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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}l 
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 writing of the SER, allowing the interested 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. The table will help the reader locate 
SER sections cross-referenced among the volumes. 
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ABSTRACT 

This is Volume 3 ofthe NRC staffs 'Safety Evaluation Report (SER) Related to Disposal of 
High-Level Radioactive Wastes in a Geologic Repository at Yucca Mountain, Nevada." Volume 
3 presents oertain results of the staff's review of DOE's Safety Analysis Report, provided in its 
June 3, 2008lioense application, as updated by DOE in February 19, 2009, along with 
information provided in response to NRC staffs requests for information. In particular, SER 
Volume 3, documents the results of the staffs evaluation to determine if the proposed repository 
design will comply with the technical criteria and postclosure public health and environmental 
standards that apply afterthe proposed repository is permanently clos~5.) 
I (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, 1 

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 staffs review of the SAR DOE provided in Its June 3, 2008, license 
application and as updated on February 19, 2009.2 The NRC staff also reviewed information 
DOE provided in response to NRC staffs requests for additional information. In particular, 
SER Volume 3 documents the results of the staffs evaluation to determine whether the 
proposed repository design for Yucca Mountain will comply with the technical criteria and 
postclosure public health and environmental standards that apply after the repository is 
permanently closed, These cnteria 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,3 

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 staffs evaluation of DOE's 
general information. SER Volume 2 will contain the staffs evaluation of DOE's compliance 
with preclosure safety objectives and requirements; SER Volume 4 will document the staffs 
evaluation of DOE's demonstration of compliance with administrative and programmatic 
requirements; and SER Volume 5 will document the staffs 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 full 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 Mountam 
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 E and L 

'DOE. Z008. OOElRW-'{)573. 'Yucca Mountain Repository License Application' Rev a MLOB1560400 
las Vegas, Nevada: DOE, Office of Crytlian Radioactive Waste Management 
'DOE. 2009. DOElRW-'{)S73, "Yucca Mountain Repository license Application· Rev, 1 ML090100817 
Las Vegas, Nevada: DOE, Office of Cillihan Radioactive Waste Management 
J NRC 2003. NUREG-1804, "Yucca Mountain Review Plan-Final Report· Rev 2 Washington, DC: NRC 
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Among the postclo$ure performance objectives is the requirement that the geologic 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 (RMEI), 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 resources 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 indude multiple 
barners, 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 descnbe 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 barners the Upper Natural Barrier, the Engineered 
Bamer System (EBS), and the Lower Natural Barrier. Each of these barriers indudes multiple 
features that DOE descnbed 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 high. In addition. plant uptake and 
surface runoff can reduce further the amount of water available to move from the surface into 
the rock layers 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 to 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 limiting movement 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 
wjIJ continue to keep the waste substantially dry for very long time periods. If the repository 
is undisturbed by very large earthquakes or volcanoes, DOE projects that less than 

, A reasonably maXimally exposed indIVidually IS an adult member of a hypothetical farming commul1I!y assumed to 
reside 18 km [approximately i 1 mu south of the potential repository along the path of groundWater flow. He or she IS 
assumed to have a Olet and lifestyle representative ot people who now live in Amargosa Valley. Nevada DOE must 
assume thiS person dnnks water contaminated with releases from the repOSitory, eats crops Irrigated with 
contammated water. eats food products from livestock raised on contaminated teed and water, eats farmed fish 
raised in contaminated water. and inadvertently Ingests and breathes resuspended SOil. aerosols from evaporative 
coolers, and radon gas and Its decay products 
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0,01 percent of the waste will be exposed to water that seeps into the drifts during the first 
10,000 years after the repository IS closed, 

In addition to the emplacement drifts, DOE expects other specific features to limit the flow of 
seepage 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 enough 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 along with the emplacement 
pallet and invert materials will contribute to a physical and chemical 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. 

DOE concluded that the Lower Natural Barner 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 [approximately 1,000 ft] thick are expected to retard the flow of 
dissolved 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 [7-9 mil of fractured volcanic rock and 4-6 km [2-4 mil 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. 
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Assessment of Repository Perfonnance 

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,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 Indusion In 
(or exclusion from) its evaluation. Once selected, DOE then used these features, events. 
and processes (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. 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 dasses 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 overlook future conditions at the proposed 
repository that could Significantly enhance or degrade tts safety, as required by the regulations. 
To conduct this review, the staff used its own risk 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 volcaniC (i e , igneous) events. disruptions 
by earthquake (i.e.. seismic) events, and early failure of waste packages or drip 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 calculated in the performance assessment. 

To evaluate whether DOE's model 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, 
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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 mclusion 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 

(b)(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; (II) show that the average annual dose in any year dunng the initial 10.000 
years is not greater than 0.15 mSv [15 mremJ per year; and (iii) 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 comprises those 
FEPs that are present under "normal" conditions (I.e., eventual infiltration of water, corrosion of 
waste packages, release of radlonuclldes, transport of radlonuc!ides 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 earlier, 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 e\lents 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 
pro\lide, however, that the estimate of prOjected dose resulting from a disruptive e\lent or 
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scenario class must be appropriately weighted by the probability that the disruptive event will 
occur. Therefore, a key component of the NRC staff's review of DOE's performance 
assessment 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 determine that DOE's results provide a credible representation of repository 
performance and that the estimate of average annual dose complies with the regulatory limits 
and is statistically stable, 

The NRC staff conducted confirmatory calculations to supplement and assist its review of 
DOE's TSPA The confirmatory calculations provide both a quantitative understanding of the 
assessment and an understanding of whether there is a general consistency between 
submodels 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 staffs 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, assodated 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, (ii) the release of radlonuchdes from the waste 
packages, (iii) 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 calculabons were based on the NRC staffs review of the DOE's TSPA 
calculation, including DOE's models and intermediate outputs. Thus NRC staffs confirmatory 
calculations address ke ual1~tc:ltjve attributes of the repository syst.,mJo hel evaluate overall 

(b)(5) 

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 1 0,000 years and is approximately 
0.02 mSv [2 mrem] per year over the 1-million-year period after reposItory closure. 

(b)(S) 

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. 5 

. 

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 radionuchdes 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 (Le., most disruptive events) are not 
included in the assessment used for groundwater protection As a result, the NRC staffs 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 pCiIL with the largest contributlon 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 radlonuchdes would be 061lSv 
[0.06 mrem] per year for the whole body and the largest dose to any organ would be 2.6 IlSv 
[0.26 mrem] per year as a result of dnnking 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 pCilL 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 almost 1 
million times less than the background levels 

(b)(S) 

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 driller 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 drill a borehole directly through a degraded waste package into the uppermost aquifer 
underneath the repository using techOlques and practices common to exploratory drilling in the 

5 U S. Environmental Protection Agency standards tor Yucca Mountain al 40 CFR Part 197 provide separate limits for 
protection of groundwater resources. Radlonuclides known as alpha emitters, such as Np.237, are treated as one 
group, and their combi'led concentration must not exceed 15 pCliL (Including Dackgroond) Radloouclldes known as 
batao and.photon.amittars (examples 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 to the whole body or to any organ 
And lasfly, the combined concentration ot Ra-226 and Ra-228 must not e~ceed 5 pCl/L (including background 
radiation already 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 zone. DOE must 
show, using this prescribed scenario, that there is a reasonable expectation that the dose to a 
reasonably maximally exposed individual resulting from the intrusion event does not exceed 
0.15 mSv [15 mremJ per year for 10,000 years after disposal and 1.0 mSv [100 mremj 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 closure of 
the repoSitory. DOE modified its performance assessment for individual protection to represent 
human intruSion in a manner consistent with NRC requirements. DOE's estimated dose due to 
releases from the repository is approximately 0.0001 mSv [0.01 mrem] per year shortly after the 
time of the intrusion. 

Summary Findings 
(b)(5) 
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INTRODUCTION 

On June 3, 2008, the U.S. Department of Energy (DOE or the applicant) submitted to 
the U.S. Nuclear Regulatory Commission (NRC) an application for 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, summarizes the results of the staffs review of the SAR DOE provided In Its 
June 3, 2008, license application and as updated on February 19, 2009. In particular, thiS 
SER Volume 3 documents the results of staffs evaluation to determine whether the 
proposed repository design for Yucca Mountain wifJ comply 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. 

Other portions of the NRC staffs safety review have been, or will be, documented elsewhere. 
SER Volume 1, NUREG-XXXX (NRC, 2010XX) contains the results of the staffs review of 
DOE's General Information. SER Volume 2 will contain the results of the staffs review and 
evaluation of DOE's compliance with preclosure safety objectives and requirements; SER 
Volume 4 will document, the results of the staffs review and evaluation of DOE's demonstration 
of compliance with administrative and programmatic requirements; and SER Volume 5 will 
document commitments by the applicant and potential licenSing specifications and conditions. 
In conducting its review of the entire license application, the NRC staff was guided by the 
review methods and acceptance criteria outlined in the Yucca Mountain Review Plan (YMRP)l 

Postclosure Performance Objectives and Requirements 

To decide whether to authorize construction of a geologic repository at the Yucca Mountain site, 
the NRC must determine, among other things, whether there is reasonable expectation that the 
types and amounts of radioactive material described in the license application can be disposed 
of without unreasonable fisk to the health and safety of the public. In arriving at that 
determination, the NRC staff will need to consider, among other things, whether the site and 
design comply with the performance objectives and requirements contained in 10 CFR Part 63, 
Subparts E and L, of NRC's regulations. Among the postclosure performance objectives is the 
requirement that the geologic repository include multiple barriers, both natural and man made, 
or engineered. After permanent closure, the applicant must show that the natural and 
engineered barriers work together to keep radiologic exposures to a reasonably maximally 
exposed individual (RMEI) within specified limits, for up to one-million years. The applicant 
must also demonstrate that for 10.000 years of undisturbed performance, natural and 
engineered barriers work together to control radioactJVe matenal releases to protect 
groundwater within specified limits. And lastly, the applicant must demonstrate that, In the event 
of an inadvertent human intrusion, natural and engineered barriers will work together to keep 
radiologic exposures to a reasonably maXimally exposed individual within specified limits. 
Compliance With these objectives must be demonstrated with a particular type of quantitative 
analysis called a performance assessment ThiS systematic set of calculations and prOjections 
must meet specific requirements laid out in NRC's regulations. 

'NRC. 2003. NUREG-1804, 'Yucca Mountain Review Plan-Final Report: Rev. 2. Washington, DC. NRC. 
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Risk.lnformed, Performance-Based Review 

The perfonnance assessment quantifies repository performance as a means of demonstrating 
compliance with the postclosure performance objectives at 10 CFR 63.113. DOE's 
perfonnance assessment is a systematic analysis that answers three basic questions that often 
are used to define risk: What can happen? How likely is it to happen? and What are the 
resulting consequences? The Yucca Mountain perfonnance assessment is a sophisticated 
analysis that involves various complex considerations and evaluations. Examples include 
evolution of the natural environment, degradation of engineered barriers over the compliance 
period, and disnJptive events, such as seismicity and igneous activity. Because the 
perfonnance assessment encompasses such a broad range of Issues, the staff used risk 
information throughout the review process to ensure that the review focused on those items 
most important to waste isolation. Section 2.2.1 of the YM R P provides guidance to the staff to 
apply risk infonnatlon throughout the review of the perfonnance assessment. 

To support its risk-informed, performance-based review, the staff initially reviewed the DOE's 
demonstration of compliance with the multiple barriers requirement DOE must identify the 
important barriers (engineered and natural) of the perfonnance assessment. describe each 
barrie(s capability, and provide the technical basis for that capability. This fisk infonnation 
describes the DOE's understanding of each barrier's capability to prevent or substantially delay 
the movement of water or radioactive materials. The result of the multiple barrier review is a 
staff understanding of each barrier's importance to waste isolation, which will influence the 
emphasis placed on the reviews conducted in SER Sections 2.2.1.2, "Scenario Analysis and 
Event Probability;" 221.3, "Model Abstraction;" and 2.2.1 4, 4Demonstratlon of Compliance with 
the Postclosure Public Health and Environmental Standards.' 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 perfonnance). Additionally. the NRC staff has considered 
independent nsk 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 In this volume, as appropriate. 

System Description and Demonstration of Multiple Barriers 

NRC regulations specify that a geologic repository at Yucca Mountain must include muillple 
barriers, both natural and engineered. Barriers prevent or limit the movement of water or 
radioactive material. The 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. 
The NRC requires that DOE identify these barriers when it calculates how the repOsitory will 
perfonn in the future. The NRC also requires that DOE 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 
Barner System (EBS), and the lower Natural Barner. The Upper Natural Barner 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 engineered barner system includes different engineering features 
(e.g., emplacement drifts, drip shields, waste packages and its Internal components, and 
emplacement pallets and inverts) that (I) enhance the performance of the waste package. 
preventing radionuclide releases while it is intact; (ii) limit radio nuclide releases after the waste 
package is breached by limiting the amount of water th at can contact the waste package; and 



(iii) limit radionuclide release from the engineered barrier system through sorption processes 
The Lower Natural Barrier is composed of features below the repOSitory (ie, unsaturated zone) 
and from the repository location to the compliance location (i.e" saturated zone) that reduce the 
rate of radionuchde movement from the repository to the compliance location through such 
processes as the slow movement of water and sorpl!on of radionuclides onto mineral surfaces. 
Each of these barriers includes features that DOE described as important to waste isolation, 
The NRC staff review is provided in SER Section 2.2.1.1. 

AsseSSing Compliance with the Postclosure Performance Objectives 

A performance assessment is a systematic analYSIS that answers the three questions 
that define risk: What can happen? How likely is It to happen? and What are the 
resulting consequences? The NRC staff reviewed the Total System Performance 
Assessment (TSPA) analytic models and analyses DOE provided in support of Its license 
application for the proposed repository at Yucca Mountain. 

Scenario Analysis and Event Probability 

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,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 selected, DOE then used these features, events. and 
processes (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, Thus, scenario analysis identifies the 
possible ways in which the repository enVIronment could evolve so that a defensible 
representation of the system can be developed to estimate the range of credible potential 
consequences. After the features, events and processes 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 scenario analysis is to ensure that no 
important aspect of the potential high-level waste repOSitory is overlooked in the evaluation 
of its safety. 

Consistent with this general guidance and the review areas in the YMRP Section 2.2.1.2.1, the 
NRC staff evaluates the applicant's scenano analysiS in four separate SER sections (Sections 
2.2.1.2.1.3,1 to 2,2.1,2.34), Section 2.2.1 2.1.3.1 contains the NRC staffs evaluation of both 
the applicant's methodology to develop a list of features, events and processes and DOE's list 
of the features, events and processes that It conSidered for inclusion in the performance 
assessment analyses, In Section 22.1.2.132, the NRC staff evaluates the DOE's screening of 
its list of features, events and processes, Indudlng the DOE's technical bases for the exclUSion 
of features, events and processes from its performance assessment DOE's formation of 
scenano classes and the exclusion of speCific scenario classes in the DOE's performance 
assessment analyses are evaluated in Sections 2.2 1.2.1.3.3 and 2,2.1.2.1.3.4, respectively 

The NRC staffs 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 
That chapter is aimed at the second risk triplet question' How likely is it to happen? 
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Model Abstraction 

The NRC staff's evaluation of the DOE's model abstractions focuses on the consequences 
of overall repository performance. In particular, the NRC staff's evaluation addresses the 
acceptability oHhe model abstractions in the DOE's TSPA to represent the performance 
(i.e., expected annual doses) of the Yucca Mountain repository 

The review 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). 
For example, the review of parameter distributions will consider the relevant data, the 
corresponding uncertainty, and effects on repository performance (i.e., the dose to the 
reasonably maximally exposed individual), The potential for risk dilution-the lowering of the 
risk, or dose, from an unsupported parameter range and distnbutlon-will also be part of this 
model abstraction review. 

In many regulatory applications, a conservative approach can be used to decrease the need 
to collect additional information or to justify a simplified modeling approach. A conservative 
approach overestimates the dose to the reasonably maximally exposed individual. As such. 
a conservative approach may be used to demonstrate that the proposed repository meets the 
NRC regulations and provides adequate protection of public health and safety. Approaches 
designed to overestimate a specific aspect of repository performance (e.g .. higher 
temperatures withm the drifts) may be conservative with respect to temperature but could 
lead to nonconservative results with respect to dose, The TSPA IS a complex analysis with 
many parameters, and DOE may use conservative assumptions to simplify its approaches 
and data collection needs. However, a technical basis that supports the selection of models 
and parameter ranges or distributions must be provided, The staffs evaluation of the 
adequacy of technical bases supporting models and parameter ranges or distributions will 
consider whether the approach results in calculated doses that would overestimate, rather 
than underestimate, the dose to the reasonably maximally exposed individual. In particular. 
the claim of conservatism as a baSIS for simplifying models and parameters should be carefully 
evaluated to verify that any simplifications are justified and do not unintentionally result in 
non conservative results. 

