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This paper summarizes the historical events from the identification of the Yucca Mountain site in southern
Nevada in 1978 to its selection by the US Congress as the sole site to characterize for a repository for spent
nuclear fuel and high-level radioactive waste in 1987. Coincident with this selection process and later site
characterization, the US spent from 1977 to 2009 establishing long-term, radiation protection standards and
a regulatory framework for demonstrating compliance. When first promulgated, the US Environmental
Protection Agency's radiation protection standards limited cumulative release of radionuclides at a boundary
≤5 km from the edge of a generic repository over a 104-year regulatory period. But in 2001, site-specific
standards for a repository at Yucca Mountain were promulgated to limit the dose to an individual at a point
≤∼18 km from the repository edge in the predominant direction of groundwater flow over a 106-year period.
Also during the 33-year effort, the regulatory framework of the US Nuclear Regulatory Commission, which
implemented the radiation protection standards, changed from setting performance criteria on barrier
subsystem components in 1983 to the identification and technical justification for barrier performance based
on a performance assessment. Also, reasonable expectation as the standard of proof for evaluating
compliance was clarified.

& 2013 Elsevier Ltd. All rights reserved.
1. Introduction

In 2002, 15 years after selection by the US Congress for character-
ization, President Bush recommended and Congress authorized the US
Department of Energy (DOE) to seek a license from the US Nuclear
Regulatory Commission (NRC) to construct a repository at Yucca
Mountain (YM). The repository, located on the western border of the
Nevada National Security Site (formerly known as the Nevada Test Site
or NTS), was intended for disposal of commercial spent nuclear fuel
(CSNF),1 high-level radioactive waste (HLW),2 and DOE-owned spent
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+1 505 844 2348.
).
n withdrawn from a nuclear
nts of which have not been

e highly radioactive material
fuel, including liquid waste
rial derived from such liquid
ncentrations…” [1, Section 3
also refers to a category of
ergy Agency (IAEA), which
otect humans from exposure
es SNF and material from
IAEA in its implementing

tion 63.2].
nuclear fuel (DSNF) [4] (Fig. 1). In 2008, DOE submitted the License
Application, including the Safety Analysis Report, for construction
authorization (SAR/LA). The SAR/LA represented a significant mile-
stone in the effort to implement nuclear waste policy in the US that
had been in place since 1983 [5].

A major portion of the SAR/LA for Yucca Mountain depends
upon a compliance analysis called a performance assessment (PA),
which is described in this special issue of Reliability Engineering
and System Safety. To present a historical perspective on the PA,
this paper discusses selection of the site (Section 2) and the
lengthy development of performance measures and corresponding
limits for the YM repository specified by NRC and the US
Environmental Protection Agency (EPA) (Section 3). The political
forces and personalities that have influenced the Yucca Mountain
Project (YMP) are of great interest and much has been written
about them [6–11]. Yet, the corresponding scientific and engineer-
ing issues that YMP faced are also important if the US is to improve
upon the technical implementation of nuclear waste policy in the
future.3 Although some of these scientific and engineering issues
3 The names for the DOE Nevada office were Nevada Nuclear Waste Storage
Investigations (NNWSI) Office in 1978, Yucca Mountain Site Characterization Office
(YMSCO) after passage of Nuclear Waste Policy Amendments Act [1] and later office
reorganization in 1991; and, finally, Yucca Mountain Project (YMP) Office after
passage of the Yucca Mountain Development Act in 2002 [4].
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Fig. 1. View looking southeast at central portion of Yucca Mountain in southern
Nevada.

4 A similar situation once existed in Sweden where the Swedish Radiation
Protection Institute (SSI) developed radiation protection standards and the Swedish
Nuclear Power Inspectorate (SKI) handled implementation; however, in 2009 these
two functions were merged into the Swedish Nuclear Power Authority (SSM) [34].
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have recently been summarized [11–13], this paper provides
further background and historical context at the interface between
site selection and the regulatory basis.

As the performance criteria solidified, the PAs evolved from using
simple models for evaluating performance measures in 1984, to using
numerous mathematical models for the SAR/LA in 2008. The PA
iterations provide convenient points to discuss the status of YMP over
the years. Although many iterations have occurred, seven PAs serve to
demarcate the historical events presented herein.

In 1982, the dose of a volcanic eruption through the repository
and in 1984, the consequence of an undisturbed scenario class
were evaluated for the draft and final Environmental Assessments
(EA) required by the Nuclear Waste Policy Act of 1982 (NWPA) [1].
These deterministic analyses, collectively designated herein as PA–
EA [14–16], provide the initial marker for the paper. The first
stochastic PA, conducted by Sandia National Laboratories (SNL) in
1991 (PA-91) [17], serves as the second marker. PA-91 was
followed by two assessments in 1993: one conducted by the
recently awarded management and operator (M&O) contractor,
TRW (PA-M&O-93) [18]; and one conducted by SNL (PA-93) [19,
Fig. 1-1]. The latter PA-93 serves as the third marker. Another
major PA was conducted in 1995 (PA-95) by the M&O contractor
and serves as the fourth marker [20]. In 1997, Congress asked for a
viability assessment of the proposed YM repository, which was
completed the following year (PA–VA) and serves as the fifth
marker [21]. An analysis in late 2000 for the site recommendation
(PA–SR) serves as the sixth marker [22]. A licensing case (PA–LA),
which became the basis for the 2008 SAR/LA, serves as the final
marker.

Besides the task of developing performance measures
(as discussed in this paper), six additional tasks are conducted in
iterations of the PA [23, Fig. 1; 24]. Companion papers describe
these remaining tasks such as characterization of disposal system,
identification of hazards, evolution of the modeling system, and
sensitivity analysis [23,25–32].
5 In the US, the categories of radioactive waste were defined for the manage-
ment of the waste. Using the source of the waste to designate SNF and HLW was a
simple approach and related indirectly to some of the important radionuclide
constituents. Waste that was not SNF, HLW, TRU waste, or byproduct material (as
defined in the Atomic Energy Act of 1954 [40]) was designated as LLW. For LLW,
Congress assigned the disposal responsibility to the states in 1980, except for the
NRC greater-than-class C category (GTCC). GTCC, which is similar to the EPA TRU
waste category, remained the responsibility of the federal government [41,42].

6 Many of the early events that preceded the selection of Yucca Mountain are
associated with the handling of defense related radioactive waste, which was
produced earlier than commercial SNF, and discussed when reviewing events
related to the disposal of TRU waste at WIPP [38].
2. Site selection

2.1. Institutions and roles at YMP

The US legal framework is similar to other international programs
in many aspects (e.g., the government defines the policy and
approach), but differences are evident [12; 33, Section 3]. One
difference is that regulatory responsibility for CSNF is divided among
several agencies in the US.4 EPA sets pre- and post-closure radiation
protection standards for repositories for HLW and SNF and NRC
implements those standards. NRC also sets and implements stan-
dards for storage of waste and transportation casks for radioactive
waste. The US Department of Transportation (DOT) regulates the
carriers and transportation routes for the radioactive waste. For the
disposal of defense transuranic (TRU) waste at the Waste Isolation
Pilot Plant (WIPP) in southern New Mexico, EPA sets and also
implements the radiation protection standards (Table 1).

Another difference in the US is that a government agency, DOE, is
responsible for siting, building, and operating repositories for SNF,
HLWand TRU waste. Except for Germany, other countries have set up
a public company (e.g., Belgium, France, Japan, Spain, and the United
Kingdom), or electric utilities have set up a separate private entity (e.
g., Canada, Finland, Sweden, and Switzerland) to site, build, and
operate a SNF/HLW repository, somewhat similar to the situation for
low-level waste (LLW) in the US [39].5 This public or private entity in
other countries may also be more closely integrated with the storage
and transportation operations than in the US.

2.2. Site selection and national policy

2.2.1. Search for permanent disposal
The search for permanent disposal for radioactive waste began in

1955 when the Atomic Energy Commission (AEC), formed in 1946,
asked the National Academy of Sciences (NAS) to examine the
disposal issue.6 In 1957, NAS reported that deep salt formations were
promising for disposing of HLW [43]. With the technology available
in the 1950s and 1960s, the AEC gave mined disposal in salt priority.
However, AEC was slow to implement a solution [6,10].

Then in May 1969, the Rocky Flats Plant, built by AEC in 1951 to
produce plutonium (Pu) components for nuclear weapons, caught
fire. Located only 26 km from Denver, the fire attracted much public
attention. The press reported that radioactive waste debris was to be
sent to the Radioactive Waste Management Complex (RWMC), built
in 1952 on the Idaho National Laboratory (INL) reservation near the
Snake River and its associated aquifer. Because of its less than ideal
location for long-term storage of radioactive waste, AEC promised
Senator Church of Idaho that the waste would be moved to a more
suitable site. In June 1970, AEC tentatively selected the abandoned
Carey salt mine near Lyons, Kansas, the site of an underground
research laboratory (URL) on heat dissipation managed by Oak Ridge
National Laboratory (ORNL) between 1963 and 1968 [44, Chapter 4;
45, p. 10]. As part of the selection process, AEC funded cooperative
studies with the Kansas Geologic Survey.

By 1971, a large number of boreholes for mineral exploration had
been identified and loss of fluids from some solution mining had
been reported near the mine. After much controversy, the AEC
abandoned the Lyons Project and announced to Congress in May
1972 plans for what was later called a Retrievable Surface Storage
Facility (RSSF), in which waste could be stored “a minimum of 100



Table 1
Policy, regulatory, and operational framework for geologic disposal of SNF, HLW, and TRU radioactive waste and mixed radioactive waste in the US [35–38].

Entity Function Disposal
system

Action

Congress Set policy and set funding levels of
agencies

YMP NEPA—National Environmental Policy (1970) [47]
NWPA—Nuclear Waste Policy (1984, 1987) [1,97]
EnPA—Energy Policy (1992) [128]
YMP Authorization (2002) [4]

WIPPa NEPA (1970) [47]
RCRA—Hazardous Waste Policy (1976, 1984)
WIPP Authorization (1979)
Land Withdrawal Act (1992)

EPA (1970) [35] Set standards YMP 40 CFR 191—Generic protection standard issued (1985) (prior to 1992 EnPA) [112]
40 CFR 197—YM radiation protection standard issued (2001, 2008) [133,148]

WIPP 40 CFR 261, 268 RCRA waste standards (1976)
RCRA applied to mixed waste (1986)
40 CFR 191 promulgated and revised (1985, 1993) [112,120]

Certify TRU disposal WIPP 40 CFR 194—EPA implementation criteria promulgated (1996)
Letter notice for formal review (1997)
Compliance certification issued (1998)

State of Nevada Issue operating permits YMP Water use, water discharge, sewage discharge, air quality, RCRA hazardous waste generation
and storage, explosives permits issued

State of New
Mexicob

Regulate RCRA constituent of TRU WIPP Judicial hearings issued (1999)
RCRA Permit (1999)

Issue operating permits Water use, water discharge, storage tanks, right-of-way permits issued

NRC (1974) [36] Regulate CSNF disposal via license YMP 10 CFR 60—Generic technical criteria promulgated (1983) [2]
10 CFR 63—YM technical criteria promulgated (2001, 2008) [3]
Docket notice for formal review issued (2008) [215]

Certify transport cask YMP/WIPP 10 CFR 71—Requirements for transport packaging of radioactive material (containment,
shielding, criticality, heat)

DOT Regulate transport routes, handling, and
hazardous material

YMP/WIPP 49 CFR 172—Labeling requirements
49 CFR 173—Packaging and transport requirements
49 CFR 174, 49 CFR 200–299—Rail shipment requirements
40 CFR 177, 49 CFR 300–399—Highway shipment requirements
49 CFR 178—Packaging requirements

DOE (1974, 1977)
[36,37]

Site repository YMP Generic EIS for mined, geologic disposal completed (1980) [70]
10 CFR 960—Generic site guidelines promulgated (1984) [86]
EA required by NWPA completed (1986)[56]
SCP required by NWPA completed (1988)[89]
10 CFR 963—PA site guidelines promulgated (2001) [104]
EIS for site selection completed (2002) [102]

WIPP EIS for site selection completed (1980, 1990)
Record of decision (1981)

Build repository YMP Supplemental EIS for construction completed (2008) [177]
SAR/PA–LA—Safety assessment for construction submitted (2008) [5]

WIPP Notice to construct (1983)

Operate WIPP SAR—safety assessment for operation submitted (1990)
RCRA Part B application submitted (1995)
Compliance certification application submitted (1996)
Supplemental EIS for operation completed (1997)
Record of decision (1998)

Utility payers Provide funding YMP Nuclear Waste Fund for civilian waste authorized by Congress

Taxpayers YMP Yearly budget for defense waste portion authorized by Congress
WIPP Yearly DOE budget authorized by Congress

a For most WIPP references, refer to [38].
b Because EPA has granted some states, such as the State of New Mexico, the right to regulate hazardous waste (as defined in the Resource, Conservation, and Recovery Act

—RCRA), New Mexico regulates waste with hazardous waste constituents (mixed waste) disposed at WIPP. NWPA does not discuss mixed waste, and YMP banned mixed
waste to avoid dual regulation by NRC and the State of Nevada.
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years” and, thereby, enable the AEC to “keep open all options” and to
“move slowly” to permanent disposition [10, p. 80]. Nuclear propo-
nents thought an RSSF would take pressure off finding a disposal site,
a criticism that would be repeated often over the next 34 years [6, p.
76; 8; 10, p. 93–4; 46].

