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REPORT SUMMARY 

 
U.S. efforts to site and construct a deep geologic repository for used fuel and high level 
radioactive waste (HLW) proceeded in fits and starts over a three decade period from the late 
1950s until 1982, when the U.S. Congress enacted the Nuclear Waste Policy Act (NWPA). This 
legislation codified a national approach for developing a deep geologic repository. Amendment 
of the NWPA in 1987 resulted in a number of dramatic changes in direction for the U.S. 
program, most notably the selection of Yucca Mountain as the only site of the three remaining 
candidates for continued investigation. This report reviews the complex history of site screening 
and selection prior to the NWPA Amendments in 1987 and represents one in a series of technical 
reports EPRI is preparing in 2010 on storage, disposal, and advanced fuel cycle issues arising in 
the management of used fuel and HLW. 

Background 
The effective termination of the Yucca Mountain program by the U.S. Administration in 2009 
has left the U.S. program for management of used fuel and HLW in a state of uncertainty. In 
concert with this major policy reset and in response to the resulting vacuum, the President 
directed the Energy Secretary to establish the Blue Ribbon Commission on America’s Nuclear 
Future (BRC) “…to conduct a comprehensive review of policies for managing the back end of 
the nuclear fuel cycle and to provide recommendations for developing a safe, long-term solution 
to managing the Nation’s used nuclear fuel and nuclear waste” 
(http://brc.gov/pdfFiles/BRC_Charter.pdf).  The BRC has been given 24 months from January 
2010 to complete its review and deliver a final report to the Energy Secretary. 

Objectives 
• To review the nuanced history of the process for screening, selecting, and characterizing 

suitable sites for hosting a permanent deep geologic repository. 

• To highlight important elements and aspects of U.S. site selection efforts predating the 1987 
Amendment of the NWPA, which effectively ended site selection and moved the United 
States into exclusive site-specific characterization. 

Approach 
From 1989 until 2008, EPRI conducted independent assessments of a proposed deep geologic 
repository for the disposal of used fuel and HLW at Yucca Mountain, Nevada. Over this two-
decade time period, EPRI and its expert team followed the development of the U.S. repository 
program closely and integrated the Institute’s pre- and post-NWPA era experience and unique 
electric utility perspective to perform independent technical analyses and assessments of the 
proposed Yucca Mountain repository system, with respect to site suitability, repository design, 
and regulatory compliance. In this report, EPRI draws upon its experience, expertise, and 
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perspective to provide a review of the U.S. geologic disposal program with respect to screening 
and selection processes for potential repository host sites. 

Results 
Key observations from this review address the importance of the following: 

• A well-documented, traceable, consistent, and defensible process for decision making related 
to site screening and selection 

• Pitfalls of narrowly focused or overly prescriptive siting guidelines that can lead to poor 
allocation of resources and potential rejection or downgrading of suitable sites 

• Challenges presented by U.S. geological diversity in terms of evaluating multiple qualified 
sites throughout a selection process, for example, the resource demands for developing 
comparisons among sites with dramatically different geologies 

• Focusing site screening and selection on the identification of one or more adequate sites 
rather than a single best site 

• Recognizing the nature and magnitude of uncertainties associated with characterization data 
as related to biasing of site screening and selection decisions 

• Emphasizing performance of the repository system as an integrated whole rather than 
focusing on performance of individual components and subsystems 

• Evaluating candidate sites in a balanced fashion, considering hydrology, geomechanics, and 
geochemistry instead of the historical tendency to focus almost exclusively on hydrological 
characteristics in site comparisons and rankings 

• Independent peer review in supporting the technical and perceived validity of the site 
selection process, especially for the public and other stakeholders 

EPRI Perspective 
EPRI pioneered application of the total system performance assessment (TSPA) approach for 
evaluating the performance of geologic repository systems on a probabilistic basis, developing 
and updating analytical tools for TSPA-based evaluations. Over the two decades of research in 
this area, EPRI has released and maintained a substantial body of work in the public domain to 
inform its member organizations, the public, government, independent technical review bodies, 
and other stakeholders. EPRI is leveraging its experience and expertise to provide an 
independent, third-party scientific and technical perspective. The goal is to inform ongoing 
debate in the United States and internationally on the merits of various nuclear fuel cycle options 
and their impacts on the management of used fuel and HLW. 

Keywords 
Used Fuel 
Spent Nuclear Fuel (SNF) 
High Level Radioactive Waste (HLW) 
Deep Geologic Disposal 
HLW Repository 
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FOREWORD 

From 1989 until 2008, EPRI conducted independent assessments of a proposed deep geologic 
repository for the disposal of used fuel and high level radioactive waste (HLW) at Yucca 
Mountain, Nevada. Over this two-decade time period, EPRI’s expert team has followed the 
development of the U.S. repository program closely and integrated its pre- and post-NWPA era 
experience and unique electric utility perspective to provide an independent, third party 
perspective on this national undertaking with respect to technical issues, including site suitability 
and regulatory compliance. 

EPRI pioneered application of the total system performance assessment (TSPA) approach for 
evaluating performance of geologic repository systems on a probabilistic basis. Along the way, 
EPRI developed and updated analytical tools for TSPA-based evaluations. Over the two decades 
of research in this area, EPRI has released and maintained a substantial body of work in the 
public domain to inform its member organizations, the public, government, independent 
technical review bodies, and other stakeholders.  

In June 2008, the U.S. Department of Energy (DOE) submitted a license application to the U.S. 
Nuclear Regulatory Commission (NRC) for the construction of a geologic repository at Yucca 
Mountain, Nevada. The license application was accepted for formal NRC review in September 
2008. Once docketed, the U.S. disposal program entered a new and fundamentally different 
phase – one involving formal regulatory review and administrative law proceedings via the 
Atomic Safety Licensing Board. In keeping with its role to operate in the public domain, EPRI 
ended its Yucca Mountain specific research program at that time. Subsequently, EPRI has 
refocused its used fuel and HLW management research program on more generic topics related 
to the evaluation of nuclear fuel cycle options. In parallel, EPRI has also begun to ramp up a 
research program on the performance of used fuel storage systems over extended periods, i.e., 
beyond the current 60 year licensing timeframe for dry storage and reactor operations.  

The effective termination of the Yucca Mountain program by the U.S. Administration in 2009 
has once again pushed the operation of a permanent disposal facility for used fuel and HLW into 
an uncertain future. In concert with this major policy reset, the President directed the Energy 
Secretary to establish the Blue Ribbon Commission on America’s Nuclear Future (BRC) “…to 
conduct a comprehensive review of policies for managing the back end of the nuclear fuel cycle 
and to provide recommendations for developing a safe, long-term solution to managing the 
Nation’s used nuclear fuel and nuclear waste.” The BRC has been given 24 months from January 
2010 to complete its review and deliver a final report to the Energy Secretary, which is to 
include: (1) “Consideration of a wide range of technological and policy alternatives, and should 
analyze the scientific, environmental, budgetary, financial, and management issues, among 
others, surrounding each alternative it considers;” (2) “ …a set of recommendations regarding 
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policy and management, and any advisable changes in law;” and (3) “Recommendations on the 
fees currently being charged to nuclear energy ratepayers and the recommended disposition of 
the available balances consistent with the recommendations of the Commission regarding the 
management of used nuclear fuel.”1

EPRI is uniquely positioned to provide a scientific and technical perspective for the ensuing 
national (and international) conversation on the future of nuclear fuel cycles and their impacts on 
the management of used nuclear fuel and HLW. This perspective is informed by a combination 
of experience, expertise, and collaboration in the relevant areas of geologic disposal, used fuel 
storage and transportation, and advanced nuclear fuel cycle and by EPRI’s role as an 
international focus for collaborative research supporting electric power generation. To this end, 
EPRI is preparing a set of technical reports on storage, disposal, and advanced fuel cycle issues 
related to the management of used fuel and HLW in 2010.  

There are numerous options for managing the wastes associated with the nuclear fuel cycle, but 
all nuclear fuel cycles eventually require permanent disposal for some form and some amount of 
long-lived radioactive material. This report is one of a multi-volume series entitled “EPRI 
Review of Geologic Disposal for Used Fuel and High Level Radioactive Waste” that surveys 
and evaluates past, present and planned disposal options gleaned from five-decades of geologic 
disposal science and regulation in the U.S. and abroad. This effort is not intended to provide a 
comprehensive review of the U.S. program or of those in other countries. Instead, EPRI has 
prioritized its efforts to focus on a handful of key areas and topics to avoid unnecessary 
duplication of other efforts and to direct attention and resources on those areas where EPRI could 
make the greatest contribution to the ongoing technical debate on the management of the back-
end of the fuel cycle. 

The first three volumes of the EPRI geologic disposal review series are intended to provide basic 
descriptions and observations on key repository siting, regulatory and disposal program 
experiences.  A fourth volume is planned to capture and distill key lessons learned from U.S. and 
international experience. These respective reports are outlined below:  

Volume I - The U.S. Site Selection Process Prior to the Nuclear Waste Policy Amendments 
Act: The screening and siting processes for a HLW repository in the U.S., including many stops 
and starts along the way, spanned from the 1950’s to 1987 when amendment of the 1982 Nuclear 
Waste Policy Act restricted further site characterization to the Yucca Mountain site in Nevada. 

Volume II - U.S. Regulations for Geologic Disposal: The evolution of U.S. standards and 
regulations for geologic disposal of used fuel and high-level waste illustrates the critical role that 
the regulatory framework for and context of a national geologic disposal program plays in the 
development and design of repositories.  

Volume III - Review of National Repository Programs: Most nations pursuing a permanent 
disposition path for used fuel and HLW are considering or implementing a deep geologic 
                                                           
1Blue Ribbon Commission on America’s Nuclear Future, Advisory Committee Charter. 
<http://brc.gov/pdfFiles/BRC_Charter.pdf> U.S. Department of Energy, Washington, D.C., March 2010; accessed 
14 May 2010.
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disposal program. These programs provide examples of geologic repository siting approaches 
and design for a range of candidate geologies and other important technical factors. 

Volume IV - Lessons Learned: Over five decades of scientific study and peer-review, technical 
and regulatory developments, and site selection and characterization have led to an international 
consensus that geologic disposal is an appropriate method for isolating used fuel and HLW from 
the biosphere. Likewise, many important lessons can be gleaned from a half-century of 
experience. 
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1  
INTRODUCTION 

The multi-decade effort to site a deep geologic repository in the United States for disposal of 
used nuclear fuel2 and high-level radioactive waste (HLW) began in the late 1950’s with the 
publication of a U.S. National Academy of Sciences (NAS) study recommending deep geologic 
disposal on land (NAS, 1957) and ended in 1987 with Congressional action restricting further 
site characterization to volcanic tuffs at Yucca Mountain. Specifically, this review examines 
activities associated with the U.S. site-selection process prior to the 1987 Nuclear Waste Policy 
Amendments Act (NWPAA), which effectively ended the site selection process for the U.S. 
program with the designation of Yucca Mountain, Nevada, as the one and only candidate 
repository site for further characterization. These include: 

• The strategies, process and methodologies for assessing the site suitability for repository 
development as part of the screening and selection process (Chapter 2), and 

• Technical qualifying and disqualifying criteria considered during screening (Chapters 3  
and 4). 

Key observations are highlighted in each chapter and summarized in Chapter 5. 

 

 

 

 

                                                           
2 Throughout this report, the terms used fuel and spent nuclear fuel (SNF) are used interchangeably, although it is 
recognized that some distinctions between the two may exist in other contexts. The term HLW is generally applied 
in this report in its most strict sense, i.e., waste arising from reprocessing of irradiated nuclear fuel – not the fuel 
itself; however, the term can refer to both used (or spent nuclear) fuel and reprocessing wastes when referring to the 
back end of the nuclear fuel cycle, and this usage also appears in this report on occasion. 

1-1 





 

2  
OVERVIEW OF THE SITE SELECTION STRATEGY AND 
PROCESS USED IN THE UNITED STATES 

The U.S. Department of Energy (DOE) bears the responsibility for final disposal of high-level 
radioactive waste and spent nuclear fuel. This task originally fell to the U.S. Atomic Energy 
Commission (AEC) per the Atomic Energy Act of 1954, as amended, then to the U.S. Energy 
Research and Development Administration (ERDA) created under the Energy Reorganization 
Act of 1974 from portions of the original AEC, 3 before the ERDA roles and authorities were 
elevated to a cabinet level department by enactment of the Department of Energy Organization 
Act in 1977. The process in the U.S. for screening and characterization of candidate repository 
sites in the U.S., which effectively ended with the 1987 NWPAA restriction of continued 
characterization work to Yucca Mountain, proceeded in two stages: site screening and site 
selection. 

The first site screening stage had its origins in the 1957 recommendation by the NAS for 
geological disposal of high-level radioactive waste (NAS, 1957), but the real push for site-
screening in the wake of the failed AEC attempt for a repository in salt at Lyons, Kansas, began 
in earnest in 1975 with ERDA and followed by its successor, DOE. Site screening continued 
through 1982 and ultimately resulted in the designation of nine candidate sites, mostly salt 
formations in the less populated western region of the U.S. 

The second, site selection stage was initiated with enactment of the 1982 Nuclear Waste Policy 
Act (NWPA). The NWPA established organizational, funding, schedule and geological diversity 
constraints to guide the site-selection process for both a first repository and, if needed, second 
repository located in the eastern U.S. The site-selection process was abridged with the 1987 
Congressional amendment of the NWPA – the Nuclear Waste Policy Amendments Act. 
Following the amendment of the NWPA, further site characterization work was restricted by law 
to the tuff formations at the Yucca Mountain site in Nevada. The important details of these two 
stages are summarized in the following two sections. 

2.1 Site Screening / Selection Program: 1950’s to 1982 

The concept of disposal of high-level radioactive waste in underground geological formations is 
generally attributed to the NAS report published in 1957, “The Disposal of Radioactive Waste on 
                                                           
3 Passage of the Energy Reorganization Act of 1974 created two new federal agencies from the Atomic Energy 
Commission: the Nuclear Regulatory Commission and the Energy Research and Development Administration. This 
action separated the regulatory oversight functions from those of promotion, research, and development. The 
Department of Energy Organization Act of 1977 elevated the programmatic functions of ERDA to that of a cabinet 
level agency – the U.S. Department of Energy. 
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Land” (NAS, 1957).  Specifically, deep salt formations were identified in the NAS report as the 
leading disposal option.  From the 1960’s until the early 1970’s, the Atomic Energy Commission 
(AEC) favored disposal in salt and investigated a range of options for disposal therein. 

Near-surface bedrock formations underlying the DOE’s Savannah River Site in South Carolina 
and Hanford Site in Washington were also briefly considered as potential HLW repository sites. 
The concept involved injection of the large volumes of liquid HLW from defense activities into 
the geologic media with assistance of hydro-fracturing, a process also conducted at Oak Ridge 
National Laboratory for intermediate level waste and extensively in the former Soviet Union for 
its radioactive wastes. By 1972, local political opposition, the concern for potential 
contamination of the near-surface drinking-water aquifers at the sites, and a decision to 
investigate surface storage of defense waste lead to abandoning further consideration of this 
hydro-fracturing approach in the U.S. 

Concurrently, the AEC investigated disposal in bedded salt formations. In 1965, defense waste 
packages were placed in an abandoned salt mine in Lyons, Kansas. The purpose of this field test 
was to evaluate the effects of radiation and heat on rock salt. In June 1970, the AEC announced 
plans to construct a federal defense waste repository at the Lyons mine if further studies 
confirmed the suitability of the site. Later investigations, however, indicated the potential for 
water to enter the Lyons mine from nearby oil and gas exploration holes. The project was 
canceled by the AEC in 1972 because of unresolved technical problems, as well as adverse 
public and political reaction. 

The AEC then proposed the construction of retrievable surface storage facilities for reprocessed 
HLW at several existing nuclear sites. These surface storage facilities would be built and 
operated concurrently while the AEC continued to pursue development of a permanent 
geological repository. The U.S. Environmental Protection Agency (EPA), however, criticized 
this plan because it felt that such temporary surface storage measures would: (1) divert attention 
and resources away from a permanent geological disposal option, and (2) lead to acceptance of 
permanent storage of HLW at the surface. Following this rebuke, this two-step storage-disposal 
approach was abandoned. 

In 1974, the AEC began consideration of a defense transuranic (TRU) waste repository in 
bedded salt at a location near Carlsbad, New Mexico – the Waste Isolation Pilot Plant (WIPP). 
The initial local and state support for this project was high because of the perceived economic 
benefits from WIPP construction. In 1977, the AEC’s successor, ERDA, decided to expand the 
scope of WIPP to include defense HLW. Erosion of local and state support following this 
mission-expansion led to an ERDA proposal to have the NRC license the facility and to grant the 
state veto powers over the construction of WIPP. This plan was rejected by the U.S. Congress in 
1978 and 1979, and in 1980 and 1981, the State of New Mexico and ERDA’s successor, DOE, 
reached broad agreement on monetary payments to the State, meaningful involvement of the 
State in overseeing the project, and a commitment to address off-site issues such as 
transportation monitoring. The WIPP was eventually opened as an EPA certified (not NRC 
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licensed)4 repository for the disposal of defense TRU waste and for limited defense HLW 
research (SRIC, 2000). 

In 1975, ERDA initiated the National Waste Terminal Storage program (NWTS) with the 
mission to locate and develop repositories for commercial HLW. The NWTS program was to 
include a survey of underground rock formations in 36 states. The ultimate goal was to construct 
six regional repositories by the year 2000. The screening process consisted of a progressive areal 
search ranging from large-scale to small-scale land units in a series of four stages. These four 
stages were: 

• Geological Provinces-to-Regions: Geological provinces were large-scale geological 
formations and features (e.g., Rocky Mountains, Basin-in Range, Columbia River Flood 
Basalt, Gulf Coast Salt Domes) that typically extended across the territories of many states. 
These provinces were surveyed and reduced to regions that sometimes occupied several 
states as well, but covered 1000’s of square kilometers. 

• Regions-to-Areas: Regions were surveyed and narrowed to areas that encompassed 100’s of 
square kilometers. This regional screening step was based on publication of regional 
characterization reports and area-recommendation reports. 

