-1. Input Parameters for Intruder Scenarios 

FACTOR VALUE UNITS 
FACTOR 

VARIABILITY SOURCE 
DCFlng 
DCFinh 

DCFW 

dose conversion 
factors for ingestion, 
inhalation, and 
external exposure 

See Table D-2 rem/nCi 
(ingestion and 
inhalation) and 
(rem/y)/(nCi/m3) 
(external) 

nuclide specific, 
exposure route 
specific 

EPA, 1988; 
EPA, 1993 

IRv intake rate for 
vegetables grown in 
own garden 

90 kg/y no variability 
(constant) -
(possibly site 
specific) 

WSRC, 1994 

IRs intake rate for soil 0.037 kg/y no variability 
(constant) -
(possibly site 
specific) 

WSRC, 1994 

IR. inhalation rate of 
average adult 

8000 m3/y no variability 
(constant) 

ICRP, 1975; 
WSRC, 1994 

P, soil density 1400 kg/m 3 no variability 
(constant) 

WSRC, 1994 

By soil-to-plant 
concentration ratio 

See Table D-2 unitless (uCi/kg . 
fresh wt 
vegetation per 
uCi/kg dry wt. 
soil) 

chemical specific Baes et al., 
1984; 
WSRC, 1994 

L. atmospheric loading 
of surface soil 

1x10"7 (garden) 
1x10 - 8 (home) 

kg/m 3 exposure pathway 
specific 

WSRC, 1994 

U geometric correction 
factor (fraction of 
waste in disposal 
unit) 

0.5 (tumulus) 
1.0 (trench) 

unitless technology and 
scenario specific 

WSRC, 1994 

fm soil mixing 
correction factor 

0.2 
(homesteader) 
0.02 
(post-drilling 

unitless scenario specific WSRC, 1994 

fet fraction of year 
exposed 

0.5 (home) 
0.01 (garden) 

unitless exposure pathway 
specific 

WSRC, 1994 

U shielding factor 0.7 unitless exposure pathway 
specific 

NRC 1977; 
WSRC, 1994 

•Decay decay factor 
(time-dependent) 

based on decay 
coefficient (and 
thus half-life) 
and time to 
intrusion 

unitless nuclide specific, 
scenario specific 
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Table D-2. Radionuclide-Specific Constants for Intruder Scenario Calculations (Part 1 of 3) 

NUCLIDE DOSE CONVERSION FACTORS 
SOIL-TO-PLANT I 

CONCENTRATION 
RATIOS 

NUCLIDE 

Ingestion Inhalation External Bv 

NUCLIDE 

rem/uCi Class rem/pCi (rem/y)/(uCi/m3) 
uCi/kg fresh wt. 

vegetation per pCi/kg 
dry wt. soil 

NUCLIDE 

rem/uCi Class rem/pCi 

15 cm 
soil 

depth 

infinite 
depth 

uCi/kg fresh wt. 
vegetation per pCi/kg 

dry wt. soil 

H-3 6.40E-05 6.40E-05 
C-14 
(organic) 

2.09E-03 2.09E-03 

C-14 (as 
C02) 

2.35E-05 

AI-26 1.46E-02 D 7.96E-02 9.0E-03 1.1E-02 2.80E-04 
Si-32 2.18E-03 Y 1.01 E+00 3.01 E-02 
CI-36 3.03E-03 W 2.19E-02 3.01 E+01 
K-40 1.86E-02 D 1.24E-02 2.37E-01 
Co-60 2.69E-02 Y 2.19E-01 8.5E-03 1.0E-02 3.01 E-03 
Ni-59 2.10E-04 D 1.32E-03 2.58E-02 
Ni-63 5.77E-04 D 3.10E-03 2.58E-02 
Se-79 8.70E-03 W 9.84E-03 1.08E-02 
Sr-90 1.42E-01 D 2.39E-01 1.08E-01 

*Y-90 1.08E-02 Y 8.44E-03 2.58E-03 
Zr-93 1.66E-03 D 3.21 E-01 2.15E-04 
Nb-93m 5.22E-04 Y 2.92E-02 2.15E-03 
Nb-94 7.14E-03 Y 4.14E-01 2.15E-03 
Tc-99 1.46E-03 D 1.02E-03 6.45E-01 
Pd-107 1.49E-04 Y 1.28E-02 1.72E-02 
Ag-108m 7.62E-03 Y 2.83E-01 4.30E-02 

*Ag-108 
Cd-113m 1.61E-01 D 1.53E+00 6.45E-02 
Sn-121m 1.55E-03 D 6.51 E-03 1.2E-06 1.2E-06 2.58E-03 
Sn-126 1.95E-02 D 8.73E-02 9.2E-05 9.2E-05 2.58E-03 

*Sb-126 1.02E-02 D 4.70E-03 9.5E-03 1.1E-02 1.29E-02 
*Sb-126m 5.2E-03 5.8E-03 

1-129 2.76E-01 D 1.74E-01 8.1E-06 8.1E-06 2.15E-02 
Cs-135 7.07E-03 D 4.55E-03 1.29E-02 
Cs-137 5.00E-02 D 3.19E-02 1.29E-02 

*Ba-137m 3.40E-03 2.0E-03 2.3E-03 6.45E-03 
Ba-133 3.40E-03 D 7.81E-03 6.45E-03 
Sm-151 3.89E-04 W 3.00E-02 1.72E-03 
Eu-152 6.48E-03 W 2.21 E-01 3.8E-03 4.4E-03 1.72E-03 
Eu-154 9.55E-03 W 2.86E-01 4.1 E-03 4.8E-03 1.72E-03 
Pb-210 5.37E+00 D 1.36E+01 3.87E-03 

*Po-210 1.90E+00 W 8.58E+00 1.72E-04 
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Table D-2. Radionuclide-Specific Constants for Intruder Scenario Calculations (Part 2 of 3) 

NUCLIDE DOSE CONVERSION FACTORS 
SOIL-TO-PLANT 

CONCENTRATION 
RATIOS 

NUCLIDE 

Ingestion Inhalation External Bv 

NUCLIDE 

rem/pCi Class rem/uCi (rem/y)/(pCi/m3) 
uCi/kg fresh wt. 
vegetation per 

pCi/kg dry wt. soil 

NUCLIDE 

rem/pCi Class rem/uCi 

15 cm 
soil 

depth 

infinite 
depth 

uCi/kg fresh wt. 
vegetation per 

pCi/kg dry wt. soil 

Ra-226 1.32E+00 w 8.58E+00 6.45E-04 
*Pb-214 6.25E-04 D 7.81 E-03 7.8E-04 8.4E-04 3.87E-03 
*Bi-214 2.83E-04 D 6.59E-03 5.1 E-03 6.1 E-03 2.15E-03 

Ra-228 1.44E+00 W 4.77E+00 6.45E-04 
Th-229 3.53E+00 Y 1.73E+03 2.0E-04 2.0E-04 3.66E-05 

*Ra-225 3.85E-01 6.9E-06 6.9E-06 6.45E-04 
*Ac-225 1.11E-01 3.9E-05 4.0E-05 1.51 E-04 
*Fr-221 9.2E-05 9.6E-05 
*Bi-213 4.4E-04 4.8E-04 
*TI-209 6.8E-03 8.1 E-03 