Earlier in the National Environmental Policy Act (NEPA) [47],
Congress had set the policy that all federal agencies would consider
environmental consequences of major actions and discuss alterna-
tives in an environmental impact statement (EIS). The EIS process
exerted its influence during the 1970s as the federal government
formulated waste management plans through an administrative
process. The new atmosphere created by NEPA engendered more
detailed analysis of environmental hazards, which would be reflected
later in regulations for Yucca Mountain. NEPA also added a venue for
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stakeholders to influence the process. For example, EPA, formed by
Congress in 1970, and nuclear opponents, through comments on the
EIS for the RSSF issued in 1974, claimed an RSSF (at possibly Hanford
reservation, Idaho RWMC, or NTS) would be de facto permanent
disposal. The criticisms prompted the newly formed Energy,
Research, and Development Agency (ERDA), successor of AEC, to
abandon consolidated surface storage, even as a near-term solution,
and emphasize the search for other disposal sites, which had started
again in 1972 with the help of the US Geological Survey (USGS).7

Besides salt, USGS and DOE considered other geologic media such
as clay/shale with highly sorptive properties or igneous (i.e., crystal-
line, basaltic and later tuff) rocks less susceptible to exploratory
drilling for economic resources [48,49]. Engineered barriers were
proposed to complement the potentially less favorable hydrologic
flow characteristics of igneous rocks in SZ while exploiting the
stability of the geologic and geochemical environment. By 1978,
multiple barriers were generally accepted for providing waste isola-
tion in repositories to address geologic uncertainty [50, p. 13]. For
example, Sweden incorporated the multiple barrier concept into their
design for a crystalline rock repository for SNF by using a clay backfill
and highly corrosion resistant container of titanium in 1978 (KBS I) or
container of copper in the 1980s (KBS III) [6, p. 295; 45, p. 61].
2.2.2. Site identification
Use of the unsaturated zone (UZ) in desert environments for

radioactive waste disposal was first mentioned by the NAS in 1966
[51], but others also encouraged use of the UZ and deserts. Winograd,
a geologist at USGS, suggested disposal of HLW in boreholes, trenches,
and pits in the UZ of the desert southwest in 1972 and 1974 [52,53].
By 1974, studies by ERDA mentioned possible waste disposal in the
UZ in tuff and shale in arid and semi-arid regions [49, p. 50].

Then in 1976, California enacted a moratorium on new nuclear
reactors until the federal government approved a method of perma-
nent storage of radioactive waste. The California moratorium was
upheld by the Supreme Court because of the economic rather than
safety regulatory emphasis [6, p. 86]. The moratorium along with
earlier events (e.g., the Rocky Flats Plant fire), clearly placed nuclear
waste isolation on the national agenda. In response, President Ford
requested that ERDA accelerate the demonstration of waste isolation
[54]. That same year, ERDA formed the National Waste Terminal
Storage (NWTS) program (from the AEC Geologic Disposal Evaluation
Program) to develop technology and facilities for storage of HLW and
SNF [6, p. 135; 8; 55; 56, p. 2–11]. The goal was at least one repository
operating in a pilot phase as early as 1985. 8

Also in 1976, USGS Director McKelvey suggested that ERDA
emplace nuclear waste at the NTS because of its (a) closed
hydrologic groundwater basin [58], (b) long groundwater flow
paths to potential outflow points [59], (c) many different types of
rock suitable for waste isolation, (d) remoteness, (e) past nuclear
testing, (f) arid climate (∼150 mm/yr precipitation), and (g) thick
UZ [6, p. 131; 53, 56; 60, p. 4; 61; 62]. The first rock investigated
7 The Rocky Flats Plant fire in 1969, the storage of the debris in Idaho in 1970,
the Lyons controversy in 1971, the Arab oil embargo in 1972, and the leakage of
HLW from a single-shelled storage tank at Hanford in 1973 prompted Congress to
split the independent AEC in 1974 into [36] (1) an independent regulatory agency
NRC, to regulate civilian use of nuclear materials; and (2) an executive branch
agency, ERDA, with a wider energy role but still responsible for radioactive waste.

8 In the 1970s, a mined, geologic repository was categorized as a storage
option. Furthermore, a repository was called a terminal storage facility; hence, YMP
was initially the Nevada Nuclear Waste Storage Investigations (NNWSI) Project in
1978. Closure after backfilling and sealing a terminal storage facility was described
as permanent storage. Storage referred to waste isolation with the ability to readily
retrieve in the near-term during a pilot phase (hence, the name for WIPP), but with
retrievability still possible after closure. Disposal referred to waste isolation with no
initial provision or intention for retrieval such as deep borehole disposal [48; 57,
vol. 4, p. 1].
was clay/shale/argillite, but quickly expanded to crystalline rocks
at Twinridge and Climax the next year. USGS had already sug-
gested the alluvium in 1972 and would soon suggest tuff asso-
ciated with zeolites (Table 2) [52,53,63].

In 1978, DOE (formed from ERDA as a cabinet department the year
before) decided that a repository could only be built in the south-
western portion of NTS so as to not disrupt the weapons test mission.
An important aspect was not only physical separation but also easy
operational access so that an administrative separation could be
maintained whereby the oversight roles of NRC and the State of
Nevada for radioactive waste would not require their oversight of
weapons tests. Site investigations then focused on the Calico Hills area
to look at argillite and granite, Wahmonie to look at granite, and
Yucca Mountain to look at volcanic tuff. The investigations found only
small, highly fractured granite masses and structurally complex
argillite; however, borehole UE25 a#1, cored to ∼760m, confirmed
the presence of thick volcanic tuff deposits (Fig. 2) [64]. In 1979, USGS
recommended that investigations focus on welded tuff underlying
Yucca Mountain. Investigations to find suitable argillite and granite
sites in the southern portion of NTS were stopped; however, work at
Climax granite as a URL continued until 1985 to determine the
general suitability of crystalline rocks [56,65].

Because tuff was not considered previously, DOE asked NAS to
consider the suitability of tuff for waste disposal in 1978. Concerns
were igneous and seismic disruption. However as argued by SNL and
LANL, advantages of welded tuff, besides the obvious necessary
thickness, depth, and hydrology in a desert location, included
(1) good thermal characteristics to conduct heat from the waste,
(2) good structural stability to allow waste to be retrieved during the
pilot phase, (3) the ability of zeolitic, nonwelded tuff below the
repository to adsorb radionuclides [66], and (4) absence of economic
resource deposition concurrent with tuff deposition [56]. Supporting
studies by SNL and LANL were published a year later [67–69].

In March 1979, the Interagency Review Group (IRG) for Nuclear
Waste Management, formed the year before by President Carter
with representatives from 14 federal agencies, completed its
report and concluded that [9, p. 53; 10, p. 120; 44, Appendix A;
45, p. 30; 55, Appendix A; 70, p. 3–3] (1) responsibility for
managing radioactive waste resides with the current generation,
and in particular, the federal government; (2) mined, geologic
disposal was a promising method for isolating SNF, HLW, and TRU;
(3) the national program should assume that the first disposal
facility would be a mined repository; (4) multiple barriers (speci-
fically, the waste package) were a means of compensating for
geologic uncertainty; (5) the federal government should consider a
number of sites in a variety of geologic media and build one or
more repositories, preferably in different regions of the US;
(6) repository development should proceed cautiously, in a step-
wise manner, and (7) safe storage should not be used as a reason
to delay opening the first repository.9 A year later in a generic EIS,
DOE concluded that a mined geologic repository was the best
option for disposal of commercial SNF and HLW [70,71].

By 1982, the Site Evaluation Working Group, organized by SNL
in 1980, had formally screened 15 locations in the southwestern
area of NTS and reported that Yucca Mountain remained the
preferred site for a repository [56,72,73]. Also in 1982, USGS
identified several advantages for using the UZ at Yucca Mountain
and on their recommendation, DOE moved the repository to the
UZ [6, p. 175; 56; 74–76]. Advantages mentioned included [75]
(1) highly porous, low permeable, vitric layer (PTn) above the host
9 IRG solicited the views of Congress, public interest groups, and the general
public through written reviews, small group meetings, and public meetings. IRG
distributed 15,000 copies of its October 1978 draft report for public review and
considered more than 3000 written comments in preparing its recommendations
to President Carter.



Table 2
Rock types and sites examined in Basin and Range region at Nevada Test Site area
suggested by Nevada Senator Cannon in 1972, State of Nevada Legislature in 1975,
and USGS in 1976 (Appendix A) [25].

Rock Site suggested Related URL/Tests

Argillite/clay/
shale

Syncline Ridge
(1976)

Syncline Ridge, Eleana Fm (1977–1979)
Heater tests (February 1978–January
1979)

Calico Hills (1978) Borehole (April 1978)

Crystalline Climax Stock (1976) Heater tests and SNF placement/removal
(1980–1985)Timber Mountain

(1977)
Twinridge Hill
(1977)
Wahmonie Stock
(1978)
Calico Hills (1978) Borehole (April 1978)

Alluvium Greater Confinement Test (December
1983)

Greater Confinement Disposal (May
1984–August 1989)

Tuff Yucca Mountain
(1978)

Borehole UE25a#1 (April 1978)
Rainer Mesa, G-tunnel (May 1978–1989)

Heater tests and fluid flow (February
1979–1983)

Radionuclide migration tests
(proposed May 1978)

Surface trenches (January 1981–1982)
Exploratory Studies Facility (1994–2005)
Fran Ridge, Large-Block heater test

(1996–1997)
Busted Butte, Tracer migration tests

(1998–2003)

11 Furthermore, NWPA defined disposal as “emplacement in a repository…
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layer (and high capillarity was later shown to diminish episodic
percolation) [29]; (2) most waste would not contact much water in
the UZ since openings typically block flow (where the evolution of
the necessary seepage research is described in a companion paper
[29]); (3) mineable but fractured tuff host unit (Topopah Spring
welded tuff, TSw) to rapidly move percolation through the
repository [77],10; (4) known source and direction of water flow;
(5) water flux was likely small because of the very thick UZ and
could be estimated through direct observation (where the evolu-
tion of infiltration research is described in a companion paper
[29]); (6) many exploratory holes could be drilled without com-
promising the repository [78]; (7) zeolitics in nonwelded Calico
Hills unit (CHn) layer below the host layer to adsorb radionuclides
[66] (where the historical evaluation of the UZ pathway through
zeolites, tuff and engineered material is mentioned in a compa-
nion paper [32]); (8) the saturated zone (SZ) adds additional travel
time as a barrier [59] (where the characterization of the SZ tuff
and alluvium pathway is described in a companion paper [32]);
(9) passive ventilation of repository possible to keep waste cool
versus active ventilation of the 1070-m deep Tramwelded tuff unit
in the SZ (where the evolution of thermal studies in the UZ is
described in a companion paper [30]); (10) backfilling of drifts
unnecessary; (11) sealing of shafts unnecessary; and (12) a long
period with easy retrieval because the repository does not flood
where the evolution of the repository design to take advantage of
the UZ is described in a companion paper [26]. Other reasons
already cited were federal land ownership, previous contamina-
tion through nuclear testing that had used ∼3.4 t of Pu [79],
10 Similarly, NRC designs for LLW sites promote rapid movement of percolating
water through the waste disposal horizon by using coarse backfill, in addition to
using a cap to divert percolation away from the waste.
remoteness/sparse population in the region, and a closed ground-
water basin [22].

