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NOTE TO READER: This volume is one of five volumes shown in the table below that
comprise the Safety Evaluation Report (SER). Each of the volumes is published separately
as it is completed; therefore, the volume number may not correspond to the chronological
order of volume publication. The volume numbering, as well as the SER section numbering
used within the chapters of a volume, is based on the Yucca Mountain Review Plan (YMRP)'
the U.S. Nuclear Regulatory Commission (NRC) staff used to guide its review of the license
application. Use of SER section numbers that correspond to the YMRP section numbers
facilitated the NRC staff's wnting of the SER, allowing the interested reader to easily find the
applicable review methods and acceptance critena within the YMRP. The following table
provides the topics and SER sections for each volume. The table will help the reader locate
SER sections cross-referenced among the volumes.
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ABSTRACT

This is Volume 3 of the NRC staff's “Safety Evaluation Report {SER) Related to Disposal of
High-Level Radicactive Wastes in a Geologic Repository at Yucca Mountain, Nevada.” Volume
3 presents certain results of the staff's review of DOE’s Safety Analysis Report, provided in its
June 3, 2008 license application, as updated by DOE in February 19, 2008, along with
information provided in response to NRC staff's requests for information. In particular, SER
Volume 3, documents the results of the staff's evaluation to determine if the proposed repository
design will comply with the technical criteria and postclosure public heaith and environmental

standards that apply after the proposed repository is permanently closed,[(b)(5)
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EXECUTIVE SUMMARY

Background

On June 3, 2008, the U.S. Department of Energy {DOE or the applicant) a license application to
the U.S. Nuclear Regulatory Commission {(NRC) seeking authorization to begin construction of a
geologic repository for high-level radioactive waste disposal at Yucca Mountain, Nevada.'

The license application consists of general information and a Safety Analysis Report

{SAR). This document, the NRC staff's Safety Evaluation Report (SER), Volume 3,

presents certain results of staff's review of the SAR DOE provided in its June 3, 2008, license
application and as updated on February 19, 2009 The NRC staff also reviewed information
DOE provided in response to NRC staff's requests for additional information. In particular,

SER Volume 3 documents the results of the staff's evaluation to determine whether the
proposed repository design for Yucca Mountain will comply with the technical criteria and
postclosure public heaith and environmental standards that apply after the repository is
permanently closed. Thase criteria and standards can be found in NRC’s regulations at

10 CFR Part 63, Subparts E and L. In conducting its review of the license application, the NRC
staff was guided by the review methods and acceptance criteria outlined in the Yucca Mountain
Review Plan.®

Other portions of the NRC staff's safety review have been, or will be, documented elsewhere.
SER Volume 1, NUREG~-XXXX (NRC, 2010XX) contains the staff's evaluation of DOE's
general information. SER Volume 2 will contain the staff's evaluation of DOE's compliance
with preclosure safety objectives and requirements; SER Volume 4 will document the staff's
evaluation of DOE's demonstration of compliance with administrative and programmatic
requirements; and SER Volume 5 will document the staff's evaluation of the DOE's proposed
probable subjects of license specification and will document the applicant's commitments,
licensing specifications, and conditions. NRC will be able to determine if DOE has satisfied the
requirements for a construction authorization for a geologic repository for high-level waste
disposal at Yucca Mountain, Nevada, only after the NRC staff has completed all volumes of the
SER. A decision to authorize construction will be effective only after a fuil public hearing has
been conducted and the Commission has completed its review under 10 CFR 2.1023.

Technical Criteria and Postclosure Public Health and Environmental
Standards

To decide whether to authorize construction of a geologic repository at the Yucca Mountain
site, NRC must determine whether there is reasonable expectation that the types and
amounts of radioactive material described in the license application can be disposed of
without unreasonable risk to health and safety of the public. In arriving at that determination,
NRC must consider, among other things, whether the site and design comply with the
performance objectives and requirements contained in NRC's regulations at 10 CFR Part 63,
Subparts Eand L.

‘DOE. 2008, DOE/RW-0573, "Yucca Mountain Repository License Application ” Rev 0 MLO81560400
Las Vegas, Nevaga: DOE. Office of Civilian Radioactive Waste Management.

