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This paper summarizes the evolution of consequence modeling for a repository for spent nuclear fuel and high-
level radioactive waste at Yucca Mountain in southern Nevada. The discussion includes four early performance
assessments (PAs) conducted between 1982 and 1995 to support selection and to evaluate feasibility and three
major PAs conducted between 1998 and 2008 to evaluate viability, recommend the site, and assess compliance.
Modeling efforts in 1982 estimated dose to individuals 18 km from the site caused by volcanic eruption
through the repository. Modeling in 1984 estimated releases via the groundwater pathway because of
container corrosion. In combination, this early analysis supported the first environmental assessment. Analysts
in 1991 evaluated cumulative release, as specified in the 1985 US radiation protection standards, via the
groundwater pathway over 104 yr at a 5-km boundary by modeling waste degradation and flow/transport in
the saturated and unsaturated zones. By 1992, however, the US Congress mandated a change to a dose
measure. Thus, the 1993 and 1995 performance assessments improved modeling of waste container
degradation to provide better estimates of radionuclide release rates out to 106 yr. The 1998 viability
assessment was a major step in modeling complexity. Dose at a 20-km boundary from the repository was
evaluated through 106 yr for undisturbed conditions using more elaborate modeling of flow and the addition of
modules for modeling infiltration, drift seepage, the chemical environment, and biosphere transport. The 2000
assessment for the site recommendation refined the analysis. Seepage modeling was greatly improved and
waste form degradation modeling included more chemical dependence. The 2008 compliance assessment for
the license application incorporated the influence of the seismicity on waste package performance to evaluate
dose at an ~18-km boundary.

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

In June 2008, the US Department of Energy (DOE) submitted the safety analysis report for a license application (SAR/LA) to the US Nuclear
Regulatory Commission (NRC) to construct a repository at Yucca Mountain in southern Nevada for disposal of commercial spent nuclear fuel
(CSNF), DOE-owned spent nuclear fuel (DSNF), and high-level radioactive waste (HLW) [1,2]. The SAR/LAwas an important milestone in the effort
to implement the US nuclear waste policy, which had been in place since 1983. The application is heavily dependent on the result of an
engineering modeling analysis of the disposal system, called a performance assessment (PA), which is summarized in this special issue of Reliability
Engineering and System Safety. This paper summarizes the progression of exposure pathway/consequence models used in seven PAs, starting in
1982, to provide historical context to the 2008 PA for the license application (PA–LA).1 Appendix A provides a timeline of modeling events.
Although the Obama Administration and the US Congress brought a de facto halt to the Yucca Mountain Project (YMP) by a lack of funding in 2010
and began the process of formulating new policy, much can be learned from the past technical approach used to reach this milestone.
ll rights reserved.
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be useful to comprehend the immense amount of information, since this paper cannot provide a detailed introduction
[2] or in the 4270 page Analysis Model Report (AMR) on the PA–LA [1], while, at the same time, providing an historical
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1.1. Consequence modeling

Although an analysis for characterization of a system often involves teasing a system apart into simpler components (e.g. [3]), an
analysis for a PA involves synthesis of diverse components to comprehend the behavior of the system as a whole. The ultimate purpose of
the PA is to build confidence that the range in behavior of the disposal system will be within safe limits in the future whatever the real
situation [4]. That is, the purpose of a PA is to assess risk, not to make a precise prediction. A precise prediction requires identifying when
events and processes will occur, where the events and processes will occur, and the characteristics of the particular events and processes
(i.e., when, where, and how much). The usefulness of the prediction depends on its accuracy (such as the exact date, time, location, wind
velocity, and precipitation for a severe thunderstorm event). In contrast, assessing the risk of events and process requires examining the
record of the possible range of consequences and corresponding probabilities from these events and processes, not their precise timing in
the future. For common hazards, such as severe weather, past records exist from which to estimate the range in severity and
corresponding probability of the event occurring at some location (i.e., the range in “how much”). For extremely rare hazards, records
do not exist. Hence, an important purpose of PA modeling is to develop a synthetic record of a range of consequences, using a system
model as described in this paper, and corresponding probabilities (e.g., [5]). Furthermore, the synthetic record is constrained to those
hypothetical situations of regulatory interest. Fortunately, science is more capable of estimating the range in consequences, based on the
scientific knowledge identified as important during disposal system characterization, than making a precise prediction of the timing of
one particular consequence sometime in the future.

The practicality of using the synthesized system for analyzing a risk measure such as mean cumulative releases R or mean dose DðtÞ for
comparison to limits set by the US Environmental Protection Agency (EPA) [6] depends on the level of detail and complexity of the
underlying exposure pathway/consequence model R j(�), the probability model fAjg for scenario class Aj, and the computational
capabilities available at the time. Because EPA also required that uncertainty in the performance measure be evaluated, the distribution of
R(ee,a) or D(t; ee,a) (i.e., G(R(ee,a)) and G(D(t; ee,a)), respectively) had to be determined along with the mean (where the parameter set p is
divided into a set of epistemic parameters e for exposure consequence or probability models, a set of aleatoric parameters a, and a set of
fixed parameters f ( i.e., p¼{ee, ep, a, f}) but where the set of fixed parameters will normally be omitted herein [5]).

The complicated R (�) assembled for YMP necessitated a Monte Carlo approach to evaluating G(R(ee, a)) and G(D(t; ee,a) and, thus,
numerous evaluations of R(ee,a) or D(t; ee,a). Although R (�) for a PA model could consist of one mega model, the scenario classes, the
time scales, and the spatial scales are so varied over which various phenomena act that the disposal system must be divided into several
submodels. An obvious division is the use of distinct models for the main scenario classes considered (Aj), R j(�). In 1982 and thereafter, a
distinct model was developed to evaluate the consequences of volcanic eruption through the repository, R VE(�). Another consideration
used to divide R (�) into submodels was the spatial location β. In 1991 and thereafter, a distinct model was used for the waste degradation
(MWaste), the underlying natural barrier in the unsaturated zone (MUZ), and the natural barrier in the saturated zone (MSZ). Finally, another
consideration used to divide R was various phenomena such as hydrologic flow and chemical species transport. The R (�) was formed by
linking the modeling modules Mβ

j ; in other words, R (�) is a composite of several submodels Mβ
j such as the 4 modules in 1991: R j(MSZ

j
(MUZTrans

j (MUZFlow
j , MWaste

j (MUZFlow
j )))). Herein, the evolution of R (�) is discussed primarily by depicting the addition and linkage of

computational models from the 2 modules in 1984 to 11 modules for the undisturbed groundwater scenario class by 2008 (Mβ
U). That is, as

computer capabilities increased so did the level of detail and complexity of R (�).
Presentation of some of the simplifications in R (�) is also necessary to understand the information flowing through the linkages. Hence, some

details on the modeling of disruptive scenario classes (human intrusion, igneous intrusion, and volcanic eruption) are also presented here.
However, more extensive explanations of modeling simplifications for the undisturbed scenario class are discussed in companion papers [7–10].

1.2. Overview of PA modeling studies

Similar in concept to the iterative numerical solution of mathematical models, YMP iterated upon the overall mathematical formulation
of R (�) to obtain a better, more focused description. Four early iterations of the PAs to evaluate feasibility of the YM disposal system are
discussed: (1) PA–EA, a deterministic evaluation of a volcanic eruption [11], and a deterministic evaluation of undisturbed disposal system
evolution [12,13], which supported a 1984 draft and 1986 final environmental assessment [6]; (2) PA-91 [14], the first stochastic
simulation; (3) PA-93 [15]; and (4) PA-95 [16]. The latter two evaluations provided guidance on repository design options. These four early
PAs were followed by three PAs to support major decisions: (5) PA–VA [17], a viability assessment for Congress in 1998; (6) PA–SR [18], an
analysis completed in 2000 for the site recommendation; and (7) PA–LA [1,2], the licensing application analysis completed in 2008.
2. Volcanic consequence and groundwater release in PA–EA

2.1. Doses via volcanic eruption in 1982

In 1976, DOE and NRC both funded conferences to explore modeling of geologic disposal systems for radioactive waste [5, Appendix A].
By 1978, NRC had asked Sandia National Laboratories (SNL) to develop an analysis methodology for radioactive waste repositories [19],
similar to that conducted for nuclear reactors [20] (Appendix A) The analyst method abandoned complicated event trees and selected an
approach using simple process modeling [5,21].2 From this background, SNL evaluated the radiological consequences and probability of an
igneous eruption scenario (AVE) through the Yucca Mountain (YM) repository at the edge of the Nevada Nuclear Security Site (formerly
Nevada Test Site or NTS) in 1982. The models for the deterministic evaluation of exposure via volcanic eruption R VE(�) consisted of a
volcanic eruption model MAsh, a dike interaction module Mdike, and a biosphere pathway model MBio. The MAsh was based on a Gaussian
2 However, the Electrical Power Research Institute (EPRI) has conducted PAs using a logic-tree approach since 1990 which was akin to using discrete rather than
continuous parameter values in the process models [22].
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plume computational code constructed for the EPA, AIRDOS-EPA [11].

ð1Þ

The MDike evaluated the fraction of inventory disrupted by the dike (here for the AVE scenario subclass but also for the AVI scenario
subclass in later PAs3). The inventory was the product of two fractions: (1) the fraction of packages breached by an erupting dike f brVE , and
(2) the fraction of inventory entrained per package given a package contacted a dike f Waste

VE . For the volcanic eruption, the entire contents of
a package was released (i.e., f

Waste
VE ¼1.0). The mean fraction of vertically emplaced packages intersected by an erupting dike was quite

small for vertically emplaced packages (i.e., f
br
VE¼8�10�5) [11, Section 4.3.2]. The f

br
VE was estimated from geometric arguments as a

function of expected dike length in the repository, dike width, container diameter, and repository area (i.e., f
br
VE ¼ L

dikeðwdike þ 2rcanÞ=Arep).4

TheMBio was based on another code specifically built for EPA, AMRAW (Assessment Method for Radioactive Waste) [11, Appendix C]. TheMBio

calculated fixed biological dose conversion factors for four pathways f BDCFVE;path;r: (1) inhalation during eruption and ingestion of food crops,
(2) redistribution of tephra and resuspension, (3) surface exposure while hiking on the volcanic cone, and (4) use of material from the volcanic
cone for buildings.5

2.2. Release via groundwater pathway in PA–EA

By December of 1984, SNL had completed a deterministic analysis to evaluate the feasibility of a repository at Yucca Mountain [12,13].
Based on draft EPA requirements in 40 CFR 191, proposed in 1982, and the NRC subsystem requirements of 10 CFR 60, published in 1983,
SNL evaluated the normalized, cumulative release R84U (ee) over 104 yr, using fixed parameters ee for the undisturbed scenario class at a
boundary 10 km away from the repository (although results at an intermediate 2-km boundary were also calculated) (Appendix B):