2.2.3. Nuclear Waste Policy Act
Although developing a repository for TRU waste at WIPP was

not easy, it did progress mostly administratively [38]. The US had
more difficulty implementing a repository program for commer-
cial SNF and HLW administratively. The Congressional Office of
Technology Assessment (OTA) noted [80]

The greatest single obstacle that a successful management
program must overcome is the severe erosion of public con-
fidence in the Federal Government that past problems have
created. Federal credibility is questioned on three main
grounds: (1) whether the Federal Government will stick to
any waste policy through changes of administration; (2)
whether it has the institutional capacity to carry out a techni-
cally complex and politically sensitive program over a period of
decades; and (3) whether it can be trusted to respond ade-
quately to the concerns of States and others who will be
affected by the waste management program.

After nearly four years of debate over the findings of IRG,
studies of OTA, hearings, and false starts at legislation, Congress
set national policy and procedures in the Nuclear Waste Policy Act
of 1982 (NWPA) [1; 6, Chapter 6; 8]. NWPA endorsed the policy,
voiced earlier in studies such as the IRG report and generic EIS
[55,70], that the current generation should bear the costs of
developing a permanent disposal option and selected geologic
disposal.11 In addition, NWPA addressed each of the three cred-
ibility issues noted above as follows [80].

Concerning the first issue, NWPA required the federal government
to enter into contracts with the utilities for acceptance of waste as an
incentive for future administrations to abide by the waste policy
commitment to avoid penalties for breach of contract [1, Section 117c].
NWPA also required the federal government to site and seek licenses
for two repositories for CSNF/HLW; however, NWPA only authorized
construction and operation of the first repository. Furthermore, the
first repository was statutorily limited to 70,000 MTHM (metric tons
heavy metal initially placed in reactor) until a second repository was
operating, as an important social-political compromise.

Also concerning the first issue, NWPA established steps to meet
the goals and a timetable for opening the first repository. Although
others suggested a conservative timetable [44], Congress insisted
on an aggressive schedule that was agreed to by DOE in congres-
sional testimony, but with significant program risks [44, Appendix
B] (Table 3).

Although a repository was the primary component of the radio-
active waste management system, NWPA required DOE evaluate the
need for and to submit to Congress a proposal for 3 alternative sites
for a Monitored Retrievable Storage (MRS) facility and cooperate with
the private sector to conduct NRC-licensed demonstrations of alter-
natives to wet SNF storage at reactor sites [1, Section 218(a)]. The
cooperative program, which licensed its first demonstration in
Virginia in 1986, and various additional studies provided a founda-
tion for utilities to build dry cask storage to alleviate the limited wet
storage space available at reactors. It is the success of this program
that allows time for the US to consider revising the current nuclear
whether or not such emplacement permits the recovery of such waste” where a
'repository’ means any system licensed by the Commission that is intended to be
used for, or may be used for, the permanent deep geologic disposal of high-level
waste and spent nuclear fuel…” and ‘storage’ means retention of high-level
radioactive waste, spent nuclear fuel, or transuranic waste with the intent to
recover such waste or fuel for subsequent use, processing, or disposal” and, thus,
changed the earlier distinctions used in the 1970s for storage and disposal.



Fig. 2. Repository layout for PA–LA and pertinent wells at Yucca Mountain, Nevada.

12 The studies were called EAs in NWPA, which initially caused confusion since
they were not related to EAs defined in 40 CFR 1501 regulations promulgated in
1979 to implement NEPA.

13 Unitary forms of government with direct representation of local interests in
the parliament, such as in Sweden and Finland, have had more success in siting
HLW radioactive waste repositories [84, Section 2].

14 The legislative history was clear that mined geologic disposal was intended;
thus, EPA and NRC regulations only considered this disposal approach.

15 Similarly, the formal site selection criteria for WIPP in 1975 required a
minimum �1.6 km (1 mile) distance to any boreholes from the perimeter of the
waste, and resulted in the �100 km2 (16 mile2) area withdrawn for public use at
WIPP in 1992, based on the difficulty with exploratory boreholes and solution
mining at Lyons, Kansas [38].
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waste management policy. Of the ∼65,000 MTHM of CSNF currently
stored in the US as of 2010, ∼25% was in dry cask storage [26, Section
2.7; 39, Section 3.3].

Concerning the second credibility issue, NWPA assigned
responsibility for the waste management functions to the single-
purpose Office of Civilian Radioactive Waste Management
(OCRWM), a new office within DOE that absorbed the functions
of the NWTS Program [1, Section 304]. NWPA established the
Nuclear Waste Fund (NWF), funded by a fee initially set at 0.1 ¢/
kW-hr on power produced by nuclear reactors, to pay the full cost
for repository selection, construction, and operation [1, Section
302]. Yet in 1985, Congress did not exempt expenditures for the
waste program from NWF from the general budget sequestration
process in the Gramm-Rudman-Hollings Act, even though the funds
were derived from a fee for contracted disposal services rather
than a tax [81,82].

The third issue dealt with the difficulty of waste management in a
federal system of government: NWPA required an EIS, but limited the
range of options that had to be considered since Congress had
selected the geologic disposal option. NWPA also directed OCRWM to
develop environmental assessments (EAs) of candidate sites with an
additional venue for public involvement.12 In addition, NWPA
encouraged negotiation of consultation and cooperation agreements
with the states, following the example of the WIPP legislation for the
State of New Mexico [38,83]. Finally, NWPA established a procedure
for a state or Native American Tribe to notify Congress of its
disapproval of a site recommendation and the necessary procedure
for Congress to override this disapproval (Table 3), should consulta-
tion and negotiation agreements fail.13 The law bypassed several
parliamentary procedures to ensure a timely vote on a motion to
override state or tribal disapproval within 90 days.

Related to the third issue, NWPA established the regulatory
environment for licensing the repository [1, Section 121]. NWPA
directed EPA to set radiation protection standards for disposal and
directed NRC to implement these standards by requiring licensing
in three steps: approval to construct, approval to receive and
possess waste, and approval to close and decommission. 14 NWPA
also identified several site selection criteria for DOE to include in
its siting guidelines.
2.2.4. Siting guidelines and site selection under Nuclear Waste
Policy Act

DOE site selection guidelines were drafted in February 1983 and
promulgated in December 1984 in 10 CFR 960 [85,86]. The site
selection criteria were subjective, framed in terms of qualifying,
favorable, potentially adverse, and disqualifying conditions to pro-
vide a relative ranking of several sites. The starting point for the
criteria was the experience in searching for repository sites in salt.
These were then expanded to incorporate more general criteria for
other rock media developed by the NWTS Program and ideal criteria
developed by NAS in 1978. To thesewere added the technical criteria
mentioned in the Generic EIS on the management of CSNF and
several disqualifying features specifically mentioned in NWPA.
Finally, the criteria underwent extensive public review by state
representatives and others as part of the formal rulemaking process.

Absence of economically attractive resources was a common
theme in siting criteria. Exploration of salt sites in the Salina Group
salt in Michigan in 1977 used criteria suggesting the absence of
petroleum production and solution mining [45, p. 36]. The NAS
suggested in 1978 [87, Section 4.1]: “No area with a present or past
record of resource extraction, other than for bulk material won by
surface quarrying, should be considered as a geological site for
radioactive wastes”. The Generic EIS suggested [70, Section 5.1.1.2]:
“The repository site shall be located in area that does not contain
desirable or needed mineral resources, or to the extent presently
determinable, resources that may become valuable in the future”.
Hence, a disqualifying condition in 10 CFR 960 Subpart C, Section
960.4-2-8-1-was15
(1)
 Previous exploration, mining, or extraction activities for
resources of commercial importance at the site have created
significant pathways between the projected underground
facility and the accessible environment; or
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(2)
been

effec
adm
legis
opp
Ongoing or likely future activities to recover presently valuable
natural mineral resources outside the controlled area would be
expected to lead to an inadvertent loss of waste isolation.
18 Other attributes that have been cited for causing a general erosion of trust
include lack of a consent-based process, setting unrealistic schedules, and the
prescriptiveness of the siting process in NWPA [39, Section 3.4.3].

19 An MRS facility can add important flexibility by decoupling reactor opera-
tions and the package designs for temporary storage from the repository operations
and permanent disposal waste container designs; thus, several details on the
Because of the aggressive schedule, DOE conducted site selection
while developing the guidelines, and the nine sites that had
previously been selected for consideration using administrative
procedures were identified for screening for the first repository
under NWPA in February 1983 [56,88].16 The next month, DOE held
hearings to solicit comments from the State of Nevada and public
regarding nomination of Yucca Mountain and solicit issues to discuss
in the EA and the Site Characterization Plan (SCP) [89] required by
NWPA and NRC [1, Section 113]. Although Nevada Senator Cannon
had recommended NTS to AEC in 1972 [10, p. 92] and the Nevada
Legislature had requested ERDA consider NTS in 1975 [90] (Appendix
A), interest in hosting a storage or disposal facility had waned. At the
1983 hearings on the nomination of Yucca Mountain, Governor
Bryan declared that, “It is unfair in my view for the rest of the nation
to ask Nevada, in light of its past and present commitment in the
nuclear field, to assume this new burden”, One concern was the
compatibility with Las Vegas as a tourist attraction, 160 km to the
southeast [6, p. 176; 91].

By December 1984, DOE had issued draft EAs of all nine sites
(e.g., [92]). The draft EAs suggested five candidate sites to
nominate for further site characterization (three salt sites: Davis
Canyon, Utah; Deaf Smith, Texas; Richton Dome, Mississippi; one
basalt site: Hanford, Washington; and one tuff site: Yucca Moun-
tain). DOE also presented a ranking analysis in the draft EAs that
suggested Yucca Mountain, Deaf Smith, and Hanford were the top
three sites [88]. The deterministic PA–EA formed part of the basis
of the EA for Yucca Mountain. As part of the EA, DOE also
completed a preliminary evaluation of Yucca Mountain against
the site selection guidelines in 10 CFR 960 and found no dis-
qualifying conditions [56, p. 2–47].

DOE completed final EAs for the five sites by May 1986. Because
of both technical and political criticism of the ranking analysis used
to identify the five nominated sites, multi-attribute utility decision
analysis was applied. The multi-attribute analysis ranked from 1st to
5th Yucca Mountain, Richton Dome, Deaf Smith, Davis Canyon, and
Hanford [93]. However, the Secretary of Energy recommended and
President Reagan concurred in further characterizing a portfolio of
sites in three different media (tuff at Yucca Mountain, salt at Deaf
Smith, and basalt at Hanford) [94]. The concept of lowering overall
program risk by using a portfolio of sites had been indirectly
suggested by the 1979 IRG [55], reflected in the NWPA requirement
to consider sites in different geologic media [1, Section 112(a)]
(Table 3), and codified in the siting guidelines, 10 CFR 960.

2.2.5. Nuclear Waste Policy Amendments Act
The April 1985 DOE announcement that located an MRS at one of

three sites in Tennessee and the May 1986 DOE announcement
(a) selecting the three finalists for the first repository, and
(b) indefinitely deferring the search for a second repository in the
east were followed by considerable turmoil.17 Lawsuits were filed and
over 40 bills were introduced in 1987 related to various aspects of SNF
and HLW disposal [9, Chapter 5]. In hearings on the bills, technical
concerns at Yucca Mountain were still the possibility of igneous and
16 The alternative of starting with a new national site screening process had
explicitly considered and rejected during the debates on NWPA [44].