• Areas-to-Locations: Areas were further narrowed to locations by surveys in location-
recommendation reports, for example on bedded salt and salt domes. Locations were 
typically less than 100 square kilometers. 

• Locations-to-Sites: In the final step, sites that were generally less than 25 square kilometers 
were identified in each location. In some cases, two or more sites within a given location 
were identified as possible for further study. 

National, province, and regional surveys were based on potential host rocks, geologic maps, 
seismic hazard maps, land use, available hydrological data, transportation, population, and other 
information available in open literature publications. The data used for each successive step in 
this screening process was progressively more detailed. In the final steps, as small land units 
were identified, some new data were obtained through exploration, testing and drilling of 
boreholes to investigate subsurface characteristics (mostly stratigraphical, hydrological and 
geochemical data). These field studies were supplemented with laboratory tests to obtain data on 
engineering properties of rock and other rock characteristics related to waste isolation. 

Support for this site-screening program varied on a State-by-State basis, and some States opted 
out of consideration at an early stage. It was also found that differences in State agencies tasked 
with geological survey duties and the economic resources dedicated to these tasks resulted in 
wide disparities in data quality and availability for site evaluation and probably led to a biased 
screening processes that may been influenced more by data quality and quantity than by the data 
themselves.  

                                                           
4 The WIPP site for defense TRU waste disposal was certified by the EPA in conjunction with responsible State 
authorities. The disposal of commercial used fuel and defense HLW, as currently envisioned in the U.S. regulatory 
and legal frameworks, would be licensed by the NRC based on compliance with NRC regulations and applicable 
EPA standards.  
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In an effort to facilitate selection of a successful geologic repository location in the late 1970’s, it 
was also proposed that sites already owned or controlled by the DOE and impacted by 
radiological activities be considered for site screening and selection. This included the Hanford 
Reservation in Washington and the Nevada Test Site in Nevada. By 1980, the NWTS program 
had narrowed down its active site evaluations to nine sites in Louisiana, Mississippi, Texas, 
Utah, and the two DOE controlled sites in Washington and Nevada (Table 2-1 and Figure 2-1). 
Following recommendations from the Interagency Review Group established by Presidential 
direction in 1977, the DOE adopted mined geological repositories as the preferred method for 
disposal after evaluating and rejecting alternative concepts, including disposal in polar ice caps, 
by space launch, and in the seabed (IRG, 1979; Meyers, 1980). 

Table 2-1 
Nine sites identified in the first repository screening program. Table adapted from DOE 
(2008). 
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Figure 2-1 
Initial Nine Candidate Sites for the First Repository. Source: DOE (1986d). 

The lengthy pursuit of a geologic repository in the U.S. has seen many sites, geologies, and 
disposal concepts considered, only to be eliminated for various technical and non-technical 
reasons. Such a trail of discarded locations may leave the impression that finding a technically 
appropriate geological setting in the U.S. is a difficult task. But the opposite is true. The 
continental U.S. offers an abundance of potentially suitable geologies for hosting a deep geologic 
repository - with the appropriate pairing of repository design. In its “Second Repository Report” 
to the President and Congress mandated by the NWPA, DOE explicitly called attention to this 
luxury of geological choice: “…all states in the contiguous United States have a potential area 
that could be considered for the second repository” (DOE, 2009). 

2.1.1 Nuclear Waste Policy Act of 1982 

At the end of 1982, the U.S. Congress passed the Nuclear Waste Policy Act (NWPA) that 
significantly revised the U.S. program for geological disposal of HLW. The NWPA noted that 
“federal efforts during the previous 30 years to devise a permanent solution to the problems of 
civilian radioactive waste disposal had not been adequate.” The NWPA mandated a program of 
institutional and technical activities to overcome this perceived problem with waste disposal. To 
promote and provide for the permanent disposal of HLW, the NWPA established and required: 

• A definite federal policy and responsibility assigned to the DOE, in the newly created Office 
of Civilian Radioactive Waste Management (OCRWM) for the permanent disposal of both 
commercial spent fuel and defense spent fuel and HLW. 
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• The DOE to nominate at least five sites that would be suitable for the characterization. The 
DOE was also to recommend to the U.S. President not fewer than three of those sites for 
characterization as candidate sites for the first repository, and that diversity of geological 
formations be considered in the selection of repository sites. 

• A schedule for the siting of two geological repositories and the start of disposal of HLW in a 
first repository by January 31, 1998.5 

• The establishment of the Nuclear Waste Fund, funded by a millage fee imposed on utility 
ratepayers for consumption of nuclear generated electricity and by payments from U.S. 
defense programs. The Fund was established to cover costs for research and development, 
site characterization, licensing, construction, operation, closure and post-closure monitoring 
of the geological repository program. 

• Provisions for affected State and Indian tribe engagement with the federal government during 
this process. 

• The EPA was charged with developing a suitable safety standard for deep geological disposal 
and the NRC was tasked with developing a conforming regulation to define the licensing 
process for authorizing repository construction, operations and eventual closure. 

The Nuclear Waste Policy Act of 1982 also established a step-wise siting process for the first 
repository in the western US, which included the following context:  

• The development by the DOE of specific siting guidelines to identify criteria for evaluating 
potential sites; 

• The preparation of environmental assessments to determine the impact of a repository at each 
potential site and to rank the proposed sites in order of preference for subsequent detailed site 
characterization, and 

• A site characterization phase to conduct detailed on-site research at the identified candidate 
sites. After a first repository site had been selected, the NRC would issue a license for the 
construction of the repository, if the site was found to meet the safety standard developed by 
the EPA. 

• Specification that a second repository siting program, necessary because of the 70,000 MTU 
legislative limit placed on the capacity of the first repository, would be conducted in the 
eastern U.S. to assure regional balance and fairness.  

2.1.2 Monitored Retrievable Storage 

In addition to authorizing programs for permanent disposal in geological repositories, the 1982 
Act also required the DOE to submit a proposal to the U.S. Congress on monitored retrievable 
storage (MRS) facilities. An MRS, if authorized by Congress, was intended to provide 
temporary, easily retrievable storage of used fuel and HLW until a permanent disposal path 
                                                           
5 The January 31, 1998, date is significant in that the so-called “Standard Contracts” signed with nuclear utilities 
contractually obligated DOE to begin removing used fuel from reactor sites by January 31, 1998. The failure to do 
so has led to lawsuits against the DOE brought by utilities for breach of contract and seeking repayment of costs 
associated with continued storage of used fuel onsite. 
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became available. A State that accepted the MRS would be excluded from consideration for the 
siting of a geological repository. This linkage had two important aspects: 

• It reduced the possibility that R&D investments on an MRS site might lead to choosing that 
site for a repository. 

• It ensured that components of the HLW management system, including costs, benefits and 
burdens, would be shared among different States. 

In its original Mission Plan, DOE/OCRWM (DOE, 1985) proposed a centralized storage facility 
to provide backup storage to utilities that needed it. A year later, however, the proposed function 
of the MRS was greatly expanded. OCRWM had proposed the MRS as a pass-through facility 
located in the eastern U.S. near the majority of nuclear reactors. The commercial spent fuel could 
be collected and prepared for disposal at a yet-to-be-determined first repository in the western 
U.S.  

In April 1985, the DOE announced plans to site a limited capacity (15,000 metric tons of spent 
fuel) MRS in one of several sites in Tennessee. The State of Tennessee was not consulted on this 
decision, and opposed the action by suing the DOE for failing to comply with the 1982 Act. 
Although this suit was eventually rejected, the DOE abandoned the plans in for an MRS in 
Tennessee in 1987. 

 

Figure 2-2 
Regions Investigated for a Second, Eastern/Northern Repository. Source: DOE (1986d). 

2.1.3 Second Repository Program 

The 1982 NWPA also outlined a program to select a second repository site after the first site had 
been licensed. The second repository site was to be sited with consideration of regional balance. 
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Because the sites currently considered for a first repository were located exclusively in the 
western and southern regions of the U.S., the second repository site selection program would 
examine potential sites in the eastern and northern portions of the U.S. (Figure 2-2). 

During this period from 1982 to 1986, the DOE’s second repository program was led by the 
Crystalline Repository Project Office. This project studied rock formations in 17 States, in the 
northern and eastern portion of the US for potential repository sites. In January 1986, the DOE 
identified 12 sites in 7 States as candidates for a second repository, a decision that was met with 
strong political opposition in certain areas. In May 1986, however, the Secretary of Energy 
announced that site-specific work for a second repository was indefinitely postponed because of 
declining projections of commercial spent fuel and other program considerations. The efforts of 
the second repository program were redirected to international collaboration and broad-based 
(i.e., non-site-specific) technical studies.  The second repository siting effort was formally 
terminated with the passage of the 1987 NWPAA. 

2.2 Site Screening and Ranking, 1982-1987 

To implement the 1982 Act, one of the first actions by the DOE was to develop Siting Guidelines 
(10 CFR Part 960, DOE, 1984). Both pre-closure and post-closure guidelines were created, sub-
divided into system guidelines and technical guidelines. The system guidelines were broad 
repository performance goals derived from regulations, as then promulgated by the US Nuclear 
Regulatory Commission (USNRC) and US Environmental Protection Agency (USEPA). The 
technical guidelines were performance goals for sub-system components of the repository 
system. Aspects of these regulations and siting guidelines are reviewed in Chapter 3 of this 
report.  

In December 1984, OCRWM/DOE issued draft environmental assessment (EA) reports that 
applied to nine potentially acceptable sites; the final versions of these reports were issued in 
1986 (DOE 1986a-c). The reports tentatively identified five sites as “suitable for 
characterization”: the Hanford Site, Washington; the Yucca Mountain Site, Nevada; the Richton 
Dome Site; Mississippi; the Davis Canyon Site, Utah and the Deaf County Site, Texas, as the 
leading candidate sites for formal site characterization. The EA reports consolidated the available 
data on site characteristics, which was extremely limited for many sites at the time, and 
information on repository concepts and engineered barrier system designs. There was 
considerable public debate regarding these reports, especially directed at the assessment and 
ranking methodologies.  

The National Academy of Sciences was invited to formally review the technical aspects of the 
ranking approach used in these draft EA reports. With respect to the 1984 draft EA reports, the 
NAS had three basic concerns (F. Parker, April 26, 1985, written communication to the DOE): 

• There were flaws in the ranking methodology, specifically that analysis of post-closure 
guidelines showed little difference among the sites, so that differences in “pre-closure ratings 
largely determine the final ranking of sites.” The NAS stated, “The post-closure guidelines 
are clearly the most important and the adequacy of a site under the post-closure guidelines 
must be clearly established before attempting comparison with other sites.” The NAS 
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believed that, given the limited site characterization data available, a defensible assessment 
could be made of whether a site was “adequate” with respect to siting guidelines, but not 
which site was the “best” site. 

• The EA methodology assumed many post-closure factors act independently and assigned 
these equal weight. The NAS noted that integrated performance assessment, as documented 
in the NAS Waste Isolation System Performance (WISP) report (NAS, 1983), clearly showed 
the assumptions in the draft EA reports were erroneous and could give possibly misleading 
results. 

• Presentation of the selection methodology was too brief and incomplete to provide 
confidence by technical and non-technical readers. 

In order to address these and other criticisms from stakeholders, DOE implemented a formal 
decision-analysis methodology based on multi-attribute utility theory.  

2.2.1 Site Ranking by Multi-Attribute Utility Analysis 

The multi-attribute utility theory approach was pursued by DOE in the 1984-1986 timeframe 
because it had previously been used in the siting of other hazardous and/or undesirable facilities, 
such as power plants, dams, prisons, and oil refineries (e.g., Keeney, 1980). The basic premise of 
multi-attribute utility theory is that the relative desirability of a site can be assessed by 
quantifying the extent that the site meets siting objectives. In the case of nuclear waste 
repositories, the DOE siting guidelines were used as these objectives. The quantitative measure 
by which a site meets each siting objective was derived by an analysis of the performance and 
impacts predicted for a repository at a given site. This multi-attribute utility analysis (MUA), in 
turn, relied on available data and conceptual models of processes, as well as professional 
experience and judgment when such data and models are deficient or lacking. MUA attempted to 
quantify and aggregate a large number of pre-closure and post-closure factors for each site to 
derive an overall “desirability” score by which the sites could be compared and ranked. It was 
claimed by the DOE (1986d) that MUA can assist decision-makers by: 

• Providing information needed for judging which sites appear to justify further investment in 
characterizing them. 

• Adding technical credibility to the decision making process. 

• Providing a mechanism to facilitate constructive discussion and mediate potential conflicts. 

• Identifying which factors (e.g., data uncertainties, model assumptions, and subjective 
judgments) have the greatest impact on the derived quantitative measure used to rank the 
performance/desirability of sites.  

Defining a transparent, systematic approach to site ranking is absolutely vital; this is an 
advantage shared by MUA as well as other competing approaches to site-specific analysis, such 
as scenarios analysis (Chapman et al., 1993). A transparent, systematic approach can be 
repeatedly used and updated to incorporate new data, alternative conceptual models, or revised 
judgments. 
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As implemented by the DOE, the MUA analysis of the five nominated repository sites followed 
six steps (DOE, 1986d): 

1. Establish the objectives of repository siting, and develop pre-closure and post-closure 
performance measures for quantifying levels of performance with respect to these objectives. 

2. For post-closure analysis, specify a set of scenarios that, should they occur, might affect the 
performance of the repository system as represented by the post-closure-performance 
measures. 

3. For each scenario, estimate post-closure performance with respect to each post-closure-
performance measure. Estimate pre-closure performance and impacts with respect to each 
pre-closure-performance measure. 

4. Assess the relative values of different levels of performance against each objective (i.e., 
assess a utility function over each performance measure) and assess value tradeoffs to 
integrate the achievements of different objectives into an overall utility function. 

5. Use an overall utility function to aggregate impacts to obtain a composite score indicating the 
relative desirability of each site. 

6. Perform sensitivity analyses to determine which models, data, technical judgments, and value 
judgments seem most significant (i.e., sensitive) for drawing insights from the analysis. 

The following sub-sections provide brief summaries of how each step was interpreted and used 
by the DOE. 

2.2.1.1 Establish objectives 

The basic premise of MUA is that the “goodness” or utility of a candidate site is related to the 
extent to which that site meets the various objectives of a geological repository for the disposal 
of radioactive waste. A hierarchy of objectives must encompass all of the important 
considerations relevant to a decision, in the case of the EA reports, the decision on which sites to 
select for further site characterization. 

The DOE defined a simple hierarchy tree to show broad objectives, divided into pre-closure and 
post-closure objectives (Figure 2-3). These objectives were derived from the DOE siting 
guidelines. The objectives shown in Figure 2-3 are general; the DOE (1986d) further sub-divided 
post-closure and pre-closure objectives, as shown in Figures 2-4 and 2-5, respectively.6 It is 
important to avoid doubling-accounting of objectives, so that any site-specific attribute or factor 
is not overly stressed in the final overall ranking of sites. 

Once the objectives are established, it is necessary to develop quantitative “performance 
measures” to indicate how well a site meets each objective. Preferably, performance measures 

                                                           6 Note the much larger, more detailed sub-division of the pre-closure objectives compared to the post-closure 
objectives. This emphasis on pre-closure versus post-closure factors was severely criticized by many groups, 
including the US National Academy of Sciences. The MUA report (DOE, 1986) does not explain or justify this 
discrepancy in emphasis between pre-closure and post-closure objectives. It may be attributable to the fact that 
repository pre-closure objectives are closely analogous to objectives used in siting of energy facilities, which was 
the primary use of multi-attribute utility theory (Keeney, 1980). 
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should be expressed in numerical scales based on measured data or quantifiable information. 
Waste-form dissolution (leach) rates and construction costs fall into this category of performance 
measures, although it must be recognized that such performance measures may or may not be 
relevant to overall repository performance and safety. 

MINIMIZE ADVERSE
IMPACTS OF A
REPOSITORY

MINIMIZE ADVERSE
POSTCLOSURE

IMPACTS ON PUBLIC
HEALTH AND SAFETY

MINIMIZE ADVERSE
PRESCLOSURE

IMPACTS ON
HEALTH AND SAFETY

MINIMIZE ADVERSE
POSTCLOSURE

IMPACTS

MINIMIZE ADVERSE
PRECLOSURE

IMPACTS

MINIMIZE ADVERSE
ENVIRONMENTAL

EFFECTS
MINIMIZE COSTS

MINIMIZE ADVERSE
SOCIOECONOMIC

EFFECTS  

Figure 2-3 
General Impacts Used for MUA Ranking of Candidate Repository Sites. Source: DOE 
(1986d). 

 

MINIMIZE ADVERSE POSTCLOSURE
IMPACTS ON PUBLIC HEALTH AND

SAFETY

MINIMIZE ADVERSE HEALTH EFFECTS
ATTRIBUTABLE TO THE REPOSITORY

DURING THE FIRST 10,000 YEARS
AFTER REPOSITORY CLOSURE

MINIMIZE ADVERSE HEALTH EFFECTS
ATTRIBUTABLE TO THE REPOSITORY

DURING THE PERIOD 10,000 TO 100,000
YEARS AFTER REPOSITORY CLOSURE

 

Figure 2-4 
Post-closure Impacts Used for MUA Ranking of Candidate Repository Sites. Source: DOE 
(1986d). 

A second category of performance measures relate to more intangible, difficulty-to-quantify 
objectives, such as aesthetics or socio-economic impacts. Table 2-2 shows an example of a 
performance measurement scale developed by the DOE regarding the objective of “minimize 
biological impacts.” Some aspect or attribute of the system that can be impacted must be selected 
first; in this case, the area of lost wetlands and the number of members of rare species are the 
impacted biological attributes. 
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Figure 2-5 
Detailed Pre-closure Impacts Used for MUA Ranking of Candidate Repository Host Sites. 
Source: DOE (1986d). 
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Defining attributes of concern is not an exclusive process, as other attributes or end points could 
have been selected, such as diversity in the number of species in lieu of loss wetland area. 
Second, there is a progressive description of quantifiable impacts, ranging from no impacts to 
loss of a significant wetland area and number of members of rare species. Third, the concept of 
assigning a simple score value for each progressive impact is made, ranging from a value of 0 
(no impact) to 5 (largest impact). Given the subjective nature in selecting the type and range of 
impacts, a more complicated or broader range in score values was deemed to be unwarranted.  