The intentional use of conservatism to manage uncertainty also has implications for the staff's 
efforts to risk inform its review. The staff wilt evaluate assertions that a given model or 
parameter distribution is conservative from the perspective of overall system performance 
(i.e" the dose to the reasonably maximally exposed individual). The staff used any available 
information to risk inform its review. For example, if DOE used an approach that overestimates 
a specifiC aspect of repository performance, then the 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 the model abstraction review Into the following 13 categories that 
are addressed in SER Sections 2.2.1.3.1 through 2.2,1 3.14 
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1) Degradation of Engineered Barriers (SER Section 2.2.1.3.1) 

This SER section provides the NRC staff's evaluation of the chemical degradation 
of the drip shields and waste packages 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 waste packages. The drip shields and the waste 
packages are engineered barriers, a subset of the engineered barrier system. The 
general functions of the engineered barrier system are to (j) prevent or significantly 
reduce the amount of water that contacts the waste, (ill 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 engineered 
barrier system to the Lower Natural Barrier. The engineered barner system 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 

2) Mechanical Disruption of Engineered Bamers (SER Section 2.2 13.2) 

This SER section provides the NRC staffs evaluation of the mechanical disruption 
of the drip shields and waste packages emplaced in the repository drifts. Mechanical 
disruption of engineered barner system components generally results 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 engineered barrier system components can increase as the accumulated rock 
rubble is shaken 

3) Quantity and Chemistry of Water Contacting Engineered Barriers and Waste Forms 
(SER Section 2.2.1.33) 

This SER section provides the NRC staff's evaluation of (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 engineered barrier system. These three abstraction topics 
provide input needed to model the features and performance of the engineered barner 
system (e.g_, drip shields and waste packages). For example. in its license application. 
DOE relied on corrosion tests that were conducted on waste package and drip shield 
materials under a range of geochemical environments. The range of testing 
environments was deduced from a range of potential starting water compositions and 
from knowledge of near-field and in-drift processes ttlat alter these compOSitions. 

4) Radionuclide Release Rates and Solubility Limits (SER Section 2 21 3A} 

This SER section provides the NRC staff's evaluation of the processes that could result 
in water transport of radionuclides out of the engineered barrier system, 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 engineered 
barrier system and the transport pathway within the drift (repository tunnel) are the Initial 
barriers to radionuc1ide release. If a waste package is breached and water enters the 
waste package. the radionuc1ides contained in the package may be released from the 
engineered barrier system. 
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5) Climate and Infiltration (SER Section 2.2.135) 

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 the 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. 

6) Flow Paths in the Unsaturated Zone (SER Section 2.2.1.3.6) 

This SER section provides the NRC staff's evaluation of the abstraction of flow in that 
portion ofthe repository system above the water table (i.e., the unsaturated zone). 
Water percolating through the unsaturated zone above the repository (Le , 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. 

7) Radionuclide Transport in the Unsaturated Zone (SER Section 2.2.1 37) 

This SER section provides the NRC staff's evall:!atlon of the representation of 
radionuclide trans ort in the unsatur ed zone. l(b)(~L 
(b){S) 

8) Flow Paths in the Saturated Zone (SER Section 2 2 1.3 8) 

This SER section provides the NRC staffs evaluation of the representation of flow paths 
in the saturated zone (Le., 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 compliance 
location {approximately 18 km [11 mil south of the repository}. The magnitude (specific 
disdiarge) of water flow is used to determine the speed that water moves through the 
saturated zone to the compliance location. 

9) Radionuclide Transport in the Saturated Zone (SER Seclion 22.1.3.9) 

This SER section provides the NRC staffs evaluation of transport of radionuchdes 
in the saturated zone. The NRC staffs tedinical 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 abstractions for performance 
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assessment calculations; and (iii) how DOE included and supported important transport 
processes in the saturated zone radionuclide transport abstraction, 

10) Igneous Disruption of Waste Packages (SER Section 2.2,1,3,10) 

This SER section provides the NRC staffs 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 )( 10-8 per year. The NRC staffs 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 surface, These processes control 
the amount of radionuclides that can be released during a potential igneous event 

11) Concentration of Radionuclides in Groundwater (SER Section 2,2,1,3.12) 

This SER section provides the NRC staffs evaluation of the concentralion of 
radionuclides in groundwater extracted by pumping and used in the annual water 
demand. Radionuclides transported through the saturated zone via groundwater to the 
compliance location may be available for extraction by a pumping well. The reasonably, 
maximally exposed individual is assumed to use well water with average concentrations 
of radionucltdes and has an annual water demand of 37 x 109 l [3,000 acre-ftl 

12) Airborne Transport and Redistribution of Radionuclides (SER Section 2 2.1,3,13) 

This SER section reflects the NRC's staff 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. This 
section addresses both airborne transport of radionuclides (YMRP Section 2,2.1,3,11) 
and redistribution of radlonuclides in soil (YMRP Section 2.2.1,3.13) 

13) Biosphere Characteristics (SER Section 2.21,3,14) 

This SER section provides the NRC staff's evaluation of the model used to calculate 
biosphere transport and the annual dose to the reasonably, maximally exposed 
individual. 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 reasonably, maximally exposed indiVidual 
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 mgestlon, inhalation, and direct exposure to 
radionuclides deposited to soil from irrigation. Ingestion pathways Include dnnkmg 
contaminated water, eating crops irrigated With contaminated water, eating food 
products produced from livestock raised on contaminated feed and water. eating farmed 
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fish raised in contaminated water, and inadvertently ingesting soil Inhalation pathways 
include breathing resuspended soil, aerosols from evaporative coolers, and radon gas 
and its decay products. 

Demonstration with the Numerical Limits for Postclosure Performance 

DOE has conducted an analysis, through its TSPA, that evaluates repository behavior in 
terms of groundwater concentrations and annual dose due to potential releases 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 Yucca Mountain repository. In determining 
whether DOE has demonstrated compliance with the numerical limits for postclosure 
performance (i.e .. individual protection, separate limits for protection of groundwater, and 
human intrusion) the NRC staff review evaluates whether (i) the performance assessment 
includes the appropriate scenario classes (a set or combinabon of features, events and 
processes that are used in the performance assessment to represent a class or type of 
scenario. such as seismic activity), (ii) the representation of the scenario classes within the 
performance assessment is credible (e.g., the performance assessment results are consistent 
with the models, parameters, and assumptions that make up the performance assessment), and 
(iii) the annual dose the performance assessment estimates is Jess than the numerical limits set 
by the regulations. 

The NRC staff has separated its review of the DOE's demonstratJon of compliance With the 
numerical limits for postclosure performance following three numerical limits that are addressed 
in SER Sections 2.21.4.1 through 221.4.3 

1) Postclosure Individual Protection Standards (SER Section 2.2141) 

This SER section provides the NRC staffs review of the calculatIon used to 
demonstrate compliance with the individual protection standards. 10 CFR 63.311 
requires that the average annual dose must not exceed 0.15 mSvlyr (15 mrem/yr] during 
the initial 10,000 years after closure of the repository and not e)(ceed 1,0 mSv/yr (100 
mrem/yrl after 10,000 years up to 1 million years. The performance assessment used to 
demonstrate compliance with the individual protection standards considers both likely 
and unlikely events and all radiological exposure pathways. 

2) Human Intrusion Standard (SER Section 2.2 14.2) 

This SER section provides the NRC staff's revIew of the calculation used 10 demonstrate 
compliance with the human Intrusion standard [I.e., exploratory drilling for groundwater 
results in a borehole penetrating a waste package in the repository-the timing of the 
intrusion is set to the earliest time after disposal that the was Ie packages would 
degrade sufficiently that a human intrusion could occur without the dnllers recognizing it, 
per 10 CFR 63.321(a)). 10 CFR 63.321(b) requires that the average annual dose must 
not exceed 0.15 mSvlyr [15 mrem/yr] during the initial 10,000 years after closure of the 
repository and not exceed 1,0 mSv/year (100 mremlyrj after 10,000 years up to 1 million 
years. The performance assessment used to demonstrate compliance with the human 
intrUSIon standard considers likely events and all radiological exposure pathways 
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3) Separate Groundwater Protection Standards (SER Section 2,2,1,43) 

This SER sectlon provides the NRC staffs review of the calculation used to demonstrate 
compliance with the separate standards for protection of groundwater-an important 
source of drinking water. 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 radionuchdes in groundwater, The groundwater 
protection standards provide for different limits depending on the radionuclide and the 
associated radiation. 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 radionuchdes (eg., 1-129, Tc-99) are grouped together, 
and the combined concentration cannot result in a dose exceeding 0,04 mSv 14 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 pCilL The performance assessment 
used to demonstrate compliance with the separate groundwater protection standards 
considers likely events and the dnnking water exposure pathway. 

Expert Elicitation 

This SER section provides the NRC staffs review of the three expert elicitations DOE used in 
support of its license application, Expert elicitations were conducted in the areas of seismic 
hazard (SAR Section 2,2.2, 1), igneous activity (SAR Sections 1.16.2, 2,2.2.2, and 23.11), and 
saturated zone flow and transport (SAR Section 2,39.2) 

Expert elicitation is a formal, structured, and well-clocumented process for obtaining the 
judgments of multiple experts, NRC routinely accepts, for review, expert judgments applicants 
use to evaluate and interpret the factual bases of license applications. Throughout the period of 
prelicensing interactions between the NRC and the DOE, the NRC staff has acknowledged that 
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 license application, DOE 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. In this context 
the NRC staff has reviewed the DOE's use of expert elicitation, which includes a technical 
review of the results of these elicitations 
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CHAPTER 1 

2.2.1.1 System Description and Demonstration of Multiple Barriers 

2.2.1.1.1 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 (ESS), 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 natural and engineered barriers allows the staff's review of the 
applicant's performance assessment evaluation, documented In the rest of Volume 3 of this 
Safety Evaluation Report (SER), to focus on the most important aspects of repOSitory 
performance, Therefore, this chapter evaluates the US. Department of Energy's (DOE) 
deSCription of the capabilities of the barriers in the geologic repository. The technical basis for 
the barrier capability is evaluated in the chapters of Section 2.2,1.3 of this SER 

A system of multiple barriers is intended to ensure that the repOSitory system is robust and IS 
(lot wholly dependent on a Single barrier.. Such asy!?tem increases the resilience of the 
repository to unantiCipated failures or external challenges. Therefore, the repOSitory 
performance objectives in 10 CFR Part 63 require that a geologic repOSitory contain both natural 
and engineered barriers. 

The NRC's evaluation of the applicant's overall compliance demonstration examines how all 
components of the repository system work together to protect public health and safety. The 
emphasis of the NRC staffs integrated review of the applicant's performance assessment 
calculation is not solely focused on the isolated performance of IndiVidual barriers, but rather on 
ensuring that the repository system IS robust. Therefore, to increase the staff's understanding of 
integrated repOSitory performance, the regulation requires the applicant to 

• Identify the important barriers of the performance assessment evaluation 

• Describe each barrier's capability 

• Provide a technical basis for that capability which is based on and consistent with the 
performance assessment evaluation used to demonstrate compliance with the 
quantitative performance objectives 

The required description of barrier capability provides fisk information that helps the staff 
interpret the performance assessment results by descnbmg how different elements of the 
performance assessment affect the overall performance of the system. This understanding can 
guide the NRC staff in the review of the technical bases for those aspects that are important, 
thereby allowing increased confidence that the postc\osure performance objectives are met The 
staff can therefore use this risk information to implement a riSk-informed approach In its review 
of the applicant's performance assessment calculations 

The NRC staffs evaluation is based on information provided In the Safety Analysis Report 
(SAR) (DOE. 2008ab), as supplemented by DOE responses to the staffs requests for additional 
information (DOE, 2009an,bu). DOE provided a description of the barri?f capabilities in SAR 
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Chapter 2.1. This description, supplemented by DOE's responses to the staff's requests for 
additional information, is used by the staff in jts review of the technical bases tor the 
performance assessment, as documented in the SER Chapters, Section 2 2.1.3. This SER 
chapter focuses on the adequacy of DOE's description of the barrier capabilities. As discussed 
in the staff's Yucca Mountain Review Plan (YMRP) Section 22.1 (NRC, 2oo3aa). the multiple 
barrier review focuses on each barriers importance to waste isolation. Following the guidance 
in the YMRP Section 2.2.1. the staff evaluated the information reqUired by 10 CFR 63.21 (c)(1), 
(9), (10), (14), and (15). 

2.2.1.1.2 Regulatory Requirements, Regulatory Guidance, and 
Acceptance Criteria 

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 

• Ensure that the geologic repository includes multiple barriers, conSisting of both natural 
barners and an EBS 

Identify those features of the repository that are conSidered barriers Important to waste 
isolation (ITWI) 

• Describe the capabilltles of those 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 (cl 

Definitions and discussions of important terms and concepts. such as "barrier" and "ITW!,4 that 
supplement these requirements 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. Further information on the conceptual background of the multiple barrier 
requirements can be found In the statement of considerations for the proposed (64 FR 8647) 
and for the final (66 FR 55758) 10 CFR Part 63 rulemaklng. 

YMRP Section 2.2.1.1 provides guidance to the NRC staff on an acceptable review approach 
for meeting these requirements. Section 22.1.1 Identifies three acceptance criteria that the 
applicant may use to demonstrate compliance with the requirements of 10 CFR 63.113(a) 
and 63.115{a-c) 

• 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. 
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2.2.1.1.3 Technical Review 

Summary of DOE Ucense Application 

DOE identified the barriers considered IlWl 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 SNL (2008ad) report. The 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 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 
postcJosure 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 component. DOE provided some of these descriptions at 
the level of individual barrier components (e.g., the waste package component of the EBS) 
DOE provided other descriptions at an aggregate level (e.g., the waste form. waste canisters, 
and waste package internals taken together). DOE then addressed 

• 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 
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2.2.1.1.3.1 Identification of Barriers 

Summary 9f DOE Approach 

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. SAR 
Table 2.1-1 indicates the safety classification (ie" whether DOE considers the feature or 
component to be ITWI) of each feature or component These barriers include ITWI features 
from the upper and lower natural barrier and ITWI components from the EBS, In DOE 
Enclosure 1 (2009an), DOE expanded SAR Table 2,1 to include 

• The features, events, and processes considered important to batTier capability 

• A qualitative discussion of how the stated barrier functions are attained 

• For each barrier component considered ITWI, a quantitative summary of barrier 
capability based on Information from the performance assessment analysis 

NRC Staffs Evaluation 
(b)(5) 

l(b)(5) 

(b)(5) lA barrier. as defined in 10J5FR 63.2, orevents 
or substantially reduces the rate of movementofwater or radlonuclides, I (b)(5) I 
(b)(5) 

2.2.1.1.3.2 Description and Technical Basis for Barrier Capability 

NRC Staffs Review Process 

The staff review of the description and technical basis for barrier capability is based on a list of 
21 individual features presented in SAR Table 2.1-1, For purposes of evaluation, the staff 
consolidated these features to yield nine features as shown In Table 1-1. The staff reViewed the 
descriptions of the barrier capability of these nine features 

To evaluate the deSCription of the barrier capability, the staff reviewed how DOE 

• Identified the safety classification and primary function of each barrier component 
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• Identified the characteristics and processes important to barrier capability, including both 
those that are potentially beneficial and those that are potentially harmful to barner functions 

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

• Described the qualitative and quantitative capabilities of each barrier component, consistent 
with the TSPA 

• Characterized the time period over which the barrier functions and how DOE expects the 
barrier capability to change over time 

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

To evaluate the technical basis for the barrier capability, the 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 23. 
1n addition, the 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 staff's review of the performance confirmation plan. 

As an independent check, the staff also considered the insights gained from NRC Appendix D 
(2005aa), 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 staff reviewed DOE's TSPA model described in SNL (2oo8ag) 
to assess consistency between the descriptions of barrier capability and how the TSPA model 
components actually represented the barrier capability. 

The staff summarizes the results of the review of the indiVidual barrier components. 
as identified in the second column of Table 1-1. In each of the following sections, the 
staffs evaluation 

• Describes whether the barrier capability DOE described IS consistent with the definition 
of a barner 

• Identifies the SAR sections where DOE described the capability of each barner 
component and briefly summarizes the described capabilities 

• Identifies and briefly summarizes where in the SAR DOE deSCribed the time period over 
which the barrier performs its stated function 

• Briefly describes how DOE accounted for uncertamtles 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, and describes whether the technical basis is commensurate with the 
importance of each barrier'S capability 
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(b)(5) 
Table 1-1, Summa of Staffs Barrier Com onent Review 

22.1.1.3.2.1 Upper Natural Barrier: Topography and SurfiCial Soils 

The staff reviewed DOE's description of the barner capability of the topography and surface 
sOils. DOE described the barrier capabilities of topography and surficial soils qualitatively in 
SAR Section 2.1.21.1 and quantitatively in SAR Section 21 21.6.1. DOE used net Infiltration 
as a percentage of annual precipitation to quantify the barrier capability of topog and 
surficial soils. DOE this discussion in DOE Enclosure 1 (2009an) 

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 conduded that for approximately 10,000 years following closure of the repository, 
a limited amount of water would infikrate into 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 rales of evapotranspiration (e.g uptake by plants, 
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surface evaporation) and surface runoff. Average net infiltration rate estimates range from 
about 3 to 17 percent of precipitation, depending upon the climate state and the infiltration 
scenario. For the post-10,OOO-year period, DOE has adopted a probabilistic distribution of 
deep percolation for a constant-in-time. long-term average climate for Yucca Mountain that is 

to the distribution NRC specified in 10 CFR 63.342(c)(2). 