17 Although the aggressive NWPA schedule for the first repository had the
t of requiring DOE to adopt the sites that had already been under study using
inistrative procedures, the search for the second repository did follow the
lative procedures of NWPA as codified in 10 CFR 960 and still generated strong
osition [6–8; 9, p. 72; 95].
seismic activity. The decision to indefinitely defer the search for a
second repository in the east upset western Congressional represen-
tatives [95], and the high cost of characterizing three sites (∼$1�109

per site by 1986) caused general Congressional concern [96].
In 1987 amendments to the Gramm-Rudman-Hollings Act,

Congress placed appropriations from NWF under the domestic
discretionary spending cap. In turn, the Office of Management and
Budget (OMB) established a single budget for DOE, rather than two
separate budgets as in the past [81]. Hence, YMP had to compete
with other DOE programs such as the MRS storage program, which
exacerbated historical concerns that a storage facility would dis-
place a repository.

Also in December 1987, Congress decided to characterize solely
Yucca Mountain as a deficit reduction measure in the Nuclear Waste
Policy Amendments Act of 1987 (NWPAA), which was included in
the Omnibus Budget Reconciliation Act of that year. By this choice,
Congress implied a sequential characterization process, which had
been discussed in Senate hearings [96]. The perceived unfairness of
site selection by Congress (along with concern that it would be the
only national repository because of the indefinite delay of siting the
second repository [95]), led to unwavering opposition to Yucca
Mountain by Nevada state officials thereafter.18

The NWPAA also affirmed the DOE decision to delay considera-
tion of a second repository, and revoked the DOE recommendation
for an MRS site in Tennessee [96, Section 5001; 97]. Instead,
Congress authorized construction of an MRS, established a com-
mission to report to Congress on the need for an MRS; 19 linked an
MRS sited by DOE to the construction schedule for a repository, as
suggested by the Tennessee citizen Clinch River Task Force; and
established an Office of Nuclear Waste Negotiator to find a willing
host for an MRS or alternative repository (however, the Negotiator
focused on finding an MRS). Based on the anticipated savings from
characterizing only one site, NWPAA also set up a compensation
schedule for hosting a repository or an MRS facility.

Following the example set by the establishment of the NAS
Review Panel for WIPP, NWPAA established formal outside tech-
nical oversight by the Nuclear Waste Technical Review Board
(NWTRB), with 11 members appointed by the President from a
slate of candidates nominated by NAS, to advise Congress and DOE
to ensure scientific credibility.20 Many of the changes made in site
characterization and engineered barrier evaluations since their
first report in 1990 were made in response to or supported by
NWTRB comments (Appendix A).
2.2.6. Site recommendation and license application
In 2001, DOE completed the supplement to the draft EIS on Yucca

Mountain [100], the Science & Engineering Report describing PA–SR
[22], and the Preliminary Site Suitability Evaluation (SSE) report
[101]. Final versions of the Science and Engineering report, SSE, and
EIS were completed in February 2002 [102]. The SSE used the new
difficulty in siting an MRS are presented in the timeline on designing the YM
repository [26, Appendix A].

20 Formed in 1978 along with but separate from the WIPP NAS review panel,
DOE funded the Environmental Evaluation Group (EEG) to address technical
concerns of New Mexico and state citizens. EEG was eventually place under the
New Mexico Institute of Mining and Technology University in 1988 to prevent
undue influence by either state politics or DOE [38,98]. Separate from the NWTRB,
DOE also provided funds to the Nevada Nuclear Waste Project Office (NWPO),
created by the state legislature but placed directly in the Governor's office [99].



Table 3
Aggressive siting schedule adopted in Nuclear Waste Policy Act of 1982 [1], and effects of 1987 amendments [97].

Action First repository Second repository

Section 116(a): DOE identifies “potentially acceptable
sites” and notifies state governors

� Within 90 days of enactment of Act (6 April 1983)
� DOE identified 9 sites already under consideration using administrative

process February 1983

Within 90 days of identification of
any potentially acceptable site

Section 112(a): DOE issues siting guidelines � Within 180 days of enactment (5 July 1983)
� DOE completed draft of 10 CFR 960 February 1983; final completed

December 1984; draft of 10 CFR 963 for YM completed November 1999;
final completed November 2001

Same

Section 121(a): EPA issues radiation protection
standards

� Within 1 year of enactment (7 January 1984)
� EPA completed rule September 1985

Same

Section 121(b):NRC issues technical assurance
requirements (e.g., multiple barriers)

� By 1 January 1984
� NRC completed rule June 1983; NRC added criteria for repository in UZ

in July 1985

Same

Section 112(b)(2): DOE holds public hearing on
issues to be addressed in EA and SCP

� Prior to nominating a site
� DOE held hearing for YM in March 1983

Section 112(b)(1)(A): DOE nominates at least 5 sites
suitable to characterize and includes EA per
Section 112(b)(1)(E)

� Following issuance of guidelines (December 1984)
� DOE completed EAs and nominated 5 sites December 1984 (Yucca Mt,

NV; Davis Canyon, UT; Deaf Smith, TX; Richton Dome, MS;
Hanford, WA)

� No later than 1 July 1989 and
must include at least 3 not
nominated in first round

� NWPAA deleted

Section 112(b)(1)(B): DOE recommends 3 sites to
characterize

� By 1 January 1985 with at least 2 in different media
� DOE selected YM, Deaf Smith, Hanford May 1986

1 July 89
NWPAA deleted

Section 112(c): President approves or disapproves
sites

� o60 days of recommendation (6 month delay allowed)
� President Reagan approved the 3 sites in May 1986

Same

Section 113(b)(1)(A): DOE submits site
characterization plan (SCP) to state or tribe

� Prior to beginning site characterization
� DOE completed SCP on YM December 1988

Same

Section 114(a): DOE holds public hearings on
recommendation

� Prior to recommendation
� DOE held hearings in August 2001

Same

Section 114(a)(2): DOE recommends 1 site for
construction with EIS (Section 114(f)); President
recommends to Congress

� By 31 March 1987 (may extend 1 year)
� NWPAA deleted date
� DOE Secretary recommended YM in February 2002
� President Bush recommended in February 2002

� 31 March 1990 (1-year extend)
� NWPAA deleted and asked for
assessment by January 2010

� DOE report sent January 2010

Section 116(a)(2) and Section 118(a): State or Tribe
disapprove

� Within 60 days of presidential recommendation
� Gov. Guinn, State of Nevada, disapproves April 2002

Section 115: Review of recommendation � Congress may override o90 days of disapproval
� House overrode in May; Senate overrode in July

Same

DOE recommends another site if disapproved � Within 1 year of disapproval
� NWPAA deleted

Same

Section 114(b): DOE submits LA to NRC � Within 90 days of when recommendation takes effect
� DOE submits LA to NRC in June 2008
� NRC dockets LA in September 2008

Same

Section 114(d): NRC issues final decision � Within 3 years of license submittal (may extend 1 year)
� NRC closes review of LA end of September 2011

Within 3 years of submitting license
(may extend 1 year)

Section 302(a)(5)(B): DOE, by utility contract, shall
dispose

� Beginning 31 January 1998
� DOE issues contract in 10 CFR 961 in April 1983
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selection guidelines (10 CFR 963) for Yucca Mountain promulgated in
2001, which replaced the generic 10 CFR 960 guidelines [103,104].
Disqualifying conditions in 10 CFR 963 relied directly upon the
results of a PA, rather than use separate disqualifying conditions or
specific requirements for characteristics of the geology. This approach
followed the lead established by NRC and EPA.

After a 9-month personal review of the Science & Engineering
Report, SSE, and EIS [101], Energy Secretary Abraham recommended
the site to President Bush in February 2002 [105]; and President Bush
recommended the site to Congress. In April 2002, Nevada Governor
Guinn disapproved the Site Recommendation because [106]
(a) Nevada already hosted the NTS, (b) Nevada had the largest LLW
site in the country at Beatty, west of Yucca Mountain, that had
operated between 1962 and 1992 [6, p. 176], and (c) the proposed
repository design did not depend on the geologic characteristics of
the site. Congress overrode Nevada's disapproval by July [106]
followed by President Bush signing the Yucca Mountain Development
Resolution [4]. The Court of Appeals for the District of Columbia (DC)
Circuit rejected all Nevada lawsuits related to the site selection
process in 2004, on the grounds that amendments to NWPA rendered
moot challenges on site selection (Appendix A) [107]. The court
did, however, vacate the portion of the EPA radiation protection
standards, 10 CFR 97, related to the 104-years regulatory period, as
discussed later.

Although DOE submitted and NRC docketed the SAR/LA in
September 2008, the election in November brought dramatic
changes in 2009 [108]. President Obama and Congress reduced
funding to a level sufficient only for limited staff to respond to NRC
requests for additional information concerning the SAR/LA. Most
other work had to cease. In 2010, the Administration eliminated all
funding and filed a motion to withdraw the SAR/LA from the NRC
Atomic Safety Licensing Board (ASLB), which was to conduct
formal hearings, because the YM repository was an “unworkable”
approach. The ASLB denied DOE's motion and an appeal to the NRC
Commissioners eventually upheld the ASLB decision. However, the
NRC Commissioners also suspended pretrial depositions of the
ASLB and the license review by the NRC staff in 2011 when
Congress did not appropriate funds. The US Court of Appeals for
the DC Circuit ruled in August 2013 that the NRC Commissioners
did not have the authority to suspend the SAR/LA review [218], but
the programmatic uncertainty and lack of funding has brought a
de facto stop to YMP.
21 The YMP called its PAs “total-system performance assessments” or TSPAs.
The adjective “total-system” serves to emphasize that the assessment includes all
major systems of the disposal system. Yet, because the EPA Standard defines a PA as
an analysis of the entire disposal system, the adjective is omitted here since the
acronym must be repeated frequently.

22 However, it was not the first regulation to use a probabilistic limit. The
British in 1938 had established a reliability requirement for commercial aircraft:
the probability of success for 1 h of flight was to be 0.99999 [111, Fig. 5].

23 In a 1999 special issue of Risk Analysis, Rechard provides historical context
for the development of the PA methodology and the generic EPA 40 CFR 191
radiation protection standards [111], and Okrent compiles reviews and philosophi-
cal discussions held during the development of 40 CFR 191 that gives the reader
more background on the regulatory spirit of 40 CFR 191 [116].
3. Performance goals

3.1. Regulatory performance criteria for PA–EA, PA-91 and PA-93

3.1.1. EPA radiation protection standards for generic repository,
40 CFR 191

The selection of performance criteria for geologic disposal took
many years in the US. In response to the 1976 directive by
President Ford to accelerate the demonstration of waste isolation
mentioned earlier [54], EPA conducted several public meetings in
1977 to develop a consensus of society's concept of acceptable risk
(i.e., safety) [109; 110, Section 1.2] (Appendix B). In response to
NWPA, EPA promulgated the draft 40 CFR 191 radiation protection
standards for SNF, HLW, and TRU disposal in 1982, which had
undergone more than 20 revisions [111, Section 4.5]. The final
version, promulgated in 1985 [112], required a PA analysis to show
compliance of a disposal system where PA was defined as an
“analysis that (1) identifies the processes and events that might
affect the disposal system; (2) examines the effects of these
processes and events on the performance of the disposal system;
and (3) estimates the cumulative release of radionuclides, con-
sidering the associated uncertainties by all the significant
processes and events.21” Analysis often involves teasing a system
apart into simpler components to gain understanding, as when
characterizing a system. However, analysis may also involve the
synthesis of diverse facts about components to comprehend the
system as a whole, as done in a PA analysis.

As originally promulgated, 40 CFR 191 consisted of two
subparts. Subpart A described criteria for management and storage
during repository operations. Subpart B described Containment
Requirements (Section 191.13) related to the post-closure PA,
Individual Protection Requirements (Section 191.15), and Ground-
water Protection Requirements (Section 191.16).
3.1.2. Containment Requirements in 40 CFR 191
The Containment Requirements selected the cumulative

release of radionuclides as the primary indicator of potential
health impacts (Table 4). The measure of this indicator (R) was
the cumulative release 104 years after disposal of long-lived
radionuclides (r) that reached the surface or crossed a vertical
boundary 5 km in any direction from the perimeter of the
emplaced waste [28, Eq. (B.1)].