Assignment of score values among different performance measures can prove to be quite 
controversial. For example, changes in the performance measure of estimated repository costs 
can be assigned score values between 0 (low cost) and 5 (high cost). Thus, direct comparison can 
be made between tradeoffs in costs and biological impacts. Such an approach can be useful to 
decision makers can be potentially misconstrued or misunderstood by many stakeholders due to 
outcomes in which a cost or monetary value is assigned to irreversible, adverse biological 
impacts, including deleterious human health effects. 

“Influence diagrams” are graphical representation of performance measures that show the factors 
that control impacts, as well as the interrelationship among these factors. Figure 2-6 shows a part 
of the influence diagram developed by the DOE (1986d) for post-closure safety. Such influence 
diagrams of factors and their connectivity can be extremely useful in providing a common basis 
for discussions among repository implementers and regulators, as well as between technical and 
non-technical communities. Influence diagrams also can be helpful in organizing site 
characterization activities by different technical disciplines, such as hydrology, geochemistry, 
and materials science. Their use in evaluating geologic disposal options has been greatly 
expanded and formalized since the 1986 DOE application (e.g., SKI, 1996; Monitor, 1999).   

Table 2-2 
Example of Quantitative Levels for Impacts arising from Siting a Repository at a Specific 
Site. Adapted from R.L. Keeney (1980). 

Score Description 

0 No loss of productive wetland and no members of rare species present 

1 Loss of 320 acres of productive wetland and no members of rare species present 

2 Loss of 640 acres of productive wetland and no members of rare species present or 
30 members of rare species present and no productive wetland loss 

3 No loss of productive wetland and 50 members of rare species present 

4 Loss of 640 acres of productive wetland and 40 members of rare species present 

5 Loss of 640 acres of productive wetland and 50 members of rare species present 

2.2.1.2 Post-closure scenarios 

A repository is designed to perform under expected (nominal) site conditions. But impacts from 
unanticipated events or processes, so-called “what if” questions raised by the general public and 
regulators, must also be considered. To evaluate the consequences of such unexpected features, 
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events, or processes (FEPs), “scenarios” that describe such FEPs were developed (DOE, 1986d). 
Scenarios are hypothetical future states of a repository designed to illustrate possible 
consequences of unexpected FEPs. Examples of scenarios were possible future movement along 
faults or inadvertent drilling into the repository (human intrusion). Pre-closure scenarios were 
assumed to be the same for all sites, hence, cannot be used as a discriminating factor. 

For a scenario to be considered for a specific site, the scenario must have (1) been credible, and 
(2) led to a significant change in repository performance. FEPs that were either impossible or 
highly unlikely to occur were discarded from further considered accordingly to the DOE MUA 
methodology. The exact mathematical definition of “highly unlikely” was subjective, however, 
especially for sites that had not received any significant site characterization.  

An interesting, paradoxical, and potentially problematic outcome of continued characterization 
of a selected site can appear to lead to increased, not decreased, levels of uncertainty with respect 
to the potential performance of a repository at that site. This paradox is an artifact of a common 
failure by analysts to adequately recognize and estimate their own uncertainty (indeed, 
“ignorance”) associated with understanding of the site (e.g., Stirling, 1999). These areas of 
ignorance not only apply to ranges in values of site properties, but to site-specific aspects such as 
conceptual model uncertainty (e.g., groundwater flow, site geochemistry) and uncertainties in 
relevant scenarios. This initial misjudgment and sometimes overly optimistic appraisal of site 
characteristics during site-screening is also why there often can be an increasing reliance on the 
engineered barrier system in achieving repository safety, as more and more site-characterization 
information is collected on a candidate site. 

A panel of “experts” developed the MUA scenarios that were applied to the ranking of candidate 
sites, although no comparison with international listings of scenario-initiating FEPs was made. 
The scenarios were screened to eliminate any over-lapping scenarios (i.e., scenarios that prevent 
other scenarios from occurring). Probabilities were then assigned to each scenario (including the 
“expected evolution scenario”) so that the summed probabilities equaled a value of 1 (resulting 
in a claim that the scenario analysis was, therefore, “exhaustive”). Differences in opinion 
regarding the numerical values of probabilities were used to set ranges in the probabilities 
assigned. 

By combining simplified performance models (for both pre- and post-closure time periods) with 
the scenarios (including “expected evolution”) as defined in Step #2, a range of “impacts” 
(quantified performance measures, as defined in Step #1) were calculated for each site. Of 
course, in many cases fundamental site-specific data were missing, and were derived by analogy 
to other sites or by expert judgment. 

Perhaps more crucially, single conceptual models for processes were assumed for each site. 
Uncertainties (indeed, areas of ignorance) in conceptual models and scenarios for these sites 
were unrecognized, hence unreported, in the MUA analyses of US candidate sites for a first 
repository. By ignoring potential iterative conceptual models, erroneous and overly optimistic 
assumptions regarding post-closure performance can be made, as has proven true for the Yucca 
Mountain site. 
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Figure 2-6 
Example of Repository Influence Diagram Used in MUA Analysis. Source: DOE (1986d). 
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2.2.1.3 Individual utility functions 

The MUA methodology report (DOE, 1986d) stated that: 

“To account for differences in the importance of different impacts, it is necessary 
to assess values for different impact levels, and these values must be used to 
arrive at a common scale [utility scale] of desirability.” 

Transformation from impacts to a common utility scale was derived from a multi-attribute utility 
function (see attached Appendices of this report). For pre-closure analysis, the DOE MUA 
assigned a scale from 0 to 100, with a value of 0 equated to the highest possible impact and a 
value of 100 assigned to the lowest impact level. A slightly different range was used for the post-
closure utility scale; a value of 100 was assigned for the lowest level of impacts, but negative 
utility values were also included. A value of 0 was assigned to impacts/ performance measures 
that exactly met the regulatory requirement (or corresponding siting guideline).  

The comparative desirability of sites was judged by substituting their specific 
impact/performance measures into the multi-attribute utility function. Higher utility scale scores 
indicated higher desirability for that specific utility function. In cases where uncertainties, rather 
than discrete values, for impacts were identified, an expected mathematical utility was obtained 
by multiplying the probabilities of the impact values by the utility function for this impact value. 

2.2.1.4 Aggregated utility functions 

At this point in the MUA methodology, there were a number of factors generated from the 
previous steps: (1) probabilities for each post-closure scenario for each site (Step #2), (2) a 
collection of post-closure-impact estimates for each post-closure scenario at each site (Step #3), 
(3) a collection of pre-closure-impact estimates for each site (Step #3), and (4) the multi attribute 
utility functions (Step #4). Each of these attributes was then aggregated together to derive a 
“composite utility score” for all aspects of site desirability. 

The first stage in this aggregation was to calculate the utility function score for each impact for 
each site for each post-closure scenario. This calculated term was then multiplied by the 
probability corresponding to each scenario. All of these probability-normalized terms were then 
summed to obtain an expected post-closure utility score for each site. These expected post-
closure utility scores for each site could be compared to evaluate the relative post-closure 
performance (hence, desirability) of the sites.  

The next stage in developing an aggregated utility score was to evaluate the utility of each pre-
closure impact for each site using the utility function. There were no different probabilities 
assumed for these impacts among the sites, so these expected pre-closure utility scores for pre-
closure impacts were directly summed. 

Finally, the expected post-closure and pre-closure utility function scores for each site were 
combined into an overall composite utility function score for each site. This involved multiplying 
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the pre-closure and post-closure utility functions by weights subjectively assigned regarding the 
relative importance of each post-closure and pre-closure impact (see Table 2-1).  

2.2.1.5 Sensitivity analyses 

In the final step of the MUA methodology applied to the candidate U.S. sites, sensitivity analyses 
were conducted. The purpose of these sensitivity analyses was to evaluate how the overall 
composite utility function scores calculated in Step #5 changed with respect to changed 
assumptions or other boundary conditions. 

The DOE specifically tested the sensitivity of subjective judgments regarding weighting of 
impacts (for example, Table 2-2) in order to establish the validity of their approach. However, 
the DOE MUA report did not test the impacts of conceptual model and scenario uncertainties. 
Concepts such as site “robustness” with respect to assuring waste isolation and ability to resolve 
site uncertainties by site characterization were not considered. Groundwater characteristics were 
assumed to dominate over other site factors. 

2.2.2 Results of 1986 MUA analysis 

The following conclusions appear in (and are quoted from) the DOE MUA analysis report (DOE, 
1986d):  

“Post-closure analysis 

All five sites [Davis Canyon, Deaf Smith, Richton Dome, Hanford and Yucca 
Mountain] appear capable of providing exceptionally good radiological protection 
for future populations for at least 100,000 years after closure. 

The Davis Canyon, Deaf Smith, Richton Dome, and Yucca Mountain sites appear 
to be virtually indistinguishable in terms of the expected post-closure 
performance. The Hanford site is just discernibly less favorable than the other 
four sites, but its performance is still far above the threshold of acceptability 
established by the EPA [Environmental Protection Agency]. It is noted that the 
primary containment requirements of the EPA—the criterion of acceptability used 
here—provide a very stringent standard for protecting public health and safety: 
the risk to the public is not to exceed the risks that would have existed if the 
uranium ore that was the source of the waste had not been mined to begin with. 

The confidence in the performance of the three salt sites (Davis Canyon, Deaf 
Smith, and Richton Dome) is exceptionally high, and it is higher than that for the 
non-salt sites (Hanford and Yucca Mountain). 

The overall post-closure ranking of Davis Canyon, Richton Dome, Deaf Smith, 
Yucca Mountain, and Hanford is stable over a wide range of sensitivity analyses. 
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Pre-closure analysis 

With regard to pre-closure health and safety, the site rankings are Richton Dome, 
Deaf Smith, Davis Canyon, Yucca Mountain, and Hanford. The differences 
among the sites are largely attributable to waste transportation and to non-
radiological repository-worker fatalities due to accidents. 

With regard to environmental and socioeconomic impacts, the site rankings are 
Hanford, Yucca Mountain, Deaf Smith, Richton Dome, and Davis Canyon. The 
difference between sites is greater than the difference on health-and-safety 
impacts. However, this difference is relatively small in comparison with 
differences in total costs. 

With regard to total costs, the site rankings are Yucca Mountain, Richton Dome, 
Deaf Smith, Davis Canyon, and Hanford. The difference between the most 
favorable site and the least favorable site is equal to 4380 million (4.30 billion) 
dollars. 

Considering all pre-closure impacts, the overall ranking of sites is Yucca 
Mountain, Richton Dome, Deaf Smith, Davis Canyon, and Hanford. This ranking 
is stable over a wide rang of sensitivity analyses. 

The overall pre-closure ranking is mainly attributable to the large differences 
among sites in total costs. The fact that cost is the major pre-closure discriminator 
can be explained by the screening process that led to the nominated sites. Because 
the criteria used in screening were concerned with health and safety and the 
environment, but not with costs, sites expected to perform poorly on objectives 
other than costs have already been screened out. 

Composite analysis 

Because the differences among sites in post-closure performance are very small 
and the differences in pre-closure performance are relatively large, the overall 
composite results are largely a reflection of the pre-closure impacts and thus of 
costs. 

The composite overall ranking of sites is basically insensitive to the relative 
values of the scaling factors. 

The composite overall ranking under a wide range of assumptions is Yucca 
Mountain, Richton Dome, Deaf Smith, Davis Canyon, and Hanford.” 

2.2.3 DOE Recommendation Report 

Concurrent with the release of the MUA report in May 1986, a second report was issued that 
formally recommended the Yucca Mountain, Deaf Smith and Hanford sites for further 
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characterization. This report, commonly referred to as the “Recommendation Report”, was 
accompanied and supported by the issuance of the final revised EA reports in May 1986 for each 
site (DOE, 1986a-c). 

The Recommendation Report noted that the differences in post-closure performance were not 
considered significant among the sites. It further argued that with respect to pre-closure factors, 
the differences in cost rankings would be reduced by consideration of the time-value of money 
rather than consideration of fixed 1985 dollars. Inclusion of retrievability also tended to reduce 
the projected cost differences among the sites. It also was noted that the 1982 Nuclear Waste 
Policy Act explicitly called for geological diversity in the final selection of sites for 
characterization as an external consideration. 

Based on these arguments, the DOE formally recommended the Yucca Mountain, Deaf Smith 
and Hanford sites for further characterization. Although independent technical groups fully 
supported the concept of the MUA as a decision-aiding tool rather than as the final decision 
itself, the substitution of the Hanford basalt site for one of the salt sites in the final three 
recommended sites was controversial. In May 1986, the Secretary of Energy formally 
recommended the sites in Washington (basalt), Texas (bedded salt), and Nevada (tuff) for site 
characterization, and the President concurred. 

2.2.4 Independent peer review of DOE (1986d) MUA report 

On August 29, 1985, DOE requested the NAS Board on Radioactive Waste Management 
(BRWM) to formally review the MUA approach used by the DOE to rank candidate sites. The 
final written opinion of the NAS/BRWM on the DOE’s MUA analyses was issued on April 10, 
1986. 

The BRWM felt that the MUA approach was a broadly appropriate and useful tool for the 
purpose of integrating diverse technical, economic, environmental, social and health issues with 
a single ranking methodology of candidate sites for a deep geological repository. The BRWM 
cautioned, however, that MUA should be considered as a method to illustrate the factors 
involved in the ranking decision, rather than to make that decision itself. Geological diversity 
was a factor requiring consideration under the NWPA but was not addressed in DOE’s MUA 
report. The BRWM called attention to geological diversity as an external factor that must be 
considered in the final selection of sites. 

Regarding the pre-closure MUA analyses, the BRWM observed that subjective value judgments 
made solely by DOE staff may have heavily influenced the ranking of sites. Inclusion of outside 
groups in the application of subjective value judgments to various impacts and their weighting 
factors, according to the BRWM, would have greatly improved the credibility and acceptance of 
the final ranking. 

With respect to the post-closure MUA analyses, the BRWM expressed concern on a number of 
points. It reiterated the need to use available data and validated models when calculating 
projected performance assessments of repository sites. The implication was that the level of 
information and understanding among the sites were not equal, and the use of a common 
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simplified performance assessment (PA) model may have unfairly penalized sites. The previous 
BRWM Waste Isolation System Panel (WISP) report (NAS, 1983), for example, used site-
specific PA models that indicated that the Hanford site would provide lower long-term dose-rates 
compared to the salt and tuff sites, a finding that contradicted DOE (1986d) analysis using a non-
site-specific PA model. Among the most important factors that account for this difference in 
estimated isolation performance among the sites was the emphasis on known favorable 
geochemistry at the Hanford site (reducing conditions would lead to extremely low solubilities 
and high sorption of many dose-contribution radionuclides that might be released deep 
underground), whereas the DOE (1986d) analysis placed primary emphasis on assumed 
favorable hydrological factors for the tuff and salt sites. 

A second significant BRWM criticism of the post-closure MUA analysis was the universal 
application of an arbitrarily defined accessible environment (biosphere) for all sites. The BRWM 
strongly recommended that the DOE consider site-specific accessible environments in the 
evaluation and comparison of sites. BRWM’s 1983 WISP report (NAS, 1983) found that the 
significant dilution of released radionuclides in the surface aquifers and rivers of the Hanford site 
led to a much lower predicted dose rate compared to salt and tuff sites, which would have no 
such dilution factor. By essentially assuming the same level of dilution for the salt and tuff sites, 
the DOE (1986d) MUA analyses provided a significant and unjustified advantage to the salt and 
tuff sites in post-closure PA.7  

The BRWM also noted that adequate consideration of the waste package and the overall 
engineered barrier system (EBS) performance was lacking in the MUA analyses. While this was 
justified because the stated purpose of the MUA was to select sites, the BRWM felt that the DOE 
(1986d) ignored consideration of how a properly designed waste package can greatly assist in a 
“defense-in-depth” approach to demonstrating long-term repository safety. Reliance on the EBS 
as an integrated contributor to long-term repository performance and safety is now accepted as 
the international norm (e.g., SKB, 1992; Nagra, 1994; JNC, 2000). 

Finally, the BRWM strongly felt that both outside stakeholders and independent technical 
experts should have been included in the MUA analyses. The concern was that exclusive use of 
DOE staff in making value judgments clearly raised the issue of bias in the final rankings of 
sites. 

Additional peer review was conducted of both the MUA report and the Recommendation Report 
that nominated Yucca Mountain, Deaf Smith and Hanford, by Gregory and Lichtenstein (1987). 
This peer review was also broadly supportive of the MUA approach. They made the point that 
the most effective insights from the MUA report were the “tradeoff ratios”, for example between 
costs and environmental degradation or cost and human health effects. By using ratios of factors, 
rather than absolute values for a single factor, impacts arising from the change in the cost of 
money over time were minimized. 

                                                           
7 This concern by the BRWM proved justified to some degree later in the program as seen in the early challenges in 
the Yucca Mountain program in meeting dose limits due to the lack of significant dilution before release to the 
accessible environment.  
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Gregory and Lichtenstein (1987) did raise concerns regarding the assignment of probability pdf’s 
to unexpected scenarios. They noted that expert assessments of probabilities of unlisted, 
unnamed events are typically seriously underestimated. They also observed that the Hanford site, 
uniquely, was assigned a rather high probability for unexpected scenarios, whereas the assumed 
probabilities assigned to the tuff and salt sites were much lower. Gregory and Lichtenstein 
(1987) also felt that the adverse, negative “stigma” impacts on social and economic attitudes by 
siting a nuclear waste repository were seriously underestimated in the pre-closure MUA analysis. 
The value judgments on other societal, environmental, and health factors, as well as the tradeoffs 
between these factors and costs, were also strongly disputed.  