Th-230 5.48E-01 Y 2.62E+02 3.66E-05 
*Ac-228 3.2E-03 3.7E-03 

Th-232 2.73E+00 Y 1.15E+03 3.66E-05 
*Th-228 3.96E-01 Y 3.42E+02 3.66E-05 
*Ra-228 1.44E+00 W 4.77E+00 6.45E-04 
*Ra-224 3.66E-01 6.45E-04 
*Pb-212 4.55E-02 4.2E-04 4.4E-04 3.87E-03 
*Ac-228 3.2E-03 3.7E-03 
*Bi-212 6.3E-04 7.3E-04 
*TI-208 1.1E-02 1.4E-02 

Pa-231 1.06E+01 W 1.28E+03 1.1E-04 1.2E-04 1.08E-04 
*Ac-227 1.41 E+01 D 6.70E+03 1.51 E-04 
*Ra-223 6.59E-01 3.6E-04 3.8E-04 6.45E-04 
*Th-227 3.1E-04 3.3E-04 
*Pb-211 1.7E-04 1.9E-04 
*Bi-211 1.5E-04 1.6E-04 
*TI-207 1.1E-05 1.2E-05 

U-232 1.31 E+00 Y 6.59E+02 1.72E-03 
*Th-228 3.96E-01 Y 3.42E+02 3.66E-05 
*Ra-224 3.66E-01 6.45E-04 
*Pb-212 4.55E-02 3.87E-03 

U-233 2.89E-01 Y 1.35E+02 1.72E-03 
U-234 2.83E-01 Y 1.32E+02 1.72E-03 
U-235 2.66E-01 Y 1.23E+02 4.4E-04 4.5E-04 1.72E-03 

*Th-231 2.3E-05 2.3E-05 
U-236 2.69E-01 Y 1.25E+02 1.72E-03 
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Table D-2. Radionuclide-Specific Constants for Intruder Scenario Calculations (Part 3 of 3) 

NUCLIDE DOSE CONVERSION FACTORS 
SOIL-TO-PLANT 

CONCENTRATION 
RATIOS 

NUCLIDE 

Ingestion Inhalation External Bv 

NUCLIDE 

rem/uCi Class rem/uCi 
(rem/y)/(uCi/m3) uCi/kg fresh wt. 

vegetation per 
uCi/kg dry wt. soil 

NUCLIDE 

rem/uCi Class rem/uCi 

15 cm 
soil 

depth 

infinite 
depth 

uCi/kg fresh wt. 
vegetation per 

uCi/kg dry wt. soil 

U-238 2.55E-01 Y 1.18E+02 1.72E-03 
*Th-234 1.37E-02 1.5E-05 1.5E-05 3.66E-05 J 

*Pa-234m 4.9E-05 5.6E-05 | 
*Pa-234 6.3E-03 7.2E-03 I 

Np-237 4.44E+00 W 5.40E+02 4.9E-05 4.9E-05 4.30E-03 
*Pa-233 6.0E-04 6.4E-04 | 

Pu-238 3.20E+00 W 3.92E+02 1.94E-05 
Pu-239 3.54E+00 W 4.29E+02 1.94E-05 

IPu-240 3.54E+00 W 4.29E+02 1.94E-05 
OPu-241 6.85E-02 W 8.25E+00 1.94E-05 
IPu-242 3.36E+00 W 4.11E+02 1.94E-05 
Pu-244 3.32E+00 w 4.03E+02 1.94E-05 

*Np-240m 1.1E-03 1.3E-03 
Am-241 3.64E+00 w 4.44E+02 2.7E-05 2.7E-05 1.08E-04 
Am-243 3.62E+00 w 4.40E+02 8.9E-05 8.9E-05 1.08E-04 

*Np-239 4.6E-04 4.7E-04 
Cm-243 2.51 E+00 w 3.07E+02 3.5E-04 3.6E-04 6.45E-06 
Cm-244 2.02E+00 w 2.48E+02 6.45E-06 
Cm-245 3.74E+00 w 4.55E+02 2.1E-04 2.1E-04 6.45E-06 
Cm-246 3.70E+00 w 4.51 E+02 6.45E-06 
Cm-247 3.42E+00 w 4.14E+02 1.0E-03 1.1E-03 6.45E-06 

*Pu-243 4.9E-05 5.0E-05 
Cm-248 1.36E+01 w 1.65E+03 6.45E-06 
Cf-249 4.74E+00 w 5.77E+02 1.1E-03 1.2E-03 6.45E-06 
Cf-250 2.13E+00 w 2.62E+02 6.45E-06 
Cf-251 4.85E+00 w 5.88E+02 3.2E-04 3.3E-04 6.45E-06 J 

NOTE: Where data are not provided in the table, it is assumed that the corresponding exposure pathway is negligible. For example, 
external exposures for many radionuclides (e.g., plutonium Isotopes) are negligible due to the lack of emissions of high-energy 
photons. 

(*) denotes radiologically significant short-lived decay products that are assumed to be in secular equilibrium with the parent radionuclide 
(WSRC, 1994). 

Internal (ingestion and Inhalation) dose conversion factors (DCFs) are based on EPA (1988) and external DCFs are based on WSRC 
(1994) and EPA (1993). 

Soil-to-plant concentrations ratios (Bv) are based on values from Baes et al. (1984) (also used in WSRC, 1994). They are based on 
(iCi/kg fresh weight in vegetation per jtCi/kg dry weight in soil. These are based on ratios reported on the basis of dry weight of 
vegetation (Fig. 2.2 in Baes et al., 1984) multiplied by a factor of 0.43 to convert fresh weight of vegetation (Baes et al., 1984). 

External exposures while living in the home are assumed to be from radionuclides uniformly distributed in infinite soil thickness (WSRC, 
1994, Table A.4-5, p. A-58). 

"Class'' refers to the lung clearance class. The class that gives the highest dose was chosen because little is known of expected 
chemical forms and solubilities in waste or soil. The only exceptions are Sr-90 and Tc-99 (Class D), which are relatively soluble, and 
Th-xx (Class Y), which is expected to be highly insoluble (WSRC, 1994, p. A-50). 
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If one were to do a forward calculation to determine each exposure pathway dose, the 
following equations would be employed: 

Hv is the annual vegetable ingestion dose 

Hv = C w * DCFing *fDecay * IRV * Bv *fg *fm /Ps (D-4) 

Hs is the annual soil ingestion dose 

H, = C„ * DCFing *fDecay * IRS *f8 *fm /Ps (D-5) 

Heh is the annual external dose from living in house 

Heh = C w * DCFe* *fDecay *fg *fs *fet (D-6) 

Heg is the annual external dose from working in garden with contaminated soil 

Heg = C w * DCFm *fDecay *fg *fm *fet (D-7) 

Hig is the annual inhalation dose from suspended soils while working in garden 

Hlg = Cv* DCFinh *fDecay * IRa *fg *fm *fet * La /Ps (D-8) 