ð2Þ

where Lr is the limiting value specified in 40 CFR 191 for 17 radionuclides r evaluated in PA–EA for the groundwater pathway (i.e., nr
U ¼ 17) and

fmass is the mass fraction in the repository (metric tons of heavy metal—MTHM—divided by 1000). Because only a subset of radionuclides is of
interest in 40 CFR 191, the parameters specific to each radionuclide are here conceptually represented by a separate model (R U;r(t;e

e)) so that the
sum over the radionuclides is explicit. Although a detailed one-dimensional groundwater and transport code was under development at SNL, the
Total System Performance Assessment Code (TOSPAC) [23–25], the groundwater pathway exposure model for the undisturbed scenario class
(R U;r(t;eeℓ)) was based on a preliminary simple computational code, SAMPLE, for PA–EA [12]. SAMPLE modeled rudimentary UZ and SZ transport
(MUZtrans

SAMPLE , and MSZtrans
SAMPLE in Eq. (2)). Although Eq. (2) succinctly shows the linkage of the major modules for the stochastic calculation, often several

models are necessary inside the modules to conduct the PA. Hence, this paper also depicts the linkages to these major models inside the modules
as a means to introduce the discussion in companion papers [7–10] (Fig. 1).
3. PA-91

Between PA–EA and 1991, the use of simplified models in a PA, based on more detailed process models, had been described and
adopted in the 1988 Site Characterization Plan (SCP) (“abstraction” in the parlance of YMP) [26, Section 8.3.5.13; 27]. Preliminary
assessments of repository risks were conducted using literature data by the Pacific Northwest National Laboratory (PNNL) in the late 1980s
[28]. Also, the Performance Assessment Calculation Exercise (PACE-90) was initiated to coordinate development of the necessary modeling
capability for PAs [29]. The exercise resulted in a deterministic analysis of YM performance, the first major PA analysis in the feasibility
phase of YMP (Appendix A) [30]. Yet, in their first report to Congress in March 1990, the Nuclear Waste Technical Review Board (NWTRB),
formed by the Nuclear Waste Policy Amendments Act of 1987 (NWPAA) [6], noted the general lack of the improvement in PA capability since
PA–EA [31]. PA-91 was conducted in the later part of 1991 to demonstrate the feasibility of the repository and the ability to conduct
stochastic calculations using abstractions [14, p. ES-2] 6. The progress of PA-91 was noted by the NWTRB [39].

PA-91 evaluated the total CCDF of the cumulative, normalized releases R91 for the undisturbed scenario class and two disruptive scenario
classes, volcanic eruption and human intrusion (i.e., AU, AVE, and AH). Although not mutually exclusive, the scenario classes were independent
3 The other part of the igneous intrusive scenario, disruption of containers in the repository by a dike that does not necessarily erupt at the surface, was first included in
PA-93.

4 For PA–LA with packages emplaced in the drifts without backfill, f
br
VE was set at 1.0.

5 A dose measure was evaluated in 1982, similar to an Environmental Impact Statement (EIS). The EPA radiation protection standards, 40 CFR 191, promulgated later in
1985, used a normalized, cumulative release measure R and considered the surface as part of the accessible environment.

6 In comparison, direct use of streamlined process models in the PA was emphasized when evaluating the disposal of defense-related transuranic waste at the Waste
Isolation Pilot Plant (WIPP), although simplifications such as response surfaces and impulse functions were still necessary. Two full stochastic PAs using this detailed
modeling approach had been conducted for WIPP by 1991 (Appendix A). With due diligence either approach is viable; yet, when applied to specific sites one approach may
offer implementation advantages [32; 33; 34, p. 3, 35–38].



Fig. 1. PA–EA model for UZ and SZ groundwater pathway of undisturbed scenario class (AU ).
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practically; thus, the disruptive scenario classes were treated as incremental releases (an assumption that would be used also for PA–SR and PA–LA)
[14, Fig. 8-2]. Thus, the total CCDF was the sum of the CCDFs for each scenario class (and implemented by summing random samples from the
scenario class CCDFs) [14, p. 8–9]:

fR914Rg ¼ 1−GðR91Þ ¼ ∑
nrndm¼104

i¼1
H fðRU;i þ RVE;i þ RH;iÞ−Rg ¼ ∑

nrndm¼104

i¼1
H ð∑

nS

j¼1
G−1
j ðUj;iÞÞ−R

( )
ð3Þ

where G j(�) is the cumulative distribution function for R j (Eq. (2)) and G�1
j ð � Þ, its inverse; Uj;ℓ is an independently randomly sampled value for

the j scenario classes considered (AU, AVE, and AH); H {x}¼0 if x≤0; H {x}¼1 if x40, and R is a number ≥ 0. The practical independence of the
parameters for each scenario classes is assumed in Eq. (3) (i.e., the undisturbed scenario is (1) clearly independent from eruptive releases;
(2) clearly independent from the cutting release brought to the surface after human intrusion; and (3) independent in a practical sense from the
groundwater releases after human intrusion since the latter are so small).
3.1. Undisturbed release via groundwater pathway

The undisturbed scenario class was further divided into two pathways: a groundwater pathway (gw) and a gaseous pathway for 14C
(gas), whose releases were summed prior to forming the CCDF [14, Fig. 8–2] (Fig. 2). The model for evaluating R U;gw(�) consisted of four
modules: (1) a module for vertical UZ flow from 10 m above the repository and to the water table below the repository, R U;gw [7], (2) a
source term component (a subroutine in TOSPAC) for degradation of the waste (precursor to waste package and waste degradation
modules MWP and MWaste) [8,9], (3) a module for transport in six columns in the UZ, MUZtrans, using TOSPAC [10], and (4) a module for
horizontal flow and transport in the SZ to the 5-km boundary of the accessible environment, MSZ , using STAFF2D [10] (Fig. 2). Two
conceptual models were evaluated in MUZf low: an equivalent continuum model (ECM) of the fluid flow in the tuff matrix and fractures,

implemented in TOSPAC [24,25], and a conceptualization of only fracture flow implemented in WEEPTSA (i.e., MUZf low
TOSPAC andMUZf low

WEEPSTA) [7]. In
addition, rudimentary aspects of the thermal environment (for scaling gas flow calculations), drift seepage (as a distribution), and
container corrosion (as a distribution of complete failure) were also present [8] (Fig. 2). PA-91 was assembled by manually connecting
MUZtrans and MSZ [14, pp. 4–51 to 4–94], but much of the analysis was automated through a Total System Analyzer (TSA) developed at SNL
(Fig. 2) [40].

The evaluation of the CCDF for the undisturbed scenario class for the ECM conceptualization (Eq. (4)) and weeps conceptualization (Eq.
(5)) was performed with the following linked modeling modules for 9 radionuclides r using either 300 or 1000 Latin Hypercube Samples



Fig. 2. PA-91 added UZ flow (MUf lows) and waste degradation (MWaste) modules for groundwater and gaseous pathways of the undisturbed scenario class (AU ) [14, Figs. 4–5
and 5-2]. The releases from the undisturbed scenario class (RU) were combined with releases from the human intrusion (RH) and igneous (RVI) disruptions to form the CCDF.
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(LHS) (where the general form of Eqs. (4) and (5) for evaluating the CCDF of cumulative releases is discussed in Appendix B, Eq. B.9).

ð4Þ
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ð5Þ

3.2. Undisturbed release via gaseous pathway

The undisturbed scenario class also considered gaseous release of 14C upward through the UZ to the surface (R U;gas) in addition to
aqueous release via groundwater flow, R U(�). The source-term model for gaseous 14C was the same as under aqueous conditions for
radionuclides controlled by matrix degradation [9]. The sole purpose of the seepage abstractions and the source-term model in R U;gas(�)
was to determine when failure of the container occurred and released 14C (Fig. 2). The release rate Γdeg

CSNF ;C14 (t) and the estimated package
temperature history from the code TOUGH by Lawrence Berkeley National Laboratory (LBNL) was then used by GASTSA as input for the
convolution7 of the unit gas transport estimated by a 2-D, steady-state gas and heat transport code, TGIF (Fig. 2) [14, Fig. 5-2].

ð6Þ

In PA-91, the estimates of {(RU,gas,acm4R)}and {(RU,gw,acm4R)} used independent LHS samples. Fortunately, RU,gas,acm ⪢ RU,gw,acm and
so a pragmatic method, which combined high groundwater releases with high gaseous releases, was used to combine CCDFs to calculate
{RU,acm4R)} (Fig. 2) [14, p. 8–9]. As previously mentioned, modeling assumptions in the modules of the undisturbed scenario for past PAs

are discussed in companion papers [7–10], but in this paper aspects of evaluating other scenario classes are briefly discussed as follows.
3.3. Release via volcanic eruption

In 40 CFR 191, the accessible environment was defined as releases beyond the 5-km boundary or release to the surface; hence,
modeling of a volcanic eruptive ash plume and its disposition for AVE was unnecessary in PA-91. Furthermore, since waste containers were
placed in a sealed borehole in the floor of the repository, the disruption from a volcanic eruption consisted solely of the containers
intersected by the igneous dike. Hence, R VE(�) consisted of one module MDike, based on the computational code VOLCAN, to calculate the
fraction of containers breached by the eruption, and, thereby, the inventory released (i.e., the combined product f waste

VE f brVE). The f waste
VE f brVE

product was estimated as the ratio of the volume intersected by the igneous dike to the repository volume from geometrical arguments as
a function of dike length in repository, dike width, and depth of erosion of the host rock (based on analogous field observations), and
repository area [30, Section 7.2] (i.e., f waste

VE f brVE;ℓðeeℓÞ ¼ 2ðLdikeℓ þwdike
ℓ Þderodeℓ =Arep), which differed from that assumed in PA–EA, Section 2.1, but

used similar terms). The f brVE;ℓ product for each realization l was sampled from epistemic uncertainty distributions of Ldike, wdike, derode.8 The
CCDF for the volcanic eruption was calculated as follows:

ð7Þ

3.4. Release via human intrusion

Although the initial YM site evaluation had found no economic minerals [41], EPA's 40 CFR 191 required an estimate of the consequences and
probability from inadvertent human intrusion while exploring for minerals [5]. Consequences from three mutually exclusive scenario subclasses
were estimated: i�1 direct release to the surface, i�2 release through the tuff aquifer (MHgwtuf f ), and i�3 release through the deeper carbonate
7 By PA–VA, the convolution method would also be used for modeling transport in the SZ [10].
8 A second estimate was made from (a) observed volumes of basaltic eruptions, (b) observed portion of large fragments (xenoliths) in eruptions, (c) observed fraction of

host rock in eruptions, (d) fraction of dike length represented by volcanic conduit (subjective), (e) repository height, and (f) repository area; however, the second estimate
was not used since releases from the first method were somewhat larger, though still very small [30, §7.2].
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aquifer below the repository (MHgwcarb).