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 followlng dosure, but 
changes in dimate 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 Endosure 1 (2009an), DOE addressed when It 
expects different dimate states to occur and infiltration rates under different dlmate 
scenarios. (b)(5) 

(b)(5) 

In SAR Section 2.1.2.1.4, DOE described sources of uncertainty that are considered In the 
dimate and infiftratjon model. Sources of uncertainty Include (i) the interpretation of the 
geologic record of past dimates, (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). :By adjusting these probability weights, based on deePS. ubsurface t:5) I 
observations of chloride al'ld temperature (SAR 2.3.2.4.1,2.4.5 and Table 2.3.2-27). 
(b)(5)m.mmmm ' . 

In SAR Section 2.1.3.1, DOE summarized the technical basis 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. SER 
infiltration model that the technical 
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(b)(5) 

(b)(5) 

2.2.1.1.3.2.2 Upper Natural Barrier: Unsaturated Zone Above the Repository 

The 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 2.12.1.6.2. DOE supplemented this description in DOE Enclosures 1 and 2 
(2009an)·I(b)(5) I 
(b)(5) 

In SAR Section 2.1.2.1.6.2, DOE explained that the average percolation ftux at the depth of the 
repository is, at most. a few percent less than the average net infiltration near the surface above 
the repository. In other words, changes in the flow rate of water between the ground surface 
and the repository level are relatively small, indicating that there are no significant processes 
resulting in the diversion of water away from the emplacement drift location. However, DOE 
explained 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). 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. 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 (ie, steady-state 
fluxes below the Paintbrush Tuff). 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 Enclosure 3, Table 11 (2009an). In other words, 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 Enclosure 3, Table 5 (2oo9an) identified that 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-1 O,OOO-year period, are 
shown in DOE Enclosure 3, Table 11 (2009bo). These results indicated that mean seepage 
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percentage ranges from about 40 to 56 percent in the post-10,ooO-year period. In other words, 
DOE expects that capillary forces would divert at least 44 percent of percolation flux away from 
collapsed drifts. The post-10,OOO-year seepage fractions for the corresponding flow fields range 
from about 60 to 80 percent, as described in DOE Enclosure 3, Table 8 (2009bo). 

l(b)(5) 

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 

changes in the barrier capability ... a. r.e. due .... t ... o .. cha .. ng ........ es in ..... in.'filitat .. i .. O ... n .. '. SAR Figure 2.1-5 
I~~~~nstrates how seepage changes as a functior~ .. ()!tim~(5) ~ .. ~~ ........... ~~ .. L__ 

~ .... ~ 
In SAR Section 2.1.2.14, DOE discussed sources of uncertainty in the barrier capability of the 
unsaturated zone above the repository. These primarily are associated with uncertainties in the 
models and the characteristics of the Yucca Mountain site. SAR Tables 21-6 through 21-9 
demonstrate the range of uncertainty in seepage fractions. DOE also discussed these 
uncertainties In SAR Section 2.334.21(b)(5) 

... _--_ .... _--- -------' 

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 fiow model described in SAR Section 2.3,2 
and on the seepage (ambient and thermal) models described in SAR Section 23.3 SER 
Section 22.1,3.6 documents the staffs evaluation of the technical basis for the u aturated 
zone flow and seepage model abstractions that form the basis for this capability. (b)(5) ... __ _ 
(bj(5) ... 
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(b)(5) 

2.2.1.1.3.2.3 EBS: Emplacement Drift 

The staff reviewed t~ 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 Enclosures 1 and 3 (2009an) 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, DOE 
associated the capability of the drift to prevent or reduce the rate of movement of radlonuclides 
with the effect of temperature and water chemistry on various processes affecting the 
degradation of the other EBS components (e,g" drip shield, waste package, and waste form) 
and radionuclide transport DOE Enclosures 1 and 3 (2oo9an) specifically identified and . . 

(b)(5) 

DOE discussed the tima period over which the emplacement drift functions in SAR 
Section 2.1.2,2.3 and in DOE Enclosure 3 (2oo9an). DOE described the evolution of the 
mechanical stability of the drift and the in-drift enVIronment and discussed how these changes 
affect the n'lajor processes assocll:lted with emplacement drift.Rl2IT>.t. l.l.ll<"'-"-'>OLlll.l..!ti'-'----____ ---', 

(b)(5)~-
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In SER Section 2.2.1.3.2.3.2, the staff addresses the adequacy and uncertainty in the 
capabilities of the emplacement drift related to the mechanical Integrity of the dnft opening. 
DOE discussed the uncertainty in the performance of the emplacement drift in SAR 
Sections 2.12.24 and 2.34.4.8 and in DOE Enclosure 3 (2009an). DOE indicated that the 
uncertainties in the environmental conditions are a primary source of uncertainty in the 
perfonnance of the EBS. In SAR Section 2.34.4.8, DOE discussed the sources and treatment 
of uncertainty in the evaluation of rockfall and demonstrated the e~ect of these uncertainties in 
SAR Figure 2.1-14@ill5l -- . ] 

[" 

i 

DOE summarized the technical basis of the EBS 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 EBS. 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 Seclion 2.3.3, (ii) the EBS mechanical degradation 
model described in SAR Secbon 2.3.4, and (iii) the in-drift chemical and physical environment 
model described in SAR Section 2.3.5. In SER Sections 2.2.13.2,2.2.1.3.3, and 2.2.1.3.6, the 
NRC staff evaluates the a uacy of the technical bases used to the barrier 
of the em lacement dnft. (b){5) 
(b~ 

j(b)(5) 

The following sections address the drip shield and waste package water diversion capabilities 
and the thermal and chemical effects on waste form degradation and radlonucllde transport 

2.2.1.1.3.2.4 EBS: Drip Shield 

The 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 
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waste package in SAR Section 2.1.2.2 under the discussion titted '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 Enclosure 1 (2009an). DOE addressed the drip shield's capability to prevent 
seepage watercontactino the waste packagsujuring the thermal period in SAR 

(5) 

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 dnp 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 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. 

SAR Section 2.1.2.2.3 addressed the period over which the EBS, including the drip shield, 
performs its barner function; DOE stated that the barner capability of the drip shield and 
waste package is not impacted until sufficient corrosion has occurred to create breaches in the 
waste package. SAR Sectipn 2.1.2.2.6 guantifiedthe chan e in the effa tiveness of h 

~~ability of the drip shield.[(b)(5) . . '-~~~-'----1 

DOE described the sources of uncertainty in the drip shield capability In SAR Section 2.1.22.4 
and quantitatively demonstrated the effect of uncertainties in SAR Section 2.1.22.6. These 
include, for example. uncertainties in the environmental conditions affecting the drip shield. 
DOE described specific analyses of uncertainty in the model abstractions for dri shield 
degradation in SAR Sections 2.3.4.5 and 2.:,).6""'.8"" . ..L(:-.-b):.:.(5-'-) _____________ -'1 

(b)(5) 

SAR Section 2.1.3.2 summarized the technical basis of the barrier capability of the EBS, which 
includes the drip shields. In its discussion, DOE identified which TSPA models it used to support 
the description of the barrier capability of the EBS DOE based its deSCription of the barrier 
capability of the drip shield on three TSPA submodels (i) the mechamcal damage model of the 
EBS features described in SAR Section 2.3.4.5, (ii) the general corrosion model described in 
SAR Section 2.3.68.1, and (iii) the early failure model described in SAR Section 23.6.8.4. In 
SER Sections 2.2.1.3.1 and 2.2.1.3.2. the NRC staff evaluates e at;JeguaQ{ of the technical 
bases used to su ort the barrier ca abilities of the dri shield. (b)(5) 

!(b)(5) 
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The staff reviewed the description of the barrier capability of the waste packages. DOE 
discussed the capability of the waste package to prevent or substantlally 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 quantitativel in SAR Section 2,1.22.6 
DOE Enclosures 1 andA gan su mented t is i cussion. (b)(5) 

(b)(5) 

The 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 capabilfties for some radionucHdes, Although the 
ITWI component that DOE credits 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 staffs evaluation of this barrier capability. 

DOE attributed the capability of the waste package to divert water to corrosion-resistant 
materials coupled with a low probability of mechanical damage from seismic events and a 
relatively benign chemical enVIronment It discussed the inC/dence of waste package failure 
and concluded that extensive early failures of the waste packages are unlikely. DOE does not 
expect extensive waste package failures to occur until a seismic event capable of damaging 
the waste packages occurs. Although a model for localized corrosion is Included in the TSPA 
analysis, DOE expects that the presence of the dnp shields over the entire thermal period will 
prevent the occurrence of localized corrosion under the nominal or seismic scenarios. DOE 
indicated that waste package failures before approximately 200,000 years are primarily due to 
seismically induced stress corrosion cracking of codisposal waste packages containing DOE 
standard canisters and high-level waste, DOE attributed the higher resilience of the 
commercial spent nuclear fuel waste packages under seismic conditions, relative to the 
codisposal packages, to the damping provided by the massive transport, aging, and disposal 
canister containing the commercial spent fuel. Upon failure of the drip shield and filling of the 
drift with rubble, damage from further seismic events is unlikely, Subsequent failures are 
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largely associated with nominal processes affecting both commercial spent nuclear fuel waste 
packages and codisposal waste packages. Under nominal conditions. DOE expects 
approximately 50 percent of both the commercial spent nuclear fuel and codisposal waste 
packages to fall by stress corrosion cracking after 1 million years. The earliest general 
corrosion waste package failure (at the 95th percentile) is predicted to occur at 560,000 years. 
At 1 million years, about 10 percent of the waste packages are predicted to fail from 
general corrosion. 

The ability of a breached waste package to prevent or reduce water flow is dependent upon the 
type and eldent of the failure. DOE modeled stress corrosion crack breaches as allowing only 
diffusive release from the waste package. Larger breaches (primarily due to general corrosion 
and rarely due to rupture or puncture of the waste package during a seismic event) allow water 
flow, but a small breached area may timit the rate at which water may enter the waste 
package. DOE Enclosure 4 (2oo9an), based on the flux-splitting submodel documented In 

SAR Section 2.3.7.12.3.1, indicated that a waste package breached by general corrosion is still 
capable of significant water diversion provided that the breach area IS limited to a small 
ercenta e of the waste package surtace area 

(b)(5) 

SAR Section 2.1,2.2.3 addressed the period over which the EBS, including the waste package, 
pertorms 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 demonstrated the change in the effectiveness of tile capability 
b rovidinq time-dependent outputs of the waste package degradliltionmodel[f5KSl 

(b )(5) '-'--'-'-'------'. 

SAR Section 21.2.2.4 described the sources of uncertainty in the modeled performance of the 
EBS. These include, for example, uncertainties in the enVIronmental conditions affecting the 
waste package, in the temperature dependence of the general corrosion rate, In the effect of 
microbially induced corrosion, and in the treatment of stress corrosion cracking and localized 
corrosion. DOE Enclosure 4 (2oo9an) also addresses the effects of uncertainty In corrOSion 
processes on the ability of the waste package to divert water. noting that in most realizations, 
there is no bre£jch of any wastejlack¢jgel(b)(5) ~ 

l(b)(S) I 

DOE summanzed the technical basis of the barrier capability description of the EBS, which 
includes the waste packages, in SAR Section 2.1.3.2. DOE based Its description of barrier 
capability of the waste package on six TSPA submodels (I) the early failure model described 
in SAR Section 2.3.6.6.3, (ii) the general corrosion model described in SAR Section 2.3.63.3, 
(iii) the localized corrosion model described in SAR Section 2.36.4.3, (iv) the stress 
corrosion crackmg model described in SAR Section 2.3.6.53, (v) the mechanical damage 
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model described in SAR Section 2.3.4.5, and (vi) the flux-splitting model described in 8AR 
Section 2.3.7.12.3.1. SER Sections 221.3.1, 2213.2, and 2.2.1.3.3 address the staffs 
evaluation of the u of the technical bases used to support the barrier capat:>ili of the 
was~ packages (b)(5) 

(b)(5) 

2.2.1.1.3.2.6 EBS Waste Form and Waste Package Internal Components 

The staff reviewed the description of the barrier capability of the waste form and waste package 
internal components. DOE provided a qualitative description of how the waste form and waste 
package internal components limit the release of radionuclides from a failed waste package in 
SAR Section 2.1.2.2 under the discussion titled 'Waste Form and Waste Package Internals,' 
in SAR Section 2.1.22.2, and in DOE Enclosures 1 and 5 (2009an). DOE described the 
performance of the waste package internal components quantitatively In SAR Section 2.1.2 2.6. 
DOE discussed the impacts of these processes in an aggregated fashion, using a metric that 
indicates the extent to which radlonuclides are retained within the entire engineered system 
over time. Specifically, the approach identifies, for selected radionuclides, the decayed 
cumulative release from the engineered system (in other words, the amount of radionuclides 

Within either the lower !J ral b mer or the accessible environment relative to the total 
(b)(5) 

DOE attributed the barner capability of the waste form and waste package internal components 
to a number of significant processes that can affect release rates. These processes include 
waste form degradation, precipitation and dissolution, colloid generation and stability, and 
sorption to and desorption from waste package internal components. These processes are In 
tum affected by the chemistry of the aqueous solution inside the failed waste packages as 
well as the water flow rate within the package. DOE descnbed how these processes limit 
releases from the EBS and how these processes are associated with the different internal 
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components of the waste oackaae in DOE Enclosure 5 (2009an}",-! (_b_H_5 ) _________ ~ 
l(b)(5) 

.. DOE Enclosure 1 (2009an) provided a discussion and more specific association of 
processes with the safety classification of individual waste form and waste package 
interna! components. For example. DOE explained that it considers the waste package 
inner vessel to be the dominant source of corrosion products for corrosion product 
sorption, and that corrosion of other internal components is not as significant and is 
therefore not conSidered ITW!. 

.. DOE provided specific information on the rate at which waste forms degrade in DOE 
Enclosure 5. Section t 1 (2009an). DOE provided calculations based on TSPA input 
parameters that evaluate mean waste form lifetimes on the order of up to a few 
thousand years for fuel and tens to hundreds of thousands of for level 

• DOE indicated in DOE Enclosure 5, Section 1.2 (2009an). on the basis of a selection of 
TSPA realizations, the effectiveness of the limited breach area associated with cracks 
for retaining radionuclides under diffusive release conditions and demonstrated that the 
effect of breach area on release is nuclide and breach area de endent (b)(5) 

(b)(5) 

.. DOE Enclosure 5, Sections 1.3 and 1.4 (2009an) indicated the effectiveness of solubility 
limits and sorption to corrosion products for limiting the releases from the waste 
package, on the basis of sensitivity analyses and selected realizations. DOE concluded 
that for the relatively insoluble, sorbing nUClides such as Np-237 and Pu-242, 
precipitation/dissolution processes are comparable in significance to sorption onto 
corrosion products. 

• DOE addressed the significance of colloidal processes in DOE EnClosure 5, Section 1.5 
(2009an). DOE does not identify transport facilitated by colloidal suspensions as 
Significant to the barrier capability of the waste form and waste package internal 
components. DOE explained that colloids do not facilitate Significant releases relative to 
dissolved forms of the same radionuclides. 

The time period over which the waste form and waste package internals limit the release of 
radionuclides is described in SAR Section 2.1.2.2.3, in which DOE described the degradation 
rates of the different waste forms. DOE supplemented this information in DOE Enclosure 5 
(2009an), which identifies important processes controlling releases at different times in a 
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I 

discussion of selected TSPA realizations and described how DOE expects the significance of 
various processes (e,g., solubility, radionuchde sorption) to change with time. SAR 
Section 2.1.2,2.6 demonstrated the change in the effectiveness of the capability by providing 
intermediate results from the TSPA that demonstrated the time..<Jependent performance of the 
EBS to retain selected radionuclides Rb)(5)--~~' 

I(b )(5) 

DOE identified the sources of uncertainty in the barrier capabilities in SAR Section 2.1.2.2.4. 
These include, for example, uncertainties in the source term, in the evolution of in-package 
chemistry, in waste form degradation rates. and in radionuclfde solubilities and sorption 
behaviors. In SAR Section 2.1.2.2.6, DOE demonstrated the effect of uncertainty on predictions 
of the ability of the waste form and waste package internals to limit the release of radionuclides 
from a failed waste package by showi~g uncertainty bounds on the amountof selected ___ ~ .. 
radionuclides retained within the EBS.:(b)(5) 1 

l(b)(5, I 

DOE summarized the technical basis of the barrier capability deSCription of the EBS, which 
included the waste form and waste package internal components, in SAR Section 2.1.3.2. 
DOE based its description of barrier capability of the waste form and waste package internal 
components on seven TSPA submodels: 0) the in-package water chemistry model described 
in SAR Section 2,3.7.5; (ii) three waste form degradabon models described in SAR 
Sections 2.3.7.7,2.3.78. and 2.3.7.9; (iii) the dissolved concentrations limits model described 
in SAR Section 2.3.7.10; (iv) the colloidal radionuclide availability model described in SAR 
Section 2.3.7.11; and (v) the EBS flow and transport model described in SAR Section 2.3,7.12, 
The staffs evaluation of the adequacy of these models in supporting the ~scription of 
barrier capability is documented jn SER Section 221.34!(b)(5) -""-~-"'I 

(b)(5) 

(b)(S) 
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2.2.1.1.3.2.7 EBS: Emplacement Pallet and Invert 

DOE discussed the capabilities of the emplacement pallet and invert in SAR Section 212.2 and 
in DOE Enclosure 1 (2009an). DOE did not consider the emplacement pallet and invert to be 
ITWI, and DOE, therefore, did not provide a detailed description of their capabilities. 

