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NOTE TO READER: In June 2008, the U.S. Department of Energy (DOE) submitted a license
application seeking authorization to construct a geologic repository at Yucca Mountain. After
docketing the DOE license application, the U.S. Nuclear Regulatory Commission (NRC) staff
began documenting its review in a Safety Evaluation Report (SER). In March 2010, DOE filed
a motion to withdraw its application before the Atomic Safety and Licensing Board. On
September 30, 2010, DOE’s Office of Civilian Radioactive Waste Management ceased
operations, and assigned its Yucca Mountain-related responsibilities to other offices within DOE.
The Atomic Safety and Licensing Board denied DOE’s motion to withdraw, and in September
2011, the Commission announced it was evenly divided on whether to overturn or uphold this
decision. The Commission directed the Atomic Safety and Licensing Board, in recognition of
budgetary limitations, to complete all necessary and appropriate case management activities,
and the Atomic Safety and Licensing Board suspended the proceeding on September 30, 2011.

In August 2013, the U.S. Court of Appeals for the District of Columbia Circuit issued a decision
granting a writ of mandamus and directing the NRC to resume the licensing process for DOE’s
license application. In November 2013, the Commission directed the NRC staff to complete
and issue the SER associated with the license application. Because of the lapse in time

and changes within DOE between license application submittal and the issuance of this

SER volume, some information in the application does not reflect current circumstances. For
example, scientific information continues to be published in areas relevant to the topics
considered in the license application. When these situations are relevant to the NRC staff’s
evaluation of the license application in this volume, the SER identifies and addresses them,

as appropriate.

The SER details the NRC staff’s review of DOE’s license application and supporting information
consistent with the NRC regulations and the Yucca Mountain Review Plan (YMRP)

(NRC, 2003aa), as supplemented by the Division of High-Level Waste Repository Safety
Director's Policy and Procedure Letter 14: Application of YMRP for Review Under Revised
Part 63 (NRC 2009ab).

This volume is one of five volumes that comprise the SER. Each volume is to be published
separately as it is completed; however, the volume number may not be published in sequence
(e.g., Volume 3 is anticipated to be published before Volume 2). The SER volume number and
section number within a volume are based on the YMRP. Use of SER section numbers that
correspond to the YMRP section numbers facilitated the NRC staff’'s writing of the SER and
allows the reader to easily find the applicable review methods and acceptance criteria within the
YMRP. The following table provides the topics and SER sections for each volume.



SER

Chapter | Section Title
Volume 1 General Information
1 1.1 General Description
Proposed Schedules for Construction, Receipt, and Emplacement of
2 1.2 Waste
3 1.3 Physical Protection Plan
4 1.4 Material Control and Accounting Program
5 1.5 Description of Site Characterization Work
Volume 2 Repository Safety Before Permanent Closure
1 2111 Site Description as it Pertains to Preclosure Safety Analysis
Description of Structures, Systems, Components, Equipment, and
2 2.1.1.2 Operational Process Activities
3 21.1.3 Identification of Hazards and Initiating Events
4 2114 Identification of Event Sequences
5 21.1.5 Consequence Analyses
Identification of Structures, Systems, and Components Important to
6 21.1.6 Safety; and Measures to Ensure Availability of the Safety Systems
Design of Structures, Systems, and Components Important to Safety
7 2117 and Safety Controls
Meeting the 10 CFR Part 20 As Low As |s Reasonably Achievable
Requirements for Normal Operations and Category 1 Event
8 2.1.1.8 Sequences
9 21.2 Plans for Retrieval and Alternate Storage of Radioactive Wastes
Plans for Permanent Closure and Decontamination or
10 213 Decontamination and Dismantlement of Surface Facilities
Volume 3 Repository Safety After Permanent Closure
1 2211 System Description and Demonstration of Multiple Barriers
2 2.21.21 Scenario Analysis
3 22122 Identification of Events with Probabilities Greater Than 10° Per Year
4 2.2.1.3.1 Degradation of Engineered Barriers
5 2.21.3.2 Mechanical Disruption of Engineered Barriers
Quantity and Chemistry of Water Contacting Engineered Barriers and
6 2.21.3.3 Waste Forms
7 2.2.1.3.4 Radionuclide Release Rates and Solubility Limits
8 22135 Climate and Infiltration
9 2.21.3.6 Unsaturated Zone Flow
10 2.21.3.7 Radionuclide Transport in the Unsaturated Zone
11 2.21.3.8 Flow Paths in the Saturated Zone
12 2.2.1.3.9 Radionuclide Transport in the Saturated Zone
13 2.2.1.3.10 | Igneous Disruption of Waste Packages
14 2.2.1.3.12 | Concentration of Radionuclides in Ground Water
15 2.2.1.3.13 | Airborne Transportation and Redistribution of Radionuclides
16 2.2.1.3.14 | Biosphere Characteristics
Demonstration of Compliance with the Postclosure Individual
17 2.2.1.41 Protection Standard
18 2214.2 Demonstration of Compliance with the Human Intrusion Standard




Chapter

SER
Section

Title

Volume 3

Repository

Safety After Permanent Closure (continued)

19

22143

Demonstration of Compliance with the Separate Groundwater
Protection Standards

20

254

Expert Elicitation

Volume 4

Administrative and Programmatic Requirements

1 2.3 Research and Development Program to Resolve Safety Questions
2 2.4 Performance Confirmation Program
3 2.5.1 Quality Assurance Program
4 2.5.2 Records, Reports, Tests, and Inspections
5 2.5.3.1 Training and Certification of Personnel

U.S. Department of Energy Organizational Structure as it Pertains to
6 25.3.2 Construction and Operation of Geologic Repository Operations Area
7 25.3.3 Personnel Qualifications and Training Requirements
8 2.5.5 Plans for Startup Activities and Testing

Plans for Conduct of Normal Activities, Including Maintenance,
9 2.5.6 Surveillance, and Periodic Testing
10 2.5.7 Emergency Planning
11 2.5.8 Controls to Restrict Access and Regulate Land Uses

Uses of Geologic Repository Operations Area for Purposes Other
12 2.5.9 Than Disposal of Radioactive Wastes

Volume 5 Proposed Conditions on the Construction Authorization and Probable
Subjects of License Specifications

1

2.5.10.1

Proposed Conditions on the Construction Authorization

2

2.5.10.2

Probable Subijects of License Specifications
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ABSTRACT

Volume 3, Repository Safety After Permanent Closure, of this Safety Evaluation Report (SER)
documents the U.S. Nuclear Regulatory Commission (NRC) staff's review and evaluation of the
U.S. Department of Energy’s (DOE) Safety Analysis Report (SAR), Chapter 2: Repository
Safety After Permanent Closure, provided in DOE’s June 3, 2008, license application, as
updated by DOE on February 19, 2009. In its application, DOE seeks authorization from the
Commission to construct a repository at Yucca Mountain. The NRC staff also reviewed
information DOE provided in response to the NRC staff’'s requests for additional information and
other information that DOE provided related to the SAR. In particular, SER Volume 3
documents the results of the NRC staff's evaluation to determine whether the proposed
repository design complies with the performance objectives and requirements that apply after
the repository is permanently closed. The NRC staff finds, with reasonable expectation, that
DOE has demonstrated compliance with the NRC regulatory requirements for postclosure
safety, including, but not limited to, “Performance objectives for the geologic repository

after permanent closure” in 10 CFR 63.113, “Requirements for performance assessment” in

10 CFR 63.114, “Requirements for multiple barriers” in 10 CFR 63.115, and “Postclosure Public
Health and Environmental Standards” in 10 CFR Part 63, Subpart L. In particular, the NRC staff
finds that the proposed repository at Yucca Mountain (1) is comprised of multiple barriers and
(2) based on performance assessment evaluations that are in compliance with applicable
regulatory requirements, meets the 10 CFR Part 63, Subpart L limits for individual protection,
human intrusion, and separate standards for protection of groundwater.

Vi
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EXECUTIVE SUMMARY

1.0 Background

Volume 3, Repository Safety After Permanent Closure, of this Safety Evaluation Report (SER)
documents the U.S. Nuclear Regulatory Commission (NRC) staff's review and evaluation of the
Safety Analysis Report (SAR), Chapter 2: Repository Safety After Permanent Closure, the
U.S. Department of Energy (DOE, or the applicant) provided in its June 3, 2008, license
application (LA) submittal (DOE, 2008ab), as updated on February 19, 2009 (DOE, 2009av).
The NRC staff also reviewed information DOE provided in response to the NRC staff’s request
for additional information and other information that DOE provided related to the SAR. In
particular, this SER Volume 3 documents the results of the NRC staff’s evaluation to determine
whether the proposed repository design for Yucca Mountain complies with the performance
objectives and requirements that apply after the repository is permanently closed. These
performance objectives and requirements can be found in NRC’s regulations at 10 CFR Part 63,
Subparts E and L. The NRC staff's safety evaluation considers the proposed geologic
repository’s multiple barriers, both natural and engineered (manmade); and the performance
assessments (including model abstractions) used for the individual protection, the separate
groundwater protection, and the human intrusion evaluations.

NRC regulations at 10 CFR Part 63 provide site-specific criteria for geologic disposal at
Yucca Mountain. Pursuant to 10 CFR Part 63, there are several stages in the
licensing process:

The site characterization stage
The construction stage

A period of operations
Termination of the license

The multi-staged licensing process affords the Commission the flexibility to make decisions in a
logical time sequence that accounts for DOE collecting and analyzing additional information
over the construction and operational phases of the repository. The period of operations
includes (i) the time during which emplacement would occur, (ii) any subsequent period before
permanent closure during which the emplaced wastes are retrievable, and (iii) permanent
closure. In conducting its review, the NRC staff was guided by the review methods and
acceptance criteria outlined in the Yucca Mountain Review Plan (YMRP) (NRC, 2003aa), as
supplemented by the Division of High-Level Waste Repository Safety Director's Policy and
Procedure Letter 14: Application of YMRP for Review Under Revised Part 63 (NRC, 2009ab).

Risk-Informed and Performance-Based Review

The NRC staff evaluated DOE’s performance assessment using a risk-informed and
performance based review. A performance assessment is a systematic analysis that answers
three basic questions that are used to define risk: What can happen? How likely is it to
happen? What are the resulting consequences? It involves various complex considerations
and evaluations, such as evolution of the natural environment; degradation of engineered
barriers; and disruptive events (e.g., seismicity and igneous activity). Because the DOE’s
Yucca Mountain performance assessment encompasses such a broad range of technical
subjects, the NRC staff used a risk-informed performance-based approach throughout the
review process to ensure that the NRC staff's review focused on those items most important to
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safety and waste isolation. YMRP Section 2.2.1 provides guidance to the NRC staff on how to
apply a risk-informed performance-based approach throughout its review of the DOE’s
Yucca Mountain performance assessment.

System Description and Demonstration of Multiple Barriers

NRC regulations at 10 CFR Part 63 require that a geologic repository at Yucca Mountain include
multiple barriers, both natural and engineered. Barriers prevent or limit the movement of water
or radioactive material. A multiple barrier approach ensures that the overall repository system is
robust and not wholly dependent on any single barrier. The NRC requires that DOE identify
these barriers when it calculates how the repository will perform. DOE is required to describe
the capability of each barrier and provide the technical basis for its description. In its SAR for
the proposed repository at Yucca Mountain, DOE identified three barriers: the Upper Natural
Barrier, the Engineered Barrier System (EBS), and the Lower Natural Barrier. The Upper
Natural Barrier is composed of features above the repository (i.e., topography, surficial soils,
and the unsaturated zone) that reduce the quantity and rate of movement of water downward
toward the repository, which in turn reduces the rate of movement of water from the radioactive
waste in the repository to the accessible environment. The EBS includes different engineering
features (e.g., emplacement drifts, drip shields, waste packages and its internal components,
and emplacement pallets and inverts) that are designed to (i) enhance the performance of the
waste package, preventing radionuclide releases while it is intact; (ii) limit radionuclide releases
after the waste package is breached by limiting the amount of water that can contact the waste
package; and (iii) limit radionuclide release from the engineered barrier system through sorption
processes. The Lower Natural Barrier comprises two features: the unsaturated zone below the
repository and the saturated zone, both of which prevent or reduce the rate of radionuclide
movement from the repository to the accessible environment through such processes as the
slow movement of water and sorption of radionuclides onto mineral surfaces. Each of these
barriers includes features that DOE described as important to waste isolation. The NRC staff's
review of the multiple barriers is provided in SER Section 2.2.1.1.