Gregory and Lichtenstein (1987) also critiqued the DOE Recommendation Report. They 
believed the emphasis in the Recommendation Report on siting guidelines versus the MUA 
results was arbitrary. They called attention to the manner in which post-closure performance 
differences were minimized in the Recommendation Report. The issue was whether it was 
acceptable to select among all sites that demonstrated an adequate performance with respect to 
long-term isolation (as in the Recommendation Report) or whether only the three “best” 
performing sites be selected. Gregory and Lichtenstein (1987) argued for the latter approach (it 
should be noted that the State of Washington funded their study). Gregory and Lichtenstein 
(1987) felt that the MUA report ought to have been the sole basis for ranking and selecting sites. 
This opinion conflicted with the NAS findings that expressed the need to broaden factors in the 
decision beyond the narrow set of subjective value judgments that were used in the MUA report. 
Indeed, this issue of too-narrowly based value judgments was one of the key objections that 
Gregory and Lichtenstein (1987) also made of the MUA report. 

2.2.5 Role of Stakeholders in First Repository Site Selection 

Engagement and inclusion of stakeholders, notably the States and Indian tribes, in the screening 
and selection of sites have generally proven to be inadequate and problematic. The 
Congressional Office of Technology Assessment (OTA) reported to the U.S. Congress in 1985 
that (OTA, 1985): 

“The most formidable problem that the [1982] Act had to address was the intense 
level of mutual distrust among various concerned parties, a distrust that threatened 
to lock the waste disposal effort in a state of virtual and continual paralysis…But 
a law alone, no matter how well framed, cannot by itself wipe out the long legacy 
of problems and false starts and the deep distrust it has generated among the 
principal parties involved and concerned with waste disposal…That distrust may, 
indeed, be the single most complicating factor in the effort to develop a waste 
disposal system that is acceptable technically, politically, and socially.” 

The 1982 NWPA provided for well-defined roles for States and Indian tribes in the planning and 
development of repositories to promote public confidence in the process of site selection. The 
key deficiency is that the NWPA did not specify the level of participation of the States and 
Indian tribes, but rather instructed the Secretary of Energy to consult and cooperate with these 
public groups to resolve concerns on health and safety, as well as environmental and economic 
impacts.  
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The NWPA also provided for establishing a formal consultation agreement between the DOE 
and the States and Indian tribes as a mechanism for conflict resolution regarding 
communications, levels of participation and differences of opinion. However, the NWPA only 
required that the negotiations to set up such an agreement be started within 60 days of a site 
being formally recommended for detailed site characterization. The NWPA also instructed DOE 
to finalize such agreements, to the extent possible, within 6 months of site recommendation, and 
to report to the U.S. Congress regarding the reasons for failure complete such agreements.  

The key objections of States and Indian tribes expressed as affected parties during the site 
selection process of 1982 to 1986, were: 

• The impacted parties had no formal involvement in the first repository siting process. 

• The DOE did not adequately and fairly use its own analyses developed for each site in the 
site selection process. 

• The DOE had unreasonably adhered to the schedule of the 1982 Act despite unresolved 
technical and programmatic issues. 

• The DOE decided on a site’s suitability with inadequate site characterization and without 
meaningful consultation with the impacted parties. 

• The DOE had unlawfully postponed the second repository program, upsetting the political 
compromise of regional balance in the disposal of the nation’s HLW. 

2.3 1987 Amendments to the 1982 Nuclear Waste Policy Act 

By 1987, there was considerable public, industry and political discontent with the actions and 
results by the DOE regarding implementation of the 1982 NWPA. Congress decided to amend 
the NWPA in a number of areas, including the first repository program, the second repository 
program, and monitored retrievable storage at the surface. The result was legislation that revised 
the direction originally set for DOE’s waste management and disposal program under the 
original Act.  

Most significantly, the 1987 NWPAA directed the Secretary of Energy to select the Yucca 
Mountain site for further characterization and to cease all site specific activities at all other 
candidate sites. While the Yucca Mountain site was not formally nominated as the site for 
geological disposal, it would be the only site to receive site characterization that could allow 
recommendation to proceed with licensing of the site as a repository.  

The 1987 NWPAA also directed the Secretary of Energy to develop a monitored retrievable 
storage facility as an integral part of the nuclear waste management system, although the DOE 
effort to site a MRS facility in Tennessee, however, was abandoned in 1987 as well. The amount 
of waste that could be stored at a MRS was limited and the timing of MRS construction was tied 
to the licensing of a geological repository. The intent of these provisions was to ensure that an 
MRS facility would not evolve into a de facto surface repository. The direct consequence of this 
provision was that no MRS storage would be permitted until and unless a repository was licensed 
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and operational. Therefore, repository licensing and operation became a primary driver or 
obstacle for centralized storage. 

A number of oversight and administration changes were also introduced in the 1987 
Amendments. An MRS Review Commission was established to evaluate the need for an MRS.  
A Nuclear Waste Technical Review Board (NWTRB) was created to oversee DOE’s program 
and report directly to Congress. Also, the Office of Nuclear Waste Negotiator was created. The 
role of this Negotiator was to attempt to broker an agreement between States and Indian tribes 
that might volunteer to host either a MRS or a second repository. This Negotiator office expired 
in 1995 without achieving any notable success. 

As part of the inducements available to the Negotiator, the 1987 Amendments authorized 
benefits payments to a State and Indian tribe that accepted a geologic repository or a MRS. The 
benefits schedule provided $50 million per year to the host State for a repository from the time of 
execution of a benefits agreement until spent fuel or high-level waste was received at the facility. 
Upon receipt of waste at a repository, payments would increase to $100 million per year and 
continue for the life of the facility. For an MRS, benefits payments would be $20 million per 
year to the host State or tribe from the time of execution of a benefits agreement until waste was 
received at the facility. Upon receipt of waste at the MRS, payments would be increased to $50 
million per year and continue for the life of the facility. To receive benefits, a State or tribe must 
agree to participate in the design and licensing of the repository or MRS, as the case may be, and 
must waive rights to disapprove the facility under the “State veto” provisions of the Nuclear 
Waste Policy Act. 

The 1987 Amendments also permanently cancelled further site-specific work on a second 
repository in the eastern U.S. and removed the requirement of current law to select candidate 
sites. Thus, geographical equity, a fundamental element of the original legislation, was all but 
eliminated. Instead, the Secretary of Energy was required to submit a report to the President and 
Congress by January 1, 2010, on the need for a second repository. 

A number of additional requirements were also authorized in the 1987 Amendments: 

• Used nuclear fuel or high-level radioactive waste must be transported under the program 
mandated by the NWPA in packages that have been certified by the Nuclear Regulatory 
Commission (NRC). 

• The Secretary of Energy was required to abide by regulations of the NRC regarding advance 
notification of State and local governments prior to transportation of such fuel or waste under 
the program. 

• Technical assistance and funds were provided to States for training public officials with 
respect to transportation of fuel and waste. 

• The NRC was directed to require actual tests of full-scale transportation packages. 

• The NRC was obligated to survey transportation packages used by other nations and report to 
Congress by January 1, 1989. 
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• The Secretary of Energy, after consultation with the Secretary of Defense, was to evaluate 
whether the construction and operation of a repository at Yucca Mountain would seriously 
jeopardize national security by reason of interference with national defense activities nearby. 

• Certain adjacent States were provided with the same rights and opportunities to participate in 
the repository siting process as Nevada. 

Passage of the Nuclear Waste Policy Act Amendments in 1987 effectively concluded the U.S. 
program for selection of a repository site. Characterization activities at other candidate sites were 
ended, and the search for a second repository was postponed indefinitely. This final step in site 
selection was and remains highly controversial due in part to the departure of the selection 
process from a purely technical arena. And while the 1987 NWPAA did not officially designate 
Yucca Mountain as the repository site, the abrupt elimination of the other competing sites was 
widely interpreted as signaling the political selection of Yucca Mountain. 

The next step for the DOE at the Yucca Mountain was the development of a Site 
Characterization Plan (SCP) to supplement the existing site characterization data available in 
1987. The SCP would first involve surface-based testing and later sub-surface testing, employed 
to further examine the suitability of the Yucca Mountain site. 

2.4 Summary of the Site Selection Process in the United States 

The overall approach to site selection for a first high-level waste repository in the U.S. is 
summarized in Table 2-3, with a time flow-chart shown in Figure 2-7.  

Table 2-3 
Summary of the U.S. HLW Site Selection Program 

Program 
Period 

Site Selection Approach Comments 

1950’s to 
1982 

• 1957 Recommendation of geological disposal 
by National Academy of Sciences. 

• Near-surface disposal of defense waste at 
nuclear sites (rejected 1972). 

• Field tests in bedded salt, Lyons, Kansas 
(terminated 1972). 

• Surface storage leading to geological 
repository (rejected 1974). 

• Initiation of Waste Isolation Pilot Plant (WIPP) 
studies for disposal of TRU wastes in bedded 
salt, Carlsbad, New Mexico (certified in 1998). 

• National Waste Terminal Storage program 
begins nation-wide screening of candidate 
sites in salt (begun 1975). 

• Consideration of DOE nuclear sites in 
Washington and Nevada in non-salt formations 
(late 1970’s). 

• Decision to pursue land based 
geological disposal vs. storage, sea 
bed disposal, or space launch. 

• Salt sites are early preference 
because of dryness and good thermal 
characteristics. 

• Systematic screening process 
implemented, starting at large-scale 
geological provinces and screening 
toward acceptable sites (10’s of 
square kilometers). 

• Advantages of siting on land already 
owned, operated and controlled by 
the DOE nuclear facilities leads to 
consideration of non-salt sites in 
basalt and tuff. 
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• Listing of nine potentially acceptable sites, 
including 7 salt sites, as well as sites in basalt 
and tuff (late 1982/ early 1983). 

1982 to 
1987 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

• Nuclear Waste Policy Act of 1982. 

• Nuclear Waste Fund set up for nuclear 
utilities to pay for back-end disposition of 
commercial spent fuel. 

• Office of Civilian Radioactive Waste 
Management set up (1983). 

• OCRWM of Siting Guidelines based on NRC 
and EPA proposed rules (1984). 

• Monitored Retrievable Storage program 
initiated; Tennessee is selected as candidate 
location (1985). 

• Draft Environmental Assessments that rank 
Hanford (basalt), Yucca Mountain (tuff) and 
Deaf Smith County (salt) as leading candidates 
for further site characterization (1984). 

• Application of formal multiattribute utility 
analysis to rank candidate sites on basis of 
pre-closure and post-closure safety and costs 
(1986). 

• Review of MUA approach by National 
Academy of Sciences and other groups (1986). 

• Recommendation Report by OCRWM 
confirms ranking of Yucca Mountain, Deaf 
Smith County and Hanford sites for further site 
characterization (1986). 

• Second repository program issue area 
recommendation report but work is re-directed 
to international and support studies (1986). 

 

• 1982 Act defines ranking approach 
of candidate sites to be selected for 
further site characterization. 

• Act emphasized need for geological 
diversity. 

 • DOE/ OCRWM uses proposed EPA 
and NRC regulations to set up Siting 
Guidelines. 

• DOE uses MUA as a method of 
comparing capability of different sites 
to meet Siting Guidelines. 

• Significant conflict between DOE 
and affected Sates and Indian tribes 
during this ranking process. 

• Support and criticism of DOE’s 
implementation of MUA in review by 
NAS. 

• Second repository program in 
northern/eastern US raises political 
concerns in populous portion of US. 

• Tennessee sues DOE regarding 
selection for MRS. 

• Selection of basalt at Hanford Site 
for purposes of geological diversity 
raises public concern regarding basis 
for site selection process. 

Post-1987  

• 1987 Amendments to the Nuclear Waste 
Policy Act (1987). 

• DOE instructed to cease all site-specific work 
other than for Yucca Mountain. 

• Second repository program terminated until 
DOE shows a need based on projected spent 
fuel inventory. 

• MRS is tied to schedule for siting and 
licensing of first repository. 

• End of technical basis for site 
selection, replaced by political 
decision and cost sensitivity of 
nuclear utilities. 

• Requirement for progress on siting 
and licensing of repository removes 
MRS as a temporary option for 
transferal of commercial spent fuel to 
DOE. 

The U.S. site-selection process established by the 1982 NWPA was a comprehensive, transparent 
and step-wise approach that integrated consideration of technical, social, legal, logistical, 
transportation, financial and safety factors.  And the process did succeed in screening multiple 
sites down to a final three sites for detailed site characterization. The passage of the 1987 
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NWPAA effectively terminated the process early with the selection of Yucca Mountain as the 
only site under active consideration.  

National Academy of Sciences
recommends geological disposal

1957

National waste terminal storage
•  Bedded salt
•  Dome Salt 1973

Geological Provinces
(>1000’s km2)

to Region (1000 km2) screening

Regions (1000’s km2) to
Areas (100 km2) screening

Areas (100 km2) to
Location (100 km2)

Location (<100 km2) to
Sites (<100 km2) screening

Federally owned lands
associated with nuclear facilities

•  Basalt (Hanford)
•  Tuff (Yucca Mtn.)

9 potentially acceptable sites
•  7 Salt
•  Basalt
•  Tuff 1982

Yucca Mountain selected for
futher site characterization

1984

1987 Amendments of NWPA

MUA ranking: 3 recommended
sites for characterization

•  Basalt (Hanford)
•  Tuff (Yucca Mtn.)
•  Salt (Deaf Smith)

National Academy of Sciences
review  1986

Monitor Retrieval
Storage Option

1985

Draft EA’s: ranking of sites
1984

USDOE siting guidelines
1984

Nuclear Waste Policy Act of 1982
•  Waste fund
•  OCRWM/DOE
•  Geological diversity

Preliminary regulations
•  EPA
•  NRC

Start

 

Figure 2-7 
Summary of the various stages of the site selection program for spent fuel disposal in the 
United States 
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Key observations of the U.S. site selection process for a geologic repository include: 

• The NWPA clearly defined the roles and responsibilities of the implementer, the regulators, 
utilities, and concerned stakeholders, including the establishment of the Nuclear Waste Fund 
funded via a small fee levied on generated nuclear power; this precedent setting approach 
became a template for subsequent national laws for geological disposal programs established 
in other countries. 

• The States and Indian tribes criticized the 1982 NWPA for not granting adequate 
opportunities and resources to conduct appropriate oversight of the site selection process. 

• The geological diversity of the United States, while clearly an asset in terms of providing 
options for site selection, also presents substantial challenges for comparing and ranking 
many different factors among the candidate host locations. This diversity invariably drives 
the introduction of very different repository concepts tailored to the unique strengths and 
weaknesses of a particular site. 

• A rigorous, well documented, traceable process for site selection decision making provides a 
better basis for defending that decision. Comparative assessments of different sites and/or 
different design options require statistical treatment to permit the summation and comparison 
of extremely different features and processes into one final value of score. The U.S. 
employed several decision making methods in their siting process, including the multi-
attribute utility analysis used in the site nomination process. 

• Given the challenges posed by site and conceptual design diversity, a novel approach was 
needed for carrying out the comparisons and rankings needed for site screening and selection.  
The DOE’s use of the MUA analysis represented a pioneering effort in this area and was 
generally supported by the NAS and other credible peer-review groups. 

• The actual MUA analysis conducted by the DOE and the derived ranking of sites, however, 
was roundly criticized in independent analyses conducted by the NAS and other groups.  
Criticism of the safety assessment part of the MUA was particularly acute, deriving in part 
from MUA safety analysis results that contradicted pertinent findings of previous NAS 
studies, such as the 1983 WISP report. 

• The NAS peer-review strongly criticized the exclusive use of DOE staff input when deriving 
subjective weighting factors regarding repository impacts, as this presented the potential for 
accusations of “bias” and “public exclusion.” 

• The NAS criticized the MUA for overemphasizing pre-closure factors relative to post-closure 
factors. 

• The NAS criticized the common “biosphere” assumptions had been applied to each site 
evaluated in the MUA. The NAS believed that clear differences in hydrological settings 
would tend to favor the basalt site over the others, as shown in previous NAS reports; this 
important technical attribute was not addressed in the MUA ranking. 

• The MUA analysis used assumed favorable conditions in an uncritical manner, without any 
uncertainty bounds, for sites with limited characterization.  

• The interpretation of limited site characterization data during the early stages of site 
screening / site selection must be treated carefully. Much of the site screening and site 
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selection process must be acknowledged to involve ignorance rather than merely uncertainty. 
This distinction conveys important information about the nature of understanding of the sites 
under consideration and helps to adjust expectations about further characterization 
appropriately. 

• The DOE MUA emphasized hydrological differences among sites while exhibiting a lack of 
commensurate concern for geochemical differences.  

• The DOE MUA focused on isolation functions provided by the natural barriers without due 
consideration of the isolation capacity provided by the associated engineered barriers for a 
repository at a given site as part of a multiple-barrier isolation strategy. 

• DOE employed individual conceptual models for processes that were assumed for each site. 
Uncertainties (indeed, areas of ignorance) in conceptual models and scenarios for these sites 
were largely unrecognized, unreported, and not compensated for in the MUA analyses of 
U.S. candidate sites for a first repository. By ignoring potential iterative conceptual models, 
erroneous and overly optimistic assumptions regarding post-closure performance can be 
made, as has proven true for the Yucca Mountain site.  

• While DOE specifically tested the sensitivity of subjective judgments regarding weighting of 
impacts to establish the validity of their approach. However, the DOE MUA report did not 
test the impacts of conceptual model and scenario uncertainties. Concepts such as site 
“robustness” with respect to assuring waste isolation and ability to resolve site uncertainties 
by site characterization were not considered. Similarly, groundwater characteristics were 
assumed to dominate over other site factors. 

Independent peer review, particularly by the NAS, served as an influential driver for credibility 
and acceptability of site selection process and siting decisions in the years leading up to the 
NWPA and NWPAA. Such peer review may be particularly critical in the evaluation and 
justification of assumptions made for safety analyses supporting site screening and selection 
actions. 
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3  
SITE SELECTION CRITERIA 

Site selection criteria play a central role in a technically valid, defensible, and impartial process 
for choosing a location for hosting a HLW repository. For the U.S. HLW disposal program, the 
criteria for selecting candidate sites are embodied in a number of places within the overall 
governing statutory-regulatory framework, including NRC regulations, DOE orders, and to some 
extent U.S. law. It is these site selection elements that are considered below. A more 
comprehensive review of the overall U.S. regulatory framework governing disposal of used 
nuclear fuel and high-level waste is presented in companion EPRI report no. 1021384 (EPRI, 
2010).  