Hih is the annual inhalation dose from suspended soils while in the home 

jy t t = C w * D C F j l l h * f c 0 M y * I R . * f g * £ t * L , / P i (D-9) 

where: 
C w is the concentration of radionuclide in exhumed waste (mCi/m3), 
DCFi„g is the dose conversion factor for ingestion (rem/jj,Ci), 
DCFext is the dose-rate conversion factor for external exposure [(rem/y)/(fxCi/m3)], 
DCFinh is the dose conversion factor for inhalation (rem/|j.Ci), 
/Decay is the decay factor - fraction of initial inventory of radionuclide in disposal unit 

(based on time elapsed before initial exposure, i.e., time of intrusion); (e"ft; 1 = 
ln2/ti/2), 

IRV is the vegetable consumption (intake) rate (kg fresh weight/y), 
IRS is the soil consumption (intake) rate (kg/y), 
IRa is the inhalation rate of air (m3/y), 
fg is the geometric correction factor (fraction of waste versus non-waste material in 

disposal unit), 
fm is the mixing correction factor (i.e., mixing of waste with uncontaminated soil/material 

upon excavation/drilling), 
Bv is the plant-to-soil concentration ratio for each radionuclide [(uCi/kg fresh weight in 

vegetation)/( jiCi/kg dry weight in soil)], 
Ps is the bulk density of soil (kg/m3), 
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fs is the shielding factor of home during indoor exposure, 
fet is the fraction of year exposed, and 
La is the atmospheric mass loading of surface soil (kg/m3). 

Values for these factors are given in Tables D-1 and D-2. 

For each exposure pathway dose, the scenario dose conversion factor (SDCF) is the 
product of all the factors on the right sides of the equation except for the concentration in the 
waste (Cw) and the decay factor (fdecay)- For example, the SDCF for the vegetable ingestion 
pathway would be: 

SDCF = DCFing * IRV * Bv *fm /Pt (D-10) 

The total SDCF for an intruder scenario is the sum of each SDCF for each exposure pathway 
applicable to an intruder scenario, as depicted in Equation D-1. 

Some of the factors used to calculate the SDCFs are constant but may only be constant for 
specific exposure pathways, disposal technologies, sites, etc. Table D-1 lists the factors required 
to calculate the intruder doses identified above and lists what variability they will have when 
conducting the analyses for the PEs. That is, some of these factors will be constant for all sites 
and all scenarios, while others may vary depending on disposal technology and site location. 
Table D-2 lists the radionuclide-specific constants applied to the intruder scenario calculations. 

A detailed discussion of the calculation of doses due to ingrowth of decay products is 
provided in Appendix E. 
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DCF Dose conversion factor 
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APPENDIX E: 
TREATMENT OF DECAY PRODUCTS IN THE DEVELOPMENT OF 

PATHWAY AND SCENARIO DOSE CONVERSION FACTORS 

E.1 INTRODUCTION 

Three transport pathways are addressed in the performance evaluations (PEs): water, 
atmospheric, and intrusion. The atmospheric pathway involves releases of radionuclides from the 
waste into the air and exposure through direct inhalation, and ingestion of plants, beef, and milk. 
The water pathway involves transport through surface or groundwater and exposure from 
ingestion of drinking water only. The intrusion scenarios involve exposure from direct inhalation 
of airborne soil particles, ingestion of plants and soil, and external exposure. Fifty-eight 
radionuclides are evaluated for the water and intrusion pathways. The radionuclides H-3 and 
C-14 are the ones considered for the atmospheric pathway. To estimate limits for individual 
radionuclides in the waste, dose conversion factors (DCFs) are necessary to convert doses 
(expressed as performance objectives) to concentrations. Two types of modified DCFs are used 
in the PE. The pathway dose conversion factor (PDCF) is the published DCF (dose per unit 
activity of a radionuclide) (EPA, 1988; EPA, 1993) modified by the intake rates and other 
applicable exposure pathway parameters for a specific environmental transport pathway. The 
different types of PDCFs considered in this PE analysis are listed in Table E-l. The second type 
of modified DCF is the scenario dose conversion factor (SDCF), which is the sum of PDCFs for a 
specific scenario (e.g., atmospheric transport or intruder scenario). The SDCFs and associated 
pathways evaluated in the PE are also presented in Table E-l. 

Table E-l. PDCFs and SDCFs 

Scenarios Pathways 

PDCFs water ingestion 
inhalation 
vegetation ingestion 
soil ingestion 
beef ingestion 
milk ingestion 
external exposure 

SDCFs Atmospheric transport = inhalation PDCF 
+ vegetable ingestion PDCF 
+ beef ingestion PDCF 
+ milk ingestion PDCF 

Intrusion = inhalation PDCF 
+ vegetable ingestion PDCF 
+ soil ingestion PDCF 
+ external PDCF 
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The specific equations for calculating water ingestion PDCFs, atmospheric SDCFs, and 
the intruder SDCFs are presented in Section 5.4.1, Appendix Cr and Appendix D, respectively, of 
this volume. Because some radionuclides have decay products (progeny) that significantly 
contribute to the dose of a parent radionuclide, thePDCF or SDCF for the parent must include 
the dose contributions for the decay products. The way in which parents with significant progeny 
are treated depends on whether the parent and progeny are in secular equilibrium. This appendix 
presents the different cases of radionuclides and how they are each treated for calculating PDCFs 
and SDCFs. Because the atmospheric release pathway considered only H-3 and C-14, which do 

not have progeny, only the water and intrusion pathways are discussed below. The PDCFs for the 
water pathway and SDCFs for intrusion used in the PE are presented in this appendix; the 
atmospheric pathway SDCFs are presented in Appendix C. 

E.2 CATEGORIZATION OF PARENT RADIONUCLIDES ACCORDING TO THEIR 
DECAY PRODUCTS 

For radionuclideswith.no radiologically significant decay products, the radionuclide-
specific PDCF or SDCF alone is used to calculate the permissible waste concentration. For 
radionuclides with decay products, that could contribute significantly to the dose, the 
PDCFs/SDCFs depend ore whether the decay products are in secular equilibrium at the time of 
interest, and whether they are long- or short-lived and cause an increase in dose due to ingrowth. 
The cases of parent/progeny relationships defined in Section 5.4.2 are summarized below in 
Table E-2. Table E.-3; lists the parent radionuclides and significant progeny Included in the PE 
analysis and Identifies which progeny fall under which case. 

Table E-2. Parent/Progeny Relationships 

1 CaseO Parent has no progeny that significantly contribute to dose. 

1 Casel Progeny reach secular equilibrium with parent before time frame of interest (i.e., 
before 100 y - time frame of institutional controls). 

I Case 2 Parent has progeny that do-not reach'secular equilibrium before the time frame of 
interest (i.e., before the time of arrival; at the groundwater compliance point or the 

; time of intrusion) and are shorter-lived than the parent. 