Review of Postclosure Total System Performance Assessment

DOE conducted an analysis, through its Total System Performance Assessment (TSPA)
computer model, that evaluates the behavior of the high-level waste repository due to the
potential release of radionuclides from the repository. The performance assessment provides a
method to evaluate the range of features (e.g., geologic rock types, waste package materials),
events (e.g., earthquakes, igneous activity), and processes (e.g., corrosion of metal waste
packages, sorption of radionuclides onto rock surfaces) that are relevant to the behavior of a
repository at Yucca Mountain. The NRC staff reviewed the TSPA analytic models and analyses
DOE provided in its SAR.

Scenario Analysis and Event Probability

To answer the question, “What can happen?” after the repository is closed, DOE considered a
wide range of specific features (e.g., geologic rock types, waste package materials), events
(e.g., earthquakes, volcanic activity), and processes (e.g., corrosion of metal waste packages,
sorption of radionuclides on rock surfaces) for possible inclusion in (or exclusion from) its Total
System Performance Assessment (TSPA) model. Once specific features, events, and
processes (FEPs) were selected for inclusion in the TSPA model, DOE then used these FEPs
to postulate a range of credible, future scenarios. A scenario is a well-defined sequence of
events and processes, which can be interpreted as an outline of one possible future condition of
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the repository system. Therefore, scenario analysis identifies the possible ways in which the
repository environment could evolve so that a representation of the system can be developed to
estimate the range of credible potential consequences. After the FEPs are selected and used to
postulate scenarios, similar scenarios are grouped into scenario classes, which are

screened for use in the TSPA model. The goal of the scenario analysis is to ensure that no
important aspect of the potential high-level waste repository is overlooked in the evaluation

of its safety.

The NRC staff evaluates the applicant’s scenario analysis in four separate SER

Sections (2.2.1.2.1.3.1 through 2.2.1.2.1.3.4). Section 2.2.1.2.1.3.1 contains the NRC staff’s
evaluation of both the applicant’s methodology to develop a list of FEPs and DOE’s list of the
FEPs that it considered for inclusion in the performance assessment. In Section 2.2.1.2.1.3.2,
the NRC staff evaluates DOE’s screening of its list of FEPs, including DOE's technical bases for
the exclusion of FEPs from its performance assessment. DOE’s formation of scenario classes
and the exclusion of specific scenario classes in DOE’s performance assessment are evaluated
in Sections 2.2.1.2.1.3.3 and 2.2.1.2.1.3.4, respectively.

The NRC staff’'s evaluation of the applicant’'s methodology and conclusions on the probability

of events included in the performance assessments is addressed in SER Section 2.2.1.2.2.
Hence, SER Section 2.2.1.2.2 is aimed at the second of the three risk questions, “How likely is it
to happen?” In SAR Section 2.2.2, DOE identified and described those events that exceeded
the probability threshold of 1 chance in 100 million per year (10 per year) of occurring. The
NRC staff’'s evaluation of the applicant’s approach for quantifying the event probabilities and the
technical basis for determining the probability estimates assigned to each event type with a
probability of 10 per year or higher are evaluated in SER Section 2.2.1.2.2.

Model Abstraction

The NRC staff's evaluation of the applicant’s model abstractions focuses on the consequences
of overall repository performance. In particular, the NRC staff’s evaluation considers the model
abstractions used in DOE’s TSPA model to represent the performance (i.e., expected annual
doses) of the repository.

The evaluation of the model abstraction process begins with the review of the repository design
and the data characterizing the geology and the performance of the design and proceeds
through the development of models used in the performance assessment. The model
abstraction review process ends with a review of how the abstracted models are implemented in
the TSPA model (e.g., parameter ranges and distributions, integration with model abstractions
for other parts of the repository system, representation of spatial and temporal scales, and
whether the TSPA model appropriately implements the abstracted model). The NRC staff has
separated its model abstraction review into 13 categories that are addressed in SER Sections
2.2.1.3.1 through 2.2.1.3.14. .

Expert Elicitation

Expert elicitation is a formal, structured, and well-documented process for obtaining the
judgments of multiple experts on various scientific topics. Pursuant to 10 CFR 63.21(c)(19),
DOE must explain how expert elicitation was used in its application. Consistent with YMRP
Section 2.5.4, DOE could elect to use the subjective judgments of experts, or groups of experts,
to interpret data and address technical issues and inherent uncertainties when assessing the
long-term performance of a geologic repository. In its SAR, the applicant used the results of
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three formal expert elicitations to complement and supplement other sources of scientific and
technical information such as data collection, analyses, and experimentation. The NRC staff
has reviewed DOE’s use of expert elicitation, which includes a technical review of the results of
these elicitations.

SER Section 2.5.4 provides the NRC staff’s review of the three expert elicitations DOE used
in support of its SAR. Expert elicitations were conducted in the areas of seismic hazard

(SAR Section 2.2.2.1); igneous activity (SAR Section 1.1.6.2, Section 2.2.2.2, and
Section 2.3.11); and saturated zone flow and transport (SAR Section 2.3.9.2).

2.0 Sections of the Postclosure Review

21 Multiple Barriers

The NRC staff’s review of DOE’s System Description and Demonstration of Multiple Barriers is
in SER Section 2.2.1.1.

SER Section 2.2.1.1 System Description and Demonstration of Multiple Barriers

This SER section provides the NRC staff’'s evaluation of DOE’s description of the capabilities of
the barriers for the repository. A system of multiple barriers is intended to ensure that the
repository system is robust and is not wholly dependent on a single barrier. The repository
performance objectives in 10 CFR 63.113 require that a geologic repository contain both natural
barriers and an engineered barrier system.

The emphasis of the U.S. Nuclear Regulatory Commission (NRC) staff’s integrated review of
the applicant’s performance assessment is not solely focused on the isolated performance of
individual barriers, but rather on ensuring that the repository system is robust. The purpose of
this SER section is to provide an understanding of how the natural barriers and the engineered
barrier system work in combination to enhance the resiliency of the geologic repository. As
described previously, DOE identified three barriers: the Upper Natural Barrier, the Engineered
Barrier System (EBS), and the Lower Natural Barrier.

The NRC staff has reviewed the SAR and other information submitted in support of

the license application and finds, with reasonable expectation, that an engineered barrier
system has been designed that, working in combination with natural barriers, satisfies the
requirements of 10 CFR 63.113(a) and 10 CFR 63.115(a—c).

2.2 Scenarios in DOE’s Total System
Performance Assessment

The NRC staff has separated its review of the scenarios used to support DOE’s TSPA model in
SER Sections 2.2.1.2.1 and 2.2.1.2.2.

SER Section 2.2.1.2.1 Scenario Analysis

This SER section provides the NRC staff’'s evaluation of the scenario analysis used to support
DOE’s TSPA model. A scenario analysis is generally composed of four parts (Nuclear Energy
Agency, 2001aa). First, a scenario analysis identifies FEPs relevant to the geologic repository
system. Second, in a process known as screening, the scenario analysis evaluates and

XXiV



identifies FEPs for exclusion from or inclusion into the performance assessment calculations.
Third, included FEPs are considered to form scenarios and scenario classes (i.e., related
scenarios) from a reduced set of events. Fourth, the scenario classes are screened for
implementation into the TSPA model. Limits on performance assessments are defined in

10 CFR 63.342 including the conditions for exclusion of FEPs on the basis of probability

or consequence.

The NRC staff has reviewed the SAR and other information submitted in support of the
license application, which includes information required by 10 CFR 63.21(c)(1) and (9),
and finds, with reasonable expectation, that relevant requirements of 10 CFR 63.114 and
10 CFR 63.342 are satisfied.

SER Section 2.2.1.2.2 Identification of Events With Probabilities Greater Than 10~ Per Year

This SER section provides the NRC staff’'s evaluation of information on event probability used to
support DOE’s TSPA model calculations. The performance assessment used to demonstrate
compliance with the individual protection standard for the proposed Yucca Mountain repository
must consider events that have at least 1 chance in 100 million per year of occurring. To
address this requirement, DOE identified and described those events that exceeded this
probability threshold (1078 per year).

The NRC staff reviewed the SAR and other information submitted in support of the license
application, which includes information required by 10 CFR 63.21(c)(1) and (9), and finds, with
reasonable expectation, that the relevant requirements of 10 CFR 63.114 and 10 CFR 63.342
are satisfied.

2.3 Model Abstractions in DOE’s Total System
Performance Assessment

The NRC staff has separated its review of the model abstractions used to support DOE’s TSPA
model in SER Sections 2.2.1.3.1 through 2.2.1.3.14:

SER Section 2.2.1.3.1 Degradation of Engineered Barriers

This SER section provides the NRC staff’'s evaluation of the chemical degradation of the drip
shields and waste packages that would be emplaced in the repository drifts. Chemical
degradation is primarily associated with the effect of corrosion processes on the metal surfaces
of the drip shields and the waste package outer barriers. The NRC staff's evaluation of the
corrosion processes focuses on the following: long-term passive film stability (i.e., passivity),
general corrosion, localized corrosion, stress corrosion cracking, early failure, and abstraction
and integration of evaluated processes. The drip shields and the waste packages are
engineered barriers, a subset of the EBS. The general functions of the EBS are to (i) prevent or
significantly reduce the amount of water that contacts the waste, (ii) prevent or significantly
reduce the rate at which radionuclides are released from the waste, and (iii) prevent

or significantly reduce the rate at which radionuclides are released from the EBS to the Lower
Natural Barrier. The complete EBS consists of the emplacement drifts, the drip shields, the
waste packages, the naval spent nuclear fuel structure, the waste forms and waste package
internal components, and emplacement pallets and inverts.
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The NRC staff has reviewed the SAR and other information submitted in support of the license
application, which includes information required by 10 CFR 63.21(c)(3),(9),(10) and (15), and
finds, with reasonable expectation, that the relevant requirements of 10 CFR 63.114 and 63.342
are satisfied regarding the abstraction of degradation of engineered barriers in the TSPA model.

SER Section 2.2.1.3.2 Mechanical Disruption of Engineered Barriers

This SER section provides the NRC staff’'s evaluation of the mechanical disruption

of the engineered barrier system (EBS) which includes, emplacement drifts, drip shields, waste
packages, waste forms, waste form internals, waste package pallets, and emplacement drift
inverts. Mechanical disruption of EBS components could generally result from external loads
generated by accumulating rock rubble. Rubble accumulation can result from processes such
as (i) degrading emplacement drifts due to thermal loads, (ii) time-dependent natural weakening
of rocks, and (iii) effects of seismic events (vibratory ground motion or fault displacements).
During seismic events, rubble loads on EBS components can increase as the accumulated rock
rubble is shaken.

The NRC staff has reviewed SAR Section 2.3.4 and other information submitted in

support of the license application, which includes information required by 10 CFR 63.21(c)
(1)—(3), (9), (10), (15), and (19) related to mechanical and structural performance of

EBS components, and finds, with reasonable expectation, that the relevant requirements of
10 CFR 63.114 and 63.342 are satisfied regarding the abstraction of mechanical disruption of
engineered barriers in the performance assessment.

SER Section 2.2.1.3.3 Quantity and Chemistry of Water Contacting Engineered Barriers and
Waste Forms

This SER section provides the NRC staff’s evaluation of DOE’s abstraction of the repository drift
system that may alter the chemical composition and volume of water contacting the drip shield
and waste package surfaces. It focuses on key features, events and processes that address

(i) the chemistry of water entering the drifts, (ii) the chemistry of water in the drifts (tunnels), and
(iii) the quantity of water in contact with the EBS. These three abstraction topics provide input to
model the features and performance of the EBS (e.g., drip shields and waste packages) and
their contributions to barrier functions. The range of testing environments was derived from a
range of potential starting water compositions and from knowledge of near-field and in-drift
processes that alter these compositions.

The NRC staff has reviewed the SAR and other information submitted in support of the license
application, which includes information required by 10 CFR 63.21(c)(1), (9), (10) and (15), and
finds, with reasonable expectation, that the relevant requirements of 10 CFR 63.114 and 63.342
are satisfied regarding the abstraction of the quantity and chemistry of water contacting
engineered barriers and waste forms.