3.1 EPA Standards in 40 CFR 191 

The 1982 NWPA directed the EPA to develop a safety standard for the permanent disposal of 
used fuel and HLW in a deep geological repository, and these generic standards are contained in 
40 CFR 191. The primary standard embodied in 40 CFR 191 states that discharges from the 
repository during construction and operations shall not result in doses to individuals exceeding 
0.25 mSv/yr to the whole body (191.03), and that the annual committed effective doses arising 
from radionuclide releases from all pathways shall not, with reasonable expectation, exceed 0.15 
mSv/yr to any member of the public in the accessible environment (191.15) for 10,000 years 
after disposal of the waste. The regulation also permits the EPA to issue alternatives to these 
standards if deemed necessary and appropriate. 

10 CFR 191 also includes guidance related to site selection criteria, and these connections are 
discussed below. For example, there are three requirements in 40 CFR 191 relevant to 
geochemical criteria for site selection:  

• Sites where there has been mining for resources (minerals, oil/gas, drinking water, etc.) or 
where there is a reasonable expectation of exploration for scarce or easily accessible 
resources should be avoided in site selection (191.14 (e)) (in this case a drinking water source 
is defined a system having sufficient groundwater to supply a public water system and as 
having less than 10000 mg/l of total dissolved solids); 

• For 10,000 years after waste emplacement, there shall be a reasonable expectation that the 
cumulative releases from the repository to the accessible environment or to underground 
sources of drinking water, shall not exceed radionuclide specific limits specified in Table 1 
of the regulation (191.24); and 

• The repository must provide a reasonable expectation that for 10000 years after 
emplacement, cumulative releases shall have less than a specified probability of exceeding 
release limits provided in the regulation (Table 1 of 40 CFR 191)(191.13). 
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3.2 NRC Regulations in 10 CFR 60 

The 1982 NWPA also directed the NRC to develop a regulation based the EPA’s safety standard  
to define the licensing process for authorizing repository construction, operations and eventual 
closure. The NRC’s requirements for siting and licensing a geologic high-level radioactive 
repository, which conform to EPA’s 40 CFR 191, are contained in 10 CFR 60.8 Key elements of 
10 CFR 60 relevant to site selection for a geologic repository are summarized below. 

10 CFR 60 requires that site characterization be conducted for a prior to licensing (60.21) and 
provides general, high-level guidelines for what should be included in an appropriate 
characterization program (60.15 - 60.17). 10 CFR 60 explicitly excludes all site characterization 
activities from licensing requirements and activities. Requirements for overall system 
performance (60.111-60.113) fall under pre-closure and post-closure categories.  

The pre-closure requirements embodied in 10 CFR 60 Part 111 are: 

• The repository shall be designed so that radiation exposures, levels, and releases to 
unrestricted areas will be maintained within limits specified by NRC regulations in 10 CFR 
20: Standards for Protection Against Radiation. These regulations establish dose limits for 
workers (50 mSv/yr) and members of the general public (1 mSv/yr). 

• The repository shall be designed so that retrieval of part of all of the emplaced waste will be 
possible for up to 50 years after initiation of waste emplacement operations. 

The post-closure requirements embodied in 10 CFR 60 Parts 112 and 113 are: 

• The repository site shall be selected and the system shall be designed to assure that releases 
of radioactive materials to the accessible environment are within limits specified by the EPA 
per 40 CFR 191. 

• Engineered barriers shall be designed so that, assuming anticipated processes and events, 
waste containment shall be substantially complete for a period not less than 300 years and 
not more than 1000 years after repository closure; and any releases from the engineered 
barrier system shall not exceed one part in 100,000 per year of the inventory of that 
radionuclide calculated to be present 1000 years after closure. However, other release rates 
may be approved by the NRC on a case by case basis. Excluded from this requirement are 
radionuclides that have a release rate less than 0.1% of the total release rate limit, i.e., one 
part in 100,000 of the total inventory at 1000 years after closure. 

• Prior to waste emplacement, groundwater travel times from the edge of the repository 
footprint to the receptor shall be at least 1000 years. 

The NRC regulations in 10 CFR 60 provide general performance related guidance in Part 122, 
which call for site conditions that work in unison with the engineered barrier system (EBS) to 
provide reasonable assurance that all waste isolation performance objectives will be met. 

                                                           
8 10 CFR Part 60 remains the applicable title for regulation of geologic repositories for disposal of used fuel and 
HLW at any site other than Yucca Mountain, for which a separate site specific regulation, 10 CFR Part 63, was later 
developed.   
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Specific favorable and unfavorable conditions described in 10 CFR 60 strongly emphasize 
geochemical parameters related to the compatibility and joint performance of a candidate site 
and the associated EBS. The favorable site geochemical conditions for a candidate geologic 
repository according to 10 CFR 60 include: 

• Geochemical processes operating at the site during the Quaternary Period, when projected 
into the future, would not affect or would favorable affect the ability of the geologic 
repository to isolate waste (10 CFR 60.122-(b) (1). 

• Geochemical conditions that: 

o Promote precipitation or sorption of radionuclides, 

o Inhibit formation of particulates, colloids, and aqueous complexes that can 
increase radionuclide mobility, and 

o Inhibit transport of radionuclides facilitated by particulates, colloids and aqueous 
complexes. 

• Mineral assemblages, that when subjected to thermal increases, will remain unaltered or alter 
to mineral assemblages with equal or greater capacity to inhibit radionuclide migration. 

Potentially adverse site geochemical conditions identified in 10 CFR 60 include: 

• Groundwater conditions in the host rock, such as high ionic strength or ranges of Eh-pH that 
could increase radionuclide solubility or chemical reactivity of the engineered barrier system. 

• Non-reducing groundwater conditions within the repository host rock. 

• Geochemical processes that result in reduced sorption of radionuclides, reduce rock strength 
or otherwise adversely affect engineered barrier performance. 

• Evidence of extensive past dissolution, such as breccia pipes, dissolution cavities or brine 
pockets. 

• Presence of naturally occurring economic resources that could be reasonably expected to 
encourage or favor exploration and extraction at some point in the future. 

These criteria provide the basis for the site selection guidelines contained within DOE’s 10 CFR 
960 - the subject of Section 3.3 below. 

3.3 DOE Siting Guidelines in 10 CFR 960 

A summary of the siting guidelines and their application to site selection is provided in this 
section. Specific sections of the guidelines located are cited by Part number.9  

The DOE siting guidelines are organized into three types: 

• Pre-closure guidelines; 
                                                           
9 For example, 960.5-2-1 refers to 10 CFR 960, Part 5, Section 2-1.  
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• Post-closure guidelines; and 

• Implementation guidelines. 

Pre-closure guidelines address factors important to the operation of a repository before 
permanently sealing and closure, i.e., on the order of 80 years. These factors include radiation 
protection of workers and the public, environmental protection, minimizing any adverse social or 
economic impacts, as well as the flexibility and operational costs associated with repository 
construction and waste emplacement. 

Post-closure guidelines consider factors that may affect the long-term (10,000 years or longer) 
performance of a repository with respect to safety. These post-closure guidelines pre-suppose a 
reliance on site characteristics as the dominant factors in repository safety. Subsequent analyses 
both in the U.S. and internationally have since refuted this assumption (e.g., Apted, 1989; SKB, 
1992; Nagra; 1994; JNC, 2000). 

The pre-closure and post-closure guidelines are sub-divided into system guidelines and technical 
guidelines. The system guidelines are broad repository performance goals derived from 
regulations, as then promulgated by the NRC (Section 3.2) and the EPA (Section 3.1). The 
technical guidelines are performance goals for sub-system components of the repository system.  

Both system guidelines and technical guidelines define a qualifying condition - the minimum 
value or characteristic for qualifying a site. In addition, 12 of the technical guidelines contain a 
disqualifying condition, a circumstance or characteristic of a site that is so adverse to safety that 
further consideration is not warranted. 

Each technical guideline also requires specification whether the known (or likely) conditions at a 
site would be considered a favorable condition or potentially adverse condition. Such 
information and technical judgments could be used to assess the performance, and hence 
suitability, of a site before detailed site characterization studies are performed. Note that 
favorable conditions need not exist at a given site to meet a qualifying condition. However, the 
existence of favorable conditions does imply that subsequent site characterization would promote 
increased confidence in the suitability of that site. In a similar manner, the usefulness of 
determining whether any potentially adverse conditions exist at a site is to provide an early 
indicator of conditions or factors that require careful examination before confirming site 
suitability. Thus, a site that exhibits mostly favorable conditions could be presumed to meet 
system guidelines regarding suitability, whereas a site with many potentially adverse conditions 
could be considered to have a much higher degree of uncertainty in demonstrating suitability. 

The guidelines stress, however, that an integrated view of favorable and potentially adverse 
conditions should be maintained as certain favorable conditions or factors could compensate for 
potentially adverse conditions or factors. For example, the unsaturated hydrology of one site may 
be initially perceived as a favorable condition versus the perceived potentially adverse condition 
of the saturated hydrology of a different site. However, an unsaturated site implies an oxidizing 
atmosphere within the repository, and an oxidizing unsaturated repository must be considered as 
a potentially adverse geochemical condition with respect to radionuclide release and mobility 
compared to the more favorable reducing geochemical condition of most saturated sites. The 
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important point is that no single favorable or potentially disqualifying condition should be 
initially construed as more important than any other condition. It is the role of an integrated 
performance assessment to combine these different factors to allow a system-wide comparison of 
sites and site conditions. Furthermore, changes in the design of the engineered barrier system 
(e.g., long-lived copper overpacks vs. shorter-lived mild-steel overpacks) can mitigate the 
relative importance of potentially adverse conditions. 

The implementing guidelines developed by the DOE establish the relative importance and 
priority among the various pre-closure and post-closure guidelines. Overall, the post-closure 
guidelines as a class are assigned a higher priority than pre-closure guidelines. Among pre-
closure guidelines, the most important factor is radiological safety, followed by environmental, 
socioeconomic and transportation impacts, and then by cost of siting, construction, operation and 
closure. 

One extremely important recommendation in the DOE Siting Guidelines is that diversity of 
geohydrological settings and rock types must be considered in any final nomination of sites. The 
rationale for considering geological diversity is the understanding that sites located in the same 
geohydrological setting or in the same rock type may be subject to a “common flaw” appearing 
only after significant site characterization has been completed. Such an occurrence could greatly 
delay determination of a final repository site, and thus, consideration of geological diversity is 
seen by the DOE as a hedge against such a situation. It is also recognized that different 
geohydrological settings (arid desert vs. a riparian environment) can lead to extremely different 
potential dose consequences for the same amount of radionuclides that may be released over time 
from a repository. 

The DOE Siting Guidelines, following the requirements of the 1982 NWPA, also set out a six-
step process to guide the nomination of sites as suitable for characterization from the potentially 
acceptable sites: 

1. Evaluate the potentially acceptable sites from the perspective of disqualifying conditions 
specified in the technical guidelines. 

2. Categorize the remaining potentially acceptable sites according to their “geohydrological 
setting” as defined in the guidelines. 

3. Within each geohydrological setting category that contained more than one site, select the 
preferred site by comparing other guideline factors. 

4. For each preferred site within a geohydrological setting, evaluate whether the site is suitable 
for repository development based on the qualifying conditions for each guideline that do not 
require site characterization to make such an evaluation (e.g., issues such as site ownership 
and control). 

5. For each preferred site within a geohydrological setting, evaluate whether the site is suitable 
for repository development based on the qualifying conditions for each guideline that do 
require site characterization to make such an evaluation. 

6. Conduct a comparative evaluation for each guideline with respect to sites proposed for 
nomination. 
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Site characterization was defined in the 1982 NWPA as any activity or set of activities 
undertaken to establish the geological conditions at a candidate site. Site characterization 
activities include: borings, surface excavations, exploratory shafts, and in situ testing. 

This six-step process for nominating sites, as defined by the DOE Siting Guidelines, was 
conducted for the nine candidate sites, as detailed in the 1984 DOE environmental assessment 
reports (DOE, 1984). The analyses in the EAs were used to justify the preliminary nomination of 
the five sites presented in Table 3-1. 

Table 3-1 
Five Nominated Sites Found to be Suitable for Characterization Based on Environmental 
Assessment and the DOE Siting Guidelines (DOE, 1984). 

Site Geohydrological Setting 

Reference Repository Location (RRL), 
Hanford Site, Washington 

Columbia Plateau flood basalt 

Yucca Mountain, Nevada Great Basin tuff 

Richton Dome, Mississippi Gulf Coast salt dome 

Deaf Smith County, Texas Permian basin bedded salt 

Davis Canyon, Utah Paradox basin bedded salt 

Results from the environment assessment for the Hanford Reference Repository Location (RRL) 
are used here to illustrate the nature of the EAs and the manner in which they were applied for 
ranking and nominating the five suitable sites from the original nine. Table 3-2 presents the 
results from evaluation of the “qualifying conditions that do not require site characterization” for 
the Hanford site; Table 3-3 presents results from evaluation of the “qualifying conditions that do 
require site characterization.” 
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Table 3-2 
Qualifying Conditions Not Requiring Site Characterization - Hanford Site (Adapted from 
DOE, 1984). 

Qualifying 
Condition 

Compliance Status at the time of the EA 

Technical guidelines 

Site ownership 
and control,  
960.5-2-2,  
960.4-2-8-2 

Evidence does not support a finding that the reference repository location is not likely 
to meet the qualifying condition (Level 3). This condition is met, since the reference 
repository location is owned by the Federal Government and controlled by the DOE. 

Population 
density and 
distribution, 
960.5-2-1 

The evidence does not support a finding that the reference repository location is not 
likely to meet the qualifying condition (Level 3). This condition appears to be met as a 
result of low Hanford Site population densities, low regional population densities, and 
low projected offsite radiation doses. 

Meteorology, 
960.5-2-3 

The evidence does not support a finding that the reference repository location is not 
likely to meet the qualifying condition (Level 3). This condition appears likely to be met 
due to the remoteness of the site and atmospheric dispersion characteristics. 

Offsite 
installations and 
operations, 
960.5-2-4 

The evidence does not support a finding that the reference repository location is not 
likely to meet the qualifying condition (Level 3). This condition appears likely to be met, 
based on analyses of radionuclide releases from nearby installations and operations. 

Environmental 
quality,  
960.5-2-5 

The evidence does not support a finding that the reference repository location is not 
likely to meet the qualifying condition (Level 3). This condition appears likely to be met 
by complying with applicable environmental regulations. 

Socioeconomic 
impacts,  
960.5-2-6 

The evidence does not support a finding that the reference repository location is not 
likely to meet the qualifying condition (Level 3). This condition is met, since there are 
not significant projected adverse social or economic impacts on nearby communities. 

Transportation, 
960.5-2-7 

The evidence does not support a finding that the reference repository location is not 
likely to meet the qualifying condition (Level 3). This condition is met for transportation 
of radioactive waste to the reference repository location, because the local Hanford 
transportation network provides ready access to major rail and highway corridors. 

Pre-closure systems guidelines 

Radiological 
safety, 960.5-1 
(1) 

The evidence does not support a finding that the reference repository location is not 
likely to meet the qualifying condition (Level 3). This condition appears to be met, 
based on site remoteness, low population density adjacent to the reference repository 
location, and very low projected radiation exposure to the general public. 

Environmental 
quality, 
socioeconomics, 
transportation 
960.5-1 (2) 

The evidence does not support a finding that the reference repository location is not 
likely to meet the qualifying condition (Level 3). This condition is met, based on 
environmental, socioeconomic, and transportation considerations. 
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Table 3-3 
Qualifying Conditions Requiring Site Characterization - Hanford Site (Adapted from DOE, 
1984) 

Qualifying 
Condition 

Compliance Status at the time of the EA 

Geohydrology, 
960.4-2-1 

The evidence does not support a finding that the reference repository location is not 
likely to meet the qualifying conditions (Level 3). 

Geochemistry, 
960.4-2-2 

The evidence does not support a finding that the reference repository location is not 
likely to meet the qualifying condition (Level 3). Evidence suggests a finding that the 
reference repository location meets this condition. 

Rock charac- 
teristics,  
960.4-2-3 & 
960.5-2-9 

The evidence does not support a finding that the reference repository location is not 
likely to meet the qualifying condition (Level 3). The reference repository location 
appears likely to meet this condition, based on the expected characteristics of the host 
rock, although uncertainty exists. 

Climatic 
changes,  
960.4-2-4 

The evidence does not support a finding that the reference repository location is not 
likely to meet the qualifying condition (Level 3). Significant changes in climatic 
conditions are not expected to occur over the next 10,000 years; therefore, the 
reference repository location is likely to meet this condition. 

Erosion,  
960.4-2-5 

The evidence supports a finding that the reference repository location meets the 
qualifying condition and is likely to continue to meet the qualifying condition (Level 4). 
Erosional processes are not expected to result in radionuclide releases at the reference 
repository location; therefore, this condition is met. 

Dissolution, 
960.4-2-6 

The evidence supports a finding that the reference repository location meets the 
qualifying condition and is likely to continue to meet the qualifying condition and is likely 
to continue to meet the qualifying condition (Level 4). Dissolution features are not 
present in basalt; therefore, this condition is met at the reference repository location. 

Tectonics (pre-
closure and post-
closure), 960.4-
2-7, 960.5-2-11 

Evidence doesn’t support a finding that the reference repository location is not likely to 
meet the qualifying condition (Level 3). The reference repository location appears likely 
to meet this condition, based on the expected tectonic processes and events, although 
uncertainty exists. 

Natural 
resources, 
960.4-2-8-1 

The evidence does not support a finding that the reference repository location is not 
likely to meet the qualifying condition (Level 3). Natural resources are generally scarce 
at or near the reference repository location; therefore, this condition appears to be met. 

Surface 
characteristics, 
960.5-2-8 

The evidence does not support a finding that the reference repository location is not 
likely to meet the qualifying condition (Level 3). The reference repository location meets 
this condition, since it is located on well-drained, generally flat terrain, although flash 
flooding could occur. 