I Case 3 Parent has progeny that do not reach secular equilibrium in the time frame of 
interest and are longer-lived than the parent. 
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Table E-3. Radioactive Decay Products Considered in the Performance Evaluation (Part 1 of 2) 

No. Isotope 
Half-Life 

(y) 

Decay Chains and Radiologically 
Significant Progeny * Case" 

1 H-a 1.23E+01 Stable nuclide; No radioactive progeny 0 
2 C-14 5.73E+03 Stable nuclide; No radioactive progeny 0 
3 AI-26 7.30E+05 Stable nuclide; No radioactive progeny 0 
4 Si-32 1.00E+02 P-32 (1.0) 1 
5 CI-36 3.01 E+05 Stable nuclide; No radioactive progeny 0 
6 K-40 1.28E+09 Stable nuclide; No radioactive progeny 0 
7 Co-60 5.27E+00 Stable nuclide; No radioactive progeny 0 
8 Ni-59 7.60E+04 Stable nuclide; No radioactive progeny 0 
9 Ni-63 1.00E+02 Stable nuclide; No radioactive progeny 0 
10 Se-79 6.50E+04 Stable nuclide; No radioactive progeny 0 
11 Sr-90 2.91 E+01 Y-90(1.0) 1 
12 Zr-93 1.50E+06 Nb-93m (1.0) 1 
13 Nb-93m 1.61 E+01 Stable nuclide; No radioactive progeny 0 
14 Nb-94 2.00E+04 Stable nuclide; No radioactive progeny 0 
15 Tc-99 2.13E+05 Stable nuclide; No radioactive progeny 0 
16 Pd-107 6.50E+06 Stable nuclide; No radioactive progeny 0 
17 Ag-108m 1.30E+02 Ag-108 (0.093) 1 
18 Cd-113m 1.41 E+01 Stable nuclide; No radioactive progeny 0 
19 Sn-121m 5.50E+01 Sn-121 (0.224) 1 
20 Sn-126 1.00E+05 Sb-126m (1.0), Sb-126 (0.14) 1 
21 1-129 1.57E+07 Stable nuclide; No radioactive progeny 0 
22 Cs-135 2.30E+06 Stable nuclide; No radioactive progeny 0 
23 Cs-137 3.02E+01 Ba-137m (0.946) 1 
24 Ba-133 1.05E+01 Stable nuclide; No radioactive progeny 0 
25 Sm-151 9.00E+01 Stable nuclide; No radioactive progeny 0 
26 Eu-152 1.35E+01 No significant progeny 0 
27 Eu-154 8.59E+00 Stable nuclide; No radioactive progeny 0 
28 Pb-210 2.23E+01 Po-210(1.0) 1 
29 Ra-226 1.60E+03 Pb-214(1.6J, B i -2 l4 ( i6 ) , Pb-210.(1.6), etseq., 

Po-210(1.0) 1 
30 Ra-228 5.76E+00 Ac-228 (1.0), Th-228 (1.0), Ra-224 (1.0), Pb-212 

(1.0), Bi-212(1.0), TI-208 (0.3593) 1 
31 Th-229 7.30E+03 Ra-225 (1.0), Ac-225 (1.0), Fr-221 (1.0), Bi-213 

(1.0), TI-209 (0.0216) 
1 

32 Th-230 7.54E+04 Ra-226 (1.0), etseq. 2 
33 Th-232 1.40E+10 Ra-228 (1.0), etseq. 1 
34 Pa-231 3.28E+04 Ac-227 (1.0), Ra-223 (1.0), Pb-211 (1.0), Bi-211 

(1.0), TI-207 (1.0), Th-227 (0.9862) 1 



Table E-3. Radioactive Decay Products Considered in the Performance Evaluation (Part 2 of 2) 

No. Isotope 
Half-Life 

(y) 

Decay Chains and Radiologically 
Significant Progeny a Case b 

35 U-232 7.00E+01 Th-228 (1.0), Ra-224 (1.0), Pb-212 (1.0), Bi-212 
(1.0). TI-208 (0.3593) 

1 

36 U-233 1.59E+05 Th-229 (1.0), et seq. 2 
37 U-234 2.46E+05 Th-230(1.0), etseq. 2 
38 U-235 7.04E+08 Th-231 (1.0), 1 38 U-235 7.04E+08 

Pa-231 (1.0), etseq. 2 
39 U-236 2.34E+07 Th-232(1.0), etseq. 3 
40 U-238 4.47E+09 Th-234 (1.0), Pa-234m (1.0), Pa-234 (0.0016) 1 40 U-238 4.47E+09 

U-234 (1.0), etseq. 2 
41 Np-237 2.14E+06 Pa-233(1.0) 1 

U-233 (1.0), etseq. 2 
42 Pu-238 8.77E+01 U-234 (1.0), etseq. 3 
43 Pu-239 2.41 E+04 U-235 (1.0), etseq. 3 
44 Pu-240 6.56E+03 U-236 (1.0), etseq. 3 
45 Pu-241 1.44E+01 Am-241 (1.0), etseq. 3 
46 Pu-242 3.75E+05 U-238(1.0), etseq. 3 
47 Pu-244 8.00E+07 Np-240m (1.0) 1 47 Pu-244 8.00E+07 

Pu-240 (1.0). U-236 (1.0) 2 
47 Pu-244 8.00E+07 

Th-232 etseq. (1.0) 3 
48 Am-241 4.33E+02 Np-237 (1.0), etseq. 3 
49 Am-243 7.37E+03 Np-239 (1.0) 1 49 Am-243 7.37E+03 

Pu-239 (1.0), etseq. 3 
50 Cm-243 2.91 E+01 Pu-239(1.0), etseq. 3 
51 Cm-244 1.81E+01 Pu-240 (1.0), etseq. 3 
52 Cm-245 8.50E+03 Pu-241 (1.0) 1 52 Cm-245 8.50E+03 

Am-241 (1.0), etseq. 2 
53 Cm-246 4.76E+03 Pu-242(1.0), etseq. 3 
54 Cm-247 1.56E+07 Pu-243(1.0) 1 54 Cm-247 1.56E+07 

Am-243 (1.0), etseq. 2 
55 Cm-248 3.48E+05 Pu-244 (0.9174), etseq. 3 
56 Cf-249 3.51 E+02 Cm-245(1.0), etseq. 3 
57 Cf-250 1.31 E+01 Cm-246(1.0), etseq. 3 
58 Cf-251 9.00E+02 Cm-247 (1.0), et seq. 3 

a Numbers in parentheses indicate branching fractions for progeny nuclides. 
Radon is excluded from dose calculations in this Performance Evaluation analysis. 
Source: RadDecay Program; version 3.03 

b Case 0 No significant radioactive progeny 
Case 1 Parent and progeny are in secular equilibrium 
Case 2 Parent and progeny are not in secular equilibrium 
Case 3 Parent and progeny are not in secular equilibrium; progeny are longer-lived than parent 



E.3 DOSE CONVERSION FACTORS FOR THE GROUNDWATER PATHWAY 
For the groundwater transport pathway, permissible waste concentrations are calculated at 

the performance boundary. The times of arrival at the performance boundary may vary for each 
chemical species. Therefore, the PDCFs must be calculated for the specific time of arrival. A 
single PDCF is desired for each parent radionuclide so that a single waste concentration limit can 
be calculated. The way in which the parent PDCFs are calculated depends on the parent/progeny 
relationship (Cases 0-3). Table E-4 summarizes how each parent/progeny case is treated in the 
groundwater analysis. The progeny for each parent radionuclide used in the groundwater analysis 
are listed in Table E-3. Note that some of the progeny listed in Table E-3 are not relevant for the 
water ingestion pathway (e.g., they only contribute an external dose). 