SER Section 2.2.1.3.4 Radionuclide Release Rates and Solubility Limits

This SER section provides the NRC staff’'s evaluation of analytical models and the processes
that could result in water transport of radionuclides out of the EBS, including the waste
packages and the emplacement inverts, and into the unsaturated zone (the rock mass directly
below the repository horizon and above the water table). The NRC staff’s evaluation focuses on
the following: in-package chemical and physical environment, waste form degradation,
concentration limits, availability and effectiveness of colloids, and engineered barrier system
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radionuclide transport. The EBS and the transport pathway within the drift (repository tunnel)
are the initial barriers to radionuclide release. If a waste package is breached and water enters
the waste package, the radionuclides contained in the package may be released from the EBS.

The NRC staff has reviewed the SAR and other information submitted in support of the license
application, which includes information required by 10 CFR 63.21(c)(3),(9),(15), and finds, with
reasonable expectation, that the relevant requirements of 10 CFR 63.114 and 63.342 are
satisfied regarding the abstraction of radionuclide release rates and solubility limits.

SER Section 2.2.1.3.5 Climate and Infiltration

This SER section provides the NRC staff’'s evaluation of the representation of climate and
infiltration. This evaluation considers the reduction of water flux from precipitation to net
infiltration. Because of the generally vertical movement of percolating water through the
unsaturated zone in DOE’s representation of the natural system, water entering the unsaturated
zone at the ground surface (infiltration) is the only source for deep percolation water in the
unsaturated zone at and below the proposed repository.

The NRC staff has reviewed the SAR and other information submitted in support of the license
application, which includes information required by 10 CFR 63.21(c)(1), (9),(10),(15), and finds,
with reasonable expectation, that the relevant requirements of 10 CFR 63.114, 63.305, and
63.342 are satisfied regarding the abstraction of climate and infiltration.

SER Section 2.2.1.3.6 Unsaturated Zone Flow

This SER section provides the NRC staff’s evaluation of the abstraction of groundwater flow in
the portion of the repository system above the water table (i.e., the unsaturated zone). Water
percolating through the unsaturated zone above the repository (i.e., Upper Natural Barrier) may
enter drifts, providing the means to interact with and potentially corrode the waste packages.
Water percolating through the unsaturated zone below the repository (i.e., Lower Natural
Barrier) also provides a flow pathway for transporting radionuclides downward to the water
table. Once radionuclides pass below the water table, they may subsequently move laterally
within the saturated zone to the accessible environment.

The NRC staff has reviewed the SAR and other information submitted in support of the license
application, which includes information required by 10 CFR 63.21(c)(1), (9), (10), (15), and (19),
and finds, with reasonable expectation, that the relevant requirements of 10 CFR 63.114 and
10 CFR 63.342 are satisfied regarding the abstraction of unsaturated zone flow, thermal
conditions in the host rock, and in-drift thermohydrological conditions excluding conditions for
the engineered components.

SER Section 2.2.1.3.7 Radionuclide Transport in the Unsaturated Zone

This SER section provides the NRC staff’'s evaluation of the model abstraction for transport of
radionuclides in the unsaturated zone. The NRC staff’'s evaluation focuses on (i) advection,
because most of the radionuclide mass is carried through the unsaturated zone by water flowing
downwards to the water table; (ii) sorption, because sorption in porous media in the southern
half of the repository area has the largest overall effect on slowing radionuclide transport in

the unsaturated zone; (iii) matrix diffusion in fractured rock, because matrix diffusion

coupled with sorption slows radionuclide transport in the northern half of the repository area;

(iv) colloid-associated transport, because radionuclides attached to colloids may travel relatively
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unimpeded through the unsaturated zone; and (v) radioactive decay and ingrowth, because
these processes affect the quantities of radionuclides released from the unsaturated zone
over time.

The NRC staff has reviewed the SAR and other information submitted in support of the license
application, which includes information required by 10 CFR 63.21(c)(1), (9), (10), and (15), and
finds, with reasonable expectation, that the relevant requirements of 10 CFR 63.114 and 63.342
are satisfied regarding the abstraction of radionuclide transport in the unsaturated zone.

SER Section 2.2.1.3.8 Flow Paths in the Saturated Zone

This SER section provides the NRC staff's evaluation of the representation of flow paths in the
saturated zone (i.e., the direction and magnitude of water movement in the saturated zone).
Flow paths in the saturated zone provide the pathway for releases of radionuclides to

migrate from the saturated zone below the repository to the accessible environment
{approximately 18 km [11 mi] south of the repository}. The magnitude (specific discharge) of
water flow is used to determine the velocity of water moving through the saturated zone.

The NRC staff has reviewed the SAR and other information submitted in support of the license
application, which includes information required by 10 CFR 63.21(c)(1), (9), (10), (15), and (19),
and finds, with reasonable expectation, that the relevant requirements of 10 CFR 63.114 and
10 CFR 63.342 are satisfied regarding the abstraction of flow paths in the saturated zone.

SER Section 2.2.1.3.9 Radionuclide Transport in the Saturated Zone

This SER section provides the NRC staff’'s evaluation of the model abstraction for transport of
radionuclides in the saturated zone. The NRC staff’s technical review focuses on (i) how DOE
represented the geological, hydrological, and geochemical features of the saturated zone in a
framework for modeling the transport processes; (ii) how DOE integrated the saturated zone
transport abstraction with other TSPA model abstractions for performance assessment
calculations; and (iii) how DOE included and supported the important transport processes of
advection and dispersion, sorption, matrix diffusion, colloid-associated transport, and radioactive
decay and ingrowth in the saturated zone radionuclide transport abstraction.

The NRC staff reviewed the SAR and other information submitted in support of the license
application, which includes information required by 10 CFR 63.21(c)(1), (9), and (15), and finds,
with reasonable expectation, that the relevant requirements of 10 CFR 63.114 and 63.342 are
satisfied regarding the abstraction of radionuclide transport in the saturated zone.

SER Section 2.2.1.3.10 Igneous Disruption of Waste Packages

This SER section provides the NRC staff's evaluation of models for the potential consequences
of disruptive igneous activity at Yucca Mountain if basaltic magma rising through the Earth’s
crust intersects and enters a repository drift or drifts (DOE’s igneous intrusion modeling case) or
enters a drift and later erupts to the surface through one or more conduits (DOE’s volcanic
eruption modeling case). The proposed Yucca Mountain repository site lies in a region that

has experienced sporadic volcanic events in the past few million years, such that the

applicant previously determined the probability of future igneous activity at the site to exceed

1 x 1078 per year. The NRC staff’s technical review evaluates subsurface igneous processes
(i.e., intrusion of magma into repository drifts, waste package damage, and formation of
conduits to the surface), which involves entrainment of waste into the conduit and toward the
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surface. These processes control the amount of radionuclides that can be released during a
potential igneous event.

The NRC staff reviewed the SAR and other information submitted in support of the license
application, which includes information required by 10 CFR 63.21(c)(1), (9), and (15), and finds,
with reasonable expectation that the relevant requirements of 10 CFR 63.114 and 63.342 are
satisfied regarding the abstraction of igneous disruption of waste packages.

SER Section 2.2.1.3.12 Concentration of Radionuclides in Groundwater

This SER section provides the NRC staff’'s evaluation of the concentration of radionuclides in
groundwater extracted by pumping and used in the annual water demand. Radionuclides
transported through the saturated zone via groundwater to the accessible environment may be
available for extraction by a pumping well. The reasonably maximally exposed individual
(RMEI) is assumed to use well water with average concentrations of radionuclides and has an
annual water demand of 3,000 acre-ft [3.7 x 10° L].

The NRC staff has reviewed the SAR and other information submitted in support of the

license application relevant to the concentration of radionuclides in groundwater, and finds,

with reasonable expectation, that the requirements of 10 CFR 63.312(c) are satisfied.

The applicant adequately demonstrated that the RMEI uses well water with average
concentrations of radionuclides by dividing the annual mass fluxes of radionuclides reaching the
accessible environment boundary by the annual water use of 3,000 acre-ft [3.7 x 10° L].

SER Section 2.2.1.3.13 Airborne Transport and Redistribution of Radionuclides

This SER section provides the NRC staff’'s evaluation of the volcanic ash exposure scenario and
the groundwater exposure scenario. First, this SER section provides the NRC staff’s evaluation
of the airborne transport and deposition of radionuclides expelled by a potential future volcanic
eruption and the subsequent redistribution of those radionuclides in soil. Second, this SER
section evaluates redistribution of radionuclides in soil that arrive in the accessible environment
through groundwater transport.

The NRC staff has reviewed the SAR and other information submitted in support of the license
application, which includes information required by 10 CFR 63.21(c)(1),(9), and (15), and finds,
with reasonable expectation, that the relevant requirements of 10 CFR 63.114, 63.305,

and 63.342 are satisfied regarding the abstraction of airborne transport and redistribution

of radionuclides.

SER Section 2.2.1.3.14 Biosphere Characteristics

This SER section provides the NRC staff’'s evaluation of the model used to calculate biosphere
transport and the annual dose to the RMEI. The biosphere model calculates the transport of
radionuclides within the biosphere through a variety of exposure pathways (e.g., soil, food,
water, air) and applies dosimetry modeling to convert the RMEI exposures into annual dose.
Exposure pathways in the biosphere model are based on assumptions about residential and
agricultural uses of the water and indoor and outdoor activities. These pathways

include ingestion, inhalation, and direct exposure to radionuclides deposited to soil from
irrigation. Ingestion pathways include drinking contaminated water, eating crops irrigated with
contaminated water, eating food products produced from livestock raised on contaminated feed
and water, eating farmed fish raised in contaminated water, and inadvertently ingesting soil.
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Inhalation pathways include breathing resuspended soil, aerosols from evaporative coolers, and
radon gas and its decay products.

The NRC staff has reviewed the SAR and other information submitted in support of the license
application, which includes information required by 10 CFR 63.21(c)(1), and finds, with
reasonable expectation, that the requirements in 10 CFR 63.305, 63.311(b), and relevant
requirements of 10 CFR 63.114, 63.312, and 63.342 are satisfied regarding the

biosphere characteristics.

2.4 TSPA Model Calculations

The NRC staff has separated its review of DOE’s TSPA model calculations in
SER Sections 2.2.1.4.1 through 2.2.1.4.3:

SER Section 2.2.1.4.1 Demonstration of Compliance With the Postclosure Public Health and
Environmental Standards (Individual Protection)

This SER section provides the NRC staff’'s evaluation of the applicant’s compliance with the
individual protection standards. Section 63.311 requires that the average annual dose must not
exceed 0.15 mSv/yr [15 mrem/yr] during the initial 10,000 years following disposal and not
exceed 1.0 mSv/yr [100 mrem/yr] after 10,000 years up to 1 million years. The performance
assessment used for the individual protection calculation considers both likely and unlikely
events and the radiological exposure pathways.

The NRC staff has reviewed the SAR and the other information submitted in support of the
license application, which includes the information required by 10 CFR 63.21(c)(11), and finds,
with reasonable expectation, that the requirements of 10 CFR 63.113(b) are satisfied.

SER Section 2.2.1.4.2 Demonstration of Compliance With the Human Intrusion Standard

This SER section provides the NRC staff’'s evaluation of the applicant’s compliance with the
human intrusion standard. The human intrusion standard in Section 63.321 requires the
applicant to determine the earliest time after disposal that the waste packages would degrade
sufficiently so that a human intrusion from exploratory groundwater drilling could occur without
recognition by the drillers. Section 63.321(b) requires that the average annual dose must

not exceed 0.15 mSv/yr [15 mrem/yr] during the initial 10,000 years after disposal and not
exceed 1.0 mSv/year [100 mrem/yr] after 10,000 years up to 1 million years. The performance
assessment used for the human intrusion calculation considers likely events and the radiological
exposure pathways.

The NRC staff has reviewed the SAR and the other information submitted in support of the
license application, which includes the information required by 10 CFR 63.21(c)(13), and finds,
with reasonable expectation, that the requirements of 10 CFR 63.113(d) are satisfied.

SER Section 2.2.1.4.3 Demonstration of Compliance With Separate Groundwater
Protection Standards

This SER section provides the NRC staff’'s evaluation of the applicant’s compliance with the
groundwater protection standard. The NRC'’s regulations provide separate standards to protect
the groundwater resources in the vicinity of Yucca Mountain and specify the approach for
estimating the concentration of radionuclides in groundwater. The groundwater protection
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standards provide for different limits, depending on the radionuclide. There are three distinct
groups of radionuclides with the following limits: (i) radionuclides that are characterized as
alpha emitters (e.g., Np-237) are grouped, and the combined concentration must be less than
15 pCi/L (this group explicitly excludes radon and uranium); (ii) radionuclides that are
characterized as beta- and photon-emitting radionuclides (e.g., 1-129, Tc-99) are grouped
together, and the combined concentration cannot result in a dose exceeding 0.04 mSv [4 mrem]
per year to the whole body or any organ, on the basis of drinking 2 L [0.53 gal] of water per day
at the combined concentration; and (iii) the combined concentration of Ra-226 and Ra-228
cannot exceed a concentration of 5 pCi/L. The performance assessment used for the

separate groundwater protection calculation considers likely events and the drinking water
exposure pathway.