INDOE. 2008. DOE/RW-0573, “Yucca Mountain Repository License Appiication * Rev. 1 MLOS0700817
Las Vegas, Nevada: DOE, Office of Cwvilian Radioactive Waste Management

INRC 2003, NUREG-1804, “Yucca Mountain Review Plan—Final Report ™ Rev 2 Washington, DC: NRC



Among the postclosure performance objectives is the requirement that the geolegic repository
include multiple barriers, both natural and man made, or engineered. After permanent closure,
DOE must show that the natural and engineered barriers work together to keep radiologic
exposures to a reasonably maximally exposed individual (RMEL)* within specified limits, for up
to a million years. DOE must also show that for 10,000 years, natural and engineered barriers
work together to meet separate standards to protect groundwater resourceas in the vicinity of
Yucca Mountain, And lastly, DOE must show that if people unwittingly drill into the repository
without realizing the repository is there, natural and engineered barriers will work together to
keep radiologic exposures within specified limits. DOE must show compliance with these
objectives using a particular type of quantitative analysis called a performance assessment.
This systematic set of projections and calculations must meet specific requirements laid out in
NRC’s regulations.

System Description and Demonstration of Multiple Barriers

NRC regulations specify that a geologic repository at Yucca Mountain must include multiple
barriers, both natural and engineered. Barriers prevent or limit the movement of water or
radioactive material and thus isolate waste. NRC imposes this requirement to ensure that the
overall repository system is robust and not wholly dependent on any single barrier to ensure
repository safety. NRC requires that DOE identify these barriers when it calculates how the
repository will perform in the future. NRC also requires that DOE describe the capability of each
bartier and provide the technical basis for its description. In its SAR for the proposed repository
at Yucca Mountain, DOE identified three barniers: the Upper Natural Barrier, the Engineered
Barrier System (EBS), and the Lower Natural Barrier. Each of these barriers includes multiple
features that DOE described as important to waste isolation

DOE expects that the Upper Natural Barrier will substantially reduce the amount of water that
reaches the repository horizon. in semiarid environments, like that at Yucca Mountain, humidity
and precipitation are low and surface evaporation rates are hugh. In addition, plant uptake and
surface runoff can reduce further the amount of water available to move from the surface into
the rock iayers above the repository. In its SAR, DOE explained that during the first 10,000
years after the repository is closed, most of the water that does reach the depth of the repository
is prevented from seeping into the repository and is diverted around waste emplacement
tunnels, or drifts, because of thermal effects from the waste. After approximately 10,000 years,
DOE concluded that the amount of heat generated from the waste will be low enough to allow
water {o seep into drifts and potentially contact the EBS.

DOE identified the primary purpose of the EBS as preventing or substantially reducing
movement of water that actually contacts the waste, and of iimiting movemaent of

dissolved radionuclides away from the repository. DOE predicts that the walls of the
waste emplacement drifts will degrade slowly over time. However, DOE expects that
specific engineered features will mostly stay in place, will remain largely intact, and

will continue to keep the waste substantially dry for very long time periods. |f the repository
is undisturbed by very large earthquakes or voicanoes, DOE projects that less than

* A reasonably maximally exposed indwvidually 1s an adult member of a hypothetical farming commumty assumed to
reside 18 km [approximalely 11 mi] south of the potenhal repositery along the path of groundwater flow. He or she i3
assumed to have a giet and bfestyle representative of people who now hve in Amargosa Valley, Nevada DOE must
assume this person drinks water contaminated with releases from the repository, @ats crops trngated with
contaminated water, eats food products from [ivestock raised on contaminated feed and water, eats farmed fisn
raised in contaminated water, and inadverntently ingests and bireathes resuspended soit, aerosols from evaporative
cooters, and radon gas and its decay products



0.01 percent of the waste will be exposed to water that seeps into the dnifts during the first
10,000 years after the repository is closed.

In addition to the emplacement drifis, DOE expects other specific features to limit the flow of
sespage water or dissolved radionuclides. These features include the drip shields, the waste
packages, the waste forms and waste package internal components, and the emplacement
pallet and invert, The drip shields divert seepage water away from the waste package.
Likewise, as long as the waste packages remain intact, seepage water cannot reach or interact
with the enclosed waste forms. Once waste packages begin to corrode, or form cracks,
radionuclide releases from the packages are limited by, among other things, the rate at which
the various waste forms deteriorate and the rate at which continuous liquid pathways can form
through openings large encugh to permit flow. DOE projects that most waste packages will
remain intact for approximately 200,000 years after the repository is closed, unless large
earthquakes or volcanoes occur and cause damage. Once the waste packages begin to leak,
DOE expects that the internal components of the waste packages atong with the emplacement
pallet and invert matenials will contribute to a physical and chemicatl environment around the
waste that prevents or substantially reduces the movement of water and dissolved radionuclides
away from the repository. DOE projects that the proposed EBS would limit radionuchde
releases to the Lower Natural Barrier to less than 0.003 percent of the available inventory at
10,000 years and to not more than 7 percent of the available inventory at 1 million years after
the repository is closed.