fRH4Rg ¼ ∑
3

i ¼ 1
fAHijAHg fRHi4Rg ð8Þ

where fAHijAHg is the weighting for each of the mutually exclusive scenario subclasses of human intrusion and equal to 1/3rd. The distributions
for the three scenario subclasses are as follows. The distribution for the release to the surface was evaluated as

ð9Þ

where {AH(eF
clad
corr)} is the probability of human intrusion [5]. The release to the surface, as calculated by DRILL, occurred both because of a direct

hit of the waste package by the drill and because of a near miss of the drill that intersected radionuclides that had diffused into the halo around the
package (MHdirect & halo

H ). The diffusive halo around the waste packages was estimated from a simple diffusion equation based on the time of
intrusion, as first calculated in PACE-90 [30]. The diffusive halo did not contribute much to RPA91

Hdirect [14, Fig. 6–9].
The fraction of waste removed in direct hits was sampled from a uniform distribution between 0 and 1, but the releases were not

substantially increased by assuming a fraction of one [14, Fig. 20]. The time of human intrusion (τH) was sampled from a uniform
distribution between 0 and 104 yr rather than developing computational scenarios at specific times (Appendix B, Eq. (B.7)). The inventory
of radionuclides in the base case was an average CSNF inventory in a package (2.1 MTHM), decayed to the simulated times of intrusion
MWaste

Hdirect . However, inventories representing various types and burnups of CSNF were also modeled and shown not to influence the overall
releases [14, Fig. 25]. The insensitivity to the variability of inventory for cuttings and cavings was similar to that found for the hypothetical
human intrusion into defense-related transuranic waste disposed in bedded salt at the Waste Isolation Pilot Plant (WIPP) in southern New
Mexico [42].

The cumulative release through the groundwater was estimated by assuming waste from one package fell directly in the tuff aquifer
underlying the repository or much deeper to the carbonate aquifer, bypassing the UZ entirely.9 As with the undisturbed scenario class,
radionuclide transport in the SZ was based on TOSPAC TRANS [24,25] and, in turn, used aquifer water velocities estimated by STAFF2D for
the tuff aquifer MHgwtuf f For the deeper carbonate aquifer TOSPAC TRANS used estimates of the much higher aquifer water velocities
extracted from work for the Early-Site Suitability Evaluation (ESSE) conducted for evaluating DOE site selection guidelines in 10 CFR 960,
which used the PNNL code EPASTAT [43,44].

ð10Þ

where the pathway in Eq. (10) is either the tuff aquifer or the carbonate aquifer (path�tuff,carb). The groundwater releases from the carbonate
aquifer (MHgwcarb) were �3 orders of magnitude larger than from the tuff aquifer, but direct releases still dominated (i.e., RHdirect ⪢ RHgw).
4. PA-93

After completing PA-91, PA-93 was started to provide guidance on several design options and the importance of site characterization
data in relation to [15, Fig. ES-2] (1) the cumulative release measure in 40 CFR 191, and (2) the future individual dose measure mandated in
the Energy Policy Act of 1992 [6]. Prior to and during work for PA-93, (a) PNNL completed their PA of YM disposal system using
complex process codes (PA-PNNL-91) [45,46], (b) Electrical Power Research Institute (EPRI) completed their second PA [47], and (c) NRC
completed their own PA to develop understanding of the modeling issues related to a repository in the UZ at Yucca Mountain [48]
(Appendix A).

Similar to PA-91, cumulative releases were evaluated from AUþEF ; AH , and AV for PA-93 [15]. However, early failure of the container
was evaluated for the undisturbed scenario and two subclasses were evaluated for AV : igneous eruption ðAVEÞ and igneous intrusion
followed by groundwater flow (AVI). The effects of seismic damage events and direct contact of magma with waste in igneous intrusive
events were not modeled, which was a reasonable assumption for vertical emplacement and even for in-drift emplacement provided the
drifts were backfilled as specified for PA-93. However, in June 1994, DOE decided to not backfill because of operational concerns [49,
Appendix A], and, thus, PA-VA and PA-SR examined some implications of seismicity and PA-LA included the seismic event.

4.1. Release via undisturbed and early container failure

The thermal environment module MT , consisting of 5 models, was developed for AU and AVI to evaluate two repository
design options (Qheat

option�hot 28 W/m2 and cool 14 W/m2 repository layouts) and two WP placement design options: a thin-walled,
9 EPA and NRC later specified similar guidance for the site specific Yucca Mountain regulations [6].



Fig. 3. PA-93 added a thermal module to compare the performance of a hotter and cooler repository design option for the combined undisturbed and early failure scenario
class (AUþEF ) [15, Figs. 3–6, 3–7, 3–8]. Both cumulative release and dose were evaluated.
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small vertical borehole container and a thick-walled, large in-drift container (with results for each option presented in a companion
paper [50]) (Fig. 3). Also for PA-93, container breach was based on material corrosion rates, rather than a distribution of failure times,
although still part of the waste module MWaste (Fig. 3). Both the ECM and weeps formulations were of continued interest in PA-93
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(Appendix B, Eq. (B.9)).

ð11Þ

ð12Þ

For PA-93, a CCDF of the maximum expected doses maxDUþEF;gw was also calculated at the 5-km boundary of accessible environment for
to106yr as

maxD93
UþEF ;gw;acm 4D

n o
¼ 1

nLHS
U;acm

∑
nLHSU;acm

ℓ ¼ 1
H ∑

nr
U ¼ 7

r

f BDCFU;ℓ;r

Q indv
93

R UþEF ;gw;acm;rðt; eeℓÞjxae ¼ 5 km

" #
� D

( )
ð13Þ

where R UþEF ;gw;acm;r(t;eel ) was as calculated for the cumulative releases and approximately equal to the mass injection rates from the UZ for both
the ECM and weeps models (acm�ECM,Weeps) since the SZ did not substantially reduce releases. Fixed drinking water dose conversion factors
f BDCFU;r recommended by DOE were used [15, Table 14-1].

The mass release from the transport calculations was mixed with the dilution volume of the SZ Qindv
93 to calculate the mass

concentration. The dilution volume was estimated as the product of the maximum velocity range (5.5ovSZpatho12.5 m/yr), SZ porosity

(ϕSZ¼0.2), and cross-sectional area of a contaminate plume after traveling 5 km [15, Tables 11-7 & 11-14-11]. The cross-sectional area (hSZ

wre), which was an important parameter in PA-93 [50, Table 2], was assumed to range loguniformly between 2�104 and 2�106 m2, based
on an estimated width (3400–4400 m from original 3000 m repository width) and depth (50–500 m) [15, Section 11.6.2, Tables 11-7 and

14-11]. Hence, Qindv
93 in Eq. (13) ranged between 2�104 and 5�106 m3/yr for PA-93 (i.e., Qindv

93 ¼ϕSZvSZpath hSZwrep).

4.2. Release via igneous intrusion

As already mentioned, releases from igneous disruptive scenario class included two subclasses for PA-93: AVE (which used the results of
PA-91) and AVI (whereby the lifetime of containers near a dike was shortened by heat and magma volatiles and thereby the radionuclide
source-term was enhanced). The summed normalized release for igneous intrusion was calculated as follows:

ð14Þ

where igneous releases were evaluated using only the ECM conceptual model.
As in PA-91, VOLCAN estimated the number of disposal drifts potentially intersected by igneous disruption. Because disposal drifts were

backfilled after 75 years of ventilation thereby preventing magma from flowing down a disposal drift, only one package on either side of
an intrusive dike was assumed affected by elevated temperatures and magma volatiles. However, the igneous intrusion consequence
analysis calculated an analytical, time-dependent temperature excursion for a package on either side of a dike (TWP

V (t)), using ROCKTEMP
(Eq. (14)) during which enhanced corrosion could occur, rather than merely assuming containers on either side of dike were breached (as
would be assumed for PA–SR). The temperature excursion was based on three uncertain thermal properties for the dike and tuff: thermal

conductivity, bulk density, and specific heat) (i.e., eeVI¼{kthermtuf f ; kthermdike ; ρbulktuf f ; ρ
bulk
dike ; α

therm
tuf f ; αthermdike }. The TWP

VI ðtÞ was superimposed upon the

undisturbed temperature history of the CSNF fuel rods TCSNF
U ðtÞ fromMT , which was not recalculated for the igneous intrusion scenario (Eq.

(14) and Fig. 3)). The Arrhenius degradation coefficients of the container layers (i.e., κA8251 ; κA8252 ; κsteel1 and κsteel2 ), but not the coefficients of
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the fuel matrix degradation rate (i.e., coefficients of _aCSNF [9, Eq. 11]), were increased in the source term code, Yucca Mountain integrating
model or YMIM (Fig. 3), during the period of TWP

VI ðtÞ to account for the possible presence of aggressive sulfide volatiles in the magma.

4.3. Release via human intrusion

For human intrusion, PA-93 had three similarities to PA-91: (1) both release from a direct package hit (Mdirect
H ) and release from

removing waste that had diffused into the tuff (MHdirect & halo) were considered in the code DRILL; (2) the time of human intrusion (τH) was
simulated, based on 20,000 Monte Carlo samples, rather than developing computational scenarios at specific times (Appendix B); and
(3) only cumulative release was evaluated, not dose.

Yet, PA-93 made several changes. PA-93 only considered direct releases to the surface, not groundwater releases from waste falling to
the bottom of the hole, since the latter releases were so small in PA-91 (i.e., MHgwtuf f and MHgwcarb were not calculated in PA-93). For
human intrusion, PA-93 considered the four design choices (hot and cold vertical borehole disposal, and hot and cold in-drift disposal);
hence, the number of drill holes varied between 7 and 14 as the repository area changed with the hot or cool repository). In addition,
several waste types in vertical and in-drift packages were considered that included HLW explicitly (unlike the undisturbed scenario in PA-
93): four waste types in vertical packages (hybrid, pressurized water reactor, boiling water reactor, and HLW) [49, Fig. 4] and three waste
types of in-drift packages (pressurized water reactor, boiling water reactor, and HLW). In the repository layout, HLW was placed in
between CSNF packages. The time of container breach varied, which required developing distributions of container lifetime, and the
resulting diffusive release into the halo about the package varied greatly. Because of the larger size, releases from in-drift packages were
3 times as large as borehole disposal except in those analyses that assumed less than the entire container contents were disrupted [15,
Figs. 16–26 and 16–27]. Differences in releases from packages at the two repository heat loads were not great [15, Fig. 16–20].