The NRC staff has reviewed the SAR and other information submitted in support of the license
application, which includes information required by 10 CFR 63.21(c)(12), and finds with
reasonable expectation, that the requirements of 10 CFR 63.113(c) are satisfied.

SER Section 2.5.4 Expert Elicitation

SER Section 2.5.4 provides the NRC staff’s evaluation of the three expert elicitations DOE used
in support of its SAR. Expert elicitations were conducted in the areas of seismic hazard

(SAR Section 2.2.2.1), igneous activity (SAR Section 1.1.6.2, Section 2.2.2.2, and

Section 2.3.11), and saturated zone flow and transport (SAR Section 2.3.9.2).

The NRC staff has reviewed the SAR and other information submitted in support of the license
application, and finds, with reasonable expectation, that the requirement in 10 CFR 63.21(c)(19)
is satisfied.

3.0 Conclusions

The NRC staff has reviewed and evaluated the DOE’s Safety Analysis Report, Chapter 2:
Repository Safety After Permanent Closure and the other information submitted in support of its
license application and has found that DOE submitted applicable information required by

10 CFR 63.21. The NRC staff has also found with reasonable expectation, that (i) the proposed
Yucca Mountain repository design meets the applicable performance objectives in Subpart E,
including the requirement that the repository be composed of multiple barriers and (ii) based on
performance assessment evaluations that are in compliance with applicable regulatory
requirements, meets the 10 CFR Part 63, Subpart L limits for individual protection, human
intrusion, and separate standards for protection of groundwater.
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ACRONYMS AND ABBREVIATIONS

AFM active fracture model

AMR analysis and model reports

APE annual probability of exceedance

ASTM American Society for Testing and Materials

BDCF Biosphere Dose Conversion Factors

BSC Bechtel SAIC Company, LLC

BWR boiling water reactor

CDSP codisposal package

CFR Code of Federal Regulations

CFu Crater Flat undifferentiated

CHn Calico Hills nonwelded

CNWRA® Center for Nuclear Waste Regulatory Analyses
CRWMS-M&O Civilian Radioactive Waste Management-Management & Operation
CSNF commercial spent nuclear fuel

DHLW defense high-level waste

DOE U.S. Department of Energy

DVRGFSM Death Valley Regional Groundwater Flow System Model
EBS engineered barrier system

EPA U.S. Environmental Protection Agency

ERD Error Resolution Document

ERMYN Environmental Radiation Model for Yucca Mountain Nevada
EWDP Early Warning Drilling Program

FAR Fortymile Wash Ash Redistribution

FEPs features, events, and processes

FEHM finite element heat transfer code

Gl Geologic Information

GROA geologic repository operations area

ITWI important to waste isolation

LA license application

MASSIF Mass Accounting System for Soil Infiltration and Flow
MCO multicanister overpack

MDEB mechanical disruption of engineered barriers

MIC microbially influenced corrosion

NC-EWDP Nye County Early Warning Drilling Program

NOAA U.S. National Oceanic and Atmospheric Administration
NRC U.S. Nuclear Regulatory Commission

OECD Organization for Economic Co-operation and Development
PCSA preclosure safety analysis

PFDHA probabilistic fault displacement hazard analysis

PGA peak ground acceleration

PGV peak ground velocity

PSHA probabilistic seismic hazard assessment

PTn Paintbrush Tuff nonwelded

PVHA probabilistic volcanic hazard assessment

PVHA-U probabilistic volcanic hazard assessment-update

PWR pressurized water reactor

XXXiii




ACRONYMS AND ABBREVIATIONS (continued)

QA quality assurance

RAI request for additional information

RB repository block

RIPB risk-informed, performance-based

RMEI reasonably maximally exposed individual
RMS root-mean-square

RST residual stress threshold

SA spectral accelerations

SAR Safety Analysis Report

SCA Seismic Consequence Abstractions
SCC stress corrosion cracking

SDFR slip-dissolution aging and film-rupture
SER Safety Evaluation Report

SNF spent nuclear fuel

SNL Sandia National Laboratories

SSHAC Senior Seismic Hazard Analysis Committee
SZEE saturated zone flow and transport expert elicitation
TAD transportation, aging, and disposal

TCw Tiva Canyon welded

TEDE total effective dose equivalent

TSPA Total System Performance Assessment
TSw Topopah Spring welded

UDEC universal distinct element code

USGS U.S. Geological Survey

uz unsaturated zone

WAPDEG Waste Package Degradation

YMRP Yucca Mountain Review Plan
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INTRODUCTION

Volume 3, Postclosure: Repository Safety After Permanent Closure, of this Safety Evaluation
Report (SER) documents the U.S. Nuclear Regulatory Commission (NRC) staff’'s review and
evaluation of the Safety Analysis Report (SAR) the U.S. Department of Energy (DOE) provided
in its June 3, 2008, license application (LA) submittal (DOE, 2008ab), as updated on

February 19, 2009 (DOE, 2009av). The NRC staff also reviewed information DOE provided in
response to the NRC staff's requests for additional information and other information that DOE
provided related to the SAR. In particular, this SER Volume 3 documents the results of the
NRC staff's evaluation to determine whether the proposed repository design for Yucca Mountain
complies with the performance objectives and requirements that apply after the repository is
permanently closed. These performance objectives and requirements can be found in NRC'’s
regulations at 10 CFR Part 63, Subparts E and L. The NRC staff's safety evaluation considers
the proposed geologic repository’s multiple barriers, both natural and engineered (manmade);
and the performance assessments (including model abstractions) used for the individual
protection, the separate groundwater protection, and the human intrusion evaluations.

Other portions of the NRC staff's safety review have been, or will be, documented in other
volumes. SER Volume 1, NUREG-1949 (NRC, 2010aa) documents the results of the NRC
staff’s review of DOE’s General Information. SER Volume 2 will document the results of the
NRC staff’'s review and evaluation of DOE’s compliance with preclosure safety objectives and
requirements. SER Volume 4 will document the results of the NRC staff's review and evaluation
of DOE’s demonstration of compliance with administrative and programmatic requirements.
SER Volume 5 will document the NRC staff’s review and evaluation of probable subjects of
license specifications and proposed conditions of construction authorization.

NRC'’s regulations at 10 CFR Part 63 provide site-specific criteria for geologic disposal at
Yucca Mountain. Pursuant to 10 CFR Part 63, there are several stages in the licensing
process: the site characterization stage, the construction stage, a period of operations, and
termination of the license. The multi-staged licensing process affords the Commission the
flexibility to make decisions in a logical time sequence that accounts for DOE collecting and
analyzing additional information over the construction and operational phases of the repository.
The period of operations includes (i) the time during which emplacement would occur, (ii) any
subsequent period before permanent closure during which the emplaced wastes are
retrievable, and (iii) permanent closure. In addition, 10 CFR Part 63 represents a risk-informed,
performance-based regulatory approach to the review of geological disposal. This risk-
informed, performance-based regulatory approach uses risk insights, engineering analysis and
judgments, performance history, and other information to focus on the most important activities
and to focus the review to areas most significant to safety or performance. Therefore, the SER
includes discussions regarding how the NRC staff used risk information in its review of DOE’s
application. In conducting its review, the NRC staff was guided by the review methods and
acceptance criteria outlined in the Yucca Mountain Review Plan (YMRP) (NRC, 2003aa), as
supplemented by the Division of High-Level Waste Repository Safety Director's Policy and
Procedure Letter 14: Application of YMRP for Review Under Revised Part 63 (NRC, 2009ab).

Risk-Informed and Performance-Based Review
The NRC staff evaluated DOE’s performance assessment using a risk-informed and

performance based review. DOE’s performance assessment is a systematic analysis that
answers three basic questions that are used to define risk: What can happen? How likely is it
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to happen? What are the resulting consequences? The Yucca Mountain performance
assessment is an analysis that involves various complex considerations and evaluations,

such as evolution of the natural environment; degradation of engineered barriers; and
disruptive events (i.e., seismicity and igneous activity). Because the performance assessment
encompasses such a broad range of technical subjects, the NRC staff used risk

information throughout the review process to ensure that the NRC staff’s review focused on
those items most important to safety and waste isolation. YMRP Section 2.2.1 provides
guidance to the NRC staff on how to apply a risk- informed, performance-based approach
throughout its review of the performance assessment.

To support its risk-informed, performance-based review, the NRC staff initially reviewed DOE’s
information on the repository’s natural and engineered barriers that DOE identified as important
to waste isolation in the performance assessment. The SAR describes each barrier’s capability
and provides the technical basis for that capability. This information describes DOE’s
understanding of each barrier’s capability to prevent or substantially delay the movement of
water or radioactive materials. The NRC staff's review of DOE’s information regarding the
repository barriers presented in SER Section 2.2.1.1 provides an understanding of each
barrier's importance to waste isolation to help focus the NRC staff’s review. Particular parts of
the NRC staff’s review are emphasized on the basis of the risk insights (i.e., those attributes of
the repository system most important to repository performance). Additionally, the NRC staff
has considered independent risk insights from previous performance assessments conducted
for the Yucca Mountain site, detailed process modeling efforts, laboratory and field experiments,
and natural analog studies and has identified this information, as appropriate.

System Description and Demonstration of Multiple Barriers

NRC regulations at 10 CFR Part 63 require that a geologic repository at Yucca Mountain include
multiple barriers, both natural and engineered. Barriers prevent or limit the movement of water
or radioactive material. A multiple barrier approach ensures that the overall repository system is
robust and not wholly dependent on any single barrier. The NRC requires that DOE identify
these barriers when it calculates how the repository will perform. DOE is required to describe
the capability of each barrier and provide the technical basis for its description. In its SAR for
the proposed repository at Yucca Mountain, DOE identified three barriers: the Upper Natural
Barrier, the Engineered Barrier System (EBS), and the Lower Natural Barrier. The Upper
Natural Barrier is composed of features above the repository (i.e., topography, surficial soils,
and the unsaturated zone) that reduce the movement of water downward toward the repository,
which in turn reduces the rate of movement of water from the radioactive waste in the repository
to the accessible environment. The EBS includes different engineering features

(e.g., emplacement drifts, drip shields, waste packages and its internal components, and
emplacement pallets and inverts) that are designed to (i) enhance the performance of the waste
package, preventing radionuclide releases while it is intact; (ii) limit radionuclide releases after
the waste package is breached by limiting the amount of water that can contact the waste
package; and (iii) limit radionuclide release from the engineered barrier system through sorption
processes. The Lower Natural Barrier comprises two features: the unsaturated zone below the
repository and the saturated zone, both of which prevent or reduce the rate of radionuclide
movement from the repository to the accessible environment through such processes as the
slow movement of water and sorption of radionuclides onto mineral surfaces. Each of these
barriers includes features that DOE described as important to waste isolation. The NRC staff's
review is provided in SER Section 2.2.1.1.
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Review of Postclosure Total System Performance

DOE conducted an analysis, through its Total System Performance Assessment (TSPA)
computer model, that evaluates the behavior of the high-level waste repository due to the
potential release of radionuclides from the repository. The performance assessment provides a
method to evaluate the range of features (e.g., geologic rock types, waste package materials),
events (e.g., earthquakes, igneous activity), and processes (e.g., corrosion of metal waste
packages, sorption of radionuclides onto rock surfaces) that are relevant to the behavior of a
repository at Yucca Mountain. The NRC staff reviewed the TSPA analytic models and analyses
DOE provided in its SAR.