Hydrology, 
960.5-2-10 

Evidence doesn’t support a finding that the reference repository location is no likely to 
meet the qualifying condition (Level 3). The reference repository location appears to 
meet this condition, since technology is available for repository construction, operation, 
and closure. 

Pre-closure 
system guideline 
(costs), 
960.5-1 (3) 

The evidence does not support a finding that the reference repository location is not 
likely to meet the qualifying condition (Level 3). the reference repository location 
appears to meet this condition, since reasonable technology is available and current 
cost estimates between sites are comparable within uncertainty levels 

Post-closure 
system guideline, 
960.4-1 

The evidence does not support a finding that the reference repository location is not 
likely to meet the qualifying condition (Level 3). The natural and engineered barrier 
systems at the reference repository location are likely to achieve compliance with this 
condition within uncertainty levels. 
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The Compliance Levels are 1 and 2 for disqualifying conditions and 3 and 4 for qualifying 
conditions, defined as: 

• Level 1 finding meant that the available evidence at the time of the EA did not support a 
finding that the site was disqualified.  

• Level 2 finding, which was the highest confidence finding for disqualifying conditions, 
meant that the evidence supported a finding that the site was not disqualified on the basis of 
existing evidence and was not likely to be disqualified as further site characterization data 
were collected. 

• Level 3 finding meant that the evidence did not support a finding that the site was not likely 
to meet the qualifying condition. 

• Level 4 finding, which was the highest confidence finding for qualifying conditions, meant 
that the evidence supported a finding that the site met the qualifying condition and was likely 
to continue to meet the qualifying condition as further site characterization data were 
collected. 

Note, that the converse also applied in the case of a “bad site”. For example, a Level 1 finding 
could mean that the evidence supports disqualification of that site. 

Of course, at this initial stage of site selection, the available evidence was meager, and Level 1 
findings (for disqualifying conditions) and Level 3 findings (for qualifying conditions) were 
found at most sites. This is illustrated in the summary table from the Hanford Site EA, shown 
here as Table 3-4, of the levels of finding for each of the DOE Siting Guidelines.  

From these nominated sites in the EA reports, the DOE recommended three sites for further 
characterization: the Reference Repository Location (RRL), Washington, the Yucca Mountain 
site, Nevada, and the Deaf Smith County site, Texas. Citing the need to maintain geological 
diversity, as required in the Siting Guidelines (10 CFR 960.3-2-3), projected dose performances 
were not used as the sole discriminating factors in the final recommendation of sites. 
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Table 3-4 
Summary of Positive Findings Resulting from the Application of the General Siting 
Guidelines for the Hanford Site (DOE, 1984). 

Guideline Level of finding 

Number Title Disqualifying 
condition 

Qualifying 
condition 

Guidelines that do not require site characterization 

960.4-2-8-2 Human interference (site ownership and 
control) 

(a) 3 

960.5-2-1 Population density and distribution 2b 3 

960.5-2-2 Site ownership and control (a) 3 

960.5-2-3 Meteorology (a) 3 

960.5-2-4 Offsite installations and operations 1 3 

960.5-2-5 Environmental quality 2b 3 

960.5-2-6 Socioeconomic impacts 1 3 

960.5-2-7 Transportation (a) 3 

960.5-1(a)(1) Pre-closure radiological safety (a) 3 

960.5-1(a)(2) Environmental, socioeconomics, and 
transportation 

(a) 3 

Guidelines that require site characterization 

960.4-1 Post-closure system (a) 3 

960.4-2-1 Geohydrology 1 3 

960.4-2-2 Geochemistry (a) 3 

960.4-2-3 Rock characteristics (a) 3 

960.4-2-4 Climatic changes (a) 3 

960.4-2-5 Erosion 2 4 

960.4-2-6 Dissolution 2 4 

960.4-2-7 Tectonics 1 3 

960.4-2-8-1 Human interference (natural resources) 1(b) 3 

960.5-1(a)(3) Pre-closure system (costs) (a) 3 

960.5-2-8 Surface characteristics (a) 3 

960.5-2-9 Rock characteristics 1 3 

960.5-2-10 Hydrology 1 3 

960.5-2-11 Tectonics 1 3 
aNo disqualifying condition exists for this Guideline. 
bThis finding applies to each part of the disqualifying condition. 
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3.4 Summary of U.S. Repository Siting Guidelines 

With the enactment of the 1982 NWPA, the U.S. pioneered many legal, regulatory, and technical 
paths for the siting of a permanent geologic repository for HLW and used nuclear fuel.  The 
siting of a first-of-a-kind facility for geologic isolation of wastes for geologic timeframes was 
unprecedented, yet many underlying assumptions and methodologies used in this endeavor were 
derived from experience with licensing of more conventional industrial and nuclear facilities 
under existing environmental and nuclear regulations that did not apply to the unique timeframes 
and waste characteristics. As a result of this extrapolation, many of these assumptions and 
methodologies were found to be unworkable or unjustifiably restrictive.  

With respect to site selection criteria and guidelines developed by the EPA, NRC and DOE over 
the period leading up to the 1987 NWPAA, the following observations can be made: 

• The population, regional and topographic attributes of the diverse sites under consideration 
can impose extremely different biospheres to be considered with respect to evaluating and 
comparing long-term radiological safety.  This was pointed out initially in the NAS review of 
DOE’s multi-utility attribute analysis and was revisited in the NAS report, Technical Bases 
for Yucca Mountain Standards (NAS, 1995).  

• A focus on overall system safety and performance is not compatible with requirements for 
the isolated performance of individual barriers or processes. The NRC’s 10 CFR 60 criteria 
imposed sub-system objectives on both engineered barrier and natural barriers of a repository 
that arbitrarily penalized certain sites and restricted some repository concepts that might 
otherwise have proven useful for enhancing or ensuring the safe, long-term isolation of used 
fuel and HLW. 

• The DOE siting guidelines, 10 CFR 960, presented a comprehensive examination of diverse 
physical-chemical characteristics of candidate host environments, with an initial attempt to 
define what conditions would be qualifying or disqualifying. However, in the intervening 
years since 10 CFR 960 was developed, experience in the U.S. and abroad has increased 
understanding of the relative importance of certain site characteristics, reliability of screening 
and characterization data, and impacts from potentially disruptive events. As a result, certain 
factors that might have been considered ‘disqualifying’ in the nascent 1980’s U.S. repository 
program may now be considered as ‘unfavorable’. Such experience could be used to inform a 
prudent review and revision of siting guidelines for future applications. 

• DOE’s 10 CFR 960 siting guidelines recognize that less favorable values of one 
environmental parameter (e.g., flow rate) can be compensated by a highly favorable value for 
another environmental parameter (e.g., reducing geochemistry).  This reflects the value and 
relevance of considering the performance of the repository system as a whole, rather focusing 
on assessing performance based on individual sub-systems. This also suggests that there exist 
one or more disposal system concepts that can provide long-term safety of disposal systems 
for a wide range of candidate host environments and sites.  

• The overriding objective of a site selection process is to identify an “adequately safe” site, 
not a “best” site. The tendency in the U.S. program, however, was to pursue this objective in 
a manner that suggested a “best” site could be found. This philosophy threatens success of a 
site selection program in that any real or perceived flaw, regardless of the magnitude or 
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impact, could be used to argue against the validity of the process and the suitability of the 
site. The philosophy of a “best” site also implicitly introduces an expectation or burden of 
proof for repository performance that cannot be rigorously met for a site selection program 
limited to a finite number of candidate sites and for a disposal system intended to perform 
over geologic timeframes. 
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4  
SITE CHARACTERIZATION PLANNING 

Geochemical, hydrological and geomechanical parameters are all important aspects of site 
characterization and site selection considerations. The first part of this section outlines the basic 
hydrological, geomechanical and geochemical processes and parameters important to site 
characterization. A comprehensive, detailed accounting is beyond the scope and intent of this 
report. Given the historical, almost exclusive focus on hydrological factors in assessing and 
comparing sites with respect to suitability, this report emphasizes geochemical factors that can 
serve to distinguish among suitable host sites and strongly affect long-term performance of any 
repository system. The second part of this examines how the DOE organized its site 
characterization programs during site evaluations up through the 1987 NWPAA directive 
focusing site characterization exclusively on the Yucca Mountain, Nevada, candidate site. 

Most deep (>300 meters depth) geological environments are stable with respect to hydrological, 
geochemical and geomechanical changes in the environment arising from natural perturbations, 
such as climate change or faulting. The key site characterization processes and parameters 
determining long-term isolation of nuclear waste in deep geological repositories include:  

• Rate at which groundwater moves through the repository host rock;  

• Chemical composition of groundwater that can heavily influence the long-term performance 
of engineered barrier system (EBS) and the release rate of radionuclides from the repository; 
and 

• A geological structure composed of intact rock blocks, which favor minimal mechanical 
disruption of the EBS once it is emplaced.  

A suitably stable disposal site would have low rates of water flow, minimal seismic and tectonic 
activity, and chemical conditions that are benign with respect to degradation engineered barriers 
and mobilization of radionuclides.  Furthermore, multiple lines of evidence should be attainable, 
which can indicate that favorable site conditions are likely to persist for tens or hundreds of 
thousands of years into the future, despite possible perturbations in the surface environment such 
as climate change in the interim. 

At a large scale, the processes controlling water movement in rocks are well understood. Salt has 
no permeability and does not support water flow through the formation. Clay-rich environments 
have very low permeability with essentially no water movement except by diffusion in such 
formations. For more permeable and fractured rocks, hydraulic pressure gradients that drive 
water movement into the rock are lower in areas with lower topographic relief. Deep 
groundwaters tend to be much older and more saline than shallow waters, which are freshly 
recharged by infiltrating rainfall. This implies that at increasing depth groundwaters have been in 
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contact with the rock-forming minerals longer, leading to characteristic chemical ‘signatures’ of 
the groundwater and often a reduction in the permeability of the rock from the precipitation of 
fracture-filling alternation minerals. Such deep groundwaters have almost always chemically 
evolved to reducing conditions from the consumption and buffering of oxygen by redox-active 
minerals in the rock (Chapman and Curtis, 2006). 

Consequently, it is possible to make an approximate evaluation of whether a site would have 
good, average or poor conditions for a repository, using basic information on the geological 
structure and what is known about typical hydrogeochemistry of deep geological formations. 
Drilling, sampling and other survey investigations during a site characterization program are 
necessary to provide and confirm more detailed site-specific information. 

4.1 Key Hydrological Processes and Parameters 

The primary pathway for radioactive material to possibly return to the surface from a deep 
geological repository is via hydrological transport in groundwater systems.  Long transport times 
of radionuclides migrating through the hydrological setting of a site will allow radioactive decay 
to diminish the concentrations, hence peak release rates, of radionuclides.  Mode of transport 
(advective flow or diffusion), pathway length, flow rate, and potential matrix diffusion all affect 
the effectiveness of the hydrological system to act as an isolation barrier. 

Hydrological factors were considered in the DOE (1986d) multi-attribute utility analysis (MUA) 
of candidate sites, although the three leading sites of salt, volcanic tuff and basalt each had 
extremely different hydrological characteristics.  Salt was considered to have no permeability, 
hence, no possibility of hydrological transport of radionuclides for the expected conditions.  The 
tuff formations in Nevada had yet to be fully characterized by 1986, and the limited data 
available was interpreted to indicate that the groundwater infiltration rate through the site was 
between 1 x 10–7 and 0.5 mm/year (DOE, 1986b. Environmental Assessment: Yucca Mountain 
Site, Nevada Research and Development Areas, Nevada, DOE/RW-0073, Volume 2, Table 6-
49).  Such miniscule infiltration rates would restrict potential transport of radionuclides to 
diffusion through several 100’s of meters of tuff.  Only the basalt site was found to have an 
advective, albeit exceedingly slow, groundwater system. Accordingly, the results and 
comparison of candidate sites during the 1980’s U.S. siting process provide little insight as to 
what are key features of site hydrology that might be considered in future siting programs. 

The fundamental disparity in hydrological conditions among the sites also made the performance 
comparison among sites rather incongruous. All three finalist sites were demonstrated in the 
MUA to comply with prevailing safety standards (DOE, 1986d), based on the preliminary data 
and interpretations. The exceptionally low but finite calculated radionuclide release rates for the 
basalt site, however, were considered to be a negative aspect when compared to the essentially 
zero releases predicted for the salt and tuff site.   

A further cautionary aspect from the DOE (1986d) MUA was lack of consideration of 
uncertainty with respect to hydrological data and conceptual models.  In particular, the DOE 
(1986d) MUA accepted the extremely low (1 x 10–7 mm/year = 0.1 nm/year) estimates of 
infiltration rate assumed for the tuff site based on a single, unverified conceptual hydrological 
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model conditioned on sparse field data.  Since that time, several decades of further study at the 
tuff site eventually led to revised conceptual models, with estimates of infiltration rate as high as 
several 100’s of mm/year, a factor of 103 to 109 higher than the presumed values considered in 
the DOE (1986d) MUA decision-making process.  Overly optimistic assumptions based on 
sparse data should be guarded against in the initial stages of site characterization.  

Subsequent to the DOE (1986d) MUA with respect to hydrological considerations, the Swedish 
repository program published a key report, entitled “Final Disposal of Spent Fuel: Importance of 
the Bedrock for Safety” (SKB, 1992).  Based on a series of wide-ranging sensitivity and 
uncertainty analyses for a repository located in rock with advective flow, SKB concluded that: 

“[R]esults show that the safety of a carefully designed repository is only affected 
to a small extent by the ability of the rock to retain the escaping radionuclides.  
The primary role of the rock is to provide stable mechanical and chemical 
conditions in the repository over a long period of time so that the function of the 
engineered barriers is not jeopardized.”  

There are several key messages from these results that relate to site selection and 
characterization.  First, for permeable and fractured rock formations, the isolation performance 
attributable to hydrological factors is rather low, given relatively short path lengths (50-100 
meters) and modest flow rates even in low hydraulic-head locations.  Second, the engineered 
barrier system (EBS) dominates the isolation performance of a repository because of reliably 
low, solubility-limited, diffusive mass-transport through an EBS that contains a low-permeability 
backfill/buffer (NAS, 1983; Apted 1989, SKB, 1992).  Third, the preservation of stable chemical 
conditions, affecting solubility limits, and stable geomechanical conditions, assuring preservation 
of low-permeability buffers, are critical site characteristics in assuring long-term safety of 
repositories.  The following sections discuss geomechanical and geochemical siting factors 
important to long-term isolation of radioactive wastes in deep geological repositories.  

4.2 Key Geomechanical Processes and Parameters 

It is necessary to identify the type and likelihood of tectonic processes that could perturb the 
geomechanical stability of deep geological systems over the >10,000 years relevant to long-term 
safety. Over such extended time periods, certain parts of the US would have to be considered to 
have a relatively high likelihood with respect to re-activation or formation of volcanoes, to large-
scale ground uplift or subsidence, and to the evolution and extension of major active-fault 
systems with associated earthquake activity. Conversely, most areas of the US are in tectonically 
quiet and benign regions, with no need to be concerned at all with most of these tectonic 
processes. Our knowledge of how plate movements develop and the rates at which the patterns of 
plate motion change, plus the available geological and structural evidence of a siting region 
would give high confidence in estimating the future tectonic and volcanological conditions for 
that region (Cloos, 2009). 

With respect to earthquakes, large magnitude earthquakes (M7 or greater) are known to be 
mainly located along the Pacific coast of the US, part of the circum-Pacific so-called ‘Ring of 
Fire’, characterized by convergent, divergent and transform motions along plate boundaries.  
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This does not mean that large earthquakes cannot happen elsewhere in the US. Large ‘intra-
plate’ earthquakes, for example, are known to occur in the New Madrid area of the ‘quiet’ central 
US, thousands of kilometers from active plate margins. There is even the possibility of future 
post-glacial fault movement and >M7 earthquakes caused in the upper crust by stress re-
adjustments from the loading and unloading of hundreds of meters of ice sheets during glaciation 
cycles. For periods of 10,000 to 1,000,000 years, it is possible that many sites in the US might 
experience a M7 or greater earthquake. The more relevant concern, however, is whether 
earthquakes, even large earthquakes, significantly affect the isolation performance of deep 
geological repositories.  

It is well known from mining, for example, that underground structures are largely unaffected by 
even large earthquakes. While surface structures might be damaged because of differential 
movement in free air of buildings with respect to the movement of the ground surface, mines and 
caverns deep underground respond in concert with the rock mass as earthquake waves pass 
through the rock. If the excavations of the repository are backfilled, the potential for any 
disruption of an EBS by an earthquake is extremely unlikely. Therefore, earthquakes themselves 
are not an issue for long-term performance of a deep geological repository. Earthquake hazard 
would need to be considered, however, during construction and waste emplacement operations, 
when support buildings could be damaged. 

Earthquakes occur when movement take place along faults to relieve stress (Cloos, 2009).  
Because faults represent zones of relative weakness and damage, future movements are likely to 
occur along faults that already exist and have grown and ‘matured’ by repeated earthquake 
movement. In tectonically active regions in the US, the location of ‘active’ faults, those that have 
moved in the last hundreds of thousands of years, is well known based on several independent 
lines of evidence. First, major fault ruptures can be detected by geological mapping, 
supplemented by satellite imagery and global positioning satellite (GPS) measurements. Second, 
the occurrence of fault movement may be known and interpreted from historical earthquake 
records.  Third, and most directly, the activity of faults can be evaluated by digging trenches 
across them. Breaks in surficial soils and sediments in such trenches can be seen, measured and 
dated using a range of techniques to provide a reconstruction of past fault movement. Careful 
ground trenching, as well as sub-surface drilling of faults or suspected faults, during detailed site 
characterization can be utilized to avoid placing the EBS of a repository directly across active 
faults. 