Table E-4. Method of Groundwater Analysis 

Case Method of Groundwater Analysis Nuclides in PE 

0 Transport parent to compliance point and 
compute dose. 

H-3, C-14, AI-26, CI-36, K-40, Co-60, 
Ni-59, Ni-63, Se-79, Nb-93m, Nb-94, 
Tc-99, Pd-107, Cd-113m, 1-129, Cs-135, 
Ba-133, Sm-151, Eu-152, Eu-154 
Total: 20 nuclides 

1 Transport parent to compliance point, 
assume all progeny are produced at that 
time and place, and compute dose from the 
summed contribution of parent plus 
progeny (accounting for branching fractions 
of progeny). 

Si-32, Sr-90, Zr-93, Ag-108m, Sn-121m, 
Sn-126, Cs-137, Pb-210, Ra-226, Ra-228, 
Th-229, Th-232, Pa-231, U-232, Np-237 
Total: 15 nuclides 

2 Transport parent to compliance point, then 
use Bateman equations to predict activities 
of parent and progeny at time of arrival; 
use activities as multipliers for parent and 
progeny dose conversion factors to 
compute combined dose. 

Th-230, U-233, U-234, U-235, U-238, 
Pu-244, Cm-245, Cm-247 
Total: 8 nuclides 

3 Compute dose as the greater of: 
(a) Parent (and/or any short-lived progeny 
in secular equilibrium) transported by itself, 
i.e., same as Case 1; 
(b) Progeny transported by itself, then 
compute dose on a "per curie of parent" 
basis by reducing the progeny dose by the 
ratio of half-lives. 

Pu-238, Pu-241, Am-241, Cm-243, 
Cu-244, Cf-249, Cf-250 
Total: 7 nuclides 

Ignore decay products due to negligible 
ingrowth during the compliance period. 

U-236, Pu-239, Pu-240, Pu-242, 
Am-243, Cm-246, Cm-248, Cf-251 
Total: 8 nuclides 
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Case 0 can be defined as those parents with no decay products. Case 1 is for parents with 
decay products that are always assumed to be in secular equilibrium. For both Case 0 and Case 1, 
a single pathway dose conversion factor (PDCF) value can be readily developed for each parent 
nuclide. These PDCFs have been computed based upon the consumption by an adult of an 
average of 2 L/day of drinking water. 

Case 2 and 3 radionuclides require special attention for the groundwater pathway. Case 2 
is where the decay products are shorter-lived than the parents, but they do not reach equilibrium 
with their parents within the 10,000-y compliance period. For Case 2 parents, Bateman equations 
are to be used to determine the contributions of the radiological significant decay products to the 
overall PDCF at the time of arrival at the performance boundary. 

Only nine radionuclides need to be examined initially under Case 2: Th-230, U-233, 
U-234, U-235, U-238, Np-237, Pu-244, Cm-245, and Cm-247. However, the Case 2 decay 
products of Np-237 can be ignored during the 10,000-y compliance period due to insufficient 
ingrowth. Thus, only eight radionuclides are of interest under Case 2, for developing PDCF 
values. 

Table E-5 presents the eight Case 2 radionuclides and the ratios of the maximum and 
minimum PDCFs during the compliance period. Data in the table indicate that the ratio of 
maximum to minimum PDCFs during the compliance period for U-238, Pu-244, Cm-245, and 
Cm-247 does not vary by a factor of more than 1.8. Therefore, for these four nuclides, a single 
PDCF value has been developed based upon the maximum PDCF during the compliance period. 
This single PDCF value is used in the groundwater analysis, regardless of the time of arrival at the 
performance boundary. 

Table E-5. Summary of Dose Conversion Factors for Case 2 Parent Radionuclides for the 
Groundwater Pathway 

Nuclide 
Arrival Time at Performance 

Boundary 
(y) 

Ratio of Pathway 
Dose Conversion 
Factors (PDCFs) 

Max: Min 

. Maximum 
PDCF 

(rem/y per 
nCi/L) 

Nuclide 

For Maximum 
Dose 

For Minimum 
Dose 

Ratio of Pathway 
Dose Conversion 
Factors (PDCFs) 

Max: Min 

. Maximum 
PDCF 

(rem/y per 
nCi/L) 

1 Th-230 9,000 100 10.3 6140 

U-233 10,000 100 8.2 1953 
U-234 10,000 100 3.1 648 
U-235 10,000 100 16.4 3725 
U-238 10,000 100 1.0 207 

Pu-244 10,000 100 1.7 4112 

Cm-245 1,000 10,000 1.8 4565 

Cm-247 10,000 100 1.7 4342 
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Table E-5 also shows that Th-230, U-233, U-234, and U-235 have PDCF values that 
increase throughout the compliance period by factors of up to 16. A set of curve fits were 
developed for these four radionuclides. The equations developed for these four radionuclides are 
valid only over the period 100 to 10,000 y after closure of the facility. In the event that arrival 
times at the compliance point exceed 10,000 y, the equations will not produce valid PDCF values. 
In that case, the recommended approach is to use the PDCF value at 10,000 y instead of the 
equation. Note that subsurface travel times in excess of 10,000 y are used to disqualify the 
groundwater pathway from determining the most restrictive permissible waste concentrations. 

For all Case 2 radionuclides, the total PDCF values are already "decayed" (i.e., via use of 
Bateman equations); hence, the decay factor (rDeca^) should not be used as part of the equation for 
dose from consumption of contaminated groundwater. 

For Case 3, the decay products are longer-lived than their parents. Case 3 doses must be 
computed as the greater of (1) the parent transported to the point of compliance,and (2) the 
longer-lived decay products transported to the point of compliance and with their dose reduced by 
the ratio of the half-lives of decay products to the parent. 

Among the Case 3 radionuclides, the decay product doses can be ignored (due to 
negligible ingrowth during the compliance period) for the following parent radionuclides: U-236, 
Pu-239, Pu-240, Pu-242, Am-243, Cm-246, Cm-248, and Cf-251. For these parents, the 
appropriate PDCFs are developed in the same manner as for Case 0 or Case 1, whichever is 
appropriate for the specific parent. 

For all other Case 3 parents (listed in Table E-4), the "ratio of half-lives" rule can be 
applied as necessary. When a decay product is longer-lived than its parent, the maximum activity 
of the decay product is approximately equal to the initial activity of the parent multiplied by the 
ratio of the half-lives of the decay product and the parent, but there is never any kind of 
equilibrium between the activities of the parent and decay product. If exposures are expected to 
occur at a time sufficiently long after disposal such that the activity of the shorter-lived parentis 
reduced to innocuous levels, a simple and conservative approach would be to convert the initial 
activity of the parent to an equivalent initial activity of the decay product using the ratio of the 
two half-lives (Equation E-l). Then the activity of the decay product is used as input to the 
transport and exposure analysis. 