Scenario Analysis and Event Probability

As stated above, to answer the question, “What can happen?” after the repository is closed,
DOE considered a wide range of specific features (e.g., geologic rock types, waste

package materials), events (e.g., earthquakes, volcanic activity), and processes (e.g., corrosion
of metal waste packages, sorption of radionuclides on rock surfaces) for possible inclusion in
(or exclusion from) its TSPA model. Once specific features, events, and processes (FEPs)
were selected for inclusion in the TSPA model, DOE then used these FEPs to postulate a range
of credible, future scenarios. A scenario is a well-defined sequence of events and processes,
which can be interpreted as an outline of one possible future condition of the repository system.
Therefore, scenario analysis identifies the possible ways in which the repository environment
could evolve so that a representation of the system can be developed to estimate the range of
credible potential consequences. After the FEPs are selected and used to postulate scenarios,
similar scenarios are grouped into scenario classes, which are screened for use in the
performance assessment model. The goal of the scenario analysis is to ensure that no
important aspect of the potential high-level waste repository is overlooked in the evaluation

of its safety.

The NRC staff uses YMRP Section 2.2.1.2.1 to evaluate the applicant’s scenario analysis,
which is documented in four separate SER sections (2.2.1.2.1.3.1 through 2.2.1.2.1.3.4).
Section 2.2.1.2.1.3.1 contains the NRC staff’s evaluation of both the applicant’'s methodology to
develop a list of FEPs and DOE’s list of the FEPs that it considered for inclusion in the
performance assessment analyses. In Section 2.2.1.2.1.3.2, the NRC staff evaluates

DOE'’s screening of its list of FEPs, including DOE’s technical bases for the exclusion of FEPs
from its performance assessment. DOE’s formation of scenario classes and the exclusion

of specific scenario classes in DOE’s performance assessment analyses are evaluated in

SER Sections 2.2.1.2.1.3.3 and 2.2.1.2.1.3.4, respectively.

The NRC staff’'s evaluation of the applicant’'s methodology and conclusions on the probability

of events included in the performance assessments is addressed in SER Section 2.2.1.2.2.
Hence, SER Section 2.2.1.2.2 is aimed at the second of the three risk questions, “How likely is it
to happen?”

Model Abstraction

The NRC staff’'s evaluation of the applicant’'s model abstractions focuses on the consequences
of overall repository performance. In particular, the NRC staff’s evaluation considers the model
abstractions used in DOE’s TSPA to represent the performance (i.e., expected annual doses) of
the repository.
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The evaluation of the model abstraction process begins with the review of the repository design
and the data characterizing the geology and the performance of the design and proceeds
through the development of models used in the performance assessment. The model
abstraction review process ends with a review of how the abstracted models are implemented in
the TSPA model (e.g., parameter ranges and distributions, integration with model abstractions
for other parts of the repository system, representation of spatial and temporal scales, and
whether the performance assessment model appropriately implements the abstracted model).

The TSPA is a complex analysis with many parameters, and DOE may use conservative
assumptions to address uncertainties or justify a simplified modeling approach. DOE provided a
technical basis for the selection of models and parameter ranges or distributions. The NRC
staff's evaluation of the technical bases supporting models and parameter ranges or
distributions considers whether the approach results in calculated doses that

would underestimate, rather than overestimate, the dose to the reasonably maximally exposed
individual (RMEI). In particular, DOE’s assumption of conservatism as a basis for simplifying
models and parameters is evaluated by the NRC staff to verify that any simplifications do not
unintentionally result in nonconservative results (i.e., underestimate dose to the RMEI).

The intentional use of conservatism to manage uncertainty also has implications for the NRC
staff’s efforts to risk inform its review. The NRC staff evaluated DOE assertions that a given
model or parameter distribution is conservative from the perspective of overall system
performance (i.e., the dose to the RMEI). The NRC staff used available information to risk
inform its review. For example, if DOE used an approach that overestimates a specific aspect
of repository performance, then the NRC staff would consider the effects of this approach on
other parts of the TSPA model, overall repository performance, and the representation or
sensitivity of important phenomena.

The NRC staff has separated its model abstraction review into 13 categories that are addressed
in SER Sections 2.2.1.3.1 through 2.2.1.3.14. Two of the topics in the YMRP are discussed as
a single topic in the SER; however, the numbering system in the YMRP was retained to the
maximum extent possible (e.g., Biosphere Characteristics is Section 2.2.1.3.14 in the YMRP
and the SER). The review of Airborne Transport of Radionuclides (YMRP Section 2.2.1.3.11)
and Redistribution of Radionuclides in Soil (YMRP Section 2.2.1.3.13) are discussed in SER
Section 2.2.1.3.13 because the NRC staff considers a single discussion of these two topics
provides for more clarity. Therefore, the SER does not contain a section numbered 2.2.1.3.11.

Expert Elicitation

Expert elicitation is a formal, structured, and well-documented process for obtaining the
judgments of multiple experts on various technical areas. Pursuant to 63.21(c)(19), DOE must
explain how expert elicitation was used. Consistent with YMRP Section 2.5.4, DOE could elect
to use the subjective judgments of experts, or groups of experts, to interpret data and address
technical issues and inherent uncertainties when assessing the long-term performance of a
geologic repository. In its SAR, the applicant used the results of three formal expert elicitations
to complement and supplement other sources of scientific and technical information such as
data collection, analyses, and experimentation. The NRC staff has reviewed DOE’s use of
expert elicitation, which includes a technical review of the results of these elicitations.

SER Section 2.5.4 provides the NRC staff’s review of the three expert elicitations DOE used
in support of its SAR. Expert elicitations were conducted in the areas of seismic hazard
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(SAR Section 2.2.2.1); igneous activity (SAR Section 1.1.6.2, Section 2.2.2.2, and
Section 2.3.11); and saturated zone flow and transport (SAR Section 2.3.9.2).

Sections of the Postclosure Review

The individual sections documenting the NRC staff review are:

1.

2.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

System Description and Demonstration of Multiple Barriers (SER Section 2.2.1.1.1)
Scenario Analysis (SER Section 2.2.1.2.1)

Identification of Events With Probabilities Greater Than 1078 Per Year
(SER Section 2.2.1.2.2)

Degradation of Engineered Barriers (SER Section 2.2.1.3.1)
Mechanical Disruption of Engineered Barriers (SER Section 2.2.1.3.2)

Quantity and Chemistry of Water Contacting Engineered Barriers and Waste Forms
(SER Section 2.2.1.3.3)

Radionuclide Release Rates and Solubility Limits (SER Section 2.2.1.3.4)
Climate and Infiltration (SER Section 2.2.1.3.5)

Unsaturated Zone Flow (SER Section 2.2.1.3.6)

Radionuclide Transport in the Unsaturated Zone (SER Section 2.2.1.3.7)

Flow Paths in the Saturated Zone (SER Section 2.2.1.3.8)

Radionuclide Transport in the Saturated Zone (SER Section 2.2.1.3.9)

Igneous Disruption of Waste Packages (SER Section 2.2.1.3.10)

Concentration of Radionuclides in Groundwater (SER Section 2.2.1.3.12)
Airborne Transport and Redistribution of Radionuclides (SER Section 2.2.1.3.13)
Biosphere Characteristics (SER Section 2.2.1.3.14)

Demonstration of Compliance With the Postclosure Public Health and Environmental
Standards (Individual Protection) (SER Section 2.2.1.4.1)

Demonstration of Compliance With the Human Intrusion Standard
(SER Section 2.2.1.4.2)

Demonstration of Compliance With Separate Groundwater Protection Standards
(SER Section 2.2.1.4.3)

Expert Elicitation (SER Section 2.5.4)

XXXiX



References

DOE. 2008ab. DOE/RW-0573, “Yucca Mountain Repository License Application.” Rev. 0.
ML081560400. Las Vegas, Nevada: DOE, Office of Civilian Radioactive Waste Management.

DOE. 2009av. DOE/RW-0573, “Yucca Mountain Repository License Application.” Rev. 1.
ML090700817, ML090710096. Las Vegas, Nevada: DOE, Office of Civilian Radioactive
Waste Management.

NRC. 2010aa. NUREG-1949, "Safety Evaluation Report Related to Disposal of High-Level
Radioactive Wastes in a Geologic Repository at Yucca Mountain, Nevada. Vol. 1: General
Information." ML102440298. Washington, DC: NRC.

NRC. 2003aa. NUREG-1804, “Yucca Mountain Review Plan—Final Report.” Rev. 2.
ML032030389. Washington, DC: NRC.

NRC. 2009ab. “Division of High-Level Waste Repository Safety Director's Policy and

Procedure Letter 14: Application of YMRP for Review Under Revised Part 63.” Published
March 13, 2009. ML090850014. Washington, DC: NRC.

xl



CHAPTER 1
2.2.1.1 System Description and Demonstration of Multiple Barriers

22111 Introduction

The performance objectives in 10 CFR Part 63 for the repository after permanent closure
require that the geologic repository must include multiple barriers, consisting of both natural
barriers and an engineered barrier system. Natural and engineered barriers isolate waste by
preventing or substantially reducing the rate of movement of water or radionuclides from the
Yucca Mountain repository to the accessible environment. A comprehensive description of the
capabilities of the natural and engineered barriers would identify the risk-significant attributes for
the repository performance. Safety Evaluation Report (SER) Section 2.2.1.1 evaluates the

U.S. Department of Energy’s (DOE’s or applicant’s) description of the capabilities of the

barriers in the geologic repository. The technical basis for the barrier capability is evaluated in
SER Section 2.2.1.3.

A system of multiple barriers is intended to ensure that the repository system is not wholly
dependent on a single barrier. Such a system is more robust in handling failures and external
challenges. Therefore, the repository performance objectives in 10 CFR 63.113 require that a
geologic repository contain both natural barriers and an engineered barrier system.

The emphasis of the U.S. Nuclear Regulatory Commission (NRC) staff’s integrated review of
the applicant’s performance assessment is not solely focused on the isolated performance of
individual barriers, but rather on ensuring that the repository system is robust. The purpose of
this SER Section is to provide an understanding of how the natural barriers and the engineered
barrier system work in combination to enhance the resiliency of the geologic repository. To
provide an understanding of integrated repository performance, 10 CFR 63.115 requires the
applicant to

¢ |dentify barriers considered important to waste isolation
o Describe each barrier’s capability

¢ Provide a technical basis for that capability which is based on and consistent with the
technical basis for the performance assessment used to demonstrate compliance with the
performance objectives in 10 CFR 63.113(b) and (c)

This risk information provides DOE’s understanding of each barrier’s capability to prevent or
substantially delay the movement of water or radioactive material. The NRC staff can use this
risk information to implement a risk-informed approach in its review of the applicant’s
performance assessment calculations.

The NRC staff’s evaluation is based on information provided in the Safety Analysis Report
(SAR) (DOE, 2008ab), as supplemented by DOE responses to the NRC staff’s requests for
additional information (DOE, 2009an,bu). DOE provided a description of the barrier capabilities
in SAR Chapter 2.1. This description, supplemented by DOE’s responses to the NRC staff’s
requests for additional information, is used by the NRC staff in its review of the technical bases
for the performance assessment, as documented in SER Section 2.2.1.3. SER Section 2.2.1.1
focuses on the adequacy of DOE’s description of the barrier capabilities. As discussed in the
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NRC staff's Yucca Mountain Review Plan (YMRP) Section 2.2.1 (NRC, 2003aa), the multiple
barrier review focuses on each barrier's importance to waste isolation. Following the guidance
in the YMRP Section 2.2.1, the NRC staff evaluated the information required by 10 CFR
63.21(c)(1), (9), (10), (14), and (15).

2211.2 Regulatory Requirements

The regulatory requirements applicable to multiple barriers are found in 10 CFR 63.113(a) and
10 CFR 63.115(a—c). These require an applicant to

o Ensure that the geologic repository includes multiple barriers, consisting of both natural
barriers and an engineered barrier system

° Identify those features of the repository that are considered barriers important to waste
isolation (ITWI)

o Describe the capabilities of those barriers, taking into account uncertainties in
characterizing and modeling the behavior of the barriers

. Provide a technical basis for the description of the capability that is based on and
consistent with the technical basis for the performance assessment used to demonstrate
compliance with 10 CFR 63.113(b) and (c)

Definitions and discussions of important terms and concepts, such as “barrier’ and “important to
waste isolation,” are located in 10 CFR 63.2 and 10 CFR 63.102(h). For example, 10 CFR 63.2
states that the term “barrier” means any material, structure, or feature that, for a period to be
determined by NRC, prevents or substantially reduces the rate of movement of water or
radionuclides from the Yucca Mountain repository to the accessible environment, or prevents
the release or substantially reduces the release rate of radionuclides from the waste.