DOE identified a potential barrier capability of the emplacement pallet to reduce diffusive 
releases from the EBS by preventing contact between the waste package and invert, thereby 
reducing diffusive releases, but explained that this capability was not included in the TSPA. 
The staff notes that the mechanical integrity of the emplacement pallet affects the analyses of 
damage to waste packages during seismic events. The staff has separately evaluated DOEs 
assumptions about the potential mechanical stability of the emplacement pallet in SER 
Section 22.1.3.2.3.3. 

DOE explained that the invert contributes to barrier capability because low diffusion rates and 
potential sorption of radionuclides in the crushed tuff ballast slow the release rate of 
radionuchdes from the waste package to the unsaturated rock beneath the drift. However, DOE 
determined that the delaying effect in the invert is not nt over 10 time frames, so DOE 
classified the invert as not important to barrier capabiltt ""5)'-...... ___________ -1 

(b)(5) 

The staff reviewed DOE's description of barrier capability for the emplacement pallet and invert 
Based upon examination of the EBS radionuclide trans ort abstraction described in 

2.2.1.1.3.2.B Lower Natural Barrier: Unsaturated Zone Below the Repository 
I 

The staff reviewed DOE's description of the barrier capability of the unsaturated zone below the 
repOSitory. DOE identified the unsaturated zone beneath the repository as ITWI because it 
prevents or substantially reduces the rate of movement of radionuclldes (SAR Table 2.1-1). 
DOE provided a qualitative description of the barrier capabilities of the unsaturated zone below 
the repoSitory in SAR Section 2.1.2.3.1. In SAR Section 2.1.236 and in DOE Endosures 1, 6, 
and 7 (2009an), DOE quantified the barrier capability with calculations of radionucllde travel 
times and reduction of radionuclide activity between the repository and the water tablel~(b"")(;';;;5-i-) ----, 1(b)(5) 

Downward flow from the repository occurs primarily in well-connected fracture networks in the 
Topopah Spring welded tuff. Radionuclides leaving the emplacement drift invert will enter either 
the repository host rock matrix (primarily under nondripping conditions, where advectlve flows 
through the invert are negligible) or the fractures (primarily under dripping conditions. where 
advective flows through the invert are relatively high). In DOE's unsaturated zone transport 
abstraction (SAR Section 2.3.8), radionucfides may be retarded by sorption in the matrix but 
not in fractures. However, radionuclides can migrate from fractures to the rock matrix by matrix 
diffusion. DOE identified matrix diffusion, coupled with sorption in the matrix, as contnbuting 
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to barrier performance in the fracture-dominated flow paths. In the northern part of the 
repository area. radionuclide travel times through the lower unsaturated zone are fast because 
fracture..(jominated flow from the repository host rock encounters a low-permeability. sparsely 
fractured rock unit. the zeolitic Calico Hills nonwelded tuff. and the flow is diverted laterally along 
the interface into transmissive faults that connect with the water table. In contrast, in the 
southern part of the repository area. the fracture-dominated flow from the repository host rock 
passes into the vitric Calico Hills nonwelded tuff, a permeable rock unit that is dominated by 
matrix flow conditions. Low flow velocities and the opportunity for sorption in the rock matrix 
result In long transport times through the unsaturated zone in the southern part of the repository 
area, particularly for radionuclides that can undergo sorption in the matrix. 

DOE provided quantitative information on the barrier capability of the unsaturated zone below 
the repository in SAR Sections 2.1.2.3.6 and 2.3.8.54 and in DOE Enclosures 1, 6, and 7 
(2009an). Using results from the TSPA-LA model with median parameter values, SAR 
Figures 2.3.8-43 through 2.3.8-49 indicate that the barrier performance of the lower unsaturated 
zone varies according to the location of the radionuclide release (I.e., northern or southern part 
of the repository area) and the mode of release from the repository drift into the unsaturated 
zone (i.e., into fractures or matrix). Because fracture flow dominates in the welded tuffs beneath 
the northern part and matrix flow dominates in the vitnc Calico Hills tuff beneath the southern 
part of the repository, radionuclides released from a northern location will tend to reach the 
water table much faster than those released from a southern location. However, initial releases 
into the rock matrix will result in slow travel times regardless of release location. For example, 
DOE calculated that the median travel time of an unretarded tracer (Tc-99) through the lower 
unsaturated zone in the northern area is about 20 years for releases into fractures and about 
5.000 years for releases into the matrix. For a southern release location, the calculated median 
travel times to the water table are slow regardless of whether releases are Into fractures or the 
matrix, with either release mode resulting in a median arrival time of about 2,000 years (SAR 
Figure 2.3.8-49). Analyses documented in DOE Enclosures 1, 6, and 7 (2009an) showed that 
radioactive decay in the unsaturated zone coupled with a combination of matnx diffusion and 
sorption in the northern repository area and sorption in the vitrie Calico Hills tuff layer in the 
southern repository area would substantially reduce releases of sorbing, short-lived 
radionuclides such as CS-137 For longer lived radionuclides. DOE's analyses demonstrated 
that sorption slows but does not prevent their transport through the unsaturated zone. For 
example, DOE Enclosure 7, Tables 1-5 through 1-8 (2009an) indicated that the unsaturated 
zone beneath the repository (northern and southern areas combined) reduced the release of 
long-lived radionuclides sueh as Np.237 (weakly sorbing) and Pu-242 (moderately to strongly 
sorbing) from the EBS to the saturated zone by about 30-50 percent dUring the 10.000-year 
period and by about 5 to 30 percent over a million-year time frame. 

In SAR Section 2.1.2.3.3 and DOE Enclosure 7, Section 1.3 (2009an), DOE discussed the 
time period over which the unsaturated zone functions as a barrier DOE stated that 
the hydrogeology and physical characteristics of the lower natural barrier, which includes 
the unsaturated zone below the reposrtory, are not expected to significantly change 
within 10,000 years after closure. On the basis of the requirements of the proposed 
10 CFR 63.342(c), DOE assumed that the intrinsic hydrologiC, geologic, and geochemical 
charactenstics of the lower natural barrier will not change sigmficantly after 10.000 years 
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following closure but within the period of geologic stability. DOE expects changes in the 
unsaturated zone capability to be associated with projected increases in percolation and in the 
water table elevation due to changes in climate. DOE explained that sorption increases the 
barrier capability of the unsaturated zone below the repository because it slows the transport of 
sorbing rad/onuetides and allows for radioactive decay to reduce the total mass of radionudides 
in the natural system Information in DOE Enclosures 6 and 7 (2009an) demonstrated that the 
barrier capability of the unsaturated zone is more pronounced for the initial 10,000-year time 
frame than for a million-year time frame because sorption slows but does not prevent the 
release of long-lived sorbing radionuclldes to the saturated zone. However, radioactive decay 
will reduce the tot aste jnvento b more than 90 rcent within the first thousand ears 
followin dis osal (b)(S) 

lfb)(S) 

DOE discussed and evaluated the uncertainties in the unsaturated zone in SAR 
Sections 2.1.2.3.4 and 2.3.8.5.5. DOE attributed the main uncertainties for barrier capability 
to (i) the variability of site characteristics and future climate and (ii) applicabHlty of the models 
and assumptions used to estimate the performance of the repository system (SAR 
Section 2.1.2.34). Some examples of the uncertain characteristics Included percolation flux, 
the extent of fracture-matrix interaction, matri)( diffusion coefficients, and radionuclide 
distribution coefficients. DOE Incorporated uncertainty in the TSPA unsaturated zone transport 
model by using sampled probabilistic distributions for parameter uncertainty and by using 
assumptions in models that would not overestimate performance. DOE demonstrated the 
impact of various uncertainties in SAR Figures 2.3.8--50 to 2.308-62. It supplemented this 
information with discussions of sensitivity analyses for various parameters in DOE Enclosure 7 
Section 1.2 (2009an), These discussions included speCific urces of uncertain and indicated 

b 5 

In SAR Section 2.133. DOE summarized the technical baSIS of the barrier capability 
description of the lower natural barrier. which includes the unsaturated zone below the 
repository. DOE based its description of barrier capability ofthe unsaturated zone below 
the repository on the unsaturated zone flow model described in SAR Section 2.2.2.4 and on 
the unsaturated zone transport model described in SAR Section 2,3.8. The staff documents 
its evaluation of the technical basis for the unsaturated zone flow model abstraction In 

SER Section 2.2.1.3.6 and for the unsaturated zone trammert model abstraction in SER 
Section2.2.1.3.7",.;.:;(b~)(:;:.5),--_____________________ ~ 

j(b)(s)m 
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2.2.1.1.3.2.9 Lower Natural Barrier: 

The staff reviewed the description of the barrier capability of the saturated zone. DOE 
described the barrier capabilities of the saturated zone qualitatively in SAR Section 21.2.3.2 
and used median transport times and reduction of radionuclide activity between the water table 
below the repository footprint and the accessible environment to quanti the barrier capability in 

. .2. .6 and in DOE Enclosures 1, 6, and 7 (20098n b 5 

The saturated zone component of the lower natural barrier flows inttially through approximately 
12-14 km [7.4-8.7 mil of fractured volcanic rocks. Beyond this distance, flow IS predominantly 
within a saturated layer of allUVium. Flow in the fractured volcanic aquifers occurs primarily in 
the fractures. Hydraulic conductivities are much lower In the matrix of the volcanic tuffs than in 
the fractures, while the rock matrix IS more porous than the fractures. These relative properties 
support exchange of radionuclldes between the fractures and matrix through matrix diffusion 
Hence, diffusion into the matrix followed by matrix sorption function to delay radionuchde 
transport to the accessible environment After leaving the fractured volcanic aquifer, flow and 
transport occur in the intergranular pores of the allUVial sediments. Because of the low water 
velocity, the rate of radionuclide movement is slow, allowing more time for sorption onto the 
mineral surfaces to further delay radio nuclide transport to the accessible environment. 
Dispersion of the radio nuclides will tend to attenuate any abrupt changes in radio nuclide 
concentrations as the nuclides travel through the saturated zone. The presence of colloids also 
affects the rate of movement of radionudides in the saturated zone. Radionuchdes embedded 
in or irreversibly sorbed onto colloids are retarded when the associated colloids are temporarily 
filtered from transport. Also, radio nuclides that are sorbed reversibly to colloids are delayed by 
matrix diffusion In the volcanic aquifers and by sorption in the alluvial sediments 

DOE provided quantitative information on the barrier capability of the saturated zone in SAR 
Sections 2.1.2.3.6 and 2.3.9.3.4.1. SAR Figures 2.3.9-16 and 2.3.9-45 through 2.3.9-47 
illustrated the combined effects of matrix diffusion and sorption in delaying radionuclide 
transport to the accessible environment Median transport times ranged from abOut 10 to 
10,000 years for nonsorbing radionuclides (e.g., Tc-99) and from 100 to 100,000 years for 
moderately sorbing radionuclides (e.g., Np-237). Median transport times generally exceeded 
10,000 years for highly sorbing radionuclides (e.g., PU-239) The median transport times for 
radio nuclides irreversibly attached onto colloids ranged from 100 to 600,000 years In DOE 
Enclosures 6 and 7 (2009an). DOE used TSPA-LA results to prOVide quantitative mformation on 
the barrier capability of the saturated zone in terms of reduction of radionuclide activity between 
the release from the unsaturated zone into the water table and the release into the accessible 
environment. DOE presented information on the performance of the saturated zone in 
Tables 1-5 through 1-8. This Information indicated that DOE expects activities of soluble, short 
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half-life radionuclides (e.g., Cs-137 and Sr-90) to drop by 100 percent during transport to the 
accessible environment. For radionuclides with moderate to strong sorplion and long half-life 
(e.g., Np-237 and Pu-242), DOE calculated the activities to drop by 70 to 98 percent during the 
10,OOO-year period and by 20 to 50 percent during the post-10,OOO-year period over the 
transport time in the saturated zone to the accessible environment. 

(b)(5) 

DOE proVided information on the time penod over which the saturated zone performs Its 
intended function in SAR Section 2.1.2.3.3 and DOE Enclosure 7, Section 1.3 (2oo9an). 
Additional information on the time period over Which the saturated zone functions as a barrier is 
contained in SAR Section 2.3.9.3.4.1. DOE stated that the hydrogeology and physical 
characteristics of the lower natural barrier, which includes the saturated zone, are not expected 
to change in any significant way within 10,000 years after closure. On the basis of the 
requirements of 10 CFR 63.342(c), DOE assumed that the intrinsic hydrologic, geologic, and 
geochemical characteristics of the lower natural barrier Will not change significantly after 
10,000 years following closure but within the period of geologic stability. DOE addressed 
changes in the barrier function of the saturated zone by reference to an expected increase in 
groundwater recharge under projected wetter future climate conditions, resulting in a rise in the 
water table and increased groundwater flow. DOE did not expect these changes in groundwater 
flow to change the processes of sorption and matrix diffusion that control radionuclide transport 
to the accessible environment. DOE explained that sorption increases the barrier capability 
because it delays the release and allows for radioactive der.ay within the natural system to 
reduce the radionudide mass in the system. Information in DOE Enclosures 6 and 7 (2009an) 
demonstrated that the barrier capability of the saturated zone is more pronounced for the initial 
10,OOO-vear time frame than for a million-vear time framel(b)(5) 

(b)(5) 

In SAR Section 2.1.2.3.4. DOE described the uncertainty in the barrier capability in terms of the 
conceptual and numerical models, obseNational data, and parameters used to represent water 
flow and radionuclide transport processes in the saturated zone. Some examples of the 
uncertain characteristics include groundwater-specific discharge, porosity, the spatial variation 
of aquifer properties, matrix diffusion coefficients, and radionuclide distribution coefficients. 
DOE incorporated parameter uncertainty in the TSPA saturated zone transport model through 
various probabilistic distributions. Effects of transport parameter uncertainty on radionuclide 
breakthrough at the accessible environment are presented in SAR Section 23.9.3.4.1 and 
SAR Figures 2.3.9-16 and 2.3.9-45 through 2.3.9-47. DOE also provided quantitative 
demonstrations of the impacts of barrier uncertainties on saturated zone flow processes in 
SAR Section 2.3.9.2.3.4. DOE supplemented this information with discLissions of sensitivity 
analyses for various parameters in DOE Enclosure 7, Section 1.2 (2009an). These diSCUSSions 
included specific sources of uncertainty and indicated the performance impact of different 
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In SAR Section 2.1.3.3, DOE summarized the technical basIs of the barrier capability 
description of the lower natural barner, which includes the saturated zone. DOE based ItS 
description of barrier capability of the saturated zone on the saturated zone flow model 
described in SAR Section 2,3.9.2 and the saturated zone transport model described in SAR 
Section 2.3,9.3. The NRC staffs evaluation of the technical bases,fQ! these models are 
documented in SER Sections 2.2.1.3.8 and 2.21.3.9, respect.~jvc::.e;.<.ly..:.l(b...:..)(,-5,-) ---------1 

i(b)(5) .. 

2.2.1.1.4 Evaluation Findings 

2.2,1.1.4.1 Identification of Barriers 

DOE has identified specrfic features and components that are relied upon 10 achieve 
compliance wilh 10 CFR 63113(b). DOE has linked these features and components to a 
description of their capability. These features and cornQpnentslnclude at least one from the 
engineered system and one from the natural system'l(b)(S) l(b)(S) I L-___________ ---' 

2.2.1.1.4.2 Description of Barrier Capability to Isolate Waste 

Upper Natural Barrier 

The staff revieWed the description of the barrier capabilities of the upper natural barrier. This 
barrier comprises two features: (I) the topography ens;! surface soils at the repository location 
~ the unsaturated zone above the repositoryL·:l.:;I(b~);,:;;(S~) =============d 
l(b)(5) 
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(b)(5) 

Engineered Barrier 

The staff reviewed the description of the barrier capabilities of the EBS. This barrier comprises 
five features: (i) the emplacement drift, (ii) the drip shield, (Iii) the waste pack~",=-"~"-'-'!.-,-,-"",,,,,,'---, 

Lower Natural Barrier 

The staff reviewed the description of the barrier capabilities of the lower natural barrier. 
This barrier CO~rises two features the unsaturated zone ~IQW the repository and the 
saturated zQoeY)i~Lm 

!(b)(5) 

2.2.1.1.4.3 Technical Basis for Barrier Capability 

The SAR presents an overview of the technical bases for the models used to represent the 
performance of the barriers in the TSPA This overview, summarized in SAR Section 2.1 and 
more fully documented In SAR Section 2.3, identifies the types of field Investigations, laboratory 
studies, analog studies, literature surveys. and other technical aoproaches used to deyelon the 
conceptual TSPA model components'LI(b_)_(5_) _________________ ----' 
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CHAPTER 2 

2.2.1.2.1 Scenario Analysis 

2.2.1.2.1.1 Introduction 

This chapter provides the U,S. Nuclear Regulatory Commission (NRC) staff's evaluation of the 
U.S. Department of Energy's (DOE or the applicant) scenario analYSis used in its performance 
assessment The staffs evaluation is based on information in the Safety Analysis Report (SAR) 
(DOE, 2009av) as supplemented by the DOE responses to the staffs requests for additional 
intormation (RAls) (DOE, 2009ab,ae,af,ah-aj,al,bv-bz,ca-ci,co,cq, 2010ad~ ah) 

A performance assessment is a systematic analysis that answers the following tnplet riSk 
questions: What can happen? How likely is it to happen? What are the resulting 
consequences? Scenario analysis answers the first question What can happen? A scenario is 
a well-defined, connected sequence of features, events, and processes (FEPs) that can be 
interpreted as an outline of a possible future condition of the repository system. Thus, a 
scenario analysis identifies possible ways in which a geologic repository environment can 
evolve so that a defensible representation of the system can be developed to estimate 
consequences The goal of scenario analysis is to ensure that no important aspect of the 
potential high-level waste repository is over1ooked in the evaluation of its safety. 