DOQE concluded that the Lower Natural Barrier will impede the movement of most, but not

all, radionuclides from the EBS to the accessible environment. Layers of unsaturated rock
below the repository 300 m [approximatety 1,000 ft] thick are expected to retard the flow of
dissoived radionuclides on their way to the water table. Once in saturated rock or groundwater
below the repository, water potentially contaminated with radionuclides from the repository must
travel through 12-14 km [7-8 mi] of fractured volcanic rock and 4-6 km [2-4 mi] of saturated
gravels and sands before reaching the human environment. DOE determined that the
effectiveness of the Lower Natural Barrier in retaining specific individual radionuclides depends
on the solubility, sorptive properties, and half-life of the specific radionuclide. DOE projects
that the releases of solubility-limited, strongly sorbed nuclides are reduced by as much as

99 percent, while those of moderately soluble, low-sorption, long half- life nuclides are reduced
by lesser amounts, Highly soluble, nonsorbing radionuclides, however, will not be retained and
will move at roughly the same rate as the groundwater flow.

J(b)(5}
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Assessment of Repository Performance

A performance assessment is a systematic analysis that answers three questions; What can
happen? How likely is it to happen? and What are the resulting consequences? The NRC staff
reviewed the TSPA DOE provided in support of its license application for the proposed
repository at Yucca Mountain. In conducting its review of DOE’s TSPA of the repository, the
staff evaluated DOE's system description, demonstration of multiple barriers, and associated
supporting scientific and analytic methods to focus on those items most important to waste
isolation, As part of its review, the staff evaluated whether DOE's TSPA of the Yucca Mountain
repository complies with NRC's requirements for performance assessment at 10 CFR 63.114.

To answer the question *What can happen?” after a repository is closed at Yucca Mountain,
DOE had to consider a wide range of specific features (e.q, geclogic 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 evaluation. Once selected, DOE lhen used these features, events,

and processes (FEPs) to postulate a range of credible, future scenarios. A scenariois a
well-defined sequence of events and processes, which can be interpreted as an outline of one
possible future condition of the repository system. Thus, scenario analysis identifies the
possible ways in which the repository environment could evolve to develop a defensible
representation of the system and estimate the range of credible potential consequences. After
DOE selected appropriate FEPs and used them to postulate scenarios, DOE grouped similar
scenarios into scenario classes and screened them for use in its performance assessment of
the facility. The NRC staffs review of DOE's scenario analysis focused on its completeness
and technical acceptability to verify that DOE did not overiock future conditions at the proposed
repository that could significantly enhance or degrade its safety, as required by the regulations.
To conduct this review, the staff used its own nisk insights from previous performance
assessments for the Yucca Mountain site, detailed process-level modeling efforts, laboratory
and field experiments, and natural analog studies.

When addressing the question *How likely is it that these events will happen?,” DOE

assessed the likelihood that credible scenario classes could disrupt repository performance.

A performance assessment used to demonstrate compliance with the individual protection
standard for the Yucca Mountain repository must consider events that have at least 1 chance in
100 million of occurring. DOE included three disruptive event types for inclusion in its
postclosure performance assessments: disruption by voicanic {1 e, igneous) events, disruptions
by earthquake (i.e., seismic) events, and early failure of waste packages or dnip shields.

To answer the question “What are the resulting consequences?” DOE made estimated
projections called “model abstractions” to represent the performance of various parts of the
repository system. Each model abstraction develops one or more numerical models that
represent how specific FEPs interact and affect performance of repository systems. DOE also
included potentially significant variations in site or design characteristics into the models. so that
a range of potential outcomes would be caiculated in the performance assessment.