The NRC staff reviewed information provided in the SAR (DOE, 2008ab), as supplemented by
DOE responses to NRC staff’s requests for additional information (DOE, 2009an,bu) using the
review methods and acceptance criteria provided in YMRP Section 2.2.1.1. The three
acceptance criteria that are based on meeting the requirements of 10 CFR 63.115 and

10 CFR 63.113(a) are

. Identification of barriers is adequate
. Description of barrier capability to isolate waste is acceptable
. Technical basis for barrier capability is adequately presented

The following technical review is largely organized according to these three acceptance criteria.
Because the description of the barrier capability and the technical basis for the barrier capability
are interrelated, the review activities associated with these two acceptance criteria are
discussed together in SER Section 2.2.1.1.3.2.

22113 Technical Review

Description of DOE Approach

DOE identified the barriers considered important to waste isolation and summarized their
capabilities and technical bases in SAR Section 2.1. This summary relies on more extensive



information documented in SAR Sections 2.2 through 2.4. DOE documented the analyses that
it used to identify and evaluate barrier capability in the “Postclosure Nuclear Safety Design
Bases” (SNL, 2008ad). As described in that document, DOE's identification of the barriers, and
the description of the capability of these barriers, is based on the scenario analysis summarized
in SAR Section 2.2 that identifies and evaluates the features, events, and processes to be
considered in the Total System Performance Assessment (TSPA) model. The TSPA model is
an abstracted model that quantitatively integrates inputs from the various supporting analytic
models. DOE used this abstracted integrating model to demonstrate compliance with the
postclosure performance standards.

DOE identified three barriers (upper natural, engineered, and lower natural) and provided the
features or components that make up these barriers in SAR Section 2.1.1.

DOE summarized the capability of the barriers in SAR Section 2.1.2. For each barrier, DOE
identified and provided a brief qualitative description of the key processes and events that
influence the capability of each barrier. DOE provided some of these descriptions at the level of
individual barrier features or components (e.g., the waste package component of the
engineered barrier system). DOE provided other descriptions at an aggregate level (e.g., the
waste form, waste canisters, and waste package internals taken together). DOE then described

° The specific function of each barrier component and how the barrier component carries
out its functions

. The time period over which the barrier functions and how DOE expects the capability of
the barrier to evolve over time

. How uncertainty in the barrier capability has been accounted for in the
performance assessment

. The impact of disruptive events on the barrier, if any
. A quantitative evaluation of the barrier capability to carry out its barrier functions

DOE summarized the technical basis for the description of barrier capability in SAR

Section 2.1.3. DOE stated that the technical basis for the barrier capability is the same as

the technical basis for the model used in the TSPA analyses. DOE also stated that the
technical basis for the description of the barrier capability is provided in SAR Section 2.3.

SAR Table 2.1-5 identified which TSPA model abstractions are associated with each barrier.
SAR Section 2.1.3 identified the location of the technical basis for the description of the barrier
capability for those abstractions. SAR Section 2.1.3 briefly summarized the technical basis for
each TSPA model component. Each summary identified the subsection of SAR Section 2.3
where DOE described the technical basis of the model component in more detail.

2.2.1.1.31 Identification of Barriers

The NRC staff reviewed DOE’s discussion of how it identified barriers important to waste
isolation in SAR Section 2.1.1. DOE identified three barriers (upper natural, engineered, and
lower natural) and then provided the features or components that made up these barriers.

In SAR Table 2.1-1, DOE identified the safety classification (i.e., whether DOE considers the
feature or component to be important to waste isolation) of each feature or component. These
barriers include features that are important to waste isolation from the upper and lower natural
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barrier and components that are important to waste isolation from the engineered barrier
system. In DOE (2009an, Enclosure 1), DOE expanded SAR Table 2.1-1 to include

o The features, events, and processes considered important to barrier capability
e A qualitative discussion of how the stated barrier functions are attained

e For each barrier feature or component considered important to waste isolation,
a quantitative summary of barrier capability based on information from the performance
assessment analysis

DOE'’s safety classification identified in SAR Table 2.1-1 indicates whether each individual
feature or component is considered important to waste isolation and whether each feature or
component is clearly linked to its capability and to the upper natural barrier, engineered barrier
system, or the lower natural barrier. Therefore, because DOE indicated whether features or
components are important to waste isolation and identified their capabilities, the NRC staff
concludes that DOE has identified the barriers that are relied on to achieve compliance with
10 CFR 63.113. Because the list in SAR Table 2.1-1 includes features from both the
engineered and natural systems, the NRC staff concludes that DOE identified barriers that
include at least one feature from the engineered system and one from the natural system.

DOE also identified three engineered system components as important to waste isolation on the
basis of their capability to reduce the probability of criticality. DOE used these system
components to screen out the criticality event class from the performance assessment

because of the low probability of occurrence (SAR Table 2.2-5; SNL, 2008ab). NRC staff’s
evaluation of DOE’s technical basis for screening out the criticality event class can be found in
SER Section 2.2.1.2.1.

221132 Description and Technical Basis for Barrier Capability
NRC Staff’s Review Process

The NRC staff’s review of the description and technical basis for barrier capability is based on a
list of 22 individual features presented in SAR Table 2.1-1. For purposes of evaluation, the
NRC staff consolidated these features to yield nine features as shown in the second column of
SER Table 1-1. The NRC staff consolidated the 22 barrier features because it found that
several features in the second column of SAR Table 2.1-1 are related. For example, the
emplacement drift is referred to twice. The NRC staff, therefore, consolidated the two
emplacement drift entries into a grouped entry titled “Emplacement Drift.” Also, 11 of the
features listed in SAR Table 2.1-1 were prefaced with the term “Waste Form and Waste
Package Internals.” The NRC staff grouped all of these 11 features into 1 component titled
“Waste Form and Waste Package Internals.” The NRC staff included cladding into this grouped
category because the cladding is a component that contains the waste form and is internal to
the waste package. The NRC staff also noted that neither the emplacement pallet nor the invert
was classified as important to waste isolation in SAR Table 2.1-1, and that both components
serve to support the waste package. The NRC staff, therefore, consolidated these two features
into a single barrier feature titled “Emplacement Pallet and Invert.” The resulting consolidated
list is consistent with the grouping that DOE used in SAR Section 2.1.2.2 in its summary of the
features, processes, and characteristics of the engineered barrier system that are important to
waste isolation.



Table 1-1. Summary of NRC Staff’'s Barrier Component Review

SAR Table 2.1-1

SAR Table 2.1-1 ITWI* Non-ITWI
Barrier Barrier Feature Components Components
Upper Natural Topography and Topography and Surficial None
Barrier Surficial Soils Soils
Upper Natural Unsaturated Zone Unsaturated Zone Above the | None
Barrier Above the Repository Repository

Engineered Barrier
System (EBS)

Emplacement Drift

Emplacement Drift

Emplacement Drift:
Nonemplacement
Openings, Closure,
Ground Support, and
Ventilation System

Invert

EBS Drip Shield Drip Shield None
EBS Waste Package Waste Package None
EBS Waste Form and Waste | e Transport, aging, and o DOE SNF canister
Package Internals disposal (TAD) canister e High-level waste
o Naval canister canister
¢ Commercial spent nuclear |e Codisposal
fuel (SNF) and high-level package internals
waste glass o DOE SNF
o Naval SNF » Cladding
« Naval SNF canister system
componentst
e TAD canister internalst
e DOE SNF canister
internalst
EBS Emplacement Pallet and | None e \Waste Package

Pallet

e Invert
Lower Natural Unsaturated Zone Below | Unsaturated Zone Below the | None
Barrier the Repository Repository
Lower Natural Saturated Zone Saturated Zone None
Barrier

probability of criticality.

*ITWI stands for “important to waste isolation.”
1DOE identified these components as important to waste isolation solely in relation to their capability to reduce the

The NRC staff reviewed the descriptions of the barrier capability of these nine consolidated
features. To evaluate the description of the barrier capability, the NRC staff reviewed how DOE

¢ Identified the safety classification and primary function of each barrier component

o |dentified the characteristics and processes important to barrier capability, including
both those that are potentially beneficial and those that are potentially detrimental to

barrier functions

o Described how the barrier component was represented in the performance assessment

o Described the qualitative and quantitative capabilities of each barrier component, consistent
with the performance assessment analyses
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e Characterized the time period over which the barrier functions and how DOE expects the
barrier capability to change over time

e Accounted for the uncertainty in the description of the barrier capability

To evaluate the technical bases for the barrier capability, the NRC staff reviewed the
consistency between the descriptions of the barrier capability documented in SAR Section 2.1.2
and the technical bases summarized in SAR Section 2.1.3 and further documented in SAR
Section 2.3. In addition, the NRC staff reviewed the description of the performance confirmation
plan to determine whether it was consistent with the descriptions of barrier capability.

SER Section 2.4 contains the results of the NRC staff’s review of the performance

confirmation plan.

The NRC staff also considered the insights gained from NRC (2005aa, Appendix D), as updated
(CNWRA and NRC, 2008aa), to determine whether DOE had omitted any features or processes
that might contribute significantly to barrier capability in its description of barrier capability. In
addition, the NRC staff reviewed DOE’s TSPA model described in SNL (2008ag) to assess
consistency between the descriptions of barrier capability and how the TSPA model
components actually represented the barrier capability.

In each of the following sections, the NRC staff summarizes the results of the review of the
individual barrier components, as identified in the second column of Table 1-1. Specifically, the
NRC staff’'s evaluation

. Describes whether the barrier capability DOE described is consistent with the definition
of a barrier in 10 CFR 63.2

. Identifies the SAR sections where DOE described the capability of each barrier
component and briefly summarizes the described capabilities

. Describes whether the identified capabilities are consistent with the results from the total
system performance assessment (in reviewing these analyses, the NRC staff examined
whether the numerical results used to illustrate barrier capability were consistent with the
intermediate results used to compute the radiation dose in the total system performance
assessment calculation)

° Identifies where DOE has described the time period over which the barrier performs its
stated function and briefly summarizes whether DOE has adequately described the time
period over which the barrier performs its stated function

o Identifies where DOE has adequately described the uncertainty in the barrier capability
and describes whether DOE accounted for uncertainties in its characterization and
modeling of the barriers

. Identifies where DOE summarized the technical basis for barrier capability, describes
whether this technical basis is consistent with the technical basis for the performance
assessment models, and describes whether the technical basis is commensurate with
the importance of each barrier's capability



2.2.1.1.3.21 Upper Natural Barrier: Topography and Surficial Soils

The NRC staff reviewed DOE’s description of the barrier capability of the topography and
surface soils. DOE described the barrier capabilities of the topography and the surficial soils to
prevent or substantially reduce the rate of water movement qualitatively in SAR

Section 2.1.2.1.1 and quantitatively in SAR Section 2.1.2.1.6.1. DOE supplemented this
description in DOE (2009an, Enclosure 1). DOE used net infiltration as a percentage of annual
precipitation to quantify the barrier capability of topography and surficial soils. The NRC staff
concludes that the capabilities DOE described are consistent with the definition of a barrier at
10 CFR 63.2 because DOE described a capability that substantially reduces infiltration into the
unsaturated zone, which in turn reduces the rate of movement of water from the nuclear waste
in the repository to the accessible environment.

DOE'’s climate and infiltration analyses are summarized in SAR Tables 2.3.1-2, 2.3.1-3, and
2.3.1-4. DOE concluded in SAR Section 2.1.2.1.1 and in DOE (2009an, Enclosure 1) that for
approximately 10,000 years following closure of the repository, a limited amount of water would
infiltrate the unsaturated zone above the repository at Yucca Mountain. DOE attributed the low
rate of infiltration to low precipitation that is substantially further reduced by high rates of
evapotranspiration (e.g., uptake by plants, surface evaporation) and surface runoff. In SAR
Section 2.1.2.1.1, DOE stated that the average net infiltration rate estimates range from about
3 to 17 percent of the total precipitation, depending upon the climate state and the infiltration
scenario. For the post-10,000-year period, DOE stated that it used the deep percolation rate
distribution specified in the proposed 10 CFR 63.342(c)(2) rule. In DOE (2009cb, Enclosure 6),
DOE stated that use of the distribution of deep percolation specified in the final 10 CFR
63.342(c)(2) rule led to an insignificant increase in radiation dose.

Based on its review of the DOE description of the barrier capabilities of topography and surficial
soils in SAR Section 2.1.2.1 and in DOE (2009an, Enclosure 1), the NRC staff concludes that
DOE'’s description of the barrier capability is consistent with the results from the performance
assessment calculation because DOE based the description of barrier capabilities on
intermediate results from its infiltration model used in the performance assessment, as
documented in SAR Section 2.3.1.