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 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 
performance assessment 

Consistent with thiS general approach and the review areas in the Yucca Mountain Review Plan 
(YMRP) Section 2.2 1.2 1 (N Re, 2oo3aa), the staff evaluates the applicant's scenario 
analySis in four separate sections [Safety Evaluation Report (SER) Sections 2.2.1.2.1.3.1 to 
2.2.1.2.3.4]. SER Section 2.21.2.1.3.1 evaluates both the applicant's methodology to develop 
a list of FEPs and its list of FEPs. In SER Section 2.2.1.2.1.3.2, the staff evaluates the 
applicant's screening of its tist of FEPs, including the applicant's technical bases for the 
exclusion of FEPs. The applicant's formation of scenario classes and the exclusion of classes 
in the applicant's performance assessments are evaluated in SER Sections 2.2.1.2 133 and 
2.2.1.2.1.3.4, respectively. 

The staffs evaluation of the applicant's methodology and conclusions on the probability 
of events included in the performance assessments are presented in SER Section 22 122. 
That section is aimed at the second risk triplet question: How likely IS it to happen? 
The staff's evaluation of the applicant's model abstraction IS documented in SER 
Sections 2.2.1.3.1-2.2.1.3.14 and Sections 2 2.1.4.1-2.2.1.4.3. These sections focus on the 
included FEPs and the third risk triplet question (What can happen?) and present the staff's 
evaluation of the adequacy of assessment of consequences of included FEPs and scenario 
classes used in the applicant's performance assessments 
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2.2.1.2.1.2 Regulatory Requirements 

A performance assessment is defined, in part, in 10 CFR 63 2 as an analysis that identifies 
the features, events, processes (except human intrusion). and sequences of events and 
processes (except human intrusion) that might affect the Yucca Mountain disposal system 
and their probabilities of occurring. A functional overview of the performance assessment 
used to demonstrate compliance with the postclosure performance objectives is presented in 
10 CFR 63.1020). 10 CFR 63. 102m also identifies criteria for inclusion FEPs [those expected 
to materially affect compliance with 10 CFR 63.113(b) or be potentially adverse to performance] 
in the performance assessment. 10 CFR 63.102(j) identifies that events (event classes or 
scenario classes) that are very unlikely (less than 1 chance in 10,000 over 10.000 years) can be 
excluded from the analysis. 

The postclosure performance objectives of 10 C FR 63 113 stipulate that a performance 
assessment must be used to demonstrate compliance With (i) the individual protection standard 
after permanent closure (10 CFR 83.311); (ii) the human intrusion standard (10 CFR 63.321 
and 63.322); and (iii) the separate standards for protection of ground water (10 CFR 63.331). 
Requirements for any performance assessment used to demonstrate compliance with 
10 CFR 63.113 for 10,000 years are presented in 10 CFR 63. 114(i3). 10CFR 63.114{a)(4) 
requires that the performance assessment must consider only FEPs consistent with the limits on 
performance assessment specified at 10 CFR 63.342. 10 CFR 63. 114(a)(5}-{6) requires the 
applicant to provide the technical basis for either inclusion or exclusion of FEPs and also 
defines criteria for inclusion of FEPs into the performance assessment lspecific FEPs must be 
evaluated in detail if the magnitude and time of the resulting radiological exposures to the 
reasonably maximally exposed individual (RMEI), or radionuclide releases to the accessible 
environment, for 10,000 years after disposal, would be Significantly changed by their omissionj. 
10 CFR 63.114(b) states that the performance assessment methods used to satisfy the 
requirements of paragraph (8) of that section are considered suffiCient for the performance 
assessment for the period of time after 10,000 years and through the period of geologic stability: 

10 CFR 63.113 also identifies that the performance assessments used to demonstrate 
compliance with the individual protection standard after permanent closure, the human intrusion 
standard, and the separate standards for protection of ground water must also meet the 
requirements of 10 CFR 63.342. The limits on performance assessments are defined in 
10 CFR 63.342 According to 10 CFR 63342(a), the performance assessment for 10,000 years 
after disposal to show compliance with 10 CFR 63.311(a)(1), 63.321(b)(1), and 63.331 shall not 
include FEPs With a chance of occurring of less than 10'8 per year Also, 10 CFR 83.342(3) 
states that the performance assessments need not evaluate the impacts resulting from any 
FEPs or sequences of events and processes with a higher chance of occurring jf the results of 
the performance assessments would not be changed Significantly In the Initial 10.000-year 
period after disposal. Thus, 10 CFR 63.342 defines the conditions for exclUSion of FEPs on the 
basis of probability or consequence. 

An additional basis for excluding FEPs in the performance assessments used to demonstrate 
compliance with 10 CFR 63.321(b)(1) and 63.331 during the first 10,000 years after disposal IS 
provided in 10 CFR 63.342(b) For those performance assessments, 10 CFR 63 342(b) states 
that unlikely FEPs or sequences of events and processes (I.e, those that are estimated to have 
less than 1 chance in 100,000 per year of occurring and at least 1 chance in 100 million per 
year of occurring) can be excluded from the performance assessment. Also, 10 CFR 63.342(c) 
defines the approach to project the continued effects of FEPs beyond 10,000 years in the 
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performance assessments models to show compliance with 10 CFR 63.311(a)(2) and 
63.321 (b)(2),. 

The cited regulations define cnteria for excluding FEPs and scenario classes on the basis of 
probability or consequence from performance assessments used to demonstrate compliance 
with the standards. Guidance in YMRP Section 2.2.1.2.1.3, p. 2.2-9 identifies that specific FEPs 
and scenario classes can be excluded on the basis that they are specifically ruled out by 
regulation or are contrary to stated regulatory assumptions. For example, 10 CFR 63.305 
defines the required characteristics of the reference biosphere, and FEPs that are contrary to 
definitions in 10 CFR 63.305 can be excluded. 

2.2.1.2.1.3 Technical Review 

The applicant summarized in SAR Section 2.2.1 Its five-step scenario analysis method used to 
develop a performance assessment model: (I) identification and classification of a list of FEPs, 
(ii) evaluation of the FEPs for inclusion or exclusIon from the performance assessment model. 
(iii) formation of scenario classes, (Iv) screening of scenario classes, and (v) definition of the 
implementation of scenario classes in the performance assessment model and documentation 
of the treatment of included FEPs. The first four steps are evaluated in this section. Step five is 
evaluated in SER Section 2.2.1.4. 

The staffs evaluation ofthe scenano analysis follows the methodologies and acceptance 
criteria identified in YMRP Section 2.2.1.2.1. That guidance provides four criteria that DOE may 
use to demonstrate compliance with 10 CFR 63. 114(a)(4)-(a)(6). 

• The identificabon of a list of FEPs is adequate. 
• Screening of the list of FEPs is appropriate. 
• Formation of scenario classes using the reduced set of events is adequate. 
• Screening of scenario classes is appropriate. 

Additionally, YMRP Section 22.1 provides guidance to the staff on an acceptable process to 
apply risk information in its review of the DOE licensing application Following the YMRP 
guidance, the staff considered DOE's risk information (derived from DOE's treatment of multiple 
barriers) and risk insights in SAR Section 24.221.2. 

The level of detail of the staffs review on particular parts of the scenario analysis is based 
on the risk insights DOE developed, independent staff assessments, and prelicensmg 
interactions, as appropriate. Because the purpose of the first acceptance criterion in YMRP 
Secbon 2.2.12.1 is to ensure the completeness and comprehensiveness of the FEP list, the 
staff did not use risk information to limit its review of the applicant's identifICation of a list of 
FEPs (SER Section 22.1.2.1.3.1). In SER Section 2212132, the staff reviewed the 
applicant's screening of the fist of FEPs following the second acceptance criterion in YMRP 
Section 2.2.1.21. The acceptance criterion includes the following three separate aspects 
(i) all FEPs that are excluded are identified; (ii) Justification for each excluded FEP is provided 
[an acceptable justification for eXCluding FEPs is that either the FEP is specifically eXCluded by 
regulation, probability of the FEP (generally an event) falls below the regulatory criterion. or 
omission of the FEP does not significantly change the magnitude and time of the resulting 
radiological exposures to the RMEI, or radionuclide releases to the accessible environment]; 
and (iii) an adequate technical basis for each excluded FEP IS provided. In reviewing the 
technical basis for exclusion of FEPs. the staff focused in greater detail on items that were 
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(b)(5) he staff evaluated the technical bases 
of 222 excluded FEPs, In this chapter, in general, the Ps discussed are those for which the 
staff issued RAls to the applicant to supplement the technical bases for exclusion. 

2.2.1.2.1.3.1 Identification of a List of FEP's 

Identification of a list of FEPs is the initial step in the scenario analysis aimed at assembling a 
list that indudes all FEPs with the potential to influence repository performance. This technical 
review of the identification of the list of FEPs follows the methodology established in YMRP 
Section 2,2.1,2,1, p, 22-7. 

The applicant summarized the process to identify the list of FEPs in SAR Section 2.2,1,1.1 
and in SNL (2008ac), DOE has pubhshed two major versions of the list of FEPs for the 
Yucca Mountain project: the Total System Performance Assessment-Site Recommendation 
(TSPA-SR) version and the Total System Performance Assessment·License Application 
(TSPA-LA) version, The applicant stated that the TSPA-SR FEP list was developed based on a 
Nuclear Energy Agency compilation of FEPs, supplemented with Yucca Mountain project 
literature, information In analysis reports, techmcal workshops, and reviews and resulted In a 
collection of 328 FEPs considered in TSPA-SR, as outlined In SNL p. 6-1 (2008ac), 

DOE stated that the TSPA-SR FEP list was further refined to enhance classification strategies 
and to acihieve consistent level of detail among FEPs, and that additional FEPs were identified 
on the basis of audits and technical information updates subsequent to the site 
recommendation, sucih as changes in design parameters. DOE stated that to verify 
comprehensiveness in the list of FEPs. an alternative list was developed using a top-{jown 
functional analysis of the repository (SNL, 2008ac), Each function was divided into smaller, 
more specialized functions until a level of detail was attained comparable to the existing list of 
FEPs, This alternative list was then compared to the TSPA-LA list to build confidence that the 
TSPA-LA list was indeed complete or to identify missing FEPs 

DOE stated that further analyses were applied to address changes In the regulations and in the 
design of the repository and disposal packages. The final count of FEPs is 374. The applicant 
stated that the iterative approach. including expanding on the existing FEP list. brainstorming, 
multiple reviews by subject matter experts, top-down elicitation from an independent 
classification scheme. and use of the Yucca Mountain project analyses support the conclUSion 
that the TSPA·LA FEP list was complete, as described In SNL p 6-4 (2008ac) 

The staff evaluated the adequacy of the list of FEPs, The FEPs were classified by technical 
area. following a similar approach as in NRC Table 5,1.2.1-2 (2005aa). In numerous instances, 
the same FEP was classified as pertaining to several technical areas, to cover broad aspects, 
consequences. and couplings associated with that FEP The objective of the split was to attain 
a thorough and integral review of the list of FEPs covering multiple technical perspectives and to 
facilitate indentifying aspects potentially overlooked by the exisllng FEPs. The staff evaluated 
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the description of the scope for the individual FEPs, the screening decision of the individual 
FEPs. and the technical basis for excluding FEPs disposition for the included FEPs. The staffs 
review of the identification of the list of FEPs was based on knowledge gained reviewing the 
Yucca Mountain site and regional characterization data, including previous mdependent Yucca 
Mountain-related studies, and DOE's description of the modes of degradation, deterioration, and 
alteration of the engineered barriers. A previous staff review of DOE's identification of FEPs 
(Pickett and Leslie, 1999aa) was also considered. The staff also used available, internationally 
developed generic lists of FEPs (Nuclear Energy Agency, 1997ab) to determine the 
completeness of the DOE list of FEPs. 

The applicant further compared the TSPA-LA FEP list to a verSion of an international list of 
FEPs by the Nuclear Energy Agency. Organisation for Economic Co-operation and 
Development (OECD). Appendix D (Nuclear Energy Agency. 2000aa) to inquire about the 
completeness of the list of FEPs. The applicant documented the comparison in SNL Appendix 
F (2008ab) in tables mapping the license application FEPs into the OECD FEPs and vi~versa. 

(b)(5) m "1 The 
. app lcan no e n ernabonal FEP Database was u ated In 2006 (Nudear Energy' 
Agency, 2006aa); however, the applicant concluded that the update did not present additional 
scope beyond the FEPs already addressed In the TSPA-LA FEP list (SAR p 2.2-8) and SNL 
Appendix F (2008ab). 

Staffs Findings 
(b)(5) 
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Screening of the list of FEPs is aimed at identifying FEPs that should be evaluated in detail In 
the performance assessment due to their clear potential to Influence repository performance. 
The technical review of the screening of the list of FEPs follows the methodology established in 
YMRP Section 2.2.1.2.1, p. 2.2-7. 

The applicant summarized the screening of FEPs in SAR Section 2.21.2. SAR Table 2.2-5 
summarized the screening decision (included or excluded) for each FEP and the justification for 
exclusion. SAR Table 2.2-5 cited other SAR tables summarizing the technical basis for 
including the FEPs and also cited SNL (2008ab) as the document that detailed the technical 
basis for excluding FEPs. DOE developed criteria for exclusion on the basis of low probability. 
low consequence, or by regulation, The regulations define low probability as FEPs having less 
than a 1 in 10,000 chance of occurring within 10,000 years of disposal (10 CFR 63.342). Low 
consequence means that omission of FEPs would not result in significant adverse changes in 
the magnitude or timing of the radiological exposures to the RMEI or radionuclide releases to 
the accessible environment (10 CFR 63.114 and 10 CFR 63342). By regulation means that 
FEPs can be excluded if they are inconsistent with the characteristics, concepts, and definitions 
specified in 10 CFR Part 63, as described in SNL Section 6.1 (2008ab) 

The applicant supplemented the document SNL (2008ab) With Enclosure 1 Response 
Number 2, in DOE (2009cb) to provide a quantitative basis to argue that FEPs excluded on the 
basis of low probability had a probability below 1 in 10,000 In 10,000 years, as required by 
10 CFR 63.342. The staff initially deemed a number of FEPs to lack adequate technical basis 
to support the applicant's exclUSion conclUSion DOE supplemented the information (DOE, 
2009ab,ae,af,ah,ai,aj,al,bv,bw,bx,bY,bz,ca,cb,cc,cd,ce,cf,cg,ch,ci,co.cq. 2010ad,ah) in SNL 
(2008ab) to respond to RAts. The staff reviewed the summary of the screening argument In 

SNL (2008ab), the supporting analyses referenced therein, and the DOE responses to RAls 
(DOE, 2009ab,ae,af,ah-aj,al,bv-bz,ca-cLco.cq, 2010ad,ah) 

With respect to procedural safety controls or design configuration controls, the applicant stated 
that SAR Table 2.2-3 identified FEPs that relate to parameters requiring procedural safety 
controls or design configuration control to ensure that the TSPA-LA analysis basis is met 
SAR Table 1.9-9 summarized the parameters requiring such controls. The applicant noted 
that the repository design (as defined in the included FEP 1.1.07.00.0A, Repository DeSign, 
and the controlled design parameters in SAR Table 22-3) was used to define the initIal state 
or boundary conditions in the models and the analyses that are abstracted in the postclosure 
performance assessment. The applicant also stated in SAR Section 2.2.12 that controlled 
parameters and the repoSitory design were used as a basis for describing other FEPs and 
as a basis for screening decisions of included and excluded FEPs. According to the applicant 
SAR Table 1.9-9 presented design control parameters that describe the bases for the 
repository design. 
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Staffs Findings 

The staff used YMRP Section 2.2.12.1.3, Acceptance Criterion 2 to evaluate whether the 
screening of the list of FEPs IS appropriate. This acceptance cnterion evaluates (i) whether the 
applicant identified all FE?s that have been excluded, (ii) whether the applicant provided 
justification for exclusion of those FEPs, and (iii) whether the applicant provided adequate 
technical basis for exclusion of those FEPs. 