Active faults may characterized by a wider width than the simple fracture trace. ‘Process zones’ 
can develop in the rock surrounding active faults, in which micro-cracks initially form and 
eventually coalesce into larger sized discontinuities (Cloos, 2009). As well as avoiding placing 
the EBS across active faults, it would also be important to avoid locating critical parts of an EBS 
(including sealed access and ventilation shafts) close to major fractures, discontinuities or 
deformation zones in the rock that show no recent indication of movement. Whether or not these 
features are reactivated in the future, the local rock quality around these zones is likely to be 
lower than the bulk host rock.  These pre-existing features could act as preferential fast pathways 
for groundwater to move through the rock.  
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There are several engineering countermeasures to minimize the potential for disruption of an 
EBS by future movements of faults. In particular, ‘rock suitability criteria’ and so-called ‘respect 
distances’ are applied from mining experiences and site-specific characterization.  These 
engineering approaches will greatly reduce the likelihood that critical parts of the EBS will be 
disrupted by known faults or suspected deformation zones. 

Lastly, consequences of future faulting to the long-term isolation performance of an EBS may 
still be considered assuming an undetected or new fault moves and cuts through a portion of the 
EBS. Such movement could locally shear waste canisters, disrupt buffer barriers, or crush waste 
forms. The consequences on long-term safety of movement of undetected faults are likely to be 
quite small, however, for several reasons. In many repository concepts, the waste canisters have 
an expected containment function for the duration of the elevated thermal period, lasting only 
several thousands of years. Shearing a waste canister after it has already failed by corrosion 
would have minimal impact on subsequent release of radionuclides.  Likewise, the crushing of 
waste forms would not be expected to lead to higher release rates because solubility-limits to 
radionuclide concentrations are not affected by changes in grain size.  Disruption of the buffer 
might require extremely large fault movement (many centimeters), and the effect on radionuclide 
release would also be quite localized.  Localization is a key aspect with respect to all fault-
induced impacts. Any disruption would be localized and impact relatively few waste canisters  
because of the planar geometry and relatively small width of faults compared to a repository 
footprint.  The likelihood of multiple faulting of the EBS by undetected faults would be 
extremely low, assuming a rigorous site investigation program was conducted. 

4.3 Key Geochemical Processes and Parameters 

Geochemical factors are critical for the evaluation of containment, radiochemical behavior, and 
release performance of any repository.  The regulations and siting guidelines discussed in 
Chapter 3 imply that certain geochemical parameters and processes must be evaluated to select a 
site for a repository. For example, the repository performance criteria for the US repository 
program were essentially radionuclide containment time, radionuclide release rates from the 
engineered barrier system, radionuclide release rates to the accessible environment, and 
groundwater travel time. Geochemical parameters influence processes that control containment 
time and release rates, and geochemical data can provide supporting evidence for estimating 
groundwater travel time. The relative importance of each parameter to repository performance 
may vary depending upon geology of the site. 

The important geochemical parameters in site characterization are: 

• groundwater pH 

• groundwater Eh (redox) 

• groundwater dissolved gasses (PCO2), 

• inorganic ligand concentrations in groundwater (Cl-, HCO3
-, HPO4

3-, HS-, SO 4
2 -, etc.) 

• organic content of groundwater (humic, fulvic, carboxylic acids, etc.), 

• the total dissolved solids content (ionic strength) of groundwaters 
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• colloid abundances and types in groundwaters 

• microbial content of groundwaters, and 

• mineralogical and textural characteristics of groundwater flow paths. 

There is now greater recognition that a more defensible ranking of sites could be achieved based 
on an emphasis on geochemical factors rather than on primarily hydrological factors, as the 
approach in the U.S. has historically favored (SKB, 1992; McEwen, et al, 1994; Nagra, 1994; 
JNC, 2000). Therefore, future U.S. site characterization and selection activities could benefit 
from a stronger emphasis on geochemical factors in additional an appropriate balanced 
evaluation of important hydrological factors. These parameters are discussed in more detail 
below: 

4.3.1 pH 

In terms of repository performance, pH strongly influences solubility, aqueous speciation, 
sorption, metal corrosion and buffer/backfill performance. The solubilities of many solids are 
sensitive to pH and are linked to the dependence of aqueous speciation on pH. Sorption also is 
linked to the dependence of aqueous speciation on pH. For low ionic strength groundwaters, the 
primary issue with ambient pH measurement is the outgassing of carbon dioxide prior to 
measurement.  

However, it is insufficient to simply characterize the ambient pH of the geohydrologic system. It 
is also important to understand what processes or reactions are controlling or buffering the pH of 
the system. Understanding the mechanisms of chemical control permits the prediction of key 
variables such as pH if physical conditions change over time (e.g., climatic conditions / 
temperature). An understanding of the chemical buffering mechanisms gives greater confidence 
in the prediction of radionculide and materials behavior in the engineered barrier system and 
radionculide behavior in the far-field geohydrologic system. The pH chemical buffering 
mechanism may be engineered in the engineered barrier system so that container corrosion, 
radionuclide solubility, speciation and sorption may be predicted with relative confidence. In the 
host rock, however, this is not possible. Therefore, the pH buffering capacity of the 
geohydrologic system must be assessed via site characterization (groundwater chemistry and 
rock mineralogy), water-rock interaction experiments and geochemical modeling of water-rock 
interactions. Generally the most important buffers of pH in water-rock systems are 
heterogeneous reactions involving solid carbonates and silicates. 

4.3.2 Eh (redox potential) 

Redox potential (Eh), like pH is a key variable in groundwater systems as it is a master variable 
in geochemical modeling. The system redox has a strong influence on the solubility, aqueous 
speciation, and sorption of redox sensitive radionuclides and on the corrosion behavior of metals. 
Redox levels in groundwater are controlled by the relative rates of introduction of oxidizing 
water in recharge, the rate of groundwater flow and circulation, and the rate of consumption of 
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oxygen by reduction reactions. Potential reductants include ferrous silicates and oxides, 
sulphides, manganese oxides and organic materials.  

Like pH, not only is the ambient Eh important, but also the Eh buffering capability of the system 
is important. There are three important aspects of redox buffering:  

• The absolute value of the redox potential as defined by various chemical buffers (the absolute 
value of the redox potential may vary considerably depending upon the dominant redox 
buffer in the rock (usually iron)); 

• The amount of redox buffer capacity (i.e., how much reduced chemical component is present 
in the rock and groundwater); and   

• The rate of reaction of the reduced component of the rock (i.e., the rate of redox buffering 
will generally be dependent upon the rate of dissolution of the mineral containing the reduced 
species). 

Consequently, different rocks will have differing capabilities to maintain reducing conditions. 
For siting purposes, what is needed is a quantitative assessment of the amounts of redox 
buffering capacity required for a range of groundwater flow rates, and rock permeabilities, 
fracture apertures and porosity. 

4.3.3 PCO2

The partial pressure of carbon dioxide is an important variable in groundwater systems. It is 
important because it strongly influences the pH of water-rock systems and the amount of 
inorganic carbon in groundwater. Both of these parameters affect radionuclide speciation and 
solubility.  

PCO2 influences pH because carbon dioxide reacts with water for form carbonic acid. These 
carbonic acid solutions have considerable capacity to dissolve silicates and carbonates in rocks. 
Unless the water-rock system is open to the atmosphere, the amount of mineral that can be 
dissolved is limited and PCO2 will decrease with depth as inorganic carbon is removed from 
groundwater by the precipitation of calcite. In these closed systems, the resultant pH is often 
high. In contrast, systems that are open to the atmosphere may have elevated PCO2 depending 
upon temperature, and lower pH. A closed system may be considered preferable as it will exhibit 
lower pH and thus minimize the solubility of many radionuclides as well as potentially 
minimizing the corrosion rate of some metals. 

4.3.4 Inorganic and organic ligands 

Inorganic ligands in groundwater are important because they may affect container corrosion, 
backfill/buffer degradation and the sorption and solubility of radionclides. Cations (e.g., many of 
the radionuclides of interest) in groundwater will be complexed to a greater or lesser degree by 
inorganic ligands. Complexation behavior depends upon the relative abundances of the different 
ligands and the chemical behavior of the ligand and cation. The important ligands are OH-, Cl-, 
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HCO3
-, HPO4

3-, HS-, SO4
2-, and F-. For example, chloride is important in increasing the corrosion 

of copper and iron container materials. Sulphate may have a deleterious effect on the behavior of 
cement and concrete. Phosphates may increase the solubilities of actinides.  

Other ligands present at trace levels in groundwater may not be important comlexants or 
significant waste constituents, but may be indicators of groundwater evolution, e.g., silicon, 
bromine and nitrogen species. For example, Br/Cl ratios are important in determining the 
source(s) of halide elements in groundwaters. Nitrate is an important indicator of anthropogenic 
pollution and indicates fairly short groundwater ages and residence times. Sources of ligands 
include the dissolution of evaporites, dissolution of minerals in the rock matrix, decrepitation of 
fluid inclusions in minerals, seawater intrusion, meteoritic recharge, the transformation of 
organic compounds and tectonic/magmatic activity. 

Organic materials may be present in the geohydrologic system due to natural organics in the 
groundwater (humic, fulvic, carboxylic acids and products from the maturation of hydrocarbons) 
and to products of the degradation of the organic waste component of the repository. In general, 
both repository derived and natural organics can affect repository performance by: 

• providing a source or sink for H+ and thus affecting absolute pH and the pH buffering 
capacity of groundwaters, 

• acting as reducing agents and thus affecting redox and the concentration of redox sensitive 
element, 

• decarboxylating with or without microbial action into carbon dioxide and hydrocarbon gases, 
and 

• forming soluble complexes with metals. 

Consequently, organics can modify the solubility and sorption behavior of radionuclides. In 
addition, degradation of waste can result in the production of carbon dioxide and hydrocarbon 
gases (methane) that may create concerns over repository integrity.  

4.3.5 Ionic strength 

The ionic strength or total dissolved solids (TDS) content of a groundwater may range from 
fresh, potable waters (TDS < 100 mg/l) to brines saturated with halite (TDS > 300,000 mg/l). 
The salinity of groundwaters may be attributed to three general factors:  water-rock interactions, 
geological history and the geological environment. Salinity derived by water-rock interactions 
depends upon the rock type. Silicates and aluminosilicates are sparingly soluble and thus do not 
contribute significantly to salinity. Carbonates are more soluble, and sulphates and halides are 
the most soluble, resulting in higher salinity groundwaters. Geologic history is important since 
the chemical composition of the groundwater is a summation of all the processes that have 
affected it. For example, earthquakes may induce mixing of different groundwater types with 
potential changes in the ionic strength of groundwaters. Geologic environment is similar to 
geologic history but focuses more on effects of location. For example, groundwaters in a 
sedimentary basin may vary because of location within the basin. Recharge by meteoric waters 
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near the basin margins may result in lower salinity waters while dissolution of evaporites in the 
center of the basin may result in higher salinity waters.  

With respect to repository performance, however, ionic strength becomes more of an issue for 
the more saline groundwaters. This is primarily because the modeling of aqueous speciation, and 
thus solubility and sorption, is dependent upon being able to accurately calculate the activity 
coefficients for aqueous species. At low ionic strengths, various modifications of the Debye-
Huckel theory are used to calculate activity coefficients. However, these methods are only 
suitable for ionic strengths that are less than that of seawater. Pitzer equations have been 
developed for calculating activity coefficients at higher salinities, but there is an absence of data 
to enable the calculation of the solubilities of aluminosilicates or heavy metal salts. Thus, the 
occurrence of brines severely limits the capacity to model the speciation of aqueous solutions 
and the solubility of radionuclide bearing solids. Also of import to repository performance is the 
presence of higher concentrations of ligands in the higher salinity groundwaters.  

4.3.6 Colloids and microbes 

Colloids are particles < 10 µm which behave hydrodynamically as part of the aqueous phase. 
The principle colloids anticipated include natural inorganic (oxides and hydroxides of Al, Fe, 
and Si) and organic molecules (humic and fulvic acides) as well as repository-derived material. 
Radionuclides may form colloids directly, due to hydrolysis of polynuclear species, or may sorb 
onto existing colloidal material producing pseudo-colloids. Colloid stability generally decreases 
with increasing ionic strength. For either case, the association of radionuclides with colloids can 
affect radionuclide mobility, leading to increased or decreased rates of migration through the 
engineered barriers and the geosphere. There are no data with regard to colloid abundances in 
different rock types to enable an assessment of the degree to which certain rock types are more 
susceptible to colloid formation than others. Thus, their presence, concentration and availability 
must be assessed during site characterization.  

Microbial activity is widespread in the shallow to deep subsurface (Pederson, 1993). Microbes 
are involved in many geochemical processes, including sediment diagenesis, weathering, and 
metal transport and deposition. Microbial activity is particularly important in establishing the 
redox of the geohydrologic system, and it also influences pH and the availability of organics for 
complexation. The types and abundances of microbial activity are dependent on the nature and 
amounts of nutrients and energy sources in the rock-water system (Freeze and Cherry, 1979).    

4.3.7 Mineralogy 

The retardation of radionuclides in the engineered barrier system and in the geosphere by 
sorption and ion exchange processes is dependent upon the mineralogical characteristics of the 
barrier materials and the host rock. Some minerals are better sorbers than others. The following 
sequence, from high sorption characteristics to low sorption characteristics, is generally 
observed:  clays, zeolites, Fe-hydroxides > micas > ferromagnesian minerals (hornblende, Fe-Ti 
oxides) > feldspars > carbonates >quartz.  
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In fractured rocks, such as granites and basalts, there may be large differences between the 
mineralogic composition of the bulk rock and the surface of the rock lining the groundwater flow 
paths. This is because the bulk of the low temperature water-rock interactions take place along 
the flowpaths and the primary high temperature mineralogy of rock types such as granite and 
metamorphic rocks will be replaced by minerals more stable in low temperature aqueous 
environments. Consequently, feldspars and micas will be replaced by clays and zeolites and 
ferromagnesian minerals by clays and oxyhydroxides. Generally, this alteration will improve the 
retardation characteristics of the rock.  

Rock mineralogy also is important from the perspective of understanding the controlling 
reactions for groundwater chemistry. Water-rock interactions are the primary control on 
groundwater composition, pH and Eh, and the geohydrologic system pH and Eh buffering 
capacity. An understanding of the rock mineralogy and key rock-water  interactions is required 
in order to be able to evaluate (model) the effects of changing conditions (e.g., waste 
emplacement, climate change, tectonics, etc. on groundwater chemistry and radionuclide 
migration behavior. 

In addition to the mineralogic composition of the rock, the texture of the rock is important as this 
influences matrix diffusion processes. Although much of the rock may be available for diffusion 
in a sedimentary rock, the fractured crystalline rocks, the accessibility of the matrix from 
groundwater flowpaths is an important issue. Fractures with zones of clay alteration may 
effectively seal the rock matrix from potential diffuison of solutes. Ideally, the lager the volume 
of rock available for diffusion, the better for radionuclide retardation processes. Thus, the 
mineralogical and physical nature of the groundwater flowpaths in potential repository host rocks 
are important factors in site selection. 

4.3.8 Favorable Geochemical Factors for Siting 

Taken together, the suite of dominant geochemical factors described above could be used in site 
screening, evaluation, and selection to maximize the radionuclide retardation potential for the 
repository. Savage and Miller (1996), for example, have proposed such a list of favorable 
geochemical parameters for application in siting evaluations. 
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Table 4-1 
Example of Geochemical Parameters that May be Considered Favorable for Siting. 
Adapted from Savage and Miller (1996). 

Parameter Optimum Range Comments 
pH High (>8 <10) Fast reaction kinetics and high buffer 

capacity  preferred 
Redox Low (Eh , -200 mV) Fast reaction kinetics and high buffer 

capacity  required 
PCO

2
Low (< 10-4 bars) Closed system preferred 

Inorganic Ligands Cl- . HCO3

-; 
HPO4

3- low 
 

Organics Low (< 5 pm) Carboxylic acids preferred to humics and 
fulvics 

Ionic Strength < 0.5 M  
Colloids Low (< 0.01 ppm) Low abundances promoted by high ionic 

strength of groundwater 
Microbial 
Abundance 

High Increased reaction rates should offset any 
negative impacts 

Flowpaths Clays and zeolites 
preferred , with high 
porosity 

Thick alteration zones  preferred 

Geochemical data also could be used to: 

• Help define hydrogeologic flow models and concepts during site characterization, 

• Help define parameters such as radionuclide solubilities and sorption coefficients which are 
used directly in performance assessment studies, 

• Help define the stability and predictability of a potential site through the use of 
paleohydrogeological information to evaluate the response of the site to external changes 
such as sea-level changes and glaciation, and 

• Provide background data for those elements in radioactive waste that have naturally 
occurring isotopes so that predicted repository releases can be compared with natural 
abundances as one indicator of repository safety. 

In a total system performance assessment context, it is possible that in some situations, favorable 
geochemical features of a site (e.g., limiting solubilities and enhancing sorption) may be 
sufficient in quality to compensate for deficiencies in hydrology or geomechanics.  

4.4 Desirable System Characteristics for Stability and Long-Term  
Control and Stability of Site Hydrology, Geomechanics and Geochemistry 

Based on the discussion in Sections 4.1 – 4.3, an overall desirable geological profile can be 
assembled, with category of the attribute in parentheses: 

• Host rock with fast reaction kinetics for pH and Eh controlling reactions:  
Performance assessment calculations would be required to determine the reaction rates 
required, but a timescale on the order of 10-100 years might be reasonable. The rates of pH 
and Eh controlling reactions are dependent upon heterogeneous reactions between 
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aluminosilicates, sulphides, carbonates, oxides and water. The reaction rates of common rock 
forming silicate and aluminosilicate minerals covers about 6 orders of magnitude at 25°C 
(Lasaga, et al., 1994). The most reactive of these minerals are associated with basic or 
alkaline igneous rocks. Thus, these types of rocks may be considered most suitable with 
respect to mineral reactivity. (Geochemical) 

• Host rock with substantial pH and Eh buffering capacity to withstand like perturbations to 
groundwater composition and flow rates by external processes:  
Performance assessment calculations also would be required using site-specific data for 
reactions and potential groundwater flow rates to establish these capacities. Eh and pH buffer 
capacity depend upon there being sufficient minerals participating in pH and Eh sensitive 
reactions. Minerals important for pH buffering reactions include the alkali aluminosilicates. 
These are abundant in granitic and gabbroic rocks, argillaceous sediments, and alkalic 
igneous rocks. Minerals important for Eh buffering reactions are Fe-silicates, carbonates, 
oxides and sulphides. Fe-silicates and oxides are abundant in basic igneous and metamorphic 
rocks. (Geochemical)  

• Host rock with low permeability: (Hydrological) 

• Host rock with a stable tectonic regime with infrequent earthquakes: (Geomechanical) 

• Host rock located away from sedimentary rock formations containing hydrocarbons or 
evaporite deposits. This minimizes the possibility of high organic content, and/or high 
salinity in the groundwater. (Geochemical)  

• Host rock geohydrologic system with a low hydraulic gradient: Low topographic relief. 
(Hydrological) 

4.5 Planning for Site Characterization 

The methodology used by the DOE in planning its site characterization program is summarized 
in this section. An issues-based approach was adopted by the DOE to provide a framework for 
developing the site characterization plan and for explaining why the proposed program is 
adequate and necessary for determining whether the site should be selected for repository 
construction and operation. 