DOE provided information in SAR Section 2.1.2.1.3 on the time period over which this upper
natural barrier feature performs its intended function. DOE stated that the topography and
surficial soils are not expected to change significantly in the 10,000 years following closure, but
changes in climate and vegetation are expected to affect the barrier capability during this period.
In SAR Tables 2.3.1-17 to 2.3.1-19 and DOE (2009an, Enclosure 1), DOE addressed when it
expects different climate states to occur and provided infiltration rates under different climate
scenarios. Because DOE explicitly discussed the time dependence of the infiltration rate, the
NRC staff concludes that DOE has adequately described the time period over which the
topography and surface soils perform as a barrier.

In SAR Section 2.1.2.1.4, DOE described sources of uncertainty that are considered in the
climate and infiltration model. Sources of uncertainty include (i) the interpretation of the
geologic record of past climates, (ii) the parameters describing evapotranspiration, (iii) the
applicability of models, and (iv) the characteristics of the Yucca Mountain site. DOE also
addressed the uncertainty in the barrier capability by describing results from its infiltration model
demonstrating the probability of different infiltration scenarios (SAR Section 2.3.2.4.1.2.4.5 and
Table 2.3.2-27). DOE demonstrated in DOE (2009bo, Enclosure 5) that adjusting the probability
weighting of these scenarios based on deep subsurface observations of chloride and
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temperature (SAR 2.3.2.4.1.2.4.5 and Table 2.3.2-27) reduced the average infiltration fluxes in
the initial 10,000 years following permanent closure by approximately 50 percent. DOE
addressed infiltration uncertainties in the post-10,000-year period in SAR Section 2.3.2.4.1.2.4.2
by using a weighting of net infiltration scenarios to yield a distribution of deep percolation

fluxes comparable to the distribution specified in the proposed 10 CFR 63.342(c)(2). DOE
(2009cb, Enclosure 6) stated that use of the distribution of deep percolation specified in the final
10 CFR 63.342(c)(2) rule led to an insignificant increase in radiation dose. Because DOE
described the sources of uncertainty and demonstrated the range of uncertainty in its infiltration
estimates, the NRC staff concludes that DOE has adequately addressed uncertainty in its
descriptions of barrier capability. SER Section 2.2.1.3.6.3.2 documents the NRC'’s staff’s
evaluation of DOE’s approach to and representation of infiltration uncertainty in the performance
assessment in the first 10,000 years and in the post-10,000-year period.

In SAR Section 2.1.3.1, DOE summarized the technical bases of the barrier capability
description of the upper natural barrier, which includes the topography and surficial soils
component. In this discussion, DOE indicated which TSPA models it used to support the
description of the barrier capability of the upper natural barrier. DOE based its description of the
barrier capability of the topography and surficial soils on the climate and infiltration model
described in SAR Section 2.3.1.

The NRC staff compared the technical bases descriptions in SAR Sections 2.1.2.1.1 and 2.1.3.1
with SAR Section 2.3.1 and concludes that the technical bases descriptions are consistent
among these SAR sections. Further, the NRC staff compared the quantitative representation of
the barrier capability in SAR Sections 2.1.2.1.1 and 2.1.3.1 with the results of the climate and
infiltration model described in SAR Section 2.3.1 and concludes that the net infiltration
calculation results are consistently represented among these SAR sections. The NRC staff
therefore concludes that the technical bases for the description of barrier capability in SAR
Sections 2.1.2.1.1 and 2.1.2.1.6.1 are consistent with the technical bases of the climate and
infiltration model.

SER Section 2.2.1.3.5 documents the NRC staff’s evaluation of the infiltration model that
provides the technical basis for this capability. The NRC staff concludes in SER

Section 2.2.1.3.5 that DOE provided acceptable technical bases for the climate and infiltration
model and for the range of net infiltration values used in the performance assessment
calculations. Therefore, the NRC staff concludes that DOE’s technical bases for the
description of the barrier capability of the topography and surface soils are commensurate
with the barrier capability described in SAR Sections 2.1.2.1.1 and 2.1.2.1.6.1 and in DOE
(2009an, Enclosure 1).

In summary, the NRC staff concludes that the capability of the topography and surficial soils to
prevent or substantially reduce the rate of movement of water from the Yucca Mountain
repository to the accessible environment is adequately described and that the technical bases
for the barrier capability are based on and consistent with the technical bases for the
performance assessment.

221.1.3.2.2 Upper Natural Barrier: Unsaturated Zone Above the Repository
The NRC staff reviewed the DOE description of the barrier capability of the unsaturated zone
above the repository. DOE described the capability of the unsaturated zone above the

repository to prevent or substantially reduce seepage qualitatively in SAR Section 2.1.2.1.2
and quantitatively in SAR Section 2.1.2.1.6.2. DOE supplemented this description in
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DOE (2009an, Enclosures 1 and 2). The NRC staff concludes that the capabilities DOE
described are consistent with the definition of a barrier at 10 CFR 63.2 because they describe a
capability to prevent or substantially reduce seepage of water into the emplacement drifts, which
in turn substantially reduces the rate of water movement from the nuclear waste in the
repository to the accessible environment.

In SAR Section 2.1.2.1.6.2, DOE explained that the average percolation flux at the repository
depth is, at most, a few percent less than the average net infiltration near the surface above the
repository. Because changes in the flow rate of water between the ground surface and the
repository level are relatively small, the NRC staff determines that DOE did not attribute barrier
capability to any significant processes that result in the diversion of water away from the
emplacement drift location. However, DOE explained in SAR Sections 2.1.2.1.2 and 2.1.2.1.6.2
and in DOE (2009an, Enclosures 1 and 2) that capillary diversion of water at the host rock—air
interface at the drift wall prevents much of the water flowing in the rock at the repository level
from entering the drift as seepage (i.e., dripping). DOE explained that at some drift locations, all
of the water is diverted around the drift, resulting in no drips at all; at others, only some of the
water enters, and the remainder is diverted around the drift. In addition, the short duration,
relatively higher flow rates resulting from infiltration following brief episodes of precipitation are
spread out in time and space as they pass through the Paintbrush Tuff. In DOE (2009an,
Enclosure 2), DOE explained that this damping of episodic infiltration pulses by the Paintbrush
Tuff results in water flow rates below the Paintbrush Tuff that are consistently lower than the
peak flow rate during the infiltration pulse, but which are more nearly constant over time

(i.e., steady-state fluxes below the Paintbrush Tuff). DOE explained that because capillary
diversion processes are more effective at low percolation flow rates, the damping of episodic
infiltration pulses by the Paintbrush Tuff contributes to the effectiveness of the capillary barrier.
DOE quantified the barrier capability of the unsaturated zone above the repository for each of
the five percolation subregions for the climate states projected for the first 10,000 years after
repository closure (SAR Section 2.1.2.1.2). DOE used an analysis based on the TSPA seepage
models and inputs to demonstrate that average seepage rates range from less than 1 to about
17 percent of the percolation fluxes for intact drifts within the first 10,000 years following
closure, as described in DOE (2009bo, Enclosure 3, Table 11). DOE expects capillary forces
to divert more than 80 percent of percolation flux away from the intact drifts for the initial

10,000 years after closure. DOE (2009bo, Enclosure 3, Table 5) identified that for intact drifts,
the fraction of the repository experiencing dripping conditions (i.e., the seepage fraction)

ranges from 10 to 70 percent. Results for the collapsed drift case, which is a likely scenario

in the post-10,000-year period, show that the mean seepage percentage ranges from about

40 to 56 percent, as described in DOE (2009bo, Enclosure 3, Table 11). DOE expects that
capillary forces would divert at least 44 percent of percolation flux away from collapsed drifts.
The post-10,000-year seepage fractions for the corresponding flow fields range from about 44 to
89 percent, as described in DOE (2009bo, Enclosure 3, Table 8).

Based on its review of the DOE description of the barrier capabilities of the unsaturated zone
above the repository in SAR Section 2.1.2.1, the NRC staff concludes that DOE’s description of
the barrier capability is consistent with the results from the performance assessment calculation
because DOE refers to analyses in SAR Section 2.3.3.4.2 (in which DOE provided examples of
the probabilistic calculation of seepage) and in DOE (2009bo, Enclosure 3), both of which are
based on TSPA models and input data.

In SAR Section 2.1.2.1.3, DOE provided information on the time period over which this upper

natural barrier feature performs its intended function. DOE stated that the unsaturated zone
above the repository is not expected to change in the 10,000 years following closure and that
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changes in the barrier capability are due to changes in infiltration. SAR Figure 2.1-5
demonstrates how seepage changes as a function of time. Because DOE demonstrated how
the ability of the drift to divert water changes over time, the NRC staff concludes that DOE has
adequately described the time period over which the unsaturated zone above the repository
performs as a barrier.

In SAR Section 2.1.2.1.4, DOE discussed sources of uncertainty in the barrier capability of

the unsaturated zone above the repository. DOE stated that these primarily are associated
with uncertainties in the models and the characteristics of the Yucca Mountain site. SAR
Tables 2.1-6 through 2.1-9 demonstrate the range of uncertainty in seepage fractions. DOE
also discussed these uncertainties in SAR Section 2.3.3.4.2. Because DOE described sources
of uncertainty and demonstrated how these uncertainties affect the rate and extent of seepage,
the NRC staff concludes that DOE has adequately considered uncertainty in its descriptions of
barrier capability.

SAR Section 2.1.3.1 summarized the technical basis of the barrier capability of the upper
natural barrier, which includes the unsaturated zone above the repository. In its discussion,
DOE indicated which TSPA models it used to support the description of the barrier capability of
the upper natural barrier. DOE based its description of the barrier capability of the unsaturated
zone above the repository on the unsaturated zone flow model described in SAR Section 2.3.2
and on the seepage (ambient and thermal) models described in SAR Section 2.3.3.

The NRC staff compared the technical bases descriptions in SAR Sections 2.1.2.1.2 and 2.1.3.1
with SAR Sections 2.3.2 and 2.3.3 and concludes that the technical bases descriptions are
consistent among these SAR sections. Further, the NRC staff compared the quantitative
representation of the barrier capability in SAR Sections 2.1.2.1.6.2 and 2.1.3.1 with the results
of the site-scale unsaturated zone flow and seepage models described in SAR Sections 2.3.2
and 2.3.3 and concludes that the deep percolation, seepage, and seepage fraction estimates
are consistently represented among these SAR sections. The NRC staff therefore concludes
that the technical bases for the description of barrier capability in SAR Sections 2.1.2.1.2 and
2.1.2.1.6.2, as supplemented in DOE (2009an, Enclosures 1 and 2), are consistent with the
technical bases of the site-scale unsaturated zone flow and seepage models.

SER Section 2.2.1.3.6 documents the NRC staff’'s evaluation of the technical bases for the
unsaturated zone flow and seepage model abstractions that form the basis for this capability.
The NRC staff concludes in SER Section 2.2.1.3.6 that DOE provided technical bases for the
site-scale unsaturated zone flow and seepage models and for the ranges of deep percolation,
seepage, and seepage fraction values used in the performance assessment that are
adequate for their intended use. The NRC staff therefore concludes that DOE’s technical
bases for the description of the barrier capability of the unsaturated zone above the
repository are commensurate with the barrier capability described qualitatively in SAR
Section 2.1.2.1.2, quantitatively in SAR Section 2.1.2.1.6.2, and as supplemented by DOE
(2009an, Enclosures 1 and 2 ).

In summary, the NRC staff concludes that the capability of the unsaturated zone above

the repository to prevent or substantially reduce the rate of movement of water from the

Yucca Mountain repository to the accessible environment is adequately described and that the
technical basis for the barrier capability is based on and is consistent with the technical basis for
the performance assessment.



2.21.1.3.2.3 Engineered Barrier System: Emplacement Drift

The NRC staff reviewed the DOE description of the barrier capability of the emplacement drift.
DOE discussed the barrier capabilities of the emplacement drift in SAR Section 2.1.2.2 under
the discussion titled “Emplacement Drift” and in DOE (2009an, Enclosures 1 and 3). DOE
stated that the capability of the emplacement drift to prevent or substantially reduce the
movement of water is associated with the capillary barrier discussed under the upper natural
barrier in SAR Section 2.1.2.1. DOE associated the capability of the drift to prevent or reduce
the rate of movement of radionuclides with the effect of temperature and water chemistry on
various processes affecting the degradation of the other engineered barrier system (EBS)
components (e.g., drip shield, waste package, and waste form) and radionuclide transport.
DOE (2009an, Enclosures 1 and 3) specifically identified and discussed the roles of individual
processes in the capability of the emplacement drifts. The NRC staff finds that DOE has
described the emplacement drifts capabilities as follows:

. The intact emplacement drift opening represents a zero-capillarity feature within the rock
formation that supports diversion of unsaturated zone flow around the opening, which
reduces the rate of seepage into the drift.