'--,~"r"'I'=~...-".-r,:=~,..-;:'lr=~~;;-n;~==;-;:;T===;:;r=;r:>==="",;::-:;c::=....-:;c::r---.J SAR Table 2.2-5 listed all of the FEPs the applicant conSidered, and It Identified the exclm:led 
FEPsl(b)(s) 
(b)(5) 

With regard to point (iii) of YMRP Section 2.2.1.2 1 3, Acceptance Criterion 2, the staffs 
evaluation of the technical basis for the exclUSIOn of FEPs is provided in the remainder of this 
section. The staff reviewed ali of the screening arguments of the FEPs the applicant classified 
as excluded (a total of 222 FEPs). Only those (prior to the DOE RAI responses) FEPs identified 
as requiring additional information or clarification are discussed in this section. The discussed 
FEPs correspond to approximately 10 percent of the total numberof excluded FE?s and are 
summarized later in this section under individual FEP headingsl(b)(5) 

(b)(S) 

Example of Exclusion by Regulation 
(b)(5) 

of Exclusion 

2-7 



Example of Exclusion by Low Consequence 
(b)(5) 

FEP 1.1.01.01.08 Influx Through Holes Drilled In Drift Wall or Crown 

The applicant excluded Influx Through Holes Drilled in Dnft Wall or Crown on the basIs of a low 
consequence argument as referenced in DOE Enclosure 2, Response Number 4, and 
Enclosure 7, Response Number 3, (2009cb) and SNl (2008ab) As defined by the applicant, 
this FEP addresses the potential of openings (or holes) that may be drilled through the drift 
walls or crown to promote flow or seepage into the drifts and onto the waste packages. 
These holes may be drilled for a variety of reasons including but not limited to, rock bolt 
and ground support, monitoring and testing, or construction-related activities For boreholes, 
FEPs 1.1.01 ,01.0B and 2.1 .06.04,OA, Flow Through Rock Reinforcement Materials in EBS, 
according to the applicant's definitions, cover similar processes and features because open 
space will be present in boreholes regardless of whether rock bolts degrade, 

The applicant stated in SAR Table 2.2-3, Parameters 01-15 and 01-16, and in SNl (2008ab) 
that boreholes into the walls of emplacement drifts will be drilled for ungrouted rock bolts and 
ground support Using a modified version of the seepage model used for the performance 
assessment in BSe Sections 6.5 and 6.6.4 (2004be), DOE examined the potential for liquid 
water flowing into open rock bolt boreholes that extend vertically upwards from the drift crown. 
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The applicant concluded, supported by numerical simulations, that boreholes have only a minor 
effect on seepage. increasing the predicted seepage rates by less than 2 percent compared to 
seepage simulations without rock bolts. DOE based this result on the following considerations 
and assumptions: (i) an open borehole without grout acts as a capillary barrier to unsaturated 
flow; (ii) the cross-sectional area of the rock bolt borehole, onto which flow may be incident, is 
small; and (iii) water that may have seeped into the borehole can imbibe back into the rock 
matrix elsewhere along the borehole length. On the basis of this analysis, the applicant 
concluded that the presence of boreholes drilled in the drift wall or crown would not have a 
significant effect on seepage into drifts, and excluded the FEP Influx Through Holes Drilled in 
Drift Wall or Crown from the performance assessment model on the basis of low consequence 

Staffs Review 

(b)(5) 

bs)·· ~ .. _. __ .- --= __ ~ ____ ~ ___ iDOE Enclosure 2, 
Response Number 4, and Enclosure 7, Response Number 3, (2009Gb) supplemented the 
screening argument and provided addItional information on the relationship of field observations 
to flow in boreholes and seepage into drifts The applicant framed the supplemental screenmg 
argument in terms of effects during thermal and ambient periods and relied on a total-system 
performance perspective; in particular, on the drip shield seepage barrier function. For the 
thermal period, DOE Enclosure 7, Response Number 3 (2009cb) pointed out the drip shield 
function of diverting water that has entered the drift According to the applicant, the drip shields 
are expected to divert water during the thermal period and are expected to fail by general 
corrosion and cease to be a barrier agamst seepage well after the thermal pulse has dissipated 
and the system has returned to ambient conditions. DOE Enclosure 5. Response Number 7 
(2oo9bo) referred to supplemental analyses showing that radionuclide releases are relatively 
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insensitive to the occurrence of seepage in the event of seismic damage to waste packages 
under intact drip shields. 

DOE also analyzed other cases where the drip shield may fail during the thermal period 
(e.g., early failure, seismic fault displacement, and seismic ground motion modeling cases) and 
concluded that In none of those cases would borehole effects on seepage significantly alter the 
dose estimates. For the early failure case, the applicant referred to the low contribution of this 
case to the total mean dose and stated that changes In refiux would marginally affect the dose. 
For the fault displacement modeling case, the applicant stated that full collapse of the drift is 
generally associated with fault displacement. and thus, thermal reflux in open boreholes has a 
negligible effect on the mean annual dose from seIsmic fault displacement, as described in DOE 
Enclosure 7, Response Number 3 (2009cb). In the seismiC modeling case, the applicant 
argued that the drip shield would fail only for large magnitude seismic events, which would be 
accompanied by large rockfall and borehole collapse. Therefore, thermal reflux in such 
boreholes would have a n effect on dose estimates, as detailed in DOE Enclosure 7 

3 2oo9cb. ) 

E 

(b){5) ___ ~----~ m m I Using its condensation model, DOE stated that 
e magnitude of the condensation flux estimaTed for later times (after the thermal period) is 

much less than the estimated seepage flux denved from the seepage model. To provide 
confidence in the condensallon flux estimate for early times, DOE stated that a conservative 
assu of relative humidi at the drift wall of 100 ercent was used In the condensation 
model. ) 
Tb)(Sr'-'....C~---------------------------\ 

FEP 1,1.03.01 ,OA Error in Waste Emplacement 

The applicant excluded Error in Waste Emplacement on the basis of low consequence (DOE, 
2009af,av; SNL. 2008ab). ThiS FEP, according to the applicant, refers to deViations from the 
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design or errors in waste emplacement that could affect long-term performance of the 
repository. The applicant identified two types of waste emplacement errors the first concerns 
spacing of waste packages and the second concerns emplacement of a waste package on a 
fault. The applicant described controls that will be carried out to restrict by detection, 
evaluation, and mitigation the probability of both types of waste emplacement errors. These 
controls include controlled parameters and management controls, The applicant also assessed 
the potential consequences of undetected and unmitigated waste emplacement errors in DOE 
Enclosure 1. Response Number 1 (2009af). The applicant assessed the probability for waste 
package misplacement and violation of the thermal limits for the repository. The applicant 
estimated the mean number of misplaced waste packages to be less than one. The applicant 
compared the consequences of waste emplacement errors to the consequences of the waste 
package early failure modeling case and the seismic fault displacement modeling case; the 
applicant included both of these in the performance assessment 

Staffs Review 

The staff reviewed the screening justification and the technical basis for excluding 
FEP 1.1.03.01.0A The applicant prOvided an exclu' justification of low consequence in 
DOE Enclosure 1, Response Number 1 (2009af,cq). (b)(5) 

(b)(5) 

FEP 1.2.04.07.08 Ash Redistribution In Groundwater 

The applicant excluded Ash Redistribution," Groundwater on the basis of low consequence. 
According to the applicant's definition of the FEP, during a volcaniC eruption, magma may 
interact with waste packages, resulting in erupted deposits of volcanic ash contaminated with 
radionuclides. The applicant limited this FEP to the leaching of radionuclides from the ash 
and their subsequent transport in groundwater through the subsurface to the compliance 
boundary, The applicant considered other processes, such as ash remobilization by wind. 
in separate FEPs. 
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The DOE volcanic eruption model considers the mass and types of waste impacted by erupted 
magma (a maximum of seven damaged waste packages), the fraction of waste-containing 
magma that is incorporated into a tephra plume, and the fraction of the tephra plume that is 
deposited near the eruptive vent (i.e., in or near the repository footprint) (SNL, 2008ag). In 
contrast, the DOE igneous intrusion model assumes that (i) all waste packages in the repository 
are compromised by an Igneous intrusion and (Ii) the subsequent release of waste is not 
reduced by the amount that could be transported to the surface in an accompanYIng eruption 
(SNL,2007ab). The applicant reasoned that because eruptive events are always associated 
with intrusive events, the potential dose consequences from radlonuclides leached Into 
groundwater from volcanic ash are small compared with the consequences of exposing the 
same inventory of radionuclides to seepage due to igneous intrUSion (SNL, 2008ab) However, 
for the modeled fraction of volcanic ash that is deposited near the accessible environment 
boundary, the groundwater transport path is short compared to the transport path for 
radionudides released from the repository. Short transport pathways to the accessible 
environment boundary have potential dose consequences for short-lived, high-activity 
radionuclides such as Cs-137, Sr-90, Am-241 , and Pu-238, which have half-lives on the order of 
decades or hundreds of years, The short-lived radionuclides are important contributors to dose 
at early times in the volcanic eruption modeling case (e.g .. SAR Figure 2.4-32). 

In DOE Enclosure 1. Response Number 1 (2oo9ab), the applicant separately assessed the 
relative importance of leaching and groundwater transport of contaminated ash deposited 
near the accessible environment The applicant's supporting calculation addressed differences 
in travel times depending on where the ash was deposited within the drainage basin of 
Fortymile Wash (Le .. very short flow paths for leaching of ash deposited near the accessible 
environment boundary and longer flow paths for ash deposited upstream). The transport 
calculation included the effects of radioactive decay and retardation of radionuclides and 
indicated that leaching of contaminated ash would not contribute significantly to mean annual 
dose compared to the volcanic eruption modeling case, as detailed in DOE Enclosure 1. 
Response Number 1. Figure 1 (2009ab). 

Staffs Review 
(b)(5) 
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FEP1.2.07.01.0A Erosion/Denudation 

The applicant excluded the FEP 1.2.07.01.0A, Erosion/Denudation, from the performance 
assessment on the basis of low consequence. Erosion involves the transport of surficial 
material away from the site by mechanisms including glacial, fluvial, eolian, and chemical 
processes, As part of this FEP, the applicant also considered processes such as weathering, 
landsliding, and local uplift (SSe, 2008ab) 

The applicant cited site characterization studies concluding erosion ranging from 0.4 to 2.7 em 
[0.16 to 1.06 in] in 10,000 years for bedrock outcrops and 02 to 6 em [008 to 2.4 in] in 
10,000 years for unconsoltdated material in hillslopes. The appUcant concluded that the 
maximum expected erosion of 6 em [2.4 inJ In 10,000 years is consistent with existing surface 
Irregularities and that erosion would be negligible compared with the minimum distance of 
200 m [656.2 ttl from the ground surface to the repoSitory emplacement areas (BSe, 2008ab). 
The applicant considered the effect of erosion on the extent of net infiltration and concluded it 
was negligible, Further, the applicant argued that the homogenizing action of the Paintbrush 
nonwelded hydrogeologic unit would buffer any localized change in net Infiltration (BSe, 
2008ab), The applicant stated that bedrock weathering could increase the soil thickness and 
decrease the net infiltration. Thus, disregarding weathering IS a conservative approach. The 
applicant referred to site characterization studies to conclude that processes such as landslides 
and debris flows do not playa significant role in the eroSional regime at Yucca Mountain 

The applicant argued that climatic conditions strongly Influence erosional patterns, with 
deposition occumng during wetter penoos and erosion occurring during drier penods. 
Because the 10,OOO-year period after closure is dominated by the glacial-transition climate 
(8,000 years of wetter climate), deposition is expected to be the dominant geomorphic process 
for the 10,OOO-year period after closure, The applicant stated that deposition leads to soil 
buildup. and thus, disregarding deposition is conservative Another process affecting erosion 
is uplift, and the appllcant stated that local rates of uplift are low, on the order of 0.01 mmtyr 
[3.94 x 10-4 Jntyrj. 

Staffs Review 

(b)(5) 

FEP 1.2.1 O,01.0A Hydrologic Response to Seismic Activity 

The applicant excluded Hydrologic Response to Seismic Activity on the baSIS of low 
consequence, according 10 DOE Enclosure 19, Response Number 19 (2009ab), DOE 
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(2009bY,bz,ca), SNl (2008ab), and DOE Enclosure 6, Response Number 1 (2009cb). 
According to the applicant's definition ofthe FEP, seismic activity associated with fault 
movement may enhance existing or create new flow pathways or connections and barriers 
between stratigraphic units, or it may change the stress (and therefore fluid pressure) within 
the rock. These responses have the potential to change groundwater flow directions. water 
level, water chemistry, and temperature. Seismically induced changes to the local stress fields 
can cause a transient change in the water table elevations and lead to seIsmic pumping-a 
phenomenon the applicant defined as the temporary change in water table elevation resulting 
from fault movement and the opening and dosing of fractures dunng an earthquake. 

The low consequence screening argument is based on the applicant's conclusion that 
seismic events will result in relatively minor changes to the Yucca Mountain hydrologiC 
system-changes that have no impact on repository performance The applicant's rationale is 
based on implicit assumptions of how the repOSitory will respond to seismic loads typical for 
relatively large-magnitude western U.S. earthquakes, observational evidence from recent 
earthquakes, and modeling results used to support the National Research Council study 
(National Research Council, 1992aa) on the effects of earthquakes on the water table at 
Yucca Mountain. 

In SNl (2008ab), the applicant cited National Research Council Chapter 5 (1992aa), which 
indicates seismically induced water table rise ranges from a few centimeters to several tens of 
meters In response to seismic activity. The National Research Council study estimated that the 
maximum seismically induced water table rise over a 10,OOO-year period would be between 
17 and 50 m [56 and 160 ftl In addition, the applicant relied on the analyses in Kemeny and 
Cook (1992aa), who modeled transient reductions in the pore volume of bedrock resulting from 
the changes in shear stress along the seismogenic fault On the basis of the information and 
analyses in the National Research Council Study (1992) and Kemeny and Cook (1992aa), the 
applicant conduded the maximum change in pore volume due to poroelastic effects will be 
equivalent to no more than a 5O-m [160-ft] water table rise beneath the repository. The 
applicant also cited Gauthier, et aI., pp. 163-164 (1996aa), who analyzed the potential effects of 
seismiC activity resulting from three fault displacement types (normal, listric, and strike-slip) with 
1-m [O.3-ft] displacement and 30-km [19-mi) rupture length Gauthier, at al (1996aa) concluded 
that a strike-slip seismic event would cause a water table rise of 50 m [160 ttJ within 1 hour and 
would return to steady-state conditions within 6 months. Other types and magnitudes of 
displacement were shown to cause smaller water table nses With similar transient durations. 

The applicant also examined the effects of recent seismic events-the Landers-Big Bear-Uttle 
Skull Mountain earthquake sequence that occurred June 28-29. 1992, and the 
October 16, 1999, Hector Mine earthquake--on groundwater mOnitoring wells at 
Yucca Mountain and indicated that the water table rise observed at several Yucca Mountain 
Vicinity monitoring wells ranged from 0.2 to 0.9 m [0.7 to 3 ftl. 

The applicant revised the rationale for excluding FEP 1.2.1001.0A, Hydrologic Response to 
Seismic ACtiVity, In supplemental documents DOE Enclosure 19, Response Number 19 
(2009ab) and DOE (2009bY,bz,ca). First, the applicant drew a distinction between two modeling 
types it used to evaluate water table rise from seismic activity in the Yucca Mountain area: the 
regional stress change model and the dislocation model. In makmg this distinction, the applicant 
emphasized the bounding nature of the regional stress change model; thiS model gave high 
values of predicted water table rise (higher than the dislocation model) that should be regarded 
as representative of the upper limits (bounds) of potential water table rise The applicant 
attributed these high estimates of seismically induced water table rise to a series of simplifying 
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assumptions in the model. Using data from several studies since 1992, the applicant cited 
evidence to suggest that the dislocanon model more realistically represents the actual 
magnitude of seismically induced water table rise. The applicant concluded that the water table 
rise values of the regional stress change model are overestimates of the seismically induced 
water table rise at Yucca Mountain. 

Using the (bounding) regional stress change model and results from the Probabilistic Seismic 
Hazard Assessment (PSHA), the applicant performed calculations to evaluate the potential of 
local (to Yucca Mountain) fauits as sources for future water table rise at Yucca Mountain. Using 
the likely seismic characteristics of faults as given in the PSHA, the applicant generated 
scenarios to calculate the values of maximum water table rise for each fault. Of 3,150 calculated 
scenarios, 13 generated water table rise exceeding 175 m [574 ftl The applicant then 
calculated the probabilities that such events will occur usin~ the PSHA hazard probabilities. 
Although some of the probabilities are greater than the 10- per year threshold, the applicant 
contended that because the regional stress change model overestimates water table rise, these 
results supPOrt excluding this FEP. Through the use of Probabilistic Fault Displacement Hazard 
Assessment results, the applicant estimated that slip events with a 10-6 per year probability of 
exceedence would produce water table rise values between 30 and 122 m [100 and 400 ttl 

The applicant argued that water table rises of these magnitudes are not sufficient to reach the 
proposed repository, even in the case of future wetter climate conditions. The applicant 
estimated that the highest water table elevation beneath the repository footprint due to future 
wetter climate conditions would be limited to 850 m [2,790 ttl above sea level. This assumed 
water table elevation is generally consistent with results of a separate analysis by the applicant 
that used the saturated zone sita-scale flow model. This separate analysis evaluated the 
potential effects of a future wetter climate on saturated zone flow and estimated future 
climate-induced water table elevations as high as 875 m [2,870 ft] above sea level (SNL, 
2007ax) beneath northwestern portions of the repository. Given that the range of repository drift 
elevations falls between 1,040 and 1,100 m [3,400 and 3.610 ttl above sea level. the applicant 
concluded that water table depths under a future wetter climate would range between 187 and 
250 m [620 and 820 ttl below the repository floor. Therefore, the additional transient water table 
rise due to a seismic event would remain below the repository drifts. 