4.5.1 Issues Hierarchy 

The DOE’s issue-based approach to site characterization is centered on a hierarchical framework 
consisting of three levels:  key issues, issues and information needs. This issues hierarchy 
defined issues that must be resolved to demonstrate compliance with key regulatory 
requirements. The first tier of issues—the key issues—covered the broad questions about overall 
performance and site suitability and are based on the principal requirements established by the 
NRC, EPA and DOE regulations discussed in Chapter 3. There were four key issues for the 
DOE: one related to post-closure performance, one related to pre-closure performance, one 
related to environmental, socioeconomic and transportation impacts, and one related to ease and 
cost of repository siting, construction, operations and closure. Of these, only the first key issue 
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was of interest from a “geochemical issues in siting perspective.” An example of the issues 
hierarchy is provided in the Yucca Mountain Site Characterization Plan (DOE, 1988).  

The second tier of the hierarchy - the issues - expanded upon the requirements stated in the key 
issue they represent and include more specific questions about the characteristics of the site, the 
design of the engineered system and the performance of the total disposal system. Taken 
together, these issues provided a conceptual strategy for solving each key issue. These issues 
were divided into performance issues and design issues. The performance issues generally 
addressed questions about compliance with regulatory requirements for the performance of the 
disposal system. The design issues addressed questions about the design of the repository, shaft 
and borehole seals, and the waste package/engineered barrier system. The resolution of these 
issues required information about the site. Thus, these issues established the requirements and 
priorities for the site characterization program. The site characterization program then was 
expected to obtain the data for the analyses needed to address/resolve the performance and 
design issues. Site characterization activities were to be authorized only if they were necessary to 
provide information needed to resolve one of the performance or design issues. 

The third tier - information needs - was where the basic information needed to resolve the key 
issue was defined. The site characterization program could be considered adequate if it addressed 
all the information needs in the issues hierarchy. The necessity for any particular planned 
investigation could be established by determining its role in supplying an information need. 
Thus, the issues hierarchy was used to define, organize, integrate and prioritize the site 
characterization program. 

4.5.2 Issue Resolution Strategy 

To resolve the issues in the issues hierarchy, the DOE developed an “issue resolution strategy” 
that guides the development of specific plans for resolving each issue. This strategy consisted of 
four processes:   

• issue identification, 

• performance allocation, 

• data collection and analysis, and 

• issue resolution documentation. 

This process is summarized in Figure 4-1 and discussed in more detail in the following sub-
sections. 

4.5.2.1 Issue Identification 

The first process in the issue resolution strategy consisted of three steps. Two of these steps 
involved the development of the issues hierarchy itself. Step one identified the regulatory 
requirements and from them the issues were defined (Step 2) as discussed in Section 4.3.1. The 
plans for resolution of each issue would be affected by the current understanding of the site. 
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Therefore Step 1a was needed to describe the site to the extent that it was known. This step 
included the development of conceptual models and working hypotheses for the site and the 
development of preliminary design concepts. 

4.5.2.2 Performance Allocation 

The second process in the strategy development was performance allocation. It consisted of the 
steps that provide the rationale for the establishment of particular site characterization activities. 
The first step was the development of a licensing strategy (Step 3) by using available information 
to develop for planning purposes, a statement of the site features, engineered features, conceptual 
models and analyses that were expected to be important in resolving the issue. The licensing 
strategy was preliminary because site characterization was only beginning. It would be expected 
to be revised and updated revised as information was collected about the site. The principal 
product of Step 3 was the identification of the disposal system components that were relied upon 
to resolve the issue. 
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Figure 4-1 
DOE Issue Resolution Strategy. Source: DOE (1988). 

Step 4 carried the strategy further by establishing “performance measures” for each of the 
components identified in Step 3. A performance measure was a physical quantity that described 
the performance of the component. The measure may be a directly measurable quantity or it may 
be a quantity derived from other, more directly measured quantities. For each performance 
measure, a tentative “goal” also was established. This goal was a guide for the development of 
the testing program. It stated the licensing strategy quantitatively and may be changed once the 
testing program was started. It was not a target that the performance measure must attain if the 
repository was to perform properly. A possible performance-measure goal related to 
geochemistry might be a peak radionuclide-release rate to the accessible environment of less 
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than a prescribed limit in curies/year (or millirem/year for dose calculations). Another goal 
prevalent in the US in the 1980’s was groundwater travel time through a particular geologic unit, 
which might be prescribed to be greater than a certain limit in years. Each tentative “goal” would 
be accompanied by an indication of confidence stated as quantitatively as possible. 

These performance measures were then used to develop information needs (Step 5) that stated 
for each issue, the types of information needed to resolve the issue. Part of the development of 
information needs was the identification of equations and parameters needed to evaluate the 
performance measures. As for the performance measures, the information needs were also 
assigned a tentative “goal” and indication of confidence. For example, “site information needed 
to evaluate radionuclide releases to the accessible environment” may be designated an 
information need.  However, to be useful, the information need must be further expressed in 
terms of site or design performance parameters.  For example, radionuclide retardation may be 
defined as a parameter associated with this particular information need. The tentative goal for 
this parameter might be for the migration of this radionuclide in groundwater to be retarded by a 
factor of 10 over the groundwater travel time, with a high degree of confidence.  

The next step in the performance allocation was to define the work that will produce the needed 
information (Step 6). To establish values for these parameters, more detailed characterization 
parameters and associated goals and levels of confidence were defined, such that, in principle, 
the parameters could be established by scientific investigation. Taking geochemistry as an 
illustrative example with respect to radionuclide retardation, characterization parameters such as 
a sorption distribution coefficient (Kd) might be identified.  However, to measure Kd’s, other 
characterization parameters, such groundwater flow-path mineralogy, groundwater composition, 
pH, Eh, radionuclide speciation, temperature, etc. may be needed as well. Tentative goals and 
indications of confidence also were established for these characterization parameters. Based on 
the identification of these design, performance and characterization parameters, scientific 
investigations were then designed to provide the defined parameters. For Yucca Mountain, these 
scientific investigations were documented in the Site Characterization Plan (SCP) (DOE, 1988), 
although a draft SCP for the basalt site was also published but not widely distributed because of 
the 1987 NWPAA. 

In this manner performance allocation related the site data being collected to the information 
needed to resolve the design and performance issues. It thus ensured that the information that 
was deemed important to issue resolution would be obtained by the site characterization 
program.  

4.5.2.3 Data Collection and Analysis 

After issuance of the SCP, studies would be initiated (Step 7) under the various investigations 
developed in Step 6. As data become available, they would be analyzed (Step 8) and reviewed 
(Step 9) with the objective of deciding if the data were sufficient. Generally, this would involve a 
comparison of the data with the goals established in the testing strategy and an estimate of the 
confidence that the particular parameter goals specified for the study had been met. If the 
estimated confidence that the parameter goals were met attained the required level of confidence, 
then testing would be stopped. Should this not be the case, then an evaluation of the usefulness 
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of conducting additional testing and/or the need for conceptual model modification would be 
made. Should the conceptual model require modification, then the testing strategies (defined in 
Step 6) would need to be revised and/or new investigations conducted. Otherwise, testing would 
continue until the next planned review stage. 

4.5.2.4 Issue Resolution Documentation 

The objective of the issue-resolution documentation process was to use the information obtained 
from the site characterization program to determine if there is sufficient information to support a 
siting decision or license application. This would be done by collecting the available information 
from the site investigations, conducting analyses to calculate performance measures (i.e., 
conducting system performance assessments), and evaluating the uncertainties in the calculated 
performance measures (Step 10). From these assessments, and considering alternative system 
scenarios, conceptual models and designs, an estimate would be made of the confidence that the 
applicable technical criteria (performance objectives or design criteria) were met (Step 10). If the 
confidence was considered sufficient, then a position document would be prepared and issued for 
independent technical review (Step 11). After review, the position document (issue resolution 
document) would be either finalized and issued, or the need for additional testing or analyses 
identified, leading to planning and conducting further investigations. Alternatively, the need for 
modification to the licensing strategy might be identified and the entire issue resolution strategy 
process repeated until either system objectives were met or it was determined that the site is 
unsuitable.  

4.6 Summary of U.S. Site Characterization Planning 

Following the 1982 NWPA, the DOE developed a detailed and systematic approach to planning 
site characterization activities that was first fully presented in the Site Characterization Plan for 
Yucca Mountain.  This site-characterization methodology provides a step-wise approach to 
identifying, collecting data and eventually resolving technical issues with respect to important 
site characteristics.   

Key observations of the U.S. site characterization planning process include: 

• Use of performance based assessment in place of prescriptive approaches offers great utility 
for evaluating geologic disposal options by focusing attention on those site parameters that 
are most significant for the long-term containment and isolation of used fuel and HLW.  
Because of the different sites and different repository concepts involved, a single or generic 
site characterization plan is not feasible. 

• It is important to consider in the site characterization process the value of and need for 
adequate understanding of geochemical, geomechanical, and hydrological aspects of a site 
that could compensate system performance for deficiencies in other areas. 

• In light of the historical focus on site hydrology and the potential pitfalls of this exclusivity, 
any future repository site characterization and selection activities could benefit from a 
stronger emphasis on geochemical factors in addition to the appropriate evaluation of 
hydrological factors. 
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5  
SUMMARY 

The U.S. experience with geologic repository site screening, selection, and characterization 
leading up to the 1987 NWPAA offers valuable insights for other disposal programs in the 
world, as well as for future siting programs in the U.S. The following is a summary of the key 
observations from the review, described in detail in Chapters 2 – 4, of the U.S. site selection 
process for a geologic repository host site to provide a permanent disposal path for used fuel and 
HLW.  

Key observations of the U.S. site selection process for a geologic repository include (Chapter 2): 

• The NWPA clearly defined the roles and responsibilities of the implementer, the regulators, 
utilities, and concerned stakeholders, including the establishment of the Nuclear Waste Fund 
funded via a small fee levied on generated nuclear power; this precedent setting approach 
became a template for subsequent national laws for geological disposal programs established 
in other countries. 

• The States and Indian tribes criticized the 1982 NWPA for not granting adequate 
opportunities and resources to conduct appropriate oversight of the site selection process. 

• The geological diversity of the United States, while clearly an asset in terms of providing 
options for site selection, also presents substantial challenges for comparing and ranking 
many different factors among the candidate host locations. This diversity invariably drives 
the introduction of very different repository concepts tailored to the unique strengths and 
weaknesses of a particular site. 

• A rigorous, well documented, traceable process for site selection decision making provides a 
better basis for defending that decision. Comparative assessments of different sites and/or 
different design options require statistical treatment to permit the summation and comparison 
of extremely different features and processes into one final value of score. The U.S. 
employed several decision making methods in their siting process, including the multi-
attribute utility analysis used in the site nomination process. 

• Given the challenges posed by site and conceptual design diversity, a novel approach was 
needed for carrying out the comparisons and rankings needed for site screening and selection.  
The DOE’s use of the MUA analysis represented a pioneering effort in this area and was 
generally supported by the NAS and other credible peer-review groups. 

• The actual MUA analysis conducted by the DOE and the derived ranking of sites, however, 
was roundly criticized in independent analyses conducted by the NAS and other groups.  
Criticism of the safety assessment part of the MUA was particularly acute, deriving in part 
from MUA safety analysis results that contradicted pertinent findings of previous NAS 
studies, such as the 1983 WISP report. 
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• The NAS peer-review strongly criticized the exclusive use of DOE staff input when deriving 
subjective weighting factors regarding repository impacts, as this presented the potential for 
accusations of “bias” and “public exclusion.” 

• The NAS criticized the MUA for overemphasizing pre-closure factors relative to post-closure 
factors. 

• The NAS criticized the common “biosphere” assumptions had been applied to each site 
evaluated in the MUA. The NAS believed that clear differences in hydrological settings 
would tend to favor the basalt site over the others, as shown in previous NAS reports; this 
important technical attribute was not addressed in the MUA ranking. 

• The MUA analysis used assumed favorable conditions in an uncritical manner, without any 
uncertainty bounds, for sites with limited characterization.  

• The interpretation of limited site characterization data during the early stages of site 
screening / site selection must be treated carefully. Much of the site screening and site 
selection process must be acknowledged to involve ignorance rather than merely uncertainty. 
This distinction conveys important information about the nature of understanding of the sites 
under consideration and helps to adjust expectations about further characterization 
appropriately. 

• The DOE MUA emphasized hydrological differences among sites while exhibiting a lack of 
commensurate concern for geochemical differences.  

• The DOE MUA focused on isolation functions provided by the natural barriers without due 
consideration of the isolation capacity provided by the associated engineered barriers for a 
repository at a given site as part of a multiple-barrier isolation strategy. 

• DOE employed individual conceptual models for processes that were assumed for each site. 
Uncertainties (indeed, areas of ignorance) in conceptual models and scenarios for these sites 
were largely unrecognized, unreported, and not compensated for in the MUA analyses of 
U.S. candidate sites for a first repository. By ignoring potential iterative conceptual models, 
erroneous and overly optimistic assumptions regarding post-closure performance can be 
made, as has proven true for the Yucca Mountain site.  

• While DOE specifically tested the sensitivity of subjective judgments regarding weighting of 
impacts to establish the validity of their approach. However, the DOE MUA report did not 
test the impacts of conceptual model and scenario uncertainties. Concepts such as site 
“robustness” with respect to assuring waste isolation and ability to resolve site uncertainties 
by site characterization were not considered. Similarly, groundwater characteristics were 
assumed to dominate over other site factors. 

• Independent peer review, particularly by the NAS, served as an influential driver for 
credibility and acceptability of site selection process and siting decisions in the years leading 
up to the NWPA and NWPAA. Such peer review may be particularly critical in the 
evaluation and justification of assumptions made for safety analyses supporting site 
screening and selection actions. 

With respect to site selection criteria and guidelines developed by the EPA, NRC and DOE over 
the period leading up to the 1987 NWPAA, the following observations can be made (Chapter 3): 

5-2 



 
 

Summary 

• The population, regional and topographic attributes of the diverse sites under consideration 
can impose extremely different biospheres to be considered with respect to evaluating and 
comparing long-term radiological safety.  This was pointed out initially in the NAS review of 
DOE’s multi-utility attribute analysis and was revisited in the NAS report, Technical Bases 
for Yucca Mountain Standards (NAS, 1995).  

• A focus on overall system safety and performance is not compatible with requirements for 
the isolated performance of individual barriers or processes. The NRC’s 10 CFR 60 criteria 
imposed sub-system objectives on both engineered barrier and natural barriers of a repository 
that arbitrarily penalized certain sites and restricted some repository concepts that might 
otherwise have proven useful for enhancing or ensuring the safe, long-term isolation of used 
fuel and HLW. 

• The DOE siting guidelines, 10 CFR 960, presented a comprehensive examination of diverse 
physical-chemical characteristics of candidate host environments, with an initial attempt to 
define what conditions would be qualifying or disqualifying. However, in the intervening 
years since 10 CFR 960 was developed, experience in the U.S. and abroad has increased 
understanding of the relative importance of certain site characteristics, reliability of screening 
and characterization data, and impacts from potentially disruptive events. As a result, certain 
factors that might have been considered ‘disqualifying’ in the nascent 1980’s U.S. repository 
program may now be considered as ‘unfavorable’. Such experience could be used to inform a 
prudent review and revision of siting guidelines for future applications. 

• DOE’s 10 CFR 960 siting guidelines recognize that less favorable values of one 
environmental parameter (e.g., flow rate) can be compensated by a highly favorable value for 
another environmental parameter (e.g., reducing geochemistry).  This reflects the value and 
relevance of considering the performance of the repository system as a whole, rather focusing 
on assessing performance based on individual sub-systems. This also suggests that there exist 
one or more disposal system concepts that can provide long-term safety of disposal systems 
for a wide range of candidate host environments and sites.  

• The overriding objective of a site selection process is to identify an “adequately safe” site, 
not a “best” site. The tendency in the U.S. program, however, was to pursue this objective in 
a manner that suggested a “best” site could be found. This philosophy threatens success of a 
site selection program in that any real or perceived flaw, regardless of the magnitude or 
impact, could be used to argue against the validity of the process and the suitability of the 
site. The philosophy of a “best” site also implicitly introduces an expectation or burden of 
proof for repository performance that cannot be rigorously met for a site selection program 
limited to a finite number of candidate sites and for a disposal system intended to perform 
over geologic timeframes. 

Key observations of the U.S. site characterization planning process include (Chapter 4): 

• Use of performance based assessment in place of prescriptive approaches offers great utility 
for evaluating geologic disposal options by focusing attention on those site parameters that 
are most significant for the long-term containment and isolation of used fuel and HLW.  
Because of the different sites and different repository concepts involved, a single or generic 
site characterization plan is not feasible. 
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• It is important to consider in the site characterization process the value of and need for 
adequate understanding of geochemical, geomechanical, and hydrological aspects of a site 
that could compensate system performance for deficiencies in other areas. 

• In light of the historical focus on site hydrology and the potential pitfalls of this exclusivity, 
any future repository site characterization and selection activities could benefit from a 
stronger emphasis on geochemical factors in addition to the appropriate evaluation of 
hydrological factors. 
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