The EPA radiation protection standards was a new concept for a
government regulation in that it required a quantitative treatment of
uncertainty in the measure and thus numerical simulation using
mathematical models in order to assess compliance [111, Fig. 8;
113].22 Specifically, the Containment Requirements required R to be
expressed as a complementary cumulative distribution function to
display uncertainty (CCDF or 1-G(R) where G(R) is the summed
distribution of cumulative release [28, Eq. (B.2)]. This CCDF was
compared to a piecewise-uniform, limiting CCDF (Table 4). Hence,
40 CFR 191 did not simply limit the expected value (first moment of
the distribution of uncertain results), nor the variance (second
moment of the result distribution), but rather the whole distribution
of results [111].

The cumulative release was normalized by dividing by (a) EPA
derived limits (Lr) for nr radionuclides r and (b) mass placed in the
repository expressed as a waste unit factor (fmass¼ M0/103 MT where
M0 was the MTHM mass with burnup between 25,000 MWd and
40,000 MWd, with adjustment factors for burnup outside this range)
[28, Eq. (B.1)]. As discussed in background documents and the
preambles to the draft and final promulgation, the limits Lr were
set, based on technological achievability, to allow no more than 1000
deaths over the chosen 104 years period for 100,000 MTHM
repository from aqueous releases of all radionuclides except 14C from
the repository to all the rivers of the world (3�1013 m3/year) at a
5 km boundary and ingestion by the entire world population of 1010

[110, Section 7.8; 112, 114–116].23

By normalizing the cumulative release by M0, the Containment
Requirements did not penalize use of large repositories (which
inherently creates a large source-term) [110,111,114]. Although the
situation is changing, at the time of the promulgation of 40 CFR 191,
the US had twice as many operating reactors as either France or the
then Soviet Union and almost three times as many as the UK and
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Japan, so the US had to have either more repositories or larger
repositories than other countries [70, Table 1.3.1].

The use of cumulative release (i.e., the integration over the
specified time period) did not penalize the location of the repository
away from large volumes of water (which promotes dilution and
thus lowers the dose rate) [110,114]. Also, the use of cumulative
release was less sensitive to the release rate of radionuclides from the
engineered barrier and dispersion coefficients in the geologic barrier;
thus, the fidelity of the source-term model could be less and, hence,
the regulation did not promote use of expensive engineered barriers
[110; 112, p. 38073; 114; 116].

Cumulative release was less easily manipulated than the time of
peak dose by the use of parameters with overly broad uncertainty
ranges. Committees of the Nuclear Energy Agency (NEA) have coined
the term “risk dilution” where “dilution” refers to the use of overly
broad ranges for parameters distributions. The usual example given
is where the performance measure is mean peak dose. The concern
cited is where the parameters that influence the time of peak dose
are assigned overly broad ranges such that the time of the peak dose
varies greatly, and, thus, the mean peak dose averaged over numer-
ous simulations is greatly reduced from that calculated with narrow
distributions [24,117].

The cumulative release was to include features, events, and
processes (FEPs) associated with both undisturbed (i.e., normal
evolution) and disturbed behavior (such as human intrusion).
To deal with the uncertainty of the human intrusion event,
EPA provided guidance in an appendix (Appendix B in the 1985
promulgation; Appendix C in the 1993 repromulgation) that “inad-
vertent and intermittent intrusion by exploratory drilling for
resources…can be the most severe intrusion scenario assumed…”

and provided guidance on the frequency of drilling to define the
probability of the human intrusion event. EPA guidance generally
suggested a frequency (and, thereby, a probability) of intrusion into
repositories located in sedimentary rock, such as salt to be 30
boreholes/(km2-104 yr), and suggested a factor of 10 less for other
rocks, such as granite or tuff, with their lower likelihood of economic
resources such as hydrocarbons. Later requirements, specific to WIPP,
stated the frequency to be determined from the record of drilling in
the sedimentary Delaware basin over the past 100 years [118].

The 40 CFR 197 invoked “reasonable expectation” as the
standard of proof for compliance with the limits. Reasonable
expectation connoted a more flexible standard of proof and use
of central estimates when encountering unknowns. The concept of
reasonable expectation had been challenged in a lawsuit after
promulgation and found reasonable by the Court of Appeals, DC
Circuit [119]: “Given that absolute proof of compliance is impos-
sible to predict because of the inherent uncertainties, we find the
Agency's decision to require ‘reasonable expectation' of compli-
ance is a rational one”. The concept is discussed further with the
promulgation of the site-specific reuglation.
24 NRC promulgated amendments to 10 CFR 60 (Appendix B) (a) in 1985 to
include criteria for siting in the UZ [123]; (b) in 1986 to revise the licensing
procedures to agree with NWPA; (c) in 1989 to clarify the need to update the YMP
EIS when filing for construction authorization, operation, and closure [124]; and
(d) in 1996 to clarify terms [125]. Although these amendments demonstrate the
lengthy, iterative effort expended by NRC to develop the regulations, they are not
germane to the performance measures.
3.1.3. Individual and Groundwater Protection Requirements
in 40 CFR 191

In response to comments received on the proposed regulation,
EPA also required an evaluation of individual dose (i.e., potential
rate of exposure by an individual) as a secondary indicator of risk
in the Individual Protection Requirements (Section 191.15). The
measures were individual whole-body dose and critical organ
dose in the first 103 years (rather than 104 years) as estimated
using mean parameter values (i.e., not a stochastic calculation)
[112]. The whole-body dose limit was 0.25 mSv/yr. The dose
measures were to include only pathways from undisturbed FEPs.
The rule also included Groundwater Protection Requirements
(Section 191.16), designed to protect groundwater as a resource.
As in the case of the Individual Protection Requirements,
compliance with the groundwater standard considered only
undisturbed performance of the repository system.

Because of a lawsuit concerning the 103 years time limit and
the form of the Individual and Groundwater Protection Require-
ments, the court remanded 40 CFR 191 in 1987 [119]. In response,
the EPA standards were revised in 1993 to increase the regulatory
period for the Individual and Groundwater Requirements to 104

years, identical to the Containment Requirements, which were
unchanged. For the Individual Requirements, the limit for the
mean dose (dlimit) was lowered to 0.15 mSv/yr and the method of
calculating dose measure was updated. The dose measure was
changed to the annual committed effective dose equivalent
(CEDE), defined as the dose received over a 50 years from 1 year
of external exposure and ingestion of radionuclides by an indivi-
dual, using methods and weighting factors for organ radiosensi-
tivity of the International Commission on Radiation Protection
(ICRP) applicable at the time [120, Appendix B; 121]. The new
calculation method adopted protected the whole body and indi-
vidual organs at the same level of risk with a single limit value
rather than two separate limits as promulgated in 1985 [3, p.
55752]. Although not typically limiting releases in 40 CFR 191
(since disruptive FEPs were not considered), the Individual Protec-
tion Requirements laid the groundwork for the dose measure and
limits later required for Yucca Mountain in 40 CFR 197.

Also in response to the court remand [119], a new Subpart C was
added making the Groundwater Protection Requirements (Section
191.16) similar to those promulgated for the Clean Water Act in 40
CFR 141. The Groundwater Protection Requirements, as expressed in
40 CFR 191 (or as expressed later in 40 CFR 197), did not limit
releases at Yucca Mountain or require substantial differences in
modeling (e.g., [28]) and so are not discussed further.
3.1.4. NRC implementing regulation for generic disposal system,
10 CFR 60

In 1981, NRC promulgated the procedures for licensing a reposi-
tory that adapted procedures developed for licensing an engineered
reactor, such as formal hearings in front of the ASLB prior to
authorizing construction of the repository, and included a require-
ment for developing an SCP [89]. In 1983, prior to final promulgation
of 40 CFR 191 but cognizant of its likely contents, NRC added technical
criteria to 10 CFR 60 [2,122] that set deterministic performance
objectives on subsystems of the waste disposal system.24 The quanti-
tative performance objectives were (Section 60.113) (a) “containment
of HLW in waste packages will be substantially complete for a
period…not less than 300 years nor more than 1000 years after
permanent closure of the geologic repository” (i.e., while short-lived
fission products are present); (b) a maximum fractional release rate of
10�5 from the engineered barrier system (EBS) for radionuclide rwith
inventory after 1000 years of decay provided this rate limit was not
less than 0.1% of a similarly calculated total release limit; and (c) a
“pre-waste-emplacement groundwater travel time along the fastest
path of likely radionuclide travel from the disturbed zone to the
accessible environment shall be at least 1000 years or such other
travel time as may be approved or specified by the Commission”.
Although comments received on the draft objected, NRC thought
requiring quantitative performance objectives on subsystems would
help to promote a multiple barrier disposal system and defense in
depth [2; 3, p. 55737; 115]. For PA–EA and PA-91, the NRC container



Table 4
Changes in regulatory basis for Yucca Mountain repository.

Regulation Health indicator Measure of indicator Limit

40 CFR 191
Generic
Repository
1985

1. Cumulative release
including human
intrusion scenario

Distribution of expected cumulative release R (i.e., 1�G(R)) from retained scenario classes beyond 104

years at surface or 5 km boundary from perimeter of waste, normalized by mass fraction (∑Mr/103 MT) of
long-lived radionuclides (r) disposed in repository and EPA derived limits (Lr), based on population
exposure

Limiting distribution defined by
R ≤1 for probability (℘)≥ 0.1
R ≤10 for 0.14℘≥0.001

2. Individual dose Individual whole-body dose (DU(t, x
ae; e)) and critical organ doses for undisturbed scenario class (AU) over

103 yr at surface or 5 km boundary (xae) using mean model parameters (e)
o0.25 mSv/yr whole body

3. Groundwater
concentration

Concentration CU(t, xae; e) in groundwater for AU at 5 km boundary over 103years using e for 226Ra/228Ra, α-
emitters (including 226Ra/228Ra but not Rn), and whole body dose from beta and gamma emitters

226Ra/228Rao5 pCi/L
α-emitterso15 pCi/L
doseo0.04 mSv/yr

40 CFR 191
Generic
Repository
1993

2. Individual Dose Committed effective dose equivalent (CEDE—dose received over 50 years from 1 year exposure) using
methods of ICRP for AU over 104 yr with e (i.e., DU(t;e))

o0.15 mSv/yr for to104 yr

3. Groundwater
concentration

CU(t; e) for AU at 5 km boundary over 104 yr Radioactivity limits in 40 CFR
141 (Clean Water Act)

10 CFR 60
Generic
Repository
1983

4. Performance of
barriersa

Reasonable assurance standard of proof, and performance standards for multiple barriers: natural system
barrier (groundwater travel time, τgw) and EBS (minimum container life, min τWPfail, and EBS release rates,

mEBS
r , for each radionuclide r, based on total inventory of each radionuclide Mr. Retrieval period for 50 years

after placement of first waste package.