Staffs Review 

First, the applicant supported the poroelastlc model and transient nature of any water-level 
changes due to an earthquake with observations from histoncal earthquakes. including 
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~)(5~) -.~. ~AS the applicant documented 111 DOE (2009ca), recent observattons of 
--cfianges to water ble elevations in unconfined aquifers from large earthquakes in TaIWan and 

Japan were substantially smaller than the changes in the hydraulic head of nearby confined 
aquifers, The applicant attributed differences in the reaction between confined and unconfined 
aquifers to the substantially smaller storability of confined aquifers. 

(b)(5) 

FEP 1.4.01.00.0A Human Influences on Climate 

The applicant excluded Human Influences on Climate on the basIs of exclusion by regulation 
argument. The applicant stated that 10 CFR 63305(b,c) excludes speculative prediction of 
changes to human behavior (SNL, 2008ab) The applicant stated that present and past 
human influences on climate (which are within the scope of the included FEP 1.301 ,OO.OA. 
Climate Change) are ImpliCitly Included in estimates of modern climate used in the performance 
assessment (SNL 2QOBabl and as such are evaluated in SER..Section.2..2.1,3,,>l5~ ___ ---, 

[(5) ____________ -l 
FEP1.4.01.02.0A Greenhouse Gas Effects 

The applicant excluded Greenhouse Gas Effects on climate on the basis of exclUSion by 
regulation argument. The applicant constrained the scope of the FEP to future changes in 
human activities that may influence the concentrations of atmospheriC gases. The applicant 
stated that 10 CFR 63.305(b,c) excludes speculative prediction of changes to human behavIOr 
(SNL, 2008ab). Present and past Increases in greenhouse gases attributed to human activity 
are within the scope of the included FEP 1.3.01 DODA Climate Change Those present and 
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past changes are implicitly included in estimates of modem climate used in the performance 
assessment (SNL. 200Sab) and, as such. are evaluated in SER Section 2.2.1.3.5. (b)(5) 

["X5) 

FEP 1.4.07.03.0A Recycling of Accumulated Radionuclides From Solis to Groundwater 

The applicant excluded Recycling of Accumulated Radlonuclides from Soil to Groundwater on 
the basis of a low consequence argument from a recycling model that estimated effects on the 
total system performance results (SNL, 2008ab). The applicant used this FEP to refer to the 
downward migration of contaminated irrigation water to the water table and the subsequent 
recapture and reuse (I.e., recycling) by irrigation wells within the contaminant plume that can 
potentially increase the concentration of radionuclides in the groundwater and dose to the 
RMEI. According to the applicant, this contaminant concentration through recycling can occur 
only when the infiltrating irrigation water is applied within the capture zone of a pumping well 
that is also capturing all or part of the contaminant plume. 

The DOE screening analysis for radionuclide recycling in groundwater is based on a model 
that assumes a single hypothetical water supply well with an uninterrupted withdrawal rate of 
3.715 " 109 L {3,OOO acre-tl} per year from the center of a contaminant plume, Capture zone 
dimensions for this hypothetical well are computed based on the local-groundwater-specific 
discharge and saturated aquifer thicknesses upgradient and downgradient of the well. The 
applicant considered three mechanisms by which radionuclides can be lost from the recycling 
process: (i) irrigation water usage on fields located outSide of the capture zone, (ii) residential 
water usage at locations outside of the capture zone, and (Iii) erosion of soil from irngated fields 
to locations outside of the recycling system. On the basis of current water usage in Amargosa 
Valley, about 90 percent of withdrawn water is used for irrigation. The applicant's screening 
analysis concludes that recycling could increase the total mean annual dose by approximately 
7 to 11 percent for the seismic ground motion and igneous intrusion scenarios for the 
1-million-year simulation period and by an average of 11 percent for the 10.000-year simulation 
period (SNL, 2008ab). On the basis of this result. the applicant excluded this FEP from the 
performance assessment. 

Staff's Review 

The staff reviewed the applicant'S screening analysis (SNL, 2008ab) and consulted available 
literature relevant to irngation praclices, infiltration of irrigation water, and methods for 
determining capture zone geometry. The staff requested the applicant to prOVide a 
supplemental analysis to demonstrate the reasonableness of the three aspects of the 
applicant's screening analysis: (I) assumed capture zone geometry, (ii) assumed distances 
between the hypothetical pumping well and irrigated fields, and (iii) assumed instantaneous 
transport of recycled radionuclides through the unsaturated zone to the water table. 

The assumed geometry of the capture zone for the hypothetical pumping well in the applicant's 
analysis (SNL, 2008ab) was based on an idealized system of a pumping well applied to a 
background of uniforll1 , parallel groundwater flow lines~- . ---~I 

!(b)(5) . 
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b)(5 e app Icant supplemented its screening argument in DOE 
Enclosure 3, Response Number (2009af) by explaining that the distances between Irrigated 
fields and the well were not intended to represent actual distances. Rather, the screening 
analysis was a stylized approach constrained by requiring the pumping well to be at the location 
of highest concentration in the plume. The applicant provided a supplementary analysis in DOE 
Enclosure 3, Response Number 3 (2009af) based on a model in which the pumping wells within 
and adjacent to the plume are coincident with Irrigated fields that vary in location and pumping 
durabon during a 10,OOO-year simulation period. This supplemental analYSIS explicitly 
accounted for transport time of recycled irrigation water through the saturated zone before the 
water is potentially recaptured by other randomly located irrigation wells, as identified in DOE 
Enclosure 4, Response Number 4 (2009af). The analysis indicated that the average increase in 
radionuclide concentrations due to recycling of pumped water was 4.9 percent for nonsorbing 
radionuclides and negligible for sorbing radionuclides. This updated model does not use the 
steady-state approach involving a single well intersecting the highest concentration of the plume 
as in the original model in SNL (2008ab), The applicant concluded that the updated model is 
more reasonable and realistic, mimicking current pracbces. 
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FEP 2.1.03.02.08 Stress Corrosion Crackin-g (SeC) ofDrfi)-ShieldS-- -- -- J 
The applicant excluded Stress Corrosion Cracking (SCC) of Drip Shields from the performance 
assessment model on the basis of low consequence, as identified in DOE Enclosure 2, 
Response Number 2 (2009ab) and SNL (2008ab). The applicant used this FEP to consider 
consequences of SCC on drip shield materials. The applicant stated that the SCC of Titanium 
Grades 7 and 29 could occur when tensile stresses exceed a threshold tensile stress value of 
80 percent and of 50 percent of the yield strength at a given temperature, respectlvely (SNL, 
2007bb). The applicant stated that there are four possible sources of residual tensile stresses 
(i) weld induced, (ii) caused by thermal expansion (i.e., thermal loading), (iii) plasticity induced 
caused by seismic events, and (iv) produced by rockfall and drift collapse. The applicant stated 
that an annealing process will be used to reduce weld-induced residual stresses below the 
threshold tensile stress {annealing by furnace heating at 593 ·C ± 10·C 11,100 of ± 50 OF] for a 
minimum of 2 hours}. 

Staffs Review 

i(b)(5) he applicant stated that drip shield connectors are designed to allow for~-
therma axpansl with no effect on drip shield performance up to 300 ·C [572 "Fl. The thermal 
expansion coeffiCient of Titanium Grades 7 and 29 is 9.2 )( 10 6 K 1 and 9.5 x 10-6 K\ 
res ectivel (ASM Intemational, 1994aa). (b)(5) 

The applicant considered that SCC may occur due to residual stresses caused by seismic 
events or due to stresses caused by rockfall and drift collapse Under such conditions, 
through-wall cracks may form on the drip shield and seepage water may flow through those 
cracks. The applicant supplemented the screening argument in DOE Enclosure 2. Response 
Number 2 (2009ab), explaining that even ,f stress-corrosion cracks are assumed to penetrate 
the drip shield plates and remain open to water flow and if drift seepage flows through the 
cracks and contacts the waste package during the thermal period, the potential consequences 
to waste isolation are Insignificant The applicant provided an additional probabilistic anaiysis 
to compute the expected number of failed waste packages within 10,000 years on the basis of 
the assumption that (i) waste packages could be breached by localized corrosion as a result of 
seismic-induced residual-stress damage of the dnp Shield and (II) stress corrosion cracks on the 
drip shield remain open for 10,000 years and seepage water flows through unplugged cracks. 
The probabilistic analysis in DOE Enclosure 2 (Number 2), Sections 1.2 and 1,5 (2009ab) 
estimated that the mean of the expected number of waste package failures due to advection 
through open stress corrosion cracks on drip shields IS two to three orders of magnitude lower 
than the mean of the expected number of waste packages failed due to early failure of the dnp 
shields or due to seismic fault displacement involving advective flow through the waste 
packages (the latter cases are included in the performance assessment model) The applicant 
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concluded that because the early failure drip shields and seismic fault displacement cases are 
not the major contributors to the mean annual dose in the performance assessment, as shown 
in SAR Figure 2.4-18 and DOE Enclosure 2, Response Number 2, Section 1.2 (2009ab). the 
inclusion of stress corrosion cracks on the drip shields would not significantly change the results 
of the performance assessment 

Staffs Review 

FEP 2.1.03.03.0B Localized Corrosion of Drip Shields 

The applicant excluded Localized Corrosion of Drip Shields from the performance assessment 
model on the basis of low consequence (SNL, 2008ab). The applicant used this FEP to 
consider consequences of localized corrosIon on drip shields. The applicant stated that it 
evaluated Titanium Grade 7 over all the anticipated ranges of pH, chlonde concentratlOn. and 
temperature relevant to the proposed repoSitory. On the basis of available information, the 
applicant concluded that localized corrosion of Titanium Grade 7 IS not expected to occur. 
Literature results suggest that the presence of fluonde ions can enhance the general corrosion 
rate of titanium alloys and possibly lead to localized corrOSion, The applicant stated it examined 
localized corrosion of titanium alloys in fluoride-containing solutions and concluded that these 
types of solutions would rarely occur and that low fluoride concentration in combination with 
expected inhibiting species (such as nitrate, carbonate. and sulfate) is unlikely to lead to 
localized corrosion (SNL, 2008ab). The applicant noted that long-term corrosIon tests of 
titanium alloys in repository-relevant environments up to 5 years did not indicate any eVidence 
of localized corrosion. The applicant acknowledged that data on Titanium Grade 29 are sparse 
and that it is less resistant to localized corrosion. The applicant therefore, postulated that 
localized corrosion may initiate on Titanium Grade 29. In other words. the applicant stated that 
existing information on localized corrosion on Titanium Grade 29 is not suffiCient to rule out this 
process or support a notion that localized corrosion is of low probability. The applicant noted 
that the majority of the Titanium Grade 29 components except the side framework, however, 
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would be located underneath the Titanium Grade 7 plates and would be exposed to benign 
environments. Therefore. the applicant concluded that the dnp shield could expenence 
localized corrosion only on the side framework. However, if these side frameworks collapsed, 
the applicant concluded that the drip shield would continue to function and protect the waste 
package against seepage through the Titanium Grade 7 plates (SNL, 2oo8ab). Therefore. the 
applicant excluded the FEP on the basis of low consequence. 

Staff's Review 

The staff reviewed the summary tecihnical basis (SNL, 2008ab; SSC. 2004as). The staff 
examined the applicant's ~I assumptions and model su rt in the area related to localized 
corrosion of the drift shield. (b)(5) 

/(b)(5) "------------------------r' 

FEP 2.1.03.04.08 Hydride Cracking of Drip Shields 

The applicant excluded Hydride Cracking of Drip Shields from the performance assessment 
model on the basis of low probability, as Identified in DOE Enclosure 1, Response Number 2 
(2009cb) and SNL (2oo8ab) According to the applicant's definition, this FEP refers to the 
absorption of hydrogen into the titanium drip shield materials to form mechanically weak 
hydrides, whicih could lead to the formation of cracks, The applicant noted that hydrogen 
absorption in titanium alloys could occur under repository conditions. The applicant evaluated 
hydride cracking by developing a model where hydrogen-induced cracking is assumed to occur 
if the absorbed hydrogen resulting from general corrosion of the dnp shield into Titanium 
Grades 7 and 29 exceeds a critical hydrogen concentration (SNL, 2008ab), The applicant 
estimated that the amount of hydrogen uptake in 10,000 years would be below this critical 
hydrogen concentration The applicant tracked the drip shield materials and thickness in SNL 
Design Control Parameter 07-04, Table 7-5 (2008ad). 

The applicant also evaluated uphIll diffusion along Titanium Grade 29 to Grade 7 welds, 
which could lead to locally elevated hydrogen concentrations near the welds. The applicant 
concluded in DOE Enclosure 8, Response Number 8 (2oo9ab) that the use of a filler 
metal (Titanium Grade 28) WIth a compOsition comparable to both welded components would 
eliminate this particular issue. By using Titanium Grade 28, is the applicant intended to 
provide a gradual aluminum concentration gradient to restrict hydride formation due to 
hydrogen redistribution. The applicant tracked the drip shield design including welds in 
SNL Table 7-5, Design Control Parameter 07-01 (2008ad) and the use ofTitanium Grade 28 In 
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SNL Table 7-4, Design Control Parameter 07-12 (2008ad) as weld filler material for Titanium 
Grade 7 to Grade 29 welds. 

The applicant concluded that. given the limited extent of hydrogen formation and the use of 
Titanium Grade 28 filler matenal on weld lines, Hydride Cracking of Drip Shields can be 
excluded from the performance assessment model (SNL, 2008ab) 

Staffs Review 

The staff reVIewed the FEP screening technical baSIS in SNL (2008ab) and the DOE 
Enclosures 3-8, Response Numbers 3-8 (2009ab). The staff analyzed the applicant's 
model assumptions and model support In areas related to hydnde cracking induced by 
hydrogen absorption resulting from \leneral corrosion of the drip shIeld and hvdrooen diffusion 
along dissimilar titanium welds. (b)(5) 

(b)(5) 

l(b)(5) liThe 
applicant argUEid that palladium arid rutnsnlum playa<! a tlenetlClal role ~ncreaslng tne critical 
hydrogen concentration value and decreasing the hydrogen absorption. Hbl(5) .. 
(b)(5) ... . ......... . 

l(b)(5) ____ =wJthe applicant provided 
distributions of hydrogen in titanium due to uphill diffusion by a stress gradIent In DOE 
Enclosure 7. Res .... p .... onse NumberJ12009a .. b) and due to uphill dIffUSion by alUmlnlJl1..:..1 ____ ~ 
concentration in S~L (2008ab) @)(5) 

(b)(5) 

The applicant excluded Hydride Cracking of Drip Shields from the performance assessment 
model on the basis of low probability (SNL, 2008ab). The appficant updated the technical basis 
to show that the probability of hydride cracking of drip shields IS less than 10-4 In 10,000 years, 
as detailed in DOE Enclosure 1, Response Number 2 (2009cb). The applicant argued that even 
with a high corrosIon rate at a probability level of 2.5" 10-5 (applied for 10,000 years), the 

drogen concentration would be below the critical hydrogen copglntration for hydride cracking 
(b)(5) 
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addresses the potential of groundwater flow to occur through the ground support materials such 
as wire mesh, rock bolts, grout, and liner. This FEP also evaluates the potential for ground 
support or its degradation products to enhance or decrease seepage (groundwater flow) into 
emplacement drifts, or to divert water flow within the drifts. In the performance assessment 
mOdel, DOE assumes that seepage is not affected by any rock reinforcement materials. For 
boreholes, FEPs 1.1.01 .01.0B, Influx Through Holes Drilled in Drift Wall or Crown, and 
2.1.06.04.QA, as defined by the applicant, cover similar processes and features because open 
space will be present in boreholes regardless of whether rock bolts degrade. 

DOE stated plans to employ friction-type carbon steel rock botts with plates for use as 
temporary ground support dunng construction of the emplacement drifts. to be left in place 
between the rock and the permanent (Bernold-type sheets) ground support shown in SNL 
DeSign Parameter Number 01-15 (2008ad). The applicant stated in the screening argument 
that the seepage model indicates the presence of rock bolts does not lead to significant 
seepage enhancement. DOE supported this conclusion by assuming that (i) an open borehole 
wlthout grout acts as a capillary barrier to unsaturated flow; (il) a cross-sectional area of the 
rock bolt borehole, onto which flow may be incident, is small; and (iii) water that may have 
seeped into the borehole can imbibe back into the rock along its length (assumptions also 
related to FEP 1.1.01.01.0B. Influx Through Holes Drtlfed In Dnft Wall or Crown). In addition, 
DOE indicated that the Bemold-type sheets, which are bolted to the dnft walls and roof. may 
divert seepage. However, the applicant stated that this diversion may be limited as these 
sheets will be perforated and the supporting rock bolts will degrade as outlined In SNL DeSign 
Parameter 01-16 (2008ad). Therefore, DOE chose not to lake credit for seepage diversion by 
the Bernold-type liner sheets for the period before the liner would fully corrode. 

DOE stated that neither the rock bolts used as temporary ground support nor those holding the 
Bernold-type sheets will have a significant effect on the seepage flow rate. DOE also noted that 
the ground support system is expected to degrade as a result of drift degradation (BSe, 
2004al). Therefore, the applicant argued that excluding the temporary ground support In the 
representation of seepage in the performance assessment model IS a realistic representation of 
the system With respect to groundwater flow into the drift, DOE thus excluded Flow Through 
Rock Reinforcement Materials in the EBS from the performance assessment model 

The staff's evaluation for FEP 1.1.01.01.0B, Influx Through Holes Drilled In Drift Wallar Crown. 
discussed previously in this SER. also applies to the rock bolt aspect of FEP 2.1 06.040A 
The basis for excluding the FEP in DOE Enclosure 2. Response Number 4, and Enclosure 7, 
Response Number 3 (2009cb) included the function of the drip Shield. the effect on se~ge 
rates caused b vapor flux. and the uncertainty of capillary diversion in boreholesf(iillO) . 