4.4. PA-M&O-93 model

The newly assigned management and operator (M&O) contractor team (TRW Environmental Safety Systems, INTERA, Duke Engineering
& Services, B&W Fuel Company, Fluor Daniel, Morrison-Knudsen, Woodward-Clyde, Logicon RDA, ER Johnson Associates, and JK Research
Associates) also conducted a PA in 1993 (PA-M&O-93) [51]. PA-M&O-93 used the Repository Integration Program (RIP) computational
platform for personal computers, which was intended to rapidly simulate disposal system behavior for system evaluation using simple
models, which, in turn, was the basis of the GoldSim platform used for PA–SR and PA–LA [52]. RIP only tracked the radioactive mass and
ignored water balance. Modeling of container and waste form degradation included only wet corrosion (no humid air corrosion) and no
corrosion was assumed to occur when temperature on the package surface was above boiling [51]. A separate wet degradation rate for
HLW was included (i.e., two package types: p�CSNF, HLW).
5. PA-95

Only one PA was conducted under the supervision of the M&O in 1995. PA-95, building upon the modeling concepts in PA-M&O-93,
used the RIP v3.21c computational platform. Parameter distributions developed for PA-93 were usually used in PA-95. Based on the
recommendations of PA-M&O-93 [16, p. ES-2], PA-95 included 3 new modeling modules, for a total of 7 modules (Fig. 4). Specifically, PA-
95 sought to (1) improve modeling of the environment adjacent to the package by using results from a coupled thermal-hydrology process
model (MTH), (2) improve modeling of waste package (WP) degradation by using results from a new model that included variability in
spatial location of corrosion (MWP), and (3) improve modeling of waste mobilization by exploring three conceptual models of flow and
transport about the in-drift package (MEBStrans). In addition, PA-95 improved estimation of drift seepage by including uncertainty through
sampling of distributions (precursor of MSeep). PA-95 also switched to the TOUGH2 process model, which was capable of 2 and 3-D
modeling of UZ flow above and below the repository, to improve modeling of UZ flow and transport in future PAs (MUZ). Because of the
small releases in PA-93 from AV and AH , only AU via the groundwater pathway was modeled in PA-95.

Four design options were considered in PA-95: a hot and cold repository design (Qheat
option�20 and 6W/m2) with and without disposal drift

backfill (Bbackf ill
option ). Also, two conceptual models of infiltration were considered. For PA-95, both the summed normalized release and the expected

dose were calculated; however, the summed normalized release was primarily for comparisonwith past PAs. The undisturbed expected total dose
D
PA95
U ðtÞ was calculated at the 5 km boundary of the accessible environment for to106 yr [16, Section 7.6.2] (where the general form of Eq. (15) for

evaluating doses is described in Appendix B, Eq. (B.14)) (Fig. 4):

ð15Þ

6. PA–VA

In 1997, Congress asked for a viability assessment (PA–VA), which was completed the next year [6]. For PA–VA, the emphasis was on the
undisturbed release scenario class via a groundwater pathway. Similar to PA-93, an early WP failure scenario class (AEF ) was evaluated and



Fig. 4. PA-95 coupled hydrologic processes to the thermal module, added a separate container degradation module, and added the beginnings of the EBS transport module
for undisturbed scenario class (AU ) [16, Fig. ES.3-3].
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included with the undisturbed scenario (AU) in modeling R UþEF (�). A gaseous pathway for 14C (and possibly 36Cl2 and 129I2) was not
included because of the proposed change to a dose standard at a point 20 km from the repository such that gaseous doses were
inconsequential [6]. Similar to PA-95 [16], the stochastic analysis was conducted with RIP v5.19.01 [52; 53, Table 7–2; 54, Table 11–2].

6.1. Doses via undisturbed and early container failure

For PA–VA, the dose at a 20 km boundary for the combined undisturbed and early failure scenario class (DU+EF(t)) was calculated from
9 radionuclides (nr¼9). The stochastic integral for 177 epistemic uncertain parameters eel of R UþEF;rð � Þ was evaluated using 100 LHS samples
(nLHS

N ¼ 100) (Appendix B, Eq. (B.13)). The R UþEF ;rð � Þ consisted of all 11 modules that would be present in PA–LA (Fig. 5): (1) a new infiltration

module based on INFIL [7] M Inf il
INFIL; (2) the UZ flow module, based on TOUGH2, which included model calibration, based on iTOUGH2 [7]

MUZf low
TOUGH2;iTOUGH2, both developed by LBNL; (3) a new numerical model of drift seepage, based on iTOUGH2 and the geostatistical simulator SGSIM



Fig. 5. PA–VA added four new modules for infiltration, seepage, EBS chemistry, and biosphere transport for the combined undisturbed and early failure scenario class
(AUþEF ) [17, Fig. 2-13].
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[7]MSeep
iTOUGH2;SGSIM; (4) a thermal-hydrologic module, now based on NUFT [8]MTH

NUFT , developed by Lawrence Livermore National Laboratory (LLNL);
(5) a new model of the chemical environment around the drift based on EQ3/6 developed by LLNL MEBSchem

EQ3=6 , which used estimates of O2 and CO2

concentrations from TOUGH2 [8] MUZgasf low
TOUGH2 ; (6) a model of WP degradation, based on WAPDEG, and a new Gaussian variance partitioning (GVP)

model to partition uncertainty between spatial aleatoric variability and epistemic parameter uncertainty [8] MWP
WAPDEG;GVP; (7) the waste

degradation model [9], based on RIP, that added cladding degradation (using WAPDEG) and the influence of colloids (because of the recent
discovery of Pu colloids far from the Benham explosion at NTS [3, Appendix A; 55] MWaste

RIP;WAPDEG; (8) an engineered barrier system (EBS) transport

model, based on RIP, that added more mixing cells for modeling radionuclide movement through the invert [9] MEBStrans
RIP ; (9) a new UZ transport

model based on particle tracking in finite element heat and mass (FEHM) transfer code developed by Los Alamos National Laboratory (LANL) [10]
MUZtrans

FEMH ; (10) an SZ flow and transport model based on FEHM and a transport simplification based on convolution that included colloid transport
[10] MSZ

CONVOLUTE;FEMH; and (11) a new biosphere transport model, based on GENII-S developed by Pacific Northwest National Laboratory (PNNL),
that calculated uncertain biological dose conversion factors (fBDCF) specific to potential water use at Amargosa Valley near Yucca Mountain [10]
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MBio
GENII�S (Fig. 5, Eq. (16)).10

ð16Þ

6.2. Consequences via igneous disruption

Three igneous disruptive scenario subclasses were analyzed in PA–VA [17, vol. 3 Section 4.4]: (1) the direct effect of a volcanic eruption (AVE),
(2) the direct effect of an igneous dike intrusion disrupting the waste packages and enhancing the source-term for a short time (AVI), and (3) the
indirect effect of an igneous dike altering the SZ permeability, and thereby, altering groundwater flow paths to the accessible environment (AV Dike).
However, a mean dose over time (e.g., DVIðtÞ) was not calculated. Rather, the peak doses from the igneous class were calculated and then
compared with undisturbed and early failure (nominal) peak doses to argue doses from the igneous scenario class would not change the peak
doses calculated and, thereby, the overall conclusion of the PA–VA (i.e., maxDUþEF ;ℓ ⪢

maxDVE;ℓ and
maxDVI;ℓ). Therefore, the calculations were similar

to a scenario class screening analysis; however, the purpose was not to exclude the igneous scenario class from the PA–VA, since the mean
probability of the igneous event (1.5�10�4 for PA–VA) was slightly larger than the regulatory screening limit of 10�4 per 104 yr [5].

6.2.1. Consequences from eruption
With the change in performance measure from cumulative release at the surface in 40 CFR 191 to dose as proposed by the National Academy of

Sciences (NAS) in 1995 [6], the model for the volcanic eruption scenario class (R VE(�)) had to include dispersion and deposition of the volcanic
plume, similar to PA–EA. To determine the conditions of the repository at the time of volcanic eruption, aleatoric and epistemic parameters
pertinent to AVE were randomly sampled 300 times [56, Section 10.4.2.8]. From the Monte Carlo simulation, 17 cases (5.7%) resulted in conditions
favorable to a volcanic eruption within the repository footprint that also intersected one or more waste packages. A volcanic peak dose maxDVE for
to106 yr from deposition of volcanic ash at the receptor of the 17 eruptive cases was determined as follows:

DVE
VE;ℓ ¼ ∑

nrVE ¼ 39

r ¼ 1
f BDCFVE;ℓ;rR VE;rðaVE;ℓ; epVE;ℓÞ

���xaeVA ¼ 20 km ð17Þ

where f BDCFVE;ℓ;r was the biological dose conversion factor for radionuclide r in contaminated soil, as evaluated by MBio
VE;GENII�S for all 39 radionuclides

considered in MWaste [9]. The MBio
VE;GENII�S considered exposure to an average Amargosa Valley resident from external exposure by soil

contaminated with ash, inhalation of ash, ingestion of ash on food crops, and ingestion of food and animal products grown in the contaminated
soil. Use of contaminated water was not considered, since it was already considered in AUþEF (Eq. (16)). Consumption of leafy vegetables
dominated f BDCFVE;ℓ;r [56, Section 10.4.2.10.1]. The R VE(�)) was

R VE;rðaVE;ℓ; epVE;ℓÞ ¼NWPICSNF ;rðτV ;ℓÞf waste
VE;ℓ f brVE;ℓ dC

AshðaVE;ℓ; eeVE;ℓÞ
���xaeVA ¼ 20 km ð18Þ

where NWP was the total number of waste packages, ICSNF;rðτV ;ℓÞ was the inventory of radionuclide r in CSNF packages at the sampled intrusion

time τV ;ℓ, f brVE;ℓ was the fraction of containers breached, and f waste
VE;ℓ was the fraction of container contents ejected in the volcanic eruption. The f brVE

was calculated through a combination of (a) distributions that specified the probability of vent diameter and probability of number of vents, and

(b) functions for the number of packages hit per vent diameter and number of drifts hit per vent diameter as in PA-91. The f waste
VE incorporated

factors expressing the potential of the eruption to breach the waste container and entrain waste. The combined fraction f
br
VEf

waste
VE was �0.001 for

PA–VA [17, vol. 3 Section 4.4.2.4; 56, Table 10-16d].