To evaluate whether DOE’s mode! abstractions adequately portrayed the expected
consequences when implemented in the overall performance assessment, the NRC staff
reviewed 13 separate categories of model abstractions. The NRC staff selected these
abstractions from engineered, geosphere, and biosphere subsystems found to be most
important to waste isolation on the basis of previous performance assessments, knowledge of
site characteristics, and careful examination of DOE's proposed repository design. In its review,

xi



the staff focused on those models of greatest risk significance to repository safety. For the
postclosure period, "important to repository safety or waste isolation” means important to
meeting the postclosure performance objectives in NRC's regulations as discussed previously.

For each model abstraction, the NRC staff determined whether the data DOE used
appropriately represented site- and design-specific characteristics, including the variability and
uncertainty in these characteristics. The NRC staff evaluated how DOE incorporated FEPs in
the model abstractions and reviewed DOE’s technical bases to support the incfusion or
exclusion of these FEPs. In addition, the NRC staff reviewed the methods DOE used to
develop the model abstractions, including how DOE represented model uncertainty. The staff's
review also examined how DOE supported the use of its models in the performance
assessment and how DOE considered the potential effects of alternative models.

{o}5)

Compliance With Numerical Performance Objectives

NRC's regulations define how DOE must use its performance assessment to show

compliance with specific numerical performance objectives. The first of these objectives is
compliance with annual dose limits for the reasonably maximally exposed individual. DOE must
use the performance assessment to (i) estimate the annual dose as a result of releases from the
repository caused by all significant features, events and processes, weighted by their probability
of occurrences, (i) show that the average annual dose in any year during the initial 10,000
years is not greater than 0.15 mSv [15 mrem)] per year; and (i) show that the average annual
dose after 10,000 years, up to 1 million years, is not greater than 1.0 mSv [100 mrem)] per year

DOE used its TSPA to represent the range of behavior of a repository at Yucca Mountain and to
account for uncertainty in FEPs that could affect the evolution of the repository over the
compliance period. DOE developed its analysis of repository performance by grouping scenario
classes broadly as either nominal or disruptive. The nominal scenario class comprnises those
FEPs that are present under "normal” conditions (i.e., eventual infiltration of water, corrosion of
waste packages, release of radionuchdes, transport of radionuclides in groundwater). During
the initial 10,000 years after repository closure, DOE's nominal scenario class does not result in
any dose to the reasonably maximally exposed individual. Disruptive scenario classes, as
noted eartier, include additional FEPs that account for the effects of specific events, such as
earthquakes and volcanoes, which could disturb or alter the performance of the repository in
ways not included under the nominal scenario class.

Disruptive events of sufficient magnitude have the potential to result in doses to the reasonably
maximally exposed individual at any time during the compliance period NRC's regulations
provide, however, that the estimate of projected dose resuiting from a disruptive event or



scenario class must be appropnately weighted by the probability that the disruptive event will
occur, Therefore, a key component of the NRC staff's review of DOE’s performance
assassment is a determination that the probabilities and consequences of each of the scenario
classes are appropriately included in the average annual dose calculations. The NRC staff
must also datermine that DOE's results provide a credible representation of repository
performance and that the estimate of average annual dose complies with the regulatory fimits
and is statistically stable.

The NRC staff conducted confirmatory calculations to supplement and assist its review of
DOE's TSPA. The confirnatory calculations provide both a quantitative understanding of the
assessment and an understanding of whether there is a general consistency between
submaodels of the analysis and the overall results, including uncertainty. For example, the staffs
confirmatory calculations examined whether the timing and extent of breaching of the waste
packages corresponded and were consistent with the timing and magnitude of the average
annual dose. The staff's confirmatory calculations were performed for selected time periods
{i.e., 10,000; 100,000; 400,000, and 800,000 years) to provide the staff a perspective on the
time-dependent nature of waste package failure, associated radioactive decay and release of
specific radionuclides. In assessing the credibility of DOE’s average annual dose curve for the
groundwater pathway, the NRC staff conducted separate confirmatory calculations for (i) the
amount of water entering failed waste packages, (i) the release of radionuclides from the waste
packages, (it} transport of radionuchdes through the unsaturated and unsaturated zones,

(iv) effects of disruptive events, and (v) annual dose to the reasonably maximally exposed
individual.