Aa = Ap * (tin* I W (E-l) 
where 

Ad = initial activity of the decay product 
Ap = initial activity of the parent 
ti/2,d = half-life of the decay product 
ti/2,P

 = half-life of the parent 

Table E-6 presents water pathway PDCF values for all 58 radionuclides in the PEs. For 
four radionuclides (Th-230, U-233, U-234, and U-235) equations have been developed to relate 
the PDCF to time of arrival at the performance boundary during the 10,000-y compliance period; 
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however, the curve fit equations are valid only until 10,000 y. Beyond 10,000 y, the maximum 
PDCF value should be used. 

E.4 DOSE CONVERSION FACTORS FOR INTRUSION SCENARIOS 

The radionuclide-specific methodology for calculating intruder SDCFs is summarized in 
Table E-7. For the generic intruder analysis, the times of intrusion are generally limited to one of 
the following, depending on the disposal technology and intruder scenario: 100, 300, or 500 y. 
Case 1 is when parents and progeny reach secular equilibrium before the time of intrusion. In this 
case, the SDCF is the sum of the SDCFs for the parent and the significant progeny, weighted by 
any applicable branching fractions for the progeny. 

In Cases 2 and 3, the SDCFs for parents and progeny, which do not reach secular 
equilibrium by the time of intrusion, are calculated for various times up to 10,000 y (the 
compliance period in this PE analysis). For the Case 2 parents, the decay products cause an 
increase in dose over time. For these radionuclides, the time of intrusion was assumed to be at 
the time of maximum dose. For six radionuclides (U-233, U-234, U-235, U-238, Pu-244, and 
Cu-247) this was 10,000 y. For two radionuclides the time of maximum dose occurs before the 
end of the 10,000-y compliance period. The times of intrusion for these were as follows: Th-230 
- 9,000 y and Cm-235 - 1,000 y. The SDCFs are then calculated as the weighted sum of the 
parent and the decay product, based on the activity fraction at that time of maximum dose (or 
10,000 y, which ever comes first). For the Case 3 parents, the progeny are not in equilibrium 
within the time frame of interest, but the doses do not increase over time. In this case, the dose is 
taken at the specific intrusion time of interest (e.g., 100, 300, or 500 y) with the appropriate 
activity fractions for that time. Some of the Case 3 radionuclides have progeny that are not in 
secular equilibrium with the parent, but they are ignored due to negligible ingrowth during the 
compliance period. These are treated as if they have no progeny (i.e., equivalent to a Case 0). 

Table E-8 displays the intrusion SDCFs used in the PE. The SDCFs for the trench and 
tumulus are the same for both intruder scenarios. The only differences in the two technologies for 
the intrusion scenarios are the time of intrusion and the geometry factor. These two parameters 
are used when calculating the final waste concentration limit (described in Sect. 5.3.3.2 and 
Appendix D). 

For the Case 2 and 3 nuclides, the SDCFs for the progeny (not in secular equilibrium) are 
listed separately in Table E-8. The final SDCF for the parent is calculated using the activity 
fractions of parent to progeny at the intrusion time of interest. 

References for Appendix E 

EPA, 1988. Limiting Values of Radionuclide Intake and Air Concentration and Dose 
Conversion Factors for Inhalation, Submersion, and Ingestion. Federal Guidance Report 
No. 11. EPA 520/1-88-020. Office of Radiation Programs. 

EPA, 1993. External Exposure to Radionuclides in Air, Water, and Soil. Federal Guidance 
Report No. 12. EPA402-R-93-081. Oak Ridge National Laboratory and U. S. 
Environmental Protection Agency. 
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Table E-6. Water Pathway Dose Conversion Factors (PDCFs) (Part 1 of 2) 
No. Nucl ide 1 Ingestion PDCF 2 

rem/y per uCi/L 
Remarks3 <* 

1 H-3 4.67E-02 
2 C-14 1.52E+00 
3 AI-26 1.06E+01 
4 Si-32 + d 7.99E+00 

Si-32 
P-32 

5 CI-36 2.21 E+00 
6 K-40 1.36E+01 
7 Co-60 1.97E+01 
8 Ni-59 1.53E-01 
9 Ni-63 4.21 E-01 
10 Se-79 6.35E+00 
11 Sr-90 + d 1.12E+02 

Sr-90 
Y-90 

12 Zr-93 + d 1.59E+00 
Zr-93 
Nb-93m 

13 Nb-93m 3.81 E-01 
14 Nb-94 5.21 E+00 
15 Tc-99 1.07E+00 
16 Pd-107 1.09E-01 
17 Ag-108m 5.56E+00 
18 Cd-113m 1.17E+02 
19 Sn-121m + d 1.28E+00 

Sn-121m 
Sn-121 

20 Sn-126 + d 1.53E+01 
Sn-126 
Sb-126 

21 1-129 2.01 E+02 
22 Cs-135 5.16E+00 
23 Cs-137 3.65E+01 
24 Ba-133 2.48E+00 
25 Sm-151 2.84E-01 
26 Eu-152 4.73E+00 
27 Eu-154 6.97E+00 
28 Pb-210 + d 5.30E+03 

Pb-210 
Po-210 

29 Ra-226 + d 6.27E+03 
Ra-226 
Pb-210 
Po-210 

30 Ra-228 + d 1.64E+03 
Ra-228 
Th-228 
Ra-224 
Pb-212 

31 Th-229 + d 2.94E+03 
Th-229 
Ra-225 
Ac-225 
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Table E-6. Water Pathway Dose Conversion Factors (PDCFs) (Part 2 of 2) 