° The collapsed, rubble-filled emplacement drift provides reduced seepage diversion
capabilities and limits drip shield and waste package motion under seismic activity.

. The mechanical integrity of the drift provides a stable environment that controls the
mechanical and chemical degradation of the drip shield and waste packages, which
divert seepage water and prevent or limit the rate of contact of water with the
waste form.

. The mechanical integrity of the drift provides a stable environment that controls the rate
of waste form degradation and the chemical conditions within the waste package, which
control the rate of movement of radionuclides.

The NRC staff finds that DOE has adequately described the capabilities of the emplacement
drift with respect to drift seepage because DOE described the effect of an intact and collapsed
drift on the performance of the capillary barrier associated with the unsaturated zone above the
repository. The NRC staff further finds that DOE has adequately described the capabilities of
the emplacement drift as a barrier important to waste isolation with respect to the effect of the
in-drift environment because DOE described the effect of the in-drift environment on
degradation and transport processes within the drift that are described as aspects of the other
components of the engineered barrier system. Therefore, the NRC staff concludes that the
capabilities DOE described, with respect to drift seepage and the effect of the in-drift
environment, are consistent with the definition of a barrier at 10 CFR 63.2 because these
capabilities substantially reduce the rate of movement of water or radionuclides.

DOE discussed the time period over which the emplacement drift functions in SAR

Section 2.1.2.2.3 and in DOE (2009an, Enclosure 3). DOE described the evolution of the
mechanical stability of the drift and the in-drift environment and discussed how these changes
affect the major processes associated with emplacement drift performance. The NRC staff
concludes that these evaluations, along with the discussion of the time period over which DOE
expects the drift to degrade due to seismic events, provide an adequate description of the time
period over which the emplacement drift performs its function because DOE described both the
timing and effect of seismically induced drift degradation. In SER Section 2.2.1.3.2.3.2, the
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NRC staff addresses the adequacy and uncertainty in the capabilities of the emplacement drift
related to the mechanical integrity of the drift opening.

DOE discussed the uncertainty in the performance of the emplacement drift in SAR

Sections 2.1.2.2.4 and 2.3.4.4.8 and in DOE (2009an, Enclosure 3). DOE indicated that the
uncertainties in the environmental conditions are a primary source of uncertainty in the
performance of the engineered barrier system. In SAR Section 2.3.4.4.8, DOE discussed the
sources and treatment of uncertainty in the evaluation of rockfall and demonstrated the effect of
these uncertainties in SAR Figure 2.1-14, which demonstrates the range of uncertainties in the
expected fraction of the drift filled with rubble. The NRC staff concludes that these discussions,
supplemented by probabilistic outputs of the rockfall model showing the range of times for
rubble to accumulate within the drift (SAR Section 2.1.2.2.6, Figure 2.1-14), demonstrate that
DOE has adequately addressed uncertainty in its descriptions of barrier capability.

DOE summarized the technical bases of the engineered barrier system capability, which
included the emplacement drift, in SAR Section 2.1.3.2. In its discussion, DOE indicated which
TSPA models it used to support the description of the barrier capability of the engineered
barrier system. DOE based its description of the barrier capability of the emplacement drift on
three TSPA submodels: (i) the ambient and thermal seepage models described in SAR
Section 2.3.3, (ii) the engineered barrier system mechanical degradation model described in
SAR Section 2.3.4, and (iii) the in-drift chemical and physical environment model described in
SAR Section 2.3.5.

The NRC staff compared the technical bases descriptions in SAR Sections 2.1.2.2 and 2.1.3.2
with SAR Sections 2.3.3, 2.3.4, and 2.3.5 and concludes that the technical bases descriptions
are consistent among these SAR sections. Further, the NRC staff compared the quantitative
representation of the barrier capability in SAR Sections 2.1.2.2 and 2.1.3.2 with the results of
the three emplacement drift TSPA submodels DOE described in SAR Sections 2.3.3, 2.3.4, and
2.3.5 and concludes that the seepage rate estimates, the expected time of collapse of the drifts,
and the in-drift physical and chemical environment are consistently represented among these
SAR sections. The NRC staff therefore concludes that the technical bases for the description of
barrier capability in SAR Section 2.1.2.2 are consistent with the technical bases of the
emplacement drift TSPA submodels.

In SER Sections 2.2.1.3.2, 2.2.1.3.3, and 2.2.1.3.6, the NRC staff evaluates the adequacy of the
technical bases used to support the barrier capability of the emplacement drift. The NRC staff
concludes in SER Sections 2.2.1.3.2, 2.2.1.3.3, and 2.2.1.3.6, that DOE provided technical
bases for the emplacement drift TSPA submodels, the range of values for the seepage rates,
the expected time of collapse of the drifts, and the in-drift physical and chemical environment
used in the performance assessment that are adequate for their intended use. The NRC staff
therefore concludes that DOE’s technical bases for the description of the barrier capability of
the emplacement drift are commensurate with the barrier capability described in SAR

Section 2.1.2.2 and in DOE (2009an, Enclosures 1 and 3).

In summary, the NRC staff concludes that the capability of the emplacement drift to prevent or
substantially reduce the rate of movement of water or radionuclides from the Yucca Mountain
repository to the accessible environment is adequately described and that the technical bases
for the barrier capability are based on and consistent with the technical bases for the
performance assessment.



2211324 Engineered Barrier System: Drip Shield

The NRC staff reviewed the description of the barrier capability of the drip shield. DOE
discussed the capability of the drip shield to prevent or substantially reduce contact of
seepage with the waste package in SAR Section 2.1.2.2 under the discussion titled “Drip
Shield,” in SAR Section 2.1.2.2.1, and quantitatively in SAR Section 2.1.2.2.6. DOE
supplemented its discussion in DOE (2009an, Enclosure 1). DOE addressed the drip shield’s
capability to prevent seepage water from contacting the waste package during the thermal
period in SAR Section 2.1.2.2. The thermal period is the time period when the temperature of
the host rock and EBS are above the ambient temperature of the host rock (SER Section
2.2.1.3.6). During the thermal period, seepage water, if contacting the waste package, could
lead to water chemistry that may initiate localized corrosion. The NRC staff concludes that the
capabilities DOE described are consistent with the 10 CFR 63.2 definition of a barrier because
they describe a capability to prevent or substantially reduce the rate of movement of water.

DOE does not expect extensive drip shield failures before 100,000 years. General corrosion of
the drip shield enhances the vulnerability of the drip shield to seismic events as the drip shield
plates become thinner as a result of corrosion. DOE expects drip shields to fail between
200,000 and 300,000 years, when general corrosion has weakened the drip shield plates
sufficiently such that a seismic event can rupture them. DOE attributes the capability of the drip
shield to divert water to corrosion-resistant materials coupled with a low probability of
mechanical damage from seismic events and a relatively benign chemical environment during
the thermal period.

Based on its review of the DOE description of the barrier capabilities of the drip shield in

SAR Sections 2.1.2.2 and 2.1.2.2.6 and DOE (2009an, Enclosure 1), the NRC staff concludes
that DOE’s description of the barrier capability is consistent with the results from the
performance assessment calculation because DOE described the capability using intermediate
results from the TSPA model showing the distribution of drip shield failure times.

SAR Section 2.1.2.2.3 addressed the time period over which the engineered barrier system,
including the drip shield, performs its barrier function. DOE stated that the barrier capability of
the drip shield and waste package is not impacted until sufficient corrosion has occurred to
create breaches in the waste package. SAR Section 2.1.2.2.6 quantified the change in the
effectiveness of the capability of the drip shield. The NRC staff concludes that DOE adequately
described the time period over which the drip shield performs its barrier function because it
described how the drip shields degrade over time and supplemented its description with
time-dependent outputs from the drip shield degradation model.

DOE described the sources of uncertainty in the drip shield capability in SAR Section 2.1.2.2.4
and quantitatively demonstrated the effect of uncertainties in SAR Section 2.1.2.2.6. These
include, for example, uncertainties in the environmental conditions affecting the drip shield.
DOE described specific analyses of uncertainty in the model abstractions for drip shield
degradation in SAR Sections 2.3.4.5 and 2.3.6.8. The NRC staff concludes that these
discussions, supplemented by probabilistic outputs of the drip shield degradation model
showing the range of times for failure of the drip shield (SAR Section 2.1.2.2.6, Figure 2.1-11),
demonstrate that DOE has adequately addressed uncertainty in its descriptions of

barrier capability.

SAR Section 2.1.3.2 summarized the technical bases of the barrier capability of the engineered
barrier system, which includes the drip shields. In its discussion, DOE identified which TSPA
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models it used to support the description of the barrier capability of the engineered barrier
system. DOE based its description of the barrier capability of the drip shield on three TSPA
submodels: (i) the mechanical damage model described in SAR Section 2.3.4.5, (ii) the general
corrosion model described in SAR Section 2.3.6.8.1, and (iii) the early failure model described in
SAR Section 2.3.6.8.4.

The NRC staff compared the technical bases descriptions in SAR Sections 2.1.2.2 and 2.1.3.2
with SAR Sections 2.3.4.5, 2.3.6.8.1, and 2.3.6.8.4 and concludes that the technical bases
descriptions are consistent among these SAR sections. Further, the NRC staff compared the
quantitative representation of the barrier capability in SAR Sections 2.1.2.2 and 2.1.3.2 with the
results of the three drip shield TSPA submodels DOE described in SAR Sections 2.3.4.5,
2.3.6.8.1, and 2.3.6.8.4 and concludes that the drip shield failure time estimates are consistently
represented among these SAR sections. The NRC staff therefore concludes that the technical
bases for the description of barrier capability in SAR Section 2.1.2.2 are consistent with the
technical bases of the drip shield TSPA submodels.

In SER Sections 2.2.1.3.1 and 2.2.1.3.2, the NRC staff evaluates the adequacy of the technical
bases used to support the barrier capabilities of the drip shield. The NRC staff concludes in
SER Sections 2.2.1.3.1 and 2.2.1.3.2 that DOE provided technical bases for the drip shield
TSPA submodels and for the range of values for the drip shield failure time used in the
performance assessment that are adequate for their intended use. The NRC staff therefore
concludes that DOE’s technical bases for the description of the barrier capability of the drip
shields are commensurate with the barrier capability described in SAR Section 2.1.2.2 and in
DOE (2009an, Enclosure 1).

In summary, the NRC staff concludes that the capability of the drip shield to prevent or
substantially reduce the rate of movement of water or radionuclides from the Yucca Mountain
repository to the accessible environment is adequately described and that the technical basis
for the barrier capability is based on and consistent with the technical basis for the
performance assessment.

221.1.3.25 Engineered Barrier System: Waste Packages

The NRC staff reviewed the description of the barrier capability of the waste packages. DOE
discussed the capability of the waste package to prevent or substantially reduce contact of
seepage with the waste form in SAR Section 2.1.2.2 under the discussion titled “Waste
Package,” in SAR Sections 2.1.2.2.1 and 2.1.2.2.2, and quantitatively in SAR Section 2.1.2.2.6.
DOE (2009an, Enclosures 1 and 4) supplemented this discussion. NRC staff concludes that the
capabilities DOE described are consistent with the definition of a barrier at 10 CFR 63.2
because they describe a capability to substantially reduce the rate of water or

radionuclide movement.

The NRC staff notes that DOE also credited the barrier capability of the waste package for
radionuclide transport through the engineered system. Specifically, the waste package inner
vessel contains a large amount of stainless steel that corrodes after breach of the outer vessel.
The corrosion products contain high sorption capabilities for some radionuclides. Although the
important to waste isolation component that DOE credited for this capability is the waste
package inner vessel, DOE described the barrier capabilities associated with sorption to
corrosion products as an aspect of the waste form and waste package internal components.
SER Section 2.2.1.1.3.2.6 addresses the NRC staff’s evaluation of this barrier capability.



In SAR Section 2.1.2.2, DOE attributed the capability of the w