τgwo1000 yr
300 yrominτWPfailo1000 yr

mEBS
r omaxfmlimit

r ;mlimit
total g

_mlimit
r ¼Mrðt ¼ 103 yrÞ=105yr

_mlimit
total ¼∑nr

r Mr ðt ¼ 103 yrÞ=108yr

40 CFR 197
YM
Repository
2001

1. Individual dose Expected CEDE to reasonably maximally exposed individual (RMEI) using methods of ICRP for all retained
scenario classes over 104 yr at NTS boundary (∼18 km) (20 km in draft) along flow path and 5 km boundary

elsewhere in 3.7�106 m3 representative volume of groundwater Dðt; eÞ)

o0.15 mSv/yr for t≤104 yr

2. Human-intrusion
dose

Unconditioned, expected CEDE for stylized case (i.e., borehole into degraded package that is not well sealed
such that radionuclides migrate to underlying aquifer)

o0.15 mSv/yr for t ≤104 yr

3. Groundwater
concentration

Expected concentration (CðtÞ) in 3.7�106 m3 for all scenarios at ∼18 km boundary for 226Ra/228Ra,
α-emitters (including 226Ra but not U or Rn); and whole body dose from beta and photon emitters

226Ra/228Rao5 pCi/L
α-emitterso15 pCi/L
doseo0.04 mSv/yr

40 CFR 197
YM
Repository
2008

1. Individual dose Expected dose, Dðt; eÞ, over 106 yr o 0.15 mSv/yr for t ≤104 yr
o1 mSv/yr for 104ot ≤106 yr(median dose, 50%Dðt; eÞ, in 2005 draft)
(3.5 mSv/yr in 2005 draft)

2. Human-intrusion
dose

Unconditioned, expected CEDE (i.e., dose not weighted by aleatoric probability of event, but epistemic
expectation estimated from sampled e)

o0.15 mSv/yr for t ≤104 yr
o1 mSv/yr for 104ot ≤106 yr

10 CFR 63
YM, 2001

4. Performance of
barriers

Reasonable expectation standard of proof; required to describe basis of multiple barriers; also, 50-yr
retrieval required

a 40 CFR 191 also has multiple barrier assurance requirements but they are not applicable to a repository for commercial spent nuclear fuel.
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lifetime performance objective was used as the postulated life of a
waste container in place of a detailed waste container model. YMP
evaluated the YM site against the groundwater travel time require-
ments in studies separate from PA–EA, PA-91, and PA-93 (e.g., [126]),
although not discussed herein.

3.2. Policy and regulatory performance criteria for PA-95, PA–VA,
PA–SR and PA–LA

The primary cumulative release indicator in the EPA
standards 40 CFR 191 and the subsystem requirements on
container failure rates and groundwater travel time in the
NRC regulation 10 CFR 60 influenced the calculation techniques
for PA–EA, PA-91 and preparation for PA-93. Then in 1992,
Congress required a change to the regulatory environment for
the YM repository.
25 The State of Nevada focused on the fact that 14C as a gas exceeded the limits
in 40 CFR 191 using one of two early conceptual UZ flow models in 1991 and 1993
[23, Fig. 2b] and characterized the Congressional guidance to EPA as changing the
rules to fit the YM site [129, p. 10]. However, the nature of regulating a first of its
kind facility required iteration. Furthermore, as early as 1983 NAS had encouraged
adoption of dose as the health indicator when evaluating Yucca Mountain [130].
3.2.1. Energy Policy Act of 1992
Because of concerns voiced in Senate debates about the

(a) potential impacts of human intrusion and (b) inappropriate use
of the derived limits in 40 CFR 191 when applied to gaseous release
of 14C from a repository in the UZ where extensive dilution could
occur [19; 23, Fig. 2b; 127], the Energy Policy Act of 1992 (EnPA),
directed EPA to promulgate site-specific radiation protection stan-
dards for a repository at Yucca Mountain. EnPA further specified that
“such standards shall prescribe the maximum annual effective dose
equivalent to individual members of the public” as the risk indicator
[107, 111; 128, Section 801].25 The new EPA standards were to be
“based upon and consistent with the findings and recommendations
of the National Academy of Sciences” in a study required by EnPA.
EnPA also required NRC to revise its implementing regulation, 10 CFR
60, to agree with the new EPA standards.

In response to EnPA, NAS made four recommendations in 1995
pertinent to this paper [111,131]: (1) use a maximum individual risk
evaluated from an effective dose; (2) evaluate compliance at the time
of peak risk from the repository (which was likely within 106 years at
Yucca Mountain); (3) evaluate only the potential consequences (not
probability) of a few selected situations of inadvertent human
intrusion, and (4) avoid specifying criteria on subsystems of the
disposal system, since these criteria could potentially result in
suboptimal behavior of the overall disposal system.

The Congressional requirement for EPA to consider dose, and
the preference of the NAS for a dose indicator [130], prompted
PA-93 to consider dose in addition to cumulative release. For



R.P. Rechard et al. / Reliability Engineering and System Safety 122 (2014) 7–3118
PA-95 and PA–VA, the NAS recommendations were available and
confirmed their preference for a dose indicator and a very long
regulatory period. The PA–SR used the dose measures in drafts of
40 CFR 197 and 10 CFR 63 proposed in 1999 as described below
(Appendix B).

3.2.2. EPA radiation protection standards for YM disposal system,
40 CFR 197

In 1999, EPA proposed [132], and in 2001, promulgated [133]
the site-specific radiation protection standards for a YM disposal
system (40 CFR 197) (Appendix B), leaving the generic 40 CFR 191
applicable to other geologic repositories such as WIPP and the
Greater Confinement Disposal (GCD) facility.26 In 40 CFR 197, EPA
selected individual dose as the primary risk indicator. As its
measure, EPA selected the expected value of the CEDE to a
reasonably maximally exposed individual (RMEI) located in the
predominate direction of groundwater flow at the point of max-
imum concentration in the accessible environment beyond a post-
closure controlled area. The post-closure controlled area could be
no greater than 300 m2 with a southern boundary no further
south than the southern boundary of NTS (≤∼18 km south) and
≤5 km in other directions from the perimeter of the emplaced
waste (Section 197.12) [32, Fig. 1].27 EPA set a limit (dlimit) of
0.15 mSv/year for the maximum mean of the expected peak CEDE
dose (maxDðtÞ) over a regulatory period of 104 years for both
undisturbed and disturbed FEPs (Table 4).

EPA also elaborated upon the characteristics of reasonable
expectation for the standard of proof (Section 197.14)

Characteristics of reasonable expectation include that it:
(a) Requires less than absolute proof because absolute proof
is impossible to attain for disposal due to the uncertainty of
projecting long-term performance; (b) Accounts for the inher-
ently greater uncertainties in making long-term projections of
the performance of the Yucca Mountain disposal system;
(c) Does not exclude important parameters from assessments
and analyses simply because they are difficult to precisely
quantify to a high degree of confidence; and (d) focuses
performance assessment and analyses upon the full range of
defensible and reasonable parameter distributions rather than
only upon extreme physical situations and parameter values.

Similar to 40 CFR 191, EPA required the inclusion of all
uncertainty to provide as unbiased an estimate as practicable.
Specifically, EPA noted (Section 197.36) “By specifying the mean as
the performance measure and probability limits for the processes
and events to be considered, and in concert with the intent of our
‘reasonable expectation’ approach in general, we have implied that
probabilistic approaches for the disposal system performance
assessments are expected.” However, the “mean value of the
distribution of calculated doses” was compared to the 0.15 mSv/yr
limit, not the entire distribution as in 40 CFR 191. 28
26 In addition to NTS and the LLW site at Beatty, Nevada hosted GCD on NTS,
which operated between 1984 and 1989 and disposed of (a) 1.45�1016 Bq of 90Sr
from sealed radioactive sources and 2.62�1016 Bq of tritium (3H) in a test
borehole, (b) 6 kg (o1.2�1013 Bq) of 239Pu and 64 kg of 235U in �60,000 kg of
classified TRU waste in 4 boreholes, and (2) 8.5�1016 Bq of LLW (mostly 3H) in
5 boreholes. The waste was placed in the bottom 15 m of 36-m deep, 3-m diameter
boreholes in an up to 900-m thick sequence of alluvial sandy tuff where the water
table was 235 m below the surface [134, Section 2.1].

27 The location of the RMEI at �18 km, where inhabitants currently live rather
than closer to the site, was one of many aspects of the 40 CFR 197 challenged by the
State of Nevada, but upheld by the US Court of Appeals for DC Circuit [107].

28 In concept, EPA could have chosen the distribution (i.e., CCDF) of peak doses
as the dose measure and defined a limiting CCDF, as for releases, and, thereby,
explicitly regulated the entire dose distribution. PA-93, PA-95, and PA–VA displayed
such a CCDF [23].
With the Congressional discussion and eventual selection of
dose as the measure of compliance [128], the amount of dilution
and dispersion afforded by the natural barrier became important,
which, in turn, reinforced plans for more extensive characteriza-
tion of the lower UZ and SZ than had been necessary when using
the cumulative release criterion in 40 CFR 191 [25].

The use of the release rate from the disposal system as the
measure (not the cumulative release and the smoothing of
the result provide by the time integral) made complying with the
regulation potentially more difficult at Yucca Mountain because
ambient oxygenated conditions in the UZ might promote, under some
conditions, rapid degradation of the waste form and, thus, a more
rapid release rate. Hence, the importance of more precisely modeling
the release rate from the waste package increased (i.e., the importance
of the fidelity of the exposure pathway/consequence model R ,(t)
increased). In turn, the potential high release rate and need for precise
modeling indirectly led to the usefulness of a robust waste package
with well-defined characteristics.29

As shown in a companion paper [28, Appendix B], the underlying
simulations are similar for evaluating a cumulative release measure or
individual annual dose measure. Yet, an advantage of a dose standard
is that development of the regulatory limit and its application is more
flexible, and the burden of support shifts to the licensee in comparison
to the development of derived population limits (Lr) for cumulative
release [3, p. 55750]. Derived limits (Lr) require the regulator (rather
than the licensee) to develop a model and defend several assumptions
as to the manner in which the population is exposed. In comparison,
dose (Dr(t)) is directly evaluated from R ,r,(t) [28, Eq. (B.10)] (i.e.,

Dr(t)¼ R ,r(t)f
BDCF
r /Qindv) using a biological dose conversion factor for

radionuclide r (f BDCFr ) calculated from a biosphere transport model.
Granted, the biosphere transport model applies guidance by the
regulator to assume (a) residents drink a fixed 2 L/day of contaminated
water, (b) residents consume local food grown with contaminated
water, and (c) the amount of dilution (Qindv) afforded by the natural
barrier (e.g., quantity of water withdrawn from the contaminated
aquifer); yet, the uncertainties in food consumption and the pathways
in the biosphere transport model are defended by the licensee (rather
than the regulator) and pathways can readily be adapted to new
information about the site.

Other aspects of the site can also be taken into account with a dose
limit. A dose limit allows credit to be taken for dilution of radio-
nuclides along the release pathway and a regulator need not specify a
regulatory period. Also, in concept, an operator may select container
designs that promote slow, extended release of radionuclides or the
operator can size the repository inventory to site conditions.

Another advantage is that the regulatory dose limit is comparable
to individual dose limits in other international radioactive waste
programs (provided the FEPs and regulatory period considered are
similar). For example, ICRP, NEA, and the International Atomic Energy
Agency (IAEA) have recommended amaximum health risk of 10�5/yr
[135] or maximum public dose limit (dlimit) of 1 mSv/yr (average dose
from natural sources at sea level) and average of 0.3 mSv/yr from a
disposal facility [33,121,191]. For example, Germany set the exposure
limit at 0.3 mSv/yr (for 106 years) and both France and Czech
Republic set the exposure limit at 0.25 mSv/yr (for 104 years for
France). Similar to the US, many radioactive waste programs have set
design targets a factor of 2–3 lower than 0.3 mSv/yr for some
specified period after disposal. For example, Finland sets the expo-
sure limit at 0.1 mSv/yr for several thousand years, and at 5 mSv/yr
for accident conditions; Switzerland sets the exposure limit at
29 For example, one consideration of EPA when repromulgating 40 CFR 191 in
1993 was the potential cost should WIPP have to adopt more robust containers
caused by extending the period of performance to 104 years and thereby elevating
the importance of the dose standard [116, 120].
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0.1 mSv/yr for 106 years [111, Fig. 13; 136]. Other countries setting an
exposure limit at 0.1 mSv/yr are Hungary, Republic of Korea, Nether-
lands, Spain, and Slovak Republic [137, Section 1.3.2]. Alternatively,
Sweden, Canada, the United Kingdom (UK) set the cancer fatality
frequency a factor of 10 below the recommended maximum health
risk at 10�6/yr for 104 years (0.073 risk per Sv or 0.014 mSv/yr for
Sweden and 0.06 risk per Sv or 0.017 mSv/yr for UK [121,66,68]).
3.2.3. Human intrusion scenario class in 40 CFR 197
Human intrusion had been (a) an important source of con-

sequences in shallow land burial, (b) a basis for requiring deep
geologic disposal, (c) the primary release pathway for disposal in
salt when applying 40 CFR 191 [27, Section 3.3.2], and (d) an
impetus to search for alternative geologic media with less frequent
rates of exploratory drilling than sedimentary rock. Yet, treatment
of the uncertainty associated with the inadvertent human intru-
sion event evolved for 40 CFR 197 in that the event was not
included in probabilistic dose calculations, consistent with the NAS
recommendation. Furthermore, EPA and NRC narrowed the focus
of the anthropogenic disruption. First, exposure to the drillers was
not included as noted by NRC [3, p. 55761]:

NAS concluded, and the Commission agrees, that analysis of the
risk to the public or the intruders (i.e., drilling crew) from
radioactive drill cuttings left unattended at the surface for
subsequent dispersal into the biosphere would not fulfill the
purpose of the human intrusion calculation because it would
not show how well a particular repository site and design
would protect the public at large.