No. Nucl ide 1 Ingestion P D C F 2 

rem/y per uCi/L 
R e m a r k s 3 A 

32 Th-230 343.6 + 2.644*T - 4.9E-4*T' 
+ 4.274E-8*T3 - 1.44E-12*!4 

Case 2; Curve fit equation; T = time of arrival, 
after facility closure 

33 Th-232 + d 3.63E+03 
Th-232 
Ra-228 
Th-228 
Ra-224 
Pb-212 

34 Pa-231 + d 1.85E+04 
Pa-231 
Ac-227 
Ra-223 

35 U-232 + d 1.55E+03 
U-232 
Th-228 
Ra-224 
Pfa-212 

36 U-233 
217.3 + 0.26013*T - 8.656E-6*T2 

Case 2; Curve fit equation; T = time of arrival, 
after facility closure 

37 U-234 206.2 + 5.612E-3*T + 8.032E-6*T2 

-4.175E-10*T3 

Case 2; Curve fit equation; T = time of arrival, 
after facility closure 

38 U-235 
188.6 + 0.3909*T - 3.728E-6*T2 

Case 2; Curve fit equation; T = time of arrival, 
after facility closure 

39 U-236 1.96E+02 Case 3; PDCF for parent only 
40 U-238 2.07E+02 Case 2; calculated using Bateman equations 
41 Np-237 3.24E+03 
42 Pu-238 2.34E+03 Case 3; PDCF for parent only 
43 Pu-239 2.58E+03 Case 3; PDCF for parent only 
44 Pu-240 2.58E+03 Case 3; PDCF for parent only 
45 Pu-241 5.00E+01 Case 3; PDCF for parent only 
46 Pu-242 2.45E+03 Case 3; PDCF for parent only 
47 Pu-244 4.11E+03 Case 2; calculated using Bateman equations 
48 Am-241 2.66E+03 Case 3; PDCF for parent only 
49 Am-243 2.64E+03 Case 3; PDCF for parent only 
50 Cm-243 1.83E+03 Case 3; PDCF for parent only 
51 Cm-244 1.47E+03 Case 3; PDCF for parent only 
52 Cm-245 4.57E+03 Case 2; calculated using Bateman equations 
53 Cm-246 2.70E+03 Case 3; PDCF for parent only 
54 Cm-247 4.34E+03 Case 2; calculated using Bateman equations 
55 Cm-248 9.94E+03 Case 3; PDCF for parent only 
56 Cf-249 3.46E+03 Case 3; PDCF for parent only 
57 Cf-250 1.56E+03 Case 3; PDCF for parent only 
58 Cf-251 3.54E+03 Case 3; PDCF for parent onjy 
1 An entry with "+d" denotes parent radionuclide plus its radiologically significant, short-lived decay products that are assumed to 
be in secular equilibrium with the parent. 
2 PDCFs are based on ingestion dose conversion factors (DCFs) in EPA, 1988 and a water consumption rate of 730 L/yr. For 
radionuclides with more than one DCF, the one with the greatest fractional uptake from the small intestine to the bloodstream was 
used. These PDCFs do not account for decay. 
3 Case 2 indicates progeny and parent that do not reach secular equilibrium within 10,000 years. Bateman equations have been 
used to compute contributions of progeny to total PDCF. These PDCFs account for decay. 
4 The PDCFs for Case 3 are only for the parent and do not account for decay. The total PDCF depends on the activity fraction of 
the parent and progeny at the arrival time. 
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Table E-7. Methodology for Calculating Intruder SDCFs Based on Parent/Progeny Relationship 

Case Method of Intruder Analysis Nuclides in PE 

0 The SDCF equals that for the individual 
parent. 

H-3, C-14, AI-26, CI-36, K-40, 
Co-60, Ni-59, Ni-63, Se-79, 
Nb-93m, Nb-94, Tc-99, Pd-107, 
Cd-113m, 1-129, Cs-135, Ba-133, 
Sm-151,Eu-152,Eu-154 
Total: 20 nuclides 

1 The SDCF equals the weighted sum of 
SDCFs for the parent and significant 
progeny. The weighting is based on the 
branching fraction for each nuclide. 

Si-32, Sr-90, Zr-93, Ag-108m, 
Sn-121m, Sn-126, Cs-137, Pb-210, 
Ra-226, Ra-228, Th-229, Th-232, 
Pa-231,U-232,Np-237 
Total: 15 nuclides 

2 (a) SDCF increases overtime, but the 
maximum dose occurs before the end of 
the compliance period (time of intrusion 
forTh-230: 9,000 y; Cm-245:1,000 y). 
The SDCF equals the weighted sum of 
SDCFs for the parent and significant 
progeny. The weighting is based on the 
activity fractions of the parent and 
progeny at the time of intrusion. 

Th-230, Cm-245 
Total: 2 nuclides 

(b) SDCF increases over entire 
compliance period; take the maximum 
dose at end of the compliance period 
(i.e., 10,000 y). 
The SDCF equals the weighted sum of 
SDCFs for the parent and significant 
progeny. The weighting is based on the 
activity fractions of the parent and 
progeny at the time of intrusion. 

U-233, U-234, U-235, U-238, 
Pu-244, Cm-247 
Total: 6 nuclides 

3 (a) SDCF does not increase with time. 
The SDCF equals the weighted sum of 
SDCFs for the parent and significant 
progeny. The weighting is based on the 
activity fractions of the parent and 
progeny at the time of intrusion. 

Pu-238, Pu-241, Am-241, Cm-243, 
Cm-244, Cf-249, Cf-250, Cf-251 
Total: 8 nuclides 

(b) Progeny not in secular equilibrium 
can be ignored due to negligible 
ingrowth during compliance period; 
SDCF is calculated as if there are no 
progeny (Case 0). 

U-236, Pu-239, Pu-240, Pu-242, 
Am-243, Cm-246, Cm-248 
Total: 7 nuclides 

E-13 



Table E-8. Intrusion Scenario Dose Conversion Factors (SDCFs) (Part 1 of 3) 

Homesteader Scenario Post-Drilling Scenario 

Nuclide " 
SDCF 

(rem/y per pCi/m3) 
SDCF 

(rem/y per yCi/m3) 
1 H-3 3.95E-06 3.95E-07 
2 C-14 1.50E-05 1.50E-06 
3 AI-26 3.83E-03 1.82E-06 
4 Si-32 + d 1.71E-04 1.71 E-05 
5 CI-36 1.17E-03 1.17E-04 
6 K-40 2.85E-04 5.76E-06 
7 Co-60 3.57E-03 1.81E-06 
8 Ni-59 7.07E-08 7.07E-09 
9 Ni-63 1.95E-07 1.95E-08 
10 Se-79 1.25E-06 1.25E-07 
11 Sr-90 + d 1.98E-04 1.98E-05 
12 Zr-93 + d 4.09E-08 3.09E-09 
13 Nb-93m 1.80E-08 1.72E-09 
14 Nb-94 2.13E-03 1.08E-06 
15 Tc-99 1.21 E-05 1.21 E-06 
16 Pd-107 3.42E-08 3.39E-09 
17 Ag-108m + d 2.13E-03 1.50E-06 
18 Cd-113m 1.34E-04 1.34E-05 
19 Sn-121m + d 5.09E-07 6.99E-09 
20 Sn-126 + d 2.61 E-03 1.42E-06 
21 1-129 8.06E-05 7.78E-06 
22 Cs-135 1.21E-06 1.21 E-07 
23 Cs-137 + d 7.59E-04 1.23E-06 
24 Ba-133 4.36E-04 2.61 E-07 
25 Sm-151 1.15E-08 1.07E-09 
26 Eu-152 1.54E-03 7.70E-07 
27 Eu-154 1.69E-03 8.48E-07 
28 Pb-210 + d 3.10E-04 3.10E-05 
29 Ra-226 + d 2.78E-03 3.39E-05 
30 Ra-228 + d 3.58E-03 4.63E-06 
31 Th-229 + d 4.28E-04 3.02E-06 
32 Th-230 1.09E-05 3.45E-07 32 