The staffs confirmatory calculations were based on the NRC staff's review of the DOE's TSPA
calculation, including DOE’s models and intermediate outputs. Thus NRC staff's confirmatory
calculations address key quantitative attributes of the repository system to help evaluate overall
performance. [(b)}5) |
(b)(8)

DOE presented the overall average annual dose curve due to releases from the repository over
the entire compliance period in its SAR. The peak of the overall average annual dose curve is
approximately 0.003 mSv [0.3 mrem] per year over the initial 10,000 vears and is approximately
0.02 mSv [2 mrem] per year over the 1-million-year period after repository closure.

(B)(5)

As noted earlier, NRC’s regulations provide a separate performance objective to protect
groundwater resources in the vicinity of Yucca Mountain and specify the approach DOE must
use to estimate the concentration of radionuclides in groundwater. NRC's groundwater
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protection criteria provide different limits depending on the radionuclide and the type of
associated radiation.® '

NRC'’s regulations identify specific constraints for the performance assessment used to show
compliance with the groundwater protection limits and identify how DOE must calculate a
‘representative volume® to estimate the concentration of radionuclides released from the
repository system. The performance assessment for compliance with the groundwater
protection limits is essentially the same as that used to show compliance with the individual
protection limits, except that by regulation, unlikely events (i.e., most disruptive events) are not
included in the assessment used for groundwater protection. As a result, the NRC staff's review
of DOE's groundwater protection analysis focused on DOE's determination of the representative
volume and compliance with the separate limits specified for groundwater protection.

DOE estimated the concentrations for the alpha activity (including background) would be

0.5 pCi/L with the largest contribution coming from natural background radiation already in

the groundwater. The largest annual release from the repository of relevant alpha-emitting
radionuclides into the representative volume from the repository was estimated to be more than
1,000 times less than background levels.

DOE estimated the dose from beta- and photon-emitting radionuclides would be 0.6 uSv
[0.06 mrem] per year for the whole body and the largest dose to any organ would be 2.6 uSv
[0.26 mrem] per year as a result of drinking 2 L [0.53 gal] of water per day assumed to be at
peak estimated concentration levels of radionuclides released from the repository in the
representative volume.

DOE estimated the concentration from the combined Ra-226 and Ra-228 {including
background) would be 0.5 pCifL with the largest contribution coming from natural background
radiation already in the groundwater. The largest annual release from the repository of Ra-226
and Ra-228 into the representative volume from the repository was estimated to be aimost 1
million times less than the background levels.

(b)(5)

To comply with the individual protection standards for human intrusion, DOE must determine the
earliest time after disposal that waste packages would have degraded sufficiently such than an
intrusion could occur without a dnller recognizing it. DOE is required to assess the effects of a
single intrusion that results from exploratory drilling for groundwater. DOE must assume that
intruders dnll a borehole directly through a degraded waste package into the uppermost aquifer
underneath the repository using techniques and practices common to exploratory drilling in the

U 8. Environmental Protection Agency standards for Yucca Mountain at 40 CFR Part 187 provide separate limits for
protection of groungwater resources. Radionuclides known as aipha emitters, such as Np-237, are treated as one
group, and their combined concentration must not exceed 1% pCrL (including background}. Radionuchdes known as
beta- and photon-emitters {(gxamples include 1-129 and Tc-99) are treated as a second group, and their combined
concentration must not result in a dose exceeding 0.04 mSv [4 mrem| per year (o the whole body or to any organ
And lastly, the combined concentration of Ra-226 and Ra-228 must nol exceed & pCill {including background
radiation aiready present in groundwater at Yucca Mountain)
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Yucca Mountain region today. DOE must assume that careful sealing of the borehole does not
occur and, instead, natural degradation processes gradually modify the borehole. DOE must
estimate doses using an exposure scenario where water enters the waste package, releases
radionuclides, and transports them by way of the borehole to the saturated 2one. DOE must
show, using this prescribed scenario, that there is a reasonable expectation that the dose to 2
reasonably maximatly exposed individual resulting from the intrusion event does not exceed
0.15 mSv {15 mrem] per year for 10,000 years after disposal and 1.0 mSv (100 mrem] per year
after 10,000 years for as long as 1 million years.

DOE selected 200,000 years as a conservative assumption of the earliest time the waste
packages could degrade enough so that an intrusion could occur without drillers recognizing it.
DOE developed a separate performance assessment to evaluate the consequences of a
postulated human intrusion event assumed to occur 200,000 years after permanent clos