In other words, exposure to those inadvertently drilling into a
repository and subsequent dispersal of drilling material was
determined by the waste inventory, not characteristics of the
designed disposal system.30

Second, human exposure that occurred much later in time from
release via the abandoned borehole was evaluated in a stylized
calculation. The circumstances of the human intrusion in the
stylized calculation (which bypassed the UZ portion of the natural
barrier, by providing a fast path to the aquifer underlying the YM
repository, but retained the remainder of the natural barrier in
the SZ) were specified as

(a) There is a single human intrusion as a result of exploratory
drilling for ground water; (b) The intruders drill a borehole
directly through a degraded waste package into the uppermost
aquifer underlying the Yucca Mountain repository; (c) The
drillers use the common techniques and practices that are
currently employed in exploratory drilling for ground water in
the region surrounding Yucca Mountain; (d) Careful sealing of
the borehole does not occur, instead natural degradation
processes gradually modify the borehole; (e) Only releases of
radionuclides that occur as a result of the intrusion and that are
transported through the resulting borehole to the saturated
zone are projected; and (f) No releases are included which are
caused by unlikely natural processes and events.

The limit on dose from the stylized calculation (unweighted by
the probability of the event) was 0.15 mSv/yr in the first 104 years
and 1 mSv/yr beyond 104 years.
30 However, including human intrusion in 40 CFR 191 provided a convenient
decision point for WIPP: When direct releases from drill cuttings dominated total
releases (rather than slow migration along other pathways), the WIPP Project had
conducted sufficient characterization of the disposal system [23; 38, p. 39].
3.2.4. NRC implementing regulation for YM disposal system,
10 CFR 63

In 1995, NRC issued a Policy Statement calling for the expanded
use of probabilistic risk assessments (PRAs) in setting regulations for
all nuclear facilities.31 The policy statement explicitly stated [138], “…
(2) PRA and associated analyses (e.g., sensitivity studies, uncertainty
analyses, and importance measures) should be used in regulatory
matters, where practical within the bounds of the state-of-the-art, to
reduce unnecessary conservatism associated with current regulatory
requirements…and (3) PRA evaluations in support of regulatory
decisions should be as realistic as practicable…”.

In 1999, NRC proposed 10 CFR 63 implementing regulations
specifically for Yucca Mountain and left 10 CFR 60 unchanged for
the time being.32 The proposed regulations adopted the 104 years
regulatory period but (a) used a dose limit of 0.25 mSv/yr, (b) and
called for a “reasonable assurance” concept for the standard of
proof of compliance that had long been applied to nuclear
reactors. However, by 2001, the promulgated [3] NRC regulations
adopted (a) the EPA dose limit of 0.15 mSv/yr; and (b) EPA's
characterization of “reasonable expectation” as the standard of
proof for post-closure compliance. In the preamble to 10 CFR 63,
NRC stated [3, p. 55740–47]

EPA prefers “reasonable expectation” because it believes “rea-
sonable assurance” has come to be associated with a level of
confidence that is not appropriate for the very long term
analytical projections that will be necessary for evaluating
Yucca Mountain…To avoid any misunderstanding and to
achieve consistency with final EPA standards, the Commission
has decided to adopt EPA's preferred criterion of “reasonable
expectation” for purposes of judging compliance with the
postclosure performance objectives…For other determinations
regarding compliance of the repository with preclosure objec-
tives, the Commission will retain a standard of “reasonable
assurance,” consistent with its practice for other licensed
operating facilities subject to active licensee oversight and
control…However, the Commission wants to make clear that
its proposed use of “reasonable assurance” as a basis for judging
compliance was not intended to imply a requirement for more
stringent analyses (e.g., use of extreme values for important
parameters) or for comparison with a potential more stringent
statistical criteria (e.g., use of the 95th percentile of the
distribution of the estimate of dose).

The latter modification represented a subtle but important
terminology change acknowledged by NRC Commissioner McGaf-
figan who commented, “This is an area [Reasonable Expectation
versus Reasonable Assurance] where EPA made a contribution to
the overall standard setting effort. Our proposed rule used the
term ‘reasonable assurance’, partly because we had always used it,
but the proposed Section 63.101 really was describing ‘reasonable
expectation’. The final rule is an improvement” [142]. This intent to
equate reasonable assurance to reasonable expectation in the
context of post-closure repository performance was reflected by
the fact that the description for the standard of proof for post-
closure compliance did not change substantially in the promul-
gated NRC regulation; rather, only the EPA terminology was
substituted [107, p. 1301]. In other words, NRC had proposed
to use the same terminology “reasonable assurance” for two
subtly different concepts. The connotation depended upon context
31 NRC explicitly equated PRA with PA in the US by noting in the preamble to
the Policy Statement that “PRA is called performance assessment for waste
management systems”.

32 NRC stated its intent to update its older 10 CFR 60 regulation [3, p. 55736;
139]. NRC later suggested that the update to 10 CFR 60 would look similar to 10 CFR
63 in relying on a risk-informed, performance-based approach [140,141].
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(i.e., whether NRC was speaking about engineered pre-closure sur-
face facilities or post-closure behavior of a geologic disposal
system). 33 Although evidently not intended by NRC, YMP had
indeed adopted a more conservative bounding approach when
encountering unknowns, such as parameter and modeling uncer-
tainty, for
PA-SR, somewhat encouraged by the use of “reasonable assurance”
terminology in the proposed 10 CFR 63 [23, Fig. 3]. As noted by the
NWTRB, the use of conservative models and parameters complicated
the understanding of the results from PA–SR; hence, NWTRB had
requested a more realistic analysis of disposal system performance
[143]. However, the standard of proof was clear for PA–LA with the
use of reasonable expectation terminology in both regulations.

Although echoing the criteria for screening FEPs from 40 CFR
197, NRC elaborated upon the treatment of uncertainty. Using the
generally accepted broad categories of sources for uncertainty in a
PA (parameter uncertainty, model form uncertainty, and scenario/
completeness uncertainty), NRC specified that

Any performance assessment used to demonstrate compliance
with §63.113 must: …(b) Account for uncertainties and variabil-
ities in parameter values and provide for the technical basis for
parameter ranges, probability distributions, or bounding values
used in the performance assessment. (c) Consider alternative
conceptual models of features and processes that are consistent
with available data and current scientific understanding and
evaluate the effects that alternative conceptual models have on
the performance of the geologic repository. (d) Consider only
events that have at least one chance in 10,000 of occurring over
10,000 years. (e) Provide the technical basis for either inclusion or
exclusion of specific features, events, and processes in the
performance assessment. Specific features, events, and processes
must be evaluated in detail if the magnitude and time of the
resulting radiological exposures to the reasonably maximally
exposed individual, or radionuclide releases to the accessible
environment, would be significantly changed by their omission…

Hence, the characterization of the uncertainty in the natural
and engineered barriers was an important task of the PA. However,
NRC did not establish an indicator and a corresponding measure
for uncertainty in a performance assessment (e.g., a numerical
limit on the “maximum” uncertainty permitted on the spread in
the dose results) [3, p. 55748]. Rather, uncertainty was tied to
reasonable expectation as the standard of proof where the
characteristics of reasonable expectation are as cited in the
previous section. Appropriately, there was no penalty for uncer-
tainty; instead, it was to be fully addressed such that NRC could
determine whether the agency had a reasonable expectation that
DOE had “demonstrated the safety of the repository”.

Concerning multiple barriers, NRC noted in the preamble [3,
p. 55747].

Part 63 not only requires DOE to account for uncertainty in its
performance assessment but also contains a number of other
requirements (e.g., use of multiple barriers, performance con-
firmation program) to compensate for residual uncertainties in
estimating performance. The Commission will consider all
these requirements in determining whether it has sufficient
33 NRC adopted the same terminology for two subtly different concepts on
another topic in 10 CFR 63. Traditionally, NRC had used the term total effective dose
equivalent (TEDE) to mean the sum of the external and internal doses. Yet, the NRC
term TEDE differed from the similar EPA term annual CEDE in the manner in which
the external dose was calculated. The NRC used a deep dose equivalent method for
worker exposure, as measured with film badges. However in 10 CFR 63, NRC
redefined TEDE to have the same meaning as the EPA effective dose equivalent
approach but only when calculating external dose for the post-closure assessment
[3, p. 55734 and Section 63.2].
confidence (i.e., reasonable expectation) that DOE has demon-
strated or has not demonstrated the safety of the repository.

Furthermore, NRC stated [3, p. 55758]:

…Consistent with the Commission's risk-informed and
performance-based regulatory philosophy, DOE is provided flex-
ibility for deciding the extent and focus of site characterization. As
the repository designer, DOE may place greater or lesser reliance
on individual components of the repository system when decid-
ing how best to achieve the overall safety objective.

NRC removed the quantitative requirements on the multiple
barriers used in 10 CFR 60 (Table 4). By 1992, NRC staff had
questioned their effectiveness [144, p. 857] and NAS had recom-
mended their removal in 1995 as noted above [131]. Because the
barrier criteria had been specified deterministically, they had been
somewhat ambiguous within the probabilistic framework of the
EPA radiation protection standards unless reasonably interpreted
as limits on mean values. NRC replaced the quantitative require-
ments with a requirement in §63.115 to identify the barriers
important to waste isolation, based on the PA, and describe the
technical basis for their capability. Also, qualitative siting criteria,
which had been in 10 CFR 60, were removed in 10 CFR 63, since
they were, in concept, subsystem requirements.

In summary, NRC explicitly defined the important role of a PA
in demonstrating compliance in 10 CFR 63. Following this change
by NRC, DOE based disqualifying conditions in the 10 CFR 963
siting guidelines on PA results, as mentioned earlier.

3.2.5. Remand of 40 CFR 197
In addition to challenges on the site selection process mentioned

earlier (which were over-ruled or not ripe for decision), environ-
mental groups and the State of Nevada challenged the EPA on 40 CFR
197. In 2004, the US Court of Appeals for the DC Circuit vacated the
portion of 40 CFR 197 specifying a regulatory period of 104 years.
Although the period was consistent with other regulations (e.g., the
1985 40 CFR 191 and 1986 guidance on no-migration petitions for
hazardous, non-radioactive waste in 40 CFR 268.6 [145]), the US Court
of Appeals did not think consistency with other EPA regulations was
pertinent [107]. The Appeals Court stated “In sum, we vacate 40 CFR
Part 197 to the extent that it incorporates a 10,000-year compliance
period because, contrary to the Energy Policy Act, Section 801(a), that
compliance period is not ‘based upon and consistent with the
recommendations of the National Academy of Sciences’, which
recommended a regulatory period to the time of peak risk [131,146].

In response to the remand, EPA proposed in 2005 to set limits on
dose for two periods: a limit on peak dose of 0.15 mSv/year for the
mean of simulations before 104 years and 3.5 mSv/year for themedian
of simulations beyond 104 years through the period of geologic
stability, which was ∼106 years for Yucca Mountain (i.e., dlimit(to104

yr)¼0.15 mSv/yr and dlimit(104oto106 yr)¼3.5 mSv/yr) [146]
(Table 4). Furthermore, EPA again updated the CEDE dose calculation
to be consistent with the smaller weighting factors on organs and
dose coefficients for actinide ingestion currently recommended by
the ICRP in Publication 60 and Publication 72 and reflected in the
Federal Guidance Report 13 [121; 146, Appendix 1].