The CAshðaVE;ℓ; eeVE;ℓÞ of Eq. (18) was the ash concentration deposited 20 km from the repository in the Amargosa Valley using the

volcanic eruption module (MAsh
VE ), based on the code ASHPLUME developed for NRC [56, Section 10.4.2; 57]. The model parameters of

ASHPLUME were (a) eruptive characteristics (such as volcanic duration, column height, eruptive velocity, eruptive power, eruptive
volume); (b) atmospheric characteristics (such as wind speed, wind direction, air density, air viscosity, and eddy-diffusivity constant); and
(c) ash characteristics (such as ash-particle shape factor, ash-particle size, waste-particle size, ratio of waste to ash, maximum ash size

transported, and the total mass of wastemwaste
total ðf

br
VEÞ) [56, Section 10.4.2.7]. The parameters of ASHPLUME are a mixture of aleatoric aVE and

epistemic parameters eeVE;ℓ. For example, the two atmospheric characteristics (wind speed and wind direction) are members of aVE and
typically define scenario subclasses in analysis of nuclear reactor accidents. The eruptive characteristics are also members of aVE .
10 This taxonomy of modules is the “common denominator” of two other model groupings: the SAR/LA uses 9 groups of models for the nominal scenario where modules
2 and 4 of this paper are grouped together, modules 7 and 8 are grouped together (and models for the seismic and igneous scenarios formed another 2 groups for the SAR/
LA) [2]. In previous documentation of PA–SR and PA–LA, 9 groups of models are discussed where modules 1, 2, and 3 are grouped together, modules 4 and 5 are grouped
together, and models for the seismic and igneous scenarios are grouped together for a 9th group [1, Fig. ES-9].
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Nonetheless, all the aleatoric parameters were sampled along with the epistemic parameters for AVE in PA–VA since DVE was so small and,
thus, of limited interest. The maxDVE of 1.75�10�5 mSv/yr, as calculated by Eq. (17), was 106 times smaller than the nominal peak dose
of 4�101 mSv/yr (i.e., maxDVE;ℓðtÞ ⪡ maxDUþEF ;ℓðtÞ, l ¼ 1,…,17) [17, vol. 3 Fig. 4–26; 56, Fig 10–41 Table 10–19]. The median dose of
10�6 mSv/yr was similar to the expected dose estimated in PA–EA and PA–LA [17, vol. 3 Fig. 4–44].

6.2.2. Consequences from groundwater releases
About 65% (�195) of the Monte Carlo cases studied for the igneous intrusion scenario resulted in conditions favorable to magmatic disruption

of the waste container and, thereby, enhancing the source-term for a short time. The MWaste
RIP and MEBStrans

RIP were modified for evaluating the peak
dose from igneous disrupted packages. The modifications to Mwaste

V ;RIP consisted of (1) complete failure of 2 packages per intersected drift, which

resulted in a rough average of �52 packages per intrusion (i.e., f
br
VI ¼ �0.005 [56, Table 10–22b]), and (2) enhanced degradation rates for the CSNF

and increased surface areas. Separate source-cells were added with disrupted packages in the modified MEBStrans
VI;RIP . The sampled parameters from

the 195 Monte Carlo cases were manually inserted into the simulation [56, Section 10.4.3.6.1]. The simulation instantaneously introduced the
igneous event at the sampled time of the intrusion and transported 9 radionuclides (same as AU) through the UZ and SZ. With this approach, the
initial conditions for the disposal system including UZ percolation, drift seepage, WP corrosion were established prior to the time of the igneous
event. Container corrosion would be neglected in the approach for PA–SR and PA–LA.

The maximum peak dose observed in the 195 igneous simulations was 30% less than the maximum peak dose observed in the 100
nominal scenario simulations (i.e., peak doses observed after the event were typically between 2 and 10 mSv/yr) (maxDVI;ℓðtÞ l ¼ 1,

…,195omaxDUþEF;ℓðtÞ, ℓ¼ 1;…;100). Furthermore, the simulation conditional probability (1/195) and the peak doses for the igneous
simulations were multiplied by {AV } [5] to show that expected peak doses from AVI would be much smaller [17, vol. 3 Fig. 4–46].

6.2.3. Consequences from igneous dike in far field
The effect of an igneous dike altering the SZ permeability, and thereby, altering groundwater flow paths to the accessible environment (AVDike)

was evaluated through analysis based on STAFF3D from PA-93 [10]. Placing highly transmissive dikes down gradient of the repository moved flow
patterns to the east rather than south and tended to reduce average groundwater velocities compared to the nominal scenario class ( AUþEF ). These
example results suggested that igneous intrusion in the far field would cause radionuclide transport to be slower and directed away from residents
in Amargosa Valley (i.e., DUþEFþVDikeðtÞoDUþEF ðtÞ) [17, vol. 3 Section 4.4.2.4]. By the time of PA–LA, the EPA radiation protection standard
regulations would clarify that the situation described by this FEP was not of regulatory interest [58, Section 197.36].

6.2.4. Consequences via seismic events
PA–VA considered, for the first time, a seismic scenario class. The two seismic scenario subclasses considered were (1) ground motion

causing rockfall on the package (ASG),
11 and (2) faults altering SZ permeability (ASF ). The latter influence was assumed similar to that of an

igneous dike; hence, D̂UþEFþSF ðtÞ ≈ D̂UþEFþVIðtÞoDUþEF ðtÞ.
The analysis of seismic rockfall considered the seismic event in combination with the undisturbed scenario (i.e., DUþEFþSGðtÞ). For the rockfall

analysis, the WP module, based on WAPDEG v3.09, was modified to include rockfall causing either container breaches or enhanced localized

corrosion in a dripping environment (MWP
SG;WAPDEG). An uncertain vpeakℓ was sampled from a constructed normal distribution, based on the

Probabilistic Seismic Hazard Analysis (PSHA), completed in September 1988 [5]. The sampled vpeakℓ was used to qualitatively estimate drift damage
from a qualitative description of rock integrity (but PA–LA would later quantitatively estimate drift damage). The maximum rock diameter was

then determined from a probabilistic description of fracture spacing Bf. The time of a seismic event τSG was used to determine the remaining
thickness of the steel and nickel Alloy 22. A comparison of the rock size and limited modeling of the container strength, based on the steel and
Alloy 22 thickness, was used to determine whether the container breached, dented, or was unharmed. Later, PA–LA would greatly improve the
modeling of the container failure by seismic damage. The rock diameter was also used to determine the number of patches failed or dented. For
dented patches, enhanced localized corrosion was assumed in the WAPDEG analysis.

The analysis was repeated 500 times for each of four periods (0–103 yr, 0–104 yr, 0–105 yr, and 0–106 yr), to estimate the cumulative
distribution for container failures for rockfall, enhanced localized corrosion, and long-term corrosion for the four periods (i.e.,

FWProck
patch;dripðtÞ þ FWP

patch;dripðtÞ). Except for the modified container module MWP
SG;WAPDEG, the dose calculation proceeded as with the undisturbed

scenario (Eq. (16), Fig. 5). PA–VA did not accumulate damage from multiple events but PA–LA would. The dose was similar to the dose of
nominal scenario class alone (i.e., DUþEFþSGðtÞ ≈ DUþEF ðtÞ) [56, Fig. 10-72]. This result was used to argue that inclusion of ASG would not
substantially alter the finding of repository viability based on AU+EF [17, Section 4.4.3.3].
7. PA-SR

PA–SR was concluded in late 2000 to support the site recommendation [18,59]. The emphasis in PA–SR was on the scenario class that
combined undisturbed and seismic events for cladding degradation (AUþSGclad). In addition, the igneous scenario class received much more
attention and the total dose DðtÞ included the contribution of volcanic eruptive (AVE) and igneous dike intrusive (AVI) releases for the first
time since PA-93. The DðtÞ was the sum of the incremental dose from the 3 retained scenario classes—AUþSGclad, AVE , and AVI:

D
SRðtÞ ¼ ∑

3

j ¼ 1
Dj ðt; eeÞ ¼DUþSGcladðtÞ þ DVEðtÞ þ DVIðtÞ ð19Þ
11 PA–LA would evaluate packages bouncing up and down and into each other underneath a drip shield. For PA–VA, rockfall was assumed to limit package movement
since a drip shield was not yet included in the PA–VA design.



Fig. 6. PA–SR modules were refined, a second chemistry model was added to MEBSchem and MTH linked more tightly for the scenario class that combined undisturbed and
seismic disruption of cladding (AUþSGclad).

R.P. Rechard et al. / Reliability Engineering and System Safety 122 (2014) 96–123110
7.1. Doses via undisturbed and seismic disruption of cladding

When evaluating the undisturbed dose for PA–SR, the most notable change in the linkage of the 11 modules was the addition of a second
chemistry model for MEBSchem and the use by MSeep of estimates of percolation perturbed by the thermal field qpercb;p;qðtÞ from MTH such that MTH
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was more fully embedded into the PA (Fig. 6, Eq. (20)). Also, the stochastic analysis for PA–SR was conducted with the new Windowss-based
RIP, Goldsims v6.04.007 [60, Section 3.1]. The evaluation of the undisturbed dose consisted of the summation of the doses from 23

radionuclides using uncertain f BCDFU;ℓ;r and Qindv
SR;ℓ sampled 300 times along with the numerous epistemic parameters eeU;ℓ (Eq. (20)).

ð20Þ

7.2. Doses via volcanic eruption and igneous intrusion

For the PA–SR, the incremental mean dose from the igneous scenario class was the sum of the mean dose from volcanic eruption
(DVEðtÞ) and igneous dike intrusion (DVIðtÞ). Because R VE;r was easy to evaluate, the aleatoric stochastic integral over the time of igneous
eruption (where the time of eruption defines computational scenarios) was integrated numerically with an eruption in each time step
(ΔτV ) of 31.25 yr out to 5�104 yr rather than with a Monte Carlo scheme; that is

D
SR
VEðtÞ ¼

1
nLHS
VE

∑
nLHS
VE ¼ 5000

ℓ ¼ 1
fAVEðλV ;ℓÞg ∑

nr
VE ¼ 12

r ¼ 1
f BDCFVE;r;ℓ ∑

nΔτ ¼ 1600

n ¼ 1
R VE;rðtn; τV ;n;aVE;ℓ; eeVE;ℓÞΔτV ð21Þ

where {AVE(λV ;ℓ) is the product of sampled event probability {AVE}, the probability that a vent within the repository intersects waste

fEWPhit jAV g [5]. The f BDCFVE;r for 12 radionuclides were evaluated as in PA–VA.
The consequence model of volcanic eruption (R VE(�)) in Eq. (21) was [60, Section 6.3.9.1]

R VE;r ¼ ∑
2

p ¼ 1
f WP
p NWPIp;rðtnÞexpfλrðtn�t1Þgf brVE;ℓf waste

VE �CAshðmwaste
total ðf brVE;ℓÞ; aVE;ℓ; eeVE;ℓÞ� ∑

n

m ¼ 1
expf�ksoilðtn�tmÞgjxaeSR ¼ 20 km ð22Þ

where the first group of terms is the inventory of radionuclide r in the packages (p¼1�CSNF or p¼2�CoWP where the co-disposal

package tracked the inventory of DSNF and HLW separately) based on the fraction of each type of package in the repository (f WP
p ), the total

number of packages (NWP), inventory over time of each package (Ip;rðtnÞ) adjusted for radioactive decay exp λvðtn�t1Þ, and fraction of

containers breached (f brVE;ℓ). The f brVE was calculated as in PA–VA [60], Fig. 6–189]. However, 100% of the contents of a container intersected

by a conduit were assumed ejected by the eruption for PA–SR and PA–LA (i.e., f waste
VE ¼1 rather than a small faction as in PA–VA, Eq. (18)).