Ra-226 1.82E-05 1.80E-06 
32 

Pb-214 2.95E-04 1.60E-07 

32 

Bi-214 2.16E-03 1.02E-06 

32 

Pb-210 2.96E-04 2.95E-05 

32 

Po-210 1.45E-05 1.43E-06 
33 Th-232 + d 3.63E-03 6.33E-06 
34 Pa-231 + d 8.31 E-04 1.92E-05 
35 U-232 + d 2.30E-03 5.70E-06 
36 U-233 1.19E-05 8.07E-07 36 

Th-229 1.42E-04 2.27E-06 
36 

Ra-225 7.65E-06 5.24E-07 

36 

Ac-225 1.48E-05 8.80E-08 

36 

Fr-221 3.38E-05 1.85E-08 

36 

Bi-213 1.68E-04 8.76E-08 

36 

TI-209 2.84E-03 1.35E-06 



Table E-8. Intrusion Scenario Dose Conversion Factors (SDCFs) (Part 2 of 3) 

Homesteader Scenario Post-Drilling Scenario 

Nuclide * 
SDCF 

(rem/y per yCi/m3) 
SDCF 

(rem/y per pCi/m3) 
37 U-234 1.17E-05 7.92E-07 37 

Th-230 1.09E-05 3.45E-07 
37 

Ra-226 1.82E-05 1.80E-06 

37 

Pb-214 2.95E-04 1.60E-07 

37 

Bi-214 2.16E-03 1.02E-06 

37 

Pb-210 2.96E-04 2.95E-05 

37 

Po-210 1.45E-05 1.43E-06 
38 U-235 1.70E-04 8.31 E-07 38 

Th-231 8.02E-06 4.53E-09 
38 

Pa-231 1.51 E-04 7.23E-06 

38 

Ac-227 3.01 E-04 1.09E-05 

38 

Th-227 1.15E-04 6.19E-08 

38 

Ra-223 1.42E-04 9.67E-07 

38 

Pb-211 6.74E-05 3.41 E-08 

38 

Bi-211 5.63E-05 2.99E-08 

38 

Ti-207 4.36E-06 2.21 E-09 
39 U-236 1.11E-05 7.50E-07 
40 U-238 1.05E-05 7.11 E-07 40 

Th-234 5.38E-06 1.09E-08 
40 

Pa-234m 1.97E-05 9.81 E-09 

40 

Pa-234 2.54E-03 1.26E-06 

40 

U-234 1.17E-05 7.92E-07 

40 

Th-230 1.09E-05 3.45E-07 

40 

Ra-226 1.82E-05 1.80E-06 

40 

Pb-214 2.95E-04 1.60E-07 

40 

Bi-214 2.16E-03 1.02E-06 

40 

Pb-210 2.96E-04 2.95E-05 

40 

Po-210 1.45E-05 1.43E-06 
41 Np-237 + d 5.27E-04 2.71 E-05 
42 Pu-238 2.94E-05 1.82E-06 42 

U-234 1.17E-05 7.92E-07 
42 

Th-230 1.09E-05 3.45E-07 

42 

Ra-226 1.82E-05 1.80E-06 

42 

Pb-214 2.95E-04 1.60E-07 

42 

Bi-214 2.16E-03 1.02E-06 

42 

Pb-210 2.96E-04 2.95E-05 

42 

Po-210 1.45E-05 1.43E-06 
43 Pu-239 3.23E-05 2.01 E-06 
44 Pu-240 3.23E-05 2.01 E-06 
45 Pu-241 6.24E-07 3.88E-08 45 

Am-241 4.71 E-05 2.48E-06 
45 

Np-237 3.02E-04 2.70E-05 

45 

Pa-233 2.24E-04 1.21 E-07 

45 

U-233 1.19E-05 8.07E-07 

45 

Th-229 1.42E-04 2.27E-06 

45 

Ra-225 7.65E-06 5.24E-07 

45 

Ac-225 1.48E-05 8.80E-08 

45 

Fr-221 3.38E-05 1.85E-08 

45 

Bi-213 1.68E-04 8.76E-08 

45 

TI-209 2.84E-03 1.35E-06 
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Table E-8. Intrusion Scenario Dose Conversion Factors (SDCFs) (Part 3 of 3) 

Homesteader Scenario Post-Drilling Scenario 

Nuclide * 
SDCF 

(rem/y per uCi/m8) 
SDCF 

(rem/y per uCi/m3) 
46 Pu-242 3.08E-05 1.91E-06 
47 Pu-244 3.04E-05 1.88E-06 47 

Np-240m 4.44E-04 2.22E-07 
47 

Pu-240 3.23E-05 2.01 E-06 
48 Am-241 4.71 E-05 2.48E-06 48 

Np-237 3.02E-04 2.70E-05 
48 

Pa-233 2.24E-04 1.21E-07 

48 

U-233 1.19E-05 8.07E-07 

48 

Th-229 1.42E-04 2.27E-06 

48 

Ra-225 7.65E-06 5.24E-07 

48 

Ac-225 1.48E-05 8.80E-08 

48 

Fr-221 3.38E-05 1.85E-08 

48 

Bi-213 1.68E-04 8.76E-08 

48 

TI-209 2.84E-03 1.35E-06 
49 Am-243 6.85E-05 2.48E-06 49 

Np-239 1.66E-04 9.11E-08 
49 

Pu-239 3.23E-05 2.01 E-06 
50 Cm-243 1.51E-04 1.45E-06 50 

Pu-239 3.23E-05 2.01 E-06 
51 Cm-244 1.82E-05 1.11E-06 51 

Pu-240 3.23E-05 2.01 E-06 
52 Cm-245 1.08E-04 2.10E-06 52 

Pu-241 6.24E-07 3.88E-08 
52 

Am-241 4.71 E-05 2.48E-06 
53 Cm-246 3.33E-05 2.04E-06 
54 Cm-247 4.22E-04 2.09E-06 54 

Pu-243 1.75E-05 9.81 E-09 
54 

Am-243 6.85E-05 2.48E-06 

54 

Np-239 1.66E-04 9.11E-08 

54 

Pu-239 3.23E-05 2.01 E-06 
55 Cm-248 1.22E-04 7.50E-06 
56 Cf-249 . 4.50E-04 2.82E-06 56 

Cm-245 1.08E-04 2.10E-06 
56 

Pu-241 6.24E-07 3.88E-08 

56 

Am-241 4.71 E-05 2.48E-06 
57 Cf-250 1.92E-05 1.17E-06 57 

Cm-246 3.33E-05 2.04E-06 
57 

Pu-242 3.08E-05 1.91 E-06 
58 Cf-251 1.59E-04 2.73E-06 58 

Cm-247 4.22E-04 2.09E-06 
58 

Pu-243 1.75E-05 9.81 E-09 

58 

Am-243 6.85E-05 2.48E-06 

58 

Np-239 1.66E-04 9.11E-08 

58 

Pu-239 3.23E-05 2.01 E-06 
a "+d" Indicates that decay products are included and are assumed to be in secular equilibrium with the parent. 

Indented radionuclides are decay products not in secular equilibrium with the parent. The total SDCFs for the 
parents are the sum of the SDCFs for the parent and progeny, weighted by the activity fraction of the parent and 
progeny at the intrusion time of interest. 
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