3.2.6. Repromulgation of 40 CFR 197 and 10 CFR 63
The regulatory framework for Yucca Mountain was completed

shortly after the submission of the PA-LA (Appendix B). In June 2008,
EPA repromulgated 40 CFR 197 in September 2008, that (1) lowered
the maximum dose limit dlimit (104oto106)yr to 1 mSv/yr, consistent
with the IAEA model standard in 2006 and ICRP recommendation in
1997 [33; 147; 148, p. 61264]; (2) selected the mean as the measure of
interest throughout the regulatory period rather than the proposed
median beyond 104 years; (3) made a subtle change to the description
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of the probability criteria for screening FEPs from 10�4 over 104 years
to 10�8 annually, and (4) required DOE to consider the effects of
water table rise during seismic events, subject to requirements
promulgated by NRC [148]. The first three changes had no impact on
PA–LA, since both the mean and median doses had been presented
(DðtÞ and 50%D(t)) and were far below 1mSv/yr and the FEP screening
criteria was intended to be similar [23, Fig. 4]. The fourth change
required a supplemental analysis that included water table rise in the
seismic scenario class, similar to that evaluated in the Performance
Margin Analysis (PMA) that accompanied the PA–LA [28, Fig. 4].

In March 2009, NRC promulgated 10 CFR 63 that adopted the
EPA changes [149]. In addition, NRC, in guidance in the YM review
plan [150], required a display of the 5th and 95th percentiles of
dose about the expected value, which, thereby, retained the
original intent of 40 CFR 191 to not focus on one measure of the
distribution but to examine the entire distribution.

With the change to a compliance over the period of geologic
stability for Yucca Mountain (i.e., 106 years), EPA also adopted a
strategy to define what was of regulatory interest regarding the
uncertainty for three natural disruptive events (similar to the approach
adopted in 1985 for anthropogenic events). For a seismic event, the
behavior of interest was damage to the disposal drifts, failure of waste
packages, and changes in the elevation of the water table under Yucca
Mountain (not, for example, a fault blocking a path to the SZ). For an
igneous event, the behavior of interest was an igneous event directly
intersecting the repository and causing damage to waste packages,
which then allows releases to the groundwater or atmosphere and
eventually the biosphere (not, for example, an igneous dike in the far
field that changes flow patterns). For climate change beyond 104 years,
the behavior of interest was the increased water flow through the
repository, which could be represented by constant climate conditions
through the period of geologic stability.
4. Summary

While the evaluation of a radioactive waste disposal system
presented new technical challenges for modeling, it also presented
a societal challenge in selecting a disposal site and developing a
consensus of criteria under which a disposal system would be
considered safe. Although a traditional step-by-step process of
developing policy, developing disposal criteria, selecting a site,
characterizing the geology of the natural barrier, designing the
engineered barrier, and then assessing the designed disposal system
may have been preferred by all parties involved, the complexity of
the technical and especially the social–political uncertainties were
too great to be resolved in a sequential manner. Rather, a lengthy,
iterative process was necessary where attempts were made to
understand these technical and social-political uncertainties, narrow
differences, and adjust policy (similar to the solution of a complex
mathematical model by an iterative process of trial and error).
Consequently, the interplay between developing policy, selecting a
site, developing safety criteria, and creating a corresponding assess-
ment technique is an important aspect of the history of the YM
repository program.

4.1. Site selection

In general, from 1955 through the 1960s, AEC undertook
scientific and engineered studies for deep geologic disposal in salt
of HLW and SNF. But the endorsed concept of using multiple
barriers to build a robust disposal system permitted first ERDA and
then DOE, the successors of AEC, to evaluate other media on land
currently owned by the federal government in the 1970s. In
1976, USGS noted that the region around the NTS had several
advantages because of its remoteness, past nuclear testing, closed
groundwater basin, many suitable host rocks not closely associated
with economic resources, and desert conditions. By 1982, USGS
noted additional advantages for using the thick, UZ of the volcanic
tuff at Yucca Mountain such as, a mineable but fractured tuff host
layer to rapidly pass percolation, the potential for passive ventila-
tion because backfilling drifts would be unnecessary, and a long
period with easy retrieval because the repository did not flood
(Appendix A). Furthermore, the ability to use large waste packages
in the UZ facilitated direct linkage of the repository and nuclear
reactor waste management practices and would eventually be
appreciated as an additional advantage, as described in companion
papers [26,30].

The concept of lowering overall program risk by using a
portfolio of sites, preferably in different media, was first expressed
by ERDA in 1976 when searching for up to 6 repository sites,
recommended by IRG in 1979, required in NWPA in 1982, and
codified by the siting guidelines in 1984 in 10 CFR 960. Thus, along
with the first ranked YM tuff site and third ranked Deaf Smith
bedded salt site, DOE added the fifth ranked Hanford basalt site to
add diversity to the three site finalists. The diversity of sites being
considered in the international community indicates that many
different media can safely host a repository. In the future, several
sites may need to be simultaneously under consideration to reduce
program risk, but diversity of media should not be particularly
necessary as noted as early as 1985 [44, Appendix B].

4.2. Legal and regulatory basis

4.2.1. Nuclear Waste Policy Act and amendments
In NWPA, Congress reaffirmed the concept of public ownership

of HLW and SNF from defense and commercial activities, and the
need for public stewardship of this waste, acting through the
federal government, to safe guard future generations. To fulfill this
stewardship responsibility, Congress sought to (1) set procedures
for the siting, development, and operation of a federal repository
in order to respond to State concerns about acting as a host;
(2) provide funding for many decades though a fee on nuclear
power to dispose of the waste produced by the utilities; and
(3) promote stability in waste policy during changes in the
executive branch by establishing written contracts between the
US government and nuclear utilities to accept ownership and
begin disposing of the waste by 1998. However, the site selection
process and schedule for selecting the first repository site between
1983 and 1987, as noted above, did not soothe State fears: the
search for a second repository heightened anxiety in the eastern
US and was indefinitely delayed by the executive branch in 1986.
Furthermore, Congress included the repository program under the
budget balancing process in 1987, which introduced uncertainty in
financial support. In NWPAA passed at the end of 1987 as part of a
deficit reduction measure, Congress greatly reduced the scope of
the repository siting program and chose the YM site from the three
finalists as the only site to initially characterize for the first
repository. This choice, in turn, fueled strong opposition in the
State of Nevada, and eventually led the Obama Administration in
2010 to declare the YM repository as an unworkable solution, and
bring a practical stop to the project by eliminating all funding for
review by NRC and defense by DOE of the license application.
4.2.2. Radiation protection standards and implementing regulations
for SNF and HLW

Between 1976, when President Ford directed EPA to develop
radiation protection standards, and 2008 and 2009, when EPA
and NRC finalized their regulations, the US regulatory agencies
worked diligently to formulate a notion of safe disposal for SNF,
HLW, and TRU (Appendix B). EPA initially selected cumulative



34 Many of the key elements endorsed by the 1979 consensus report of the IRG
[55] and WIPP legislation [88] were endorsed in the consent-based siting process
recommended by BRC in 2012. For example, BRC noted that "Transparency,
flexibility, patience, responsiveness, and a heavy emphasis on consultation and
cooperation will all be necessary..." for implementing siting and waste manage-
ment [39, p. ix]. This collaboration is similar to the process of consultation and state
concurrence encouraged by IRG in which conflicts between the state and the
federal government were to be worked out through dialog and accommodation, as
mentioned in Section 2.2.3 [55]. Similarly, consultation and cooperation of the
federal government with the state was used successfully for WIPP, where the State
of New Mexico came to cautiously welcome its presence and accept a federal
agency as the facility owner [38;98].
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release to a large population as the primary indicator of health
impact in its 40 CFR 191 standards in 1985 [112], as measured at
5 km from the repository perimeter, after 104 years, and normal-
ized by the mass disposed in the repository. As a new regulatory
concept for the measure, EPA required inclusion of uncertainty
(expressed as a CCDF), which implied numerical modeling, and,
consistent with this requirement, specified the limit for the
measure probabilistically. The cumulative release measure was
used for PA-EA, PA-91, PA-93, and PA-95 (and WIPP and GCD).

In 1992, Congress mandated EPA to seek advice from NAS and
to use individual dose as the indicator of health impact, consistent
with the international community, in a site-specific regulation for
Yucca Mountain. Hence, a dose measure was also calculated for
PA-93 and PA-95, and solely for PA–VA. In 2001, EPA promulgated
the site-specific radiation protection standards 40 CFR 197 that
specified the mean peak dose calculated at a point no further
south than the southern boundary of NTS, ∼18 km from the
repository, over 104 years as the performance measure with a
limit of 0.15 mSv/yr. This measure was used for PA–SR, but
prompted changes in site characterization (e.g., more of the SZ
had to be characterized when changing from a 5-km to ∼18-km
compliance boundary). In response to a court ruling, EPA also
extended the regulatory period to 106 years. The revised rule had a
limit of 1 mSv/yr for the period beyond 104 year in 2008. This
measure was applied to PA–LA. In both 40 CFR 191 and 40 CFR 197,
EPA required reasonable expectation as the standard of proof for
the post-closure assessment, a concept that had been affirmed by
the courts in 1987 [119].

The treatment of uncertainty related to the disruptive inadvertent
human intrusion scenario class used the strategy of a stylized
calculation that defined the state of human behavior and the intent
of intrusion (i.e., current technology and inadvertent exploratory
drilling) to avoid evaluating a wide spectrum of speculative futures
and technology in 40 CFR 191. However, the treatment has evolved
from the strategy promulgated in 40 CFR 91, in which releases from
inadvertent human intrusion were included in the general perfor-
mance assessment, conditioned by their probability based on fre-
quency of drilling intrusion. Currently, the inadvertent human
intrusion event is a stylized calculation that is not included in the
probabilistic dose calculations for 40 CFR 197, consistent with the
NAS recommendation.

The regulatory requirement to treat uncertainty quantitatively
through the use of numerical models to evaluate the measure was
successfully implemented for WIPP, GCD, and the SAR/LA for Yucca
Mountain. Although the site-specific EPA and NRC regulations for
Yucca Mountain will not directly apply to another repository, the
33-year experience will likely make selection of a hazard indicator,
its measure, the evaluation of uncertainty, and the standard of
proof less trying in the future such that the radiation protection
standards and implementing regulation can be set prior to devel-
opment of site selection guidelines and not change substantially
during site characterization and, thus, allow a more sequential
process for new repository programs.

4.3. Insight

Collectively, the US spent over 30 years selecting a site, and
then iteratively developing regulatory concepts of safe disposal
over 104–106 years (hundreds to tens of thousands of generations),
characterizing the natural barrier, and designing the engineered
barrier of the YM disposal system. However, this effort did not
resolve the social–political concerns of the leaders of the State of
Nevada about accepting a radioactive waste disposal facility for the
current generation of citizens.

The Blue Ribbon Commission (BRC) on America's Nuclear Future,
formed by Presidential direction in 2010 to review current waste
management policy, recommended in January 2012 that the US
abandon the approach of first identifying technically suitable sites
and then approaching communities, host states, and tribes as out-
lined in NWPA of 1982. The BRC favored and the DOE endorsed in
January 2013 a “new, consent-based siting approach to siting future
nuclear waste management facilities,” which is flexible and depen-
dent on a potential host community, in collaboration with the state
or tribe, volunteering to be a candidate site [39, p. viii; 151].34 Using
this approach for identifying a socially acceptable site first, along
with sufficient powers for monitoring SNF and HLW disposal, the
current generation of citizens in several communities, might find that
“their interests have been adequately protected and their well-being
enhanced” [39, p. xv]. Scientists and engineers can then provide the
necessary knowledge of the behavior of the natural barrier comple-
mented with added features in the engineered barrier to evaluate
whether a particular approach for a disposal systemmeets regulatory
concepts of safe disposal for future generations.
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Appendix B. Legal and Regulatory Basis for Yucca Mountain

Repository

Fig. B1. Legal and regulatory basis for radioactive
 waste disposal at Yucca Mountain [179–217]



Fig. B1 (continued)
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