The second group of terms of R VE;r was the peak concentration (CAshðmwaste
total ðf

br
VEÞ; eeVEÞ), calculated by MAsh. The MAsh was again based on

ASHPLUME v1.4LV but with revised parameters eeVE (in particular, the generic waste particle size diameter for CSNF, DSNF, and HLW was
greatly decreased, which greatly increased the amount of entrainment and transport in the ash plume). Also, the wind direction was fixed
toward the critical group in Amargosa Valley rather than sampled [61]. The R VE(�) also calculated the loss of contaminants via soil
erosion, since long-lived radionuclides build up in the soil. Soil erosion was modeled as exponential decay with a constant decay rate
(ksoil); specifically, ∑n

m ¼ 1expf�ksoilðtn�tmÞg, using SOILEXP v1.0 [60, p. 467, Table 3-1]. For PA–LA, YMP would develop a new biosphere
process model that avoided this external calculation of soil erosion.

The consequence model of igneous dike intrusion (R VI(�)) consisted of only a modified source-term module (MWaste
V ). Beyond the

source term module, radionuclides were transported through the UZ and SZ as in the undisturbed scenario. To calculate the fracture of

containers breached by the dike intrusion (f brVE), the area around an intrusion dike was divided into two zones in MWaste
V [62]. Zone

1 consisted of 3 packages on either size of the dike that completely failed. Container failure in Zone 2 depended uponwhether drift backfill
was or was not present. If backfill was present, no container failure occurred in the remainder of an intersected drift. The mean fraction of

containers breached f
br
VE;back was 0.027 (i.e., failure in Zone 1). If backfill was absent (the base case), MWaste

V removed the drip shield,
completely failed the waste container, and perforated all the cladding in the remainder of an intersected drift (Zone 2). For no backfill,

f
br
VE;no�back was 0.21 (an order of magnitude larger) [63, Fig. 7]. For failed containers in either Zone 1 or 2, the Package Chemistry

Component of MWaste
V [9] defaulted to the pH and ionic strength (I) of the drift, as evaluated by MEBSchem [8]. Also, for those regions with

failed containers, the drift was assumed filled such that percolation in the undisturbed mountain (qperc, as determined from MTH) was set
equal to the advective flow through the engineered barrier (i.e., MSeep was not used to evaluate the influence of capillary forces on flow
into an open drift). These modifications were implemented in MWaste

V by adding a new WP type to the always drip environment of
each bin.
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The time of one igneous dike intrusion (τV ;ℓ) was sampled along with the epistemic parameters eeVI;ℓ using the LHS scheme for to5�104 yr:

D
SR
VI ðtÞ ¼

1
nLHS
VI

∑
nLHS
VI ¼ 5000

ℓ ¼ 1
AV ðλV ;ℓÞ

� �
∑

nr
U ¼ 23

r ¼ 1

f BDCFU;ℓ;r

Q indv
ℓ

R VI;rðt; eeVI;ℓ; τV ;ℓÞjxaeSR ¼ 20 km ð23Þ

8. PA–LA

In response to a request by NWTRB [64], YMP conducted the July 2001 Supplemental Science Performance Analysis (SSPA) using more realistic
parameter values and more realistic models to better elucidate the relative importance of included features, events, and processes. The SSPA also
evaluated an alternative cooler repository design [65]. Within 8 months, another analysis was made for the February 2002 final EIS on site
suitability (PA-EIS) [66], which built upon SSPA. Because of the EPA requirement in 40 CFR 197 that the EIS would evaluate performance over 106-
yr, a climate change beyond 104 yr was added to the PA-EIS. Furthermore, theMWP modulewas updated; theMTH module was rerun for the cooler
repository (rather than make manual adjustments as in SSPA); Np solubility was reduced in MWaste [9] and the colloidal transport model in MSZ

was improved [50, Section 2.6.2 and Table 1].
An unpublished interim PA was conducted in 2004, but the DOE did not proceed to submit an SAR/LA because the licensing support

network (LSN) containing documents supporting NRC hearings on the SAR/LA was not certified as complete (Appendix A). Most of the
major modeling changes between PA–SR and PA–LA (such as inclusion of the seismic disruptive scenario class), as mentioned in
companion papers [7–10] and summarized in the EIS [67, Table 5-1], occurred for this first interim PA.

Another unpublished interim PA was conducted in 2005 that included a more realistic seismic hazard curve; revision of waste inventory to
include conversion of excess Pu tomixed-oxide (MOX) fuel and encapsulation in HLWglass [9,68]; revision of irreversible sorption of radionuclides
on rust (Fe2O3) to avoid excessive sorption that had occurred with the 2004 interim PA; addition of localized corrosion of the container from early
failure of drip shield; and revision of the biological dose conversion factors to conform with the revised calculation method specified in the
proposed 10 CFR 63 [6,10]. Although the LSN was now certified complete, DOE did not proceed to submit an SAR/LA in order to adopt a new
transportation, aging, and disposal (TAD) handling canister to facilitate operations at the site [49], redesign the waste handling facility, improve
modularity of surface and underground [49], adhere to the EPA and NRC proposed 106 yr regulatory period [6], remove the magma bulkheads in
the design, replace the infiltration model [7,69], allow time to incorporate new technical information, and continue to improve the documentation.

A third iteration became the basis for SAR/LA submitted to NRC in June 2008 [1,2]. Both a licensing case (PA–LA), discussed here, and an
unqualified case (PA-PMA) to evaluate the influence of conservatisms in for the seismic scenario class were conducted, somewhat similar to the
situation in 2000 with PA–SR and SSPA.

A major emphasis was on the potential doses from seismic ground motion not included in PA–SR. Beyond 104 yr, the consequences of
seismic ground motion were closely dependent upon the state of the repository at the time of the seismic event and so it was not possible
to separate the undisturbed from the seismic ground motion (i.e., AUþSG) [1, Eq. (6.1.2–24)].12 Hence, the total dose was evaluated as the
sum of 6 incremental doses beyond 104 yr as [70,154]

D
LAðtÞ ¼ ∑

nS

j ¼ 1
Djðt; eeÞ ¼DUþSGðtÞ þ DSF ðtÞ þ DVEðtÞ þ DVIðtÞ þ DEW ðtÞ þ DEDðtÞ ð24Þ

from four retained scenario classes: (1) undisturbed, (2) seismic disruption—new for PA-LA (with seismic ground motion and seismic fault
displacement subclasses), (3) igneous disruption (with volcanic eruption and igneous intrusion subclasses), and (4) early EBS failure (with
an early waste container subclass and an early drip shield failure subclass—new for PA–LA) [71].

8.1. Doses via undisturbed and seismic disruption

The evaluation of DUþSG(t) consisted of summing doses from 32 radionuclides based on 300 samples of 392 uncertain epistemic
parameters eeU;ℓ of R UþSG;rð � Þ (Eq. (25), Fig. 7).

ð25Þ
12 Prior to 104 yr, the calculation of the undisturbed and seismic scenario classes was separated since packages were mostly intact, but, in turn, the undisturbed scenario
had no releases since packages were mostly intact. The calculation method for the seismic scenario class prior to 104 yr is described elsewhere [1, Appendix J; 155].



Fig. 7. PA–LA modules included seismic disruption for the combined undisturbed and seismic scenario class beyond 104 yr (AUþSG) [153, Fig. 2].
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8.2. Doses via igneous intrusion

Changes were made to the consequence model for a volcanic eruption (such as an update of ASHPLUME to v2.0 [72] and modeling
redistribution of volcanic ash deposited in alluvial areas around Yucca Mountain [73]); however, the most important change was greatly
reducing the event probability fEWPhit jAV g by including the probability of a volcanic vent intersecting a waste package fEWPhit

���AVventg
such the overall probability was similar to that used in PA–VA [5]; hence, volcanic eruption did not contribute substantially to total dose.

The consequence model of igneous dike intrusion (R VI(�)) consisted of modifications to the following 3 modules of R U(�): for MWP&DS
VI , the

magmawas assumed to completely fail all drip shields and waste containers throughout the repository in PA–LA [74,75], and provide no resistance
to magma flow. For MWaste

VI , the waste form was completely degraded such that radionuclides of CSNF, DSNF, and HLW were exposed and
immediately available for transport. Also, the solubility of uranium in CSNF packages was determined by a silica rich environment for the co-
disposal packages with the borosilicate glass HLW [9, Fig. 7; 76]. Radionuclides were transported through the UZ and SZ as in the undisturbed
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scenario:

DVIðtÞ ¼
1

nLHS
VI

∑
nLHSVI ¼ 300

ℓ ¼ 1
AV ðλV ;ℓÞ

� � 1
nCS
V

∑
nCS
V ¼ 10

k ¼ 1
∑

nr
V ¼ 23

r ¼ 1

f BDCFU;ℓ;r

Q indv
R VI;rðt; eeVI;ℓ; τV ;kÞ ð26Þ

where the time of one igneous dike intrusionwas used to define computational scenarios at τV,k¼{2.5�102, 6�102, 103, 4�103, 104, 4�104, 105,
2�105, 4�105 and 8�105} for the 106 yr simulation (but solved through numerical quadrature rather than by Monte Carlo simulation as implied
in Eq. (26) (Appendix B, Eq. (B.14)) [156].
9. Summary

The construction of the consequence model R (�) to simulate the relevant physical phenomena that could influence repository performance is
the nuts and bolts of a PA. By the time of PA–LA, R (�) was complicated, but it is perhaps less difficult to comprehend if the incremental changes
are presented. Hence, the evolution of the mathematical formulation for the undisturbed consequence model R U(�) that occurred in seven
iterations between 1982 and 2008 is discussed by noting the addition and linkage of computational modules Mβ

U that made up R .(�). The
consequence model of the undisturbed scenario class for PA–EA (R EA

U ð � Þ) consisted primarily of transport in the underlying UZ (MUZtrans) and SZ
(MSZ). PA-91 demonstrated a full stochastic analysis of cumulative release 5 km from the repository [14]. The undisturbed consequence model for
PA-91 R 91

U ð � Þ consisted of 4 modules: (1) flow in the UZ (MUZf low) [7], (2) waste degradation in the EBS (MWaste) [9], (3) transport in the UZ

(MUZtrans) [10], and (4) flow/transport in the SZ (MSZ) [10].
PA-93 provided guidance on characterizing the site, on heat load options for the repository, and floor and in-drift package placement options

[15,49]. A heat load of either 14W/m2 (as used in PA–EA and PA-91) and a hotter 28W/m2 were evaluated. The higher heat load necessitated the
addition of a thermal module (MT ) to the consequence model for undisturbed conditions with early WP failure, R 93

UþEF ð � Þ [8].
Partially in response to the change to a dose performance measure, PA-95 improved modeling of the EBS for R 95

U ð � Þ by [16]
(1) developing an empirical PA model of degradation that including variability of corrosion between containers (R WP) [8], and
(2) developing a new module that evaluated 3 modes of transport of radionuclides out of the container (MEBStrans) [9]. PA-95 also
transitioned to using results from a process model of UZ flow above the repository [7].

A major step in modeling complexity occurred in PA–VA. The R VA
UþEF ð � Þ included more elaborate modeling of the UZ flow and the addition of

modules for infiltration (M Inif il) [7], drift seepage (MSeep) [7], the EBS chemical environment (MEBSchem) [8], and biosphere transport (MBio) [10].
For PA–SR, the drift seepage module MSeep of the undisturbed consequence model with seismic cladding disruption, R SR

UþSGcladð � Þ, was more
elaborate Also, MSeep used estimates of flow above the repository from MTH such that MTH was more fully embedded into the PA [7]. However,
seepage was less important because container corrosion no longer differed between dripping and no dripping environments. In addition, the WP
corrosion module (MWP&DS) was moved directly into the stochastic calculation and included breach of the newly added drip shield [8; 50, Table 1].

For PA–LA, the potential for WP damage from drift degradation and package movement during a seismic event scenario class was
included with the undisturbed class beyond 104 yr (R LA

UþSGð � Þ) [77], which, in turn, required the addition of seismic damage process codes
in MTH and MWP&DS [8,78] Also, the temperature dependence of general corrosion was reintroduced [8,79] and the stress corrosion
cracking (SCC) model for outer Alloy 22 layer of the container updated [8,80].

The details of the linkage of the modules of R U(�) help the reader get a glimpse of the complexity and the challenge of using
numerous model simplifications in a PA simulation for the YM disposal system. While advantages can accrue in the faster run time for the
PA itself, the numerous process model simulations required for developing simplifications for Mβ

U , the analyst effort required for
maintaining consistency between the simplifications and spatial averaging, and the analyst burden in describing the simplifications and
linkages were substantial for YMP. As various other geologic media are examined in the future in the US, the flexibility provided by
incorporating streamlined process models directly in the PA simulation (as demonstrated when using the WIPP PA modeling system to
evaluate DSNF disposal in salt, granite, and tuff [36–38]) warrants further consideration.
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Appendix A. Progression of performance assessments

Please see Appendix Fig. A1.
Appendix B. Evaluation of expected distribution of cumulative release and expected dose

Appendix B derives expressions for evaluating the expected distribution of the normalized cumulative releases (Eq. (B.7)) and the
expected dose (Eq. (B.14)). The expressions are similar except for the factors applied at the end to normalize the releases or evaluate dose.
The two expressions are simpler than required in many instances, but they serve to identify the assembly of the various model
components for a PA as described in the main text. The papers in this special issue provide a more complete description of the
mathematical expressions necessary for evaluating dose for PA-LA (e.g., [154–156]).

B.1 Evaluation of expected distribution of cumulative release in PA-91, PA-93, and PA-95

For PA-91, PA-93, and PA-95, it was necessary to construct a CCDF ( {R(p)4R}) of the cumulative release R(p) from a stochastic
simulation for comparison with the probabilistic limits of the Containment Requirements in Section 191.13 of the 1985 EPA radiation
protection standards, 40 CFR 191 as described elsewhere [6]. The cumulative release R(p) is

RðpÞ ¼ ∑
nr

r ¼ 1

1
f massLr

Z 104yr

0

I
xae ¼ 5km

R rðt; x;pÞdx dt ðB:1Þ

where fmass is the mass fraction of MTHM in the repository (MTHM divided by 103 MT); Lr is the limiting value specified in 40 CFR 191 for
radionuclide r; R r(�) is the exposure consequence model that calculates the flux across a boundary for radionuclide r; and p is an ordered
nP-tuplet of parameters, p¼{φ1,.., φn,..,φnP}.

The elements of p can be conceptually divided into three disjoint sets [34, Appendix A; 70; 149; 150]: (1) a set, designated fixed,

(f¼{ϕf
1; :::;ϕ

f
n; :::;ϕ

f
nf
}); whose elements represent fixed quantities (2) a set, designated aleatoric parameters (a¼{ϕa

1; :::;ϕ
a
n; :::;ϕ

a
na
}, whose

elements represent those aspects of the disposal system assumed to have a random character for which EPA, NRC, or PA Analysts are
particularly interested (specifically, future events such as human intrusion, igneous activity, and seismic activity) and for which a
probability model could be constructed to estimate the probability of occurrence; and (3) a remaining set, designated epistemic
parameters (e¼{ϕe

1; :::;ϕ
e
n; :::;ϕ

e
ne
}), whose elements represent uncertainty about our knowledge in the parameter values of the models. In

this paper, the epistemic set is further divided in a set of parameters for the exposure pathway/consequence model ee and a set of
parameters for the probability model ep to facilitate notation since often there is epistemic uncertainty in parameter values that make up
probability model (i.e., p¼{f, ee,ep,a}).

Typically, the largest set in YMP PAs is the set of fixed parameters, and the smallest set the set of aleatoric parameters. The fixed set
represent a plethora of parameters types [35, Fig. 3]: (a) well known physical constants, conversion factors, and reference values based on
repository design, (b) code-control parameters; (c) geometrical or model-domain parameters, (d) choice parameters selecting various
design options, and (e), parameters from the aleatoric or epistemic sets not of significant influence to the modeling results. We will focus
on the second and third uncertain parameters sets and omit the fixed parameter set f for simplicity (i.e., ee,ep,a).

Probability theory is used to describe the uncertainty in both the latter sets. Because aleatoric parameters describe the frequency of
random agents on the disposal system such as igneous or seismic activity, the use of probability theory to represent aleatoric uncertainty
is closely related to the frequentist use of probability theory.13 They are called “aleatoric” parameters because uncertainty of future events
13 However, this similarity only relates to its use in theory because data to determine frequencies is still fairly rare and thus requires substantial subjective interpretation
(e.g., the expert elicitation for igneous and seismic frequency [5]).
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is deemed irreducible. For the first probabilistic risk assessment (PRA) of a nuclear reactor in 1975, the scenarios (expressing aleatoric
uncertainty) were the sequence of events in an event tree [4].

Epistemic parameters, on the other hand, usually represent physical material property quantities of exposure pathway/consequence
models, probability model parameters, or indicies selecting alternative conceptual models of either exposure or probability models that
are currently imprecisely known, but in principle can be rendered more precise by further observation or experiment. Hence, the use of
probability theory to represent epistemic uncertainty is related to the Bayesian use of probability theory [149]. One criticism of the first
PRA in 1975 was that it did not include epistemic uncertainty when evaluating the expected behavior [4].

The mean CCDF of releases from the exposure consequence model R (p) with respect to uncertain parameters p is conceptually defined
using an indicator function H (�) and expectation operator, E{�} [151, p. 17]:

fR4Rg ¼ 1�GðRÞ ¼ EfH fR�Rgg ¼
Z
ΩP
H fRðpÞ�RghðpÞdp ðB:2Þ

¼
Z
ΩE

Z
ΩA
H fRðee; aÞ�Rggðep; aÞdagðeeÞde ðB:3Þ

where GðRÞ is the expected cumulative distribution function, H {x}¼0 if x≤0; H {x}¼1 if x40, and R is a number ≥0. The expression using
the indicator function H {~} is algorithmically implemented by ordering the results from smallest to largest and then plotting.

Eq. (B.3) is based on the reasonable assumption that aleatoric parameters are independent of epistemic parameters e such that joint
probability distribution of parameters (h(p)) is the product of the joint probability distributions of a and e (i.e., h(p)¼(ee) g(a,ep) and
g(�) is a probability density function (PDF) (a type of probability model). The specification of the joint density as the product of individual
PDFs was not always possible for the complex YM disposal system. Rather, the probabilistic dependence was expressed algorithmically
(e.g., in the Monte Carlo sampling scheme described later).

The inner stochastic integration of Eq. (B.3) is concerned with the space of aleatoric uncertainty (a). Given a mathematical model of the
disposal system (R r(�)), a future or a scenario is one point in the parameter space R r(t,x;ee, a)). For all YM PAs, the aleatoric space was
discretized by developing scenario classes (i.e., groups of futures or scenarios) representing subsets of a of what could happen in the future
and denoted by Aj where Aj⊂a.

From Eq. (B.3), it is apparent that the stochastic integration to determine the expected CCDF does not depend upon our classification of
the uncertain parameters into aleatoric and epistemic subsets; however, the separation can facilitate analysis and understanding.
Although the order of integration is immaterial here, the order of integration did matter for the complex YM disposal system since
parameters in the aleatoric set had epistemic uncertainty and thus were dependent upon the epistemic integral.

The scenario classes were assumed to be independent such that there were no synergisms between scenario classes. To elaborate by
expanding Eq. (B.3) by assuming nS course scenario classes and leaving an aleatoric subset A′.

P fR4Rg ¼
Z
ΩE

∑
nS

j ¼ 1

Z
ΩA′

H fRjðeej ; ajÞ�Rggðepj ; ajÞdagðeej Þde ðB:4Þ

¼ 1
nLHS ∑

nLHS

ℓ ¼ 1
∑
nS

j ¼ 1

1
nCS
j

∑
nCS
j

k ¼ 1
H fRjðeej;ℓ; aj;k;ℓÞ�Rg ðB:5Þ

where the scenario class subscript j on Rj in Eq. (B.4) hints at the common situation where a specific exposure consequence model R j(�) is
constructed for each scenario class Aj.

The equivalence to Eq. (B.5) is explained as follows. If nS coarse scenario classes are used [5], then the coarse scenario class divisions
may be further refined for modeling through specification of the time, number, and order of occurrence of phenomena that make up Aj as
in Eq. (B.5). These nCS sub-scenario classes are called computational scenarios here as at WIPP. There is no sharp distinction between
computational scenarios and scenario classes as expressed by Eq. (B.5); rather a continuum exists. Herein the terms distinguish between
fine groupings of futures useful for numerical computations and broad categories of futures useful for organizing the analysis.14 For
example, the coarse scenario class might be one or more igneous intrusion events into the repository (nV40) as used in PA-EA and
thereafter and the computational scenarios the possible times of an intrusion (τV) as used for PA-SR and PA-LA (i.e., a¼{nV, τV}, AV defined
by nV40 and aV,k¼τV).

Because of the complexity of the model to calculate Rjðeej;ℓ; aj;k;ℓÞ, numerical techniques were used to evaluate the computational
scenarios in Eq. (B.5) starting with PA-91, the first stochastic simulation. Eq. (B.5) assumes that a Monte Carlo technique is used whereby
each scenario configuration of the model, R j;r(�), is run using nCS samples from the aleatoric distribution g(aj, ep) with corresponding
probability of 1/nCS. However, numerical quadrature was also used for PA–LA [70, Table 4].

The first integration of Eq. (B.4) deals with the epistemic parameter uncertainty for the exposure models ee and probability models ep.
For PA-91 and thereafter, the integration was approximated using Latin Hypercube Sampling (LHS) in Eq. (B.5), which is a stratified Monte
Carlo sampling scheme developed for PRAs of reactors in 1975, first proposed for PAs of geologic repositories in 1978, and first applied for
PAs in 1980 [32,82,152].

For scenario classes that have low probability, general sampling over the entire sample space of a is inefficient. Consequently, YM PAs
after PA-91 would sample over a reduced set aj⊂a and multiply the results by the scenario class probability fAj(epℓ)}. Hence,

R4Rf g ¼ 1
nLHS ∑

nLHS

ℓ ¼ 1
∑
nS

j ¼ 1
Ajðepj;ℓÞ

n o 1
nCS
j

∑
nCS
j

k ¼ 1
H fR jðeej;ℓ; aj;k;ℓÞ�Rg ðB:6Þ
14 Within the YMP, the term “modeling cases” was used to provide a semantic distinction for the hypothetical analysis of the total scenario class dose and the
incremental scenario class dose calculated here. The term is not used here since it does not convey the sense of a continuum between scenario classes, computational
scenarios, and scenarios that is being emphasized.
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Eq. (B.6) states that the complete CCDF is the sum of the scenario conditional CCDFs weighted by the course scenario class probability.
For PA-EA and afterwards, the probability model for igneous intrusion was a Poisson process with one or more igneous intrusive events
(nV>0) over a period J (i.e., {AV (e

p
V )}¼ {nV40; λVJ}¼1�expfλVJ} where the frequency parameter was not precisely known and, thus,

had epistemic uncertainty such that epV ¼{λV}) [5, Section 3.1].
After substituting the expression for Rj(eej ,aj,k) from Eq. (B.1), the expected release CCDF is

R4Rf g ¼ 1
nLHS ∑

nLHS

ℓ ¼ 1
∑
nS

j ¼ 1
Ajðepj;ℓÞ

n o 1
nCS
j

∑
nCS
j

k ¼ 1
H ½ ∑

nr
j

r ¼ 1

1
f massLr

Z 104yr

0

I
xae ¼ 5 km

R j;rðt; x; epj;ℓ; aj;k;ℓÞdxdt
( #

�Rg ðB:7Þ

Obviously, the time integral and the surface integral must also be approximated numerically. However, the numerical solutions of the
differential equations of R j;r(�) are not the primary topic of this paper and, thus, will remain integrals.

B.2. Evaluation of expected dose in PA-93, PA-95, and later PAs

As required by Congress, EPA promulgated site-specific radiation protection standards, 40 CFR 197 for Yucca Mountain in 2001 with
dose as a health indicator. For PA-93, PA-95, and later PAs, the total individual dose (D(t; ee,ep,a)) was the sum of doses from radionuclides
r and calculated as

Dðt; ee; ep; aÞ ¼ ∑
nr

r ¼ 1
f BCDFr ðee; ep; aÞCrðt; ee; ep;aÞjxae ðB:8Þ

¼ ∑
nr

r ¼ 1
f BCDFr ðee; ep; aÞ 1

Qindv

I
xae

R rðt; x; ee; ep; aÞΔzdx ðB:9Þ

where Crðt; ee; ep; aÞjxae is the activity concentration in a well withdrawing from a contaminant plume for radionuclide r at a point of

compliance in the accessible environment (xae¼�18 km from the repository by 2001 [6, Table 4]), and f BCDFr ðee; ep; aÞ is the biological dose
conversion factor for radionuclide r, assuming local food consumption and EPA guidance to assume residents drink 2 L/day. YMP PAs
assumed the entire contaminant plume was captured by a drinking water well; thus, the concentration was the mass crossing the

accessible boundary
H
xaeR rðt; x; ee; ep; aÞΔzdx (as represented by the boundary integral) divided by dilution at the withdrawal point (Qindv)

as noted in Eq. (B.9).
Evaluation of expected dose DðtÞ was similar to the evaluation of expected cumulative release:

DðtÞ ¼ EfDðt; ee; ep;aÞg ¼
Z
ΩE

Z
ΩA
Dðt; ee; aÞgep; aÞdagðeeÞde¼ ∑

nS

j ¼ 1

Z
ΩE

Z
ΩA′

Djðt; ee; aÞgðep; aÞdagðeeÞde ðB:10Þ

¼ ∑
nS

j ¼ 1

1
nLHS ∑

nLHS

ℓ ¼ 1

1
nCS
j

∑
nCS
j

k ¼ 1
Djðt; eej;ℓ; aj;k;ℓÞ ðB:11Þ

In Eq. (B.10), the aleatoric parameter space is decomposed into coarse scenario classes, based on disruptive events. As before, the usual
coarseness of the nS scenario classes required further refinement into nCS computational scenarios. Hence, the evaluation of Djðt; eej;ℓ; aj;k;ℓÞ
involves another integration of the computational scenarios approximated numerically through Monte Carlo techniques as noted in
Eq. (B.11) or quadrature as done for evaluating the volcanic scenario class for the license application (PA–LA) [1, Appendix J; 154]. As
before, the notation Dj(�) suggests that a separate system model was often constructed for each scenario class Aj. For YMP PAs, the
expectation with respect to the epistemic parameters again used LHS integration [152]. Alternative expressions for Eq. (B.10) are

DðtÞ ¼ ∑
nS

j ¼ 1

Z
ΩE

Z
ΩA′

Djðt; ee; aÞgðep; aÞdagðeeÞde¼ ∑
nS

j ¼ 1

Z
ΩE
D
A′
j ðt; eej ÞgðeeÞde¼ ∑

nS

j ¼ 1
Djðt; eej Þ ðB:12Þ

where the notation D
x
j (t;ee) expresses the evaluation of the expectation EA′f � g over the aleatoric subset a. It is evident from Eq. (B.12)

that the expected dose DðtÞ is the sum of the incremental doses from the scenario classes.
The low probability of some scenario classes, such as igneous disruption, made general sampling of a inefficient; thus, the probability of

the scenario class, as estimated by a Poisson process, was used after PA-91 and Eq. (B.11) became [1, Appendix J Eq. J4.5–19]:

DðtÞ ¼ ∑
nS

j ¼ 1

1
nLHS ∑

nLHS

ℓ ¼ 1
AJðepj;ℓÞ

n o 1
nCS
j

∑
nCSj

k ¼ 1
Dðt; eej;ℓ; aj;k;ℓÞ ðB:13Þ

Combining Eqs. (B.(8) and B.13), the expected total dose as required by 40 CFR 197 was calculated conceptually in PA–VA, PA–SR, and
PA–LA for to106 yr as

DðtÞ ¼ ∑
nS

j ¼ 1

1
nLHS ∑

nLHS

ℓ ¼ 1
AJðepj;ℓÞ

n o 1
nCS
j

∑
nCSj

k ¼ 1
∑
nrj

r ¼ 1

f BDCFj;r ðeej;ℓÞ
Qindv

I
xae
R j;rðt; x; eej;ℓ; aj;k;ℓÞdx ðB:14Þ

However, PA-VA only evaluated dose from the undisturbed scenario class. Instead, the maximum probability weighted doses from
igenous and seismic events were simply compared to the the maximum dose from the undisturbed sceanrio class. Although the igneous
event was reasonably independent of the evolution of the disposal system (specifically, degradation of the waste container) [156], seismic
ground motion was not, and so the more general Eq. (B.10) was used for the seismic scenario class when introduced in PA-LA [155].
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B.3. Use of computational scenarios

Although the formulation for Eqs. (B.(7) and B.14) includes computational scenarios (nCS) for notational generality and comparison, the
numerical integration over computational scenarios was only used in PA–LA and to a limited extent in PA–SR. Rather the integration for
epistemic and aleatoric parameters (except those defining the coarse scenario classes such as occurrence of an igneous intrusion) were
combined and integrated using the LHS technique even though a combined integration complicates sensitivity analysis, as noted in PA-91
[14, Section 8.1].

Specifically, consider two important aleatoric parameters for igneous intrusion: the time and number of igneous intrusions (i.e., a¼{τV,
nV}). PA–EA, PA-91, PA-93, PA–SR, and PA–LA had coarse scenario subclasses based on whether or not igneous intrusion occurs (i.e., nV¼0
and nV40). However, in PA-91 and PA-93, the time of intrusion (τV) was grouped with epistemic parameters and sampled randomly (to be
consistent with the assumption that igneous intrusion is a Poisson process) rather than used to define computational scenarios. The
difficulty in this approach is that τV has a significant influence on the igneous release prior to substantial degradation of the waste
container. The variation of τV can easily dominate the observed variance in D(t) at early times. Yet, this result is intuitively obvious.
Furthermore, additional characterization of the repository system cannot make τV more precise. Therefore, it is more useful to perform a
sensitivity analysis on R V ;r(�) at discrete times of τV to be able to elicit the importance of other parameters of the model where further
characterization might be able to provide more enlightenment. Using computational scenarios based on τV ensures that replicates of
R V ;r(�) occur at fixed times of τV. Yet, the stochastic integration can still be performed by combining the individual results of R V ;r(�) as

shown conceptually in Eqs. (B.7) and (B.14) for the computational scenarios (i.e., ð1=nCS
j Þ∑nCS

j

k ¼ 1 ).
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