(b)(5) 

! 
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FEP 2.1.06.06.08 Oxygen Embrittlement of Drip Shields 

The applicant excluded Oxygen Embrittlement of Drip Shields from the performance 
assessment model on the basis of low probability, as detailed in DOE Enclosure 9, Response 
Number 9 (2009ab) and SNL (2008ab). The applicant used this FEP to refer to oxygen 
embrittlement as a potential failure mechanism for the drip shields, resulting from diffusion of 
oxygen in titanium alloys, According to the applicant, oxygen embrittlement may affect 
mechanical properties of the drip shield materials. The applicant's screening argument 
considered oxygen diffusion data at 300·C [572 OF] by Rogers, et al. (1988aa), who used single 
crystal, pure titanium to estimate the oxygen lattice diffusion coefficient in alpha-phase titanium. 
The applicant considered oxygen lattice diffusion data to estimate oxygen penetration depth for 
Titanium Grade 7 and concluded that any penetration depth would be minimal in 10,000 years 
The applicant used 300 'C [572 OF) as the bounding drip shield temperature for analysis of 
oxygen embrittlement. The applicant stated that the 300°C (572 OF] temperature selected for 
the analysis could only be exceeded in the case of a drift collapse and that the probability of 
conditions leading to drip shields exceeding 300 'C (572 OF) is about 1 in 10,000 within the first 
10,000 years of disposal. Therefore, because of thIS low probability and minimal oxygen 
penetration that may occur in 10,000 years, oxygen embrittlement of the drip shields was 
deemed unlikely and this process was excluded from the performance assessment model on 
the basis of low probability. 

The staff reviewed the screening rationale and the applicant's conclusion in DOE Enclosure 9, 
Response Number 9 (2009ab) and SNL (2008ab) that the penetration depth would be minimal 
in 10,000 years. The applicant cited the work of Uu and Welsch (1988aa) to support the 
statement that for alpha-phase titanium (e,g., TItanium Grade 7), oxygen diffusivity is 
independent of the form of the material (single crystal of polycrystalline) and that mass transport 
of oxygen is controlled by bulk diffusion through the alpha matrix (which is a slow process). 
For an alpha-beta alloy such as Titanium Grade 29, the applicant cited additional work by Uu 
and Welsch (1988ab) to support the state,1Il§[1t that the propertic::s of the alpha phase solei 
control the overall oxygen embrittleme~,-) -----------------1 
~~) -

FEP 2.1.07.02.0A Drift Collapse 

DOE stated that degradation of waste emplacement drifts can occur from stresses that exceed 
the strength of the rock mass surrounding the drift. These stresses are attributed to several 
causes. One cause is excavation-induced stresses that are superimposed on the in situ 
(geostatic) stresses soon after the drifts are constructed, Another cause is thermally generated 
stresses. After waste emplacement, thermal stresses develop In the rocks from heat generated 
through radloactive decay of the emplaced waste. In addition, rocks under the influence of 
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combined mechanical and thermal stresses may experience a gradual weakening with time 
Occasional small seismic events and infrequent (low probability) large seismic events generate 
additional transient stresses in the rocks surrounding the emplacement drifts. Rocks can be 
expected to fail when any of the stresses, individually or in combination, exceed the rock 
strength. Such failures can cause a gradual accumulation of rubble on and around the 
engineered barriers as a result of a continuing but slow process of rockfall. Alternatively, rocks 
above the emplacement drift could collapse due to a combination of all the stresses that exceed 
the strength of the rock mass. (In this context, "rock mass strength' refers to the strength of the 
larger volume of rock around the waste emplacement dnft whose behavior under stress is 
controlled by the presence of fractures, discontinuities, and cavities, as opposed to the strength 
of a small-sized intact rock core sample used in laboratory testing) Both the gradual 
accumulation of rubble and instantaneous collapses of massive rocks may have undesirable 
consequences on the performance of the engineered barriers, depending on their magnitude 
(e.g., small, medIUm, or large amounts of rockfall) 

DOE characterized the rock properties applied several analytical tools and numerical models to 
assess the long-term behavior of rocks under coupled natural and repository-lOduced processes 
as a function of time. Uncertainties in the long-term behaVior of the rocks were incorporated in 
the analyses. The NRC staff used YMRP Section 2.2.1.2, Review Method 2, to evaluate the 
applicant's analyses. SpeCifically, the staff evaluated the applicant's analyses and calculations 
supporting its screening basis and its use of bounding or representative estimates for the 
consequences. The staff performed independent calculations uSing analytical tools and 
numerical models to scope potential issues and to verify or confirm the applicant's conclusions. 

DOE considered seismically induced drift collapse in its performance assessment evaluation. 
This analysis is reviewed as a model abstraction in SER Section 2.2.1.3.2.3.2 and, hence, is not 
addressed in this subsection. :However, DOE excluded drift collapse due to thermal loads and 
time-dependent weakening of rocks on the bases of low consequence. Under the excluded 
FEP evaluation, the applicant considered non seismic drift collapse, specifically, the degradation 
of emplacement drifts that may result from the combination of excavation-Induced rock stress 
and thermal loading In the absence of significant seismiC events 

The applicant stated that drift degradation could occur rapidly If the stress change IS large 
enough to cause instantaneous rock failure or gradually If the stress change is too small to 
cause rapid failure but large enough to weaken the rock with time. DOE summanzed Its baSIS 
for excluding nonselsmlC drift degradation In SAR Section 2 3.4 4 4 and In SNL (2008ab) 
DOE provided detailed supporting analyses in BSC (2004al). DOE also provided supplemental 
analyses and responses to NRC's RAI (DOE, 2009ae.cd,ce,cf,cg.ch). The applicant concluded 
that nonseismic drift degradation would cause only minor. localized rockfall that results In 
Insignificant impact on the thermal and hydrologic conditions of the drift and minimal 
consequences to the EBS components. 

In SAR Section 2.3.444, DOE addressed the analytic models it developed for lithophysa! and 
nonlithophysal rock types in BSC Sections 6.3 and 6.4 (2004al). The predominant surroundings 
of the emplacement drifts consist of lithophysal rocks. Consequently, the staff focused its 
review for excluding nonseismic drift collapse on DOE's modeling of Iithophysal rocks. 

The applicant evaluated effects of post-excavation and thermal stresses in Iithophysal rocks 
using a two-dimensional, drift-scale discontinuum Voronol block model when applying the 
UDEC code to analyze the mechanical behavior of drifts for five rOCk-strength categories of 
lithophysal rock, as detailed in SAR Section 2.34.4.5 and BSC Section 6 4 21 (2004al) 
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UDEC is a computer code used internationally by the rock mechanics and mining industries 
both as a research tool and a design tool. There are numerous, extensively peer-reviewed 
scientific papers and refereed journal articles on the use of UDEC code. In its Implementation 
of the UDEC code, DOE chose the discontinuum Vorono! approach because the model allows 
computation of both the time-dependent stress-strain response of rock to thermal loading and 
the dynamic response of the rock mass under seismic events that can lead to rockfall. 
(Dynamic response under seismic events is discussed in SER Section 2.2.1.3.2.3.2.). 
The processes considered within the Vorono; domain are gravitational stresses, 
excavation-induced stresses, thermally induced stresses, and time-dependent strength 
degradation. Under the defined model domain and boundary conditions, the UDEC-Voronol 
model is used to calculate mechanical response of the Voronoi domain to a set of imported 
temperature distributions that are updated at 45 discreet time steps to cover a 10,OOO-year 
period following repository closure. 

On the basis of the staffs review of information p~ovided In the SAR an~j)orting reference 
documentsl(b)(5) 
~mm 

The following subsections summarize DOE's approach and the NRC staffs evaluations for each 
of these aspects of the DOE technical basis and conclusions 

Characterization of Rock Mechanical and Thermal Properties 

The Yucca Mountain site-specific geologic characterization of the rock units was accomplished 
by geologie mapping of the Topopah Spring Tuff, which was identified as the host rock. The 
Topopah Spring Tuff includes both lithophysal and nonlithophysal rock Units. Approximately 
15 percent of the emplacement block consists of nonlithophysal rocks that are hard, strong. 
fractured masses. The remaining 85 percent of the repository block consists of lithophysal 
rocks that are more deformable with lower compressive strength than the nonlithophysal units 
DOE concluded that these two rock types require different rockfall analysis methods (SAR 
Section 2.3.4.4.21). 

DOE performed laboratory and in situ tesling to derive the mechanical and thermal properties 
of the lithophysal rocks used in its analysiS. The mechanical and physical properties included 
elastic moduli, unconfined and triaxial compressive strength, tensile strength, density, porosity, 
normal and shear stiffness, and shear strength. The geometric rock fracture properties included 
dip and dip direction, spacing, length, surface roughness, and microstructure. These properties 
were obtained from laboratory tests of small- and large-diameter cores. The rock mass 
strength properties were established by in-Situ measurements. Thermal properties measured 
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in the laboratory and in situ included thermal conductivity, thermal expansion coefficient, and 
heat capacity. 

The applicant studied the time dependence of Intact rock strength, These parameters 
(e.g" static-fatigue data at given environmental conditions of mOisture and temperature) were 
used in the time-dependent drift degradation calculations to define the rate of strength decay as 
a function of stress state, The effects of sample size, anisotropy, and sample saturation were 
studied, DOE demonstrated that the unconfined compressive strength decreases with 
increases in sample size. DOE reported a maximum anisotropy of 10 percent in the average 
matrix moduli, which, according to DOE, is a second-order effect compared to the effect of 
lithophysae and fracturing on moduli and strength, as described in BSC Appendix E (2004al), 
The applicant also found that the variabJtity in elastiC and strength properties is not a function of 
lateral or vertical position within the repository host horizon, but pnmarily is a function of porosity 
of the samples (SAR Section 23.44.2.3,3,5), The applicant accounted for uncertainty in 
modeling the time dependence of intact rock strength by bounding the range of rock mechanical 
properties as a function of porosity, temperature, and saturation. 

DOE stated that the major difference in fracture characteristics between the nonllthophysal and 
the lithophysal rocks is the trace, or fracture For the rocks, the average 
fracture length is greater than or 
len hs avera e less than 1 m 

(b)(5) 

The thermal properties of the lithophysal rocks were derived from laboratory and field 
measurements (SAR Section 2.3.4.4.23.6). To account for the uncertainty in the thermal 
properties, DOE used a coefficient for intact rock in the thermal-mechamcal rockfall analysis, 
which DOE concludes leads to larger and, thus, conservative. thermally induced stresses 
(SAR Section 23.4.4.2.3.6.3). 

A commercial discontinuum numerical modeling code (particle flow code PFC2D) was used to 
evaluate the effect of lithophysal size, shape, and distribution on the variability of the 
mechanical properties. This numerical analysis simulates the basic deformation and failure 
response mechanism of lithophysal tuff (BSC, 2004al). Bounding ranges for mechanical 
properties were established using this method. To determine rOCk-strength characteristics, 
DOE combined the PFC modeling results with the laboratory test data The unconfined 
compressive strength was plotted as a function of the Young's modulus In BSC Appendix E 
(2004al). The analysis identified a lower bound strength cutoff at 10 MPa for lrthophysal rocks. 
The sensitivity studies uSing stress analYSIS models found that instability would be expected to 
occur jf the in situ rock strength was below about 10 MPa (SAR Section 2.3.4.4.2 3.7) DOE 
supported thiS conclusion with field observations from the eXisting Exploratory Studies Facility 
(ESF) and the Enhanced Characterization of the Repository Block (EeRB) cross-drift tunnels 
Thus, this strength-Young's modulus plot IS used as the basis for dividing the lithophysal rocks 
into five strength categories for rock.fall modeling. DOE stated In BSC Section 6.4.1.2 (2004al) 
that the lowest ranges of strength categories with porOSity greater than 20 percent likely 
underestimate the true rock-mass strength. 

2-28 



I 

Staffs Review 

The NRC st~ff reviewed the methods described in the SAR anJ:::t.(_b_)(5_)_··· ---------1 
l(b)(5) . 

(b)(5) . The staff reviewed the applicant's use of the PFC2 modelin code to simulate 
deformation and failure response mechanisms of hthophysal rocks. (b)(5) 

l(b)(5) .. ...l-... -----------L, 

The staff questioned DOE about how uncertainties in stress-strain relationships for lithophysal 
rocks were characterized by the number of laboratory tests conducted, as outlined in DOE 
Enclosure 1, Response Number 4 (2009ce). I n its response. DOE provided additional details on 
the stress-strain relationships for lithophysal rocks, which demonstrated that the tested rocks 
have a more ductile response (ie .. less prone to failure at peak stress) than the Simulated rock 
mass in the UDEG models, as identified in DOE Enclosure1. Response Number 4 (20Dges). 

(b)(5) ..-~ ... --

Model Domain and Boundary Conditions 

DOE used the NUFT thermo-hydrology continuum model to simulate the two-dimensional, 
drift-scale, thermal-hydrologic behavior and the FLAG 2-D continuum code to calculate 
thermally induced stresses. DOE used the UDEC 2-D disconllnuum computer code for the drift 
stability analysis in Ilthophysal rock because the discontinuum approach best represented the 
highly fractured character of the lithophysal rock. In the UDEC lithophysal rockfall model, the 
region around the drift, where inelastic deformation is expected to occur. is discretized into 
discrete blocks using a mathematical relationship called a Voronol tessellation. The Voronoi 
model was used to represent the random orientations of the rock blOcks. DOE obtained the 
specified average dimension from the characterization of the rocks. In the UDEC model, the 
Voronoi block domain around the drift is bounded by large, continuous blocks with elastlc 
properties. The temperature-time history from NUFT was mapped onto the UDEC grid blocks. 
To assess the repository edge effects and topographic influences on the temperature and 
thermal stress distributions. DOE performed coupled, three-dimensional (multiple drifts), 
regional- and drift-scale calculations using FLAC3D (three-dImensional continuum code). 

A coupled three-dimensional regional- and drift-scale thermal-mechanical calculation was 
conducted to support the twO-dimensional drift-scale calculation. The three-dimensional 
analysis was performed in two steps. First the regional scale thermal-mechanical calculation 
was used to calculate the temperature and stress changes on the entire mountain. Then the 
detailed local scale [also called large scale in BSG Appendix C (2004al)J thermal-mechanical 
analYSis was performed such that the boundary conditions for temperature and stresses were 
obtained from the regional-scale calculation, as outlined in SSC SectIon 6.2 (2004al) 
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The temperatures and stresses calculated by the drift-scale model (NUFT-FLAC results), in 
which simplified rigid boundary conditions (zero displacement) are assumed for the vertical and 
bottom boundary planes, were compared with the coupled, three-dimensional, reglonal- and 
drift-scale model (FLAC3D results), The comparison demonstrated that the simplified rigid 
boundary condition used in the two-dimensional drift·scale model resulted in higher horizontal 
stresses compared to the three-dimensional regional model, especially at the repository edge 
where the confinement and temperatures are less than in the middle of the repository, Thus, 
DOE concluded in BSC Section 6.2 (2004al) that the two-dimenSional model provides 
conservative conditions for use in the drift degradation analyses, 

In the drift-scale calculation, a symmetric boundary condition is applied on a vertical plane 
halfway between the emplacement drifts. This modeling technique results in zero 
displacements (i.e" full confinement) perpendicular to the boundary and zero heat flux across 
the boundary, as described in BSC Section 6,2 (2004al). These boundanes account for the 
symmetry of mechanical behavior on either side of the vertical plane between parallel dnfts, 
assuming that parallel drifts undergo similar thermal loads. The applicant compared the 
stresses calculated using these boundary conditions to stresses from the coupled regional and 
drift-scale calculations. On the basis of thiS comparison, DOE concluded in SSC Section 6.2 
(2004al) the vertical boundary conditions in the UDEC-Voronoi model overestimate the thenmal 
stress for drifts near the margins of the repository area, 

The bottom boundary of the UDEC-Voronoi model is also fixed, which treats the underlying 
Earth's crust as a rigid body. The top of the model is assigned a constant-stress boundary 
condition, fixed at the estimated vertical in Situ stress at a 300-m [984-ftJ depth. In SSC 
Appendix W (2oo4al), DOE provided sensitivity analyses that show the calculated stresses at 
the drift walls are insensitive to extension of the model boundaries beyond the distances 
conSidered in the current models. 

Staffs Review 

The NRC staff reviewed the details of the ¥pllcant's numerical models andE~IClted calculations 
used to determine bound~ry conditlons.l(b)(5) ___ J 

l(b)(5) 

To evaluate the acceotabilitv of DOE's selection of boundarv conditionsl(b)(5) _____ --/ 
(b)(5) 

l(b)(5) 

, 
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Initial Stress State and Temperature Inputs 

The DOE model assesses the preexcavation in-situ stresses of 7 MPa vertical and 3.5 MPa 
horizontal for all simulations. The vertical component represents the stress at an overburden 
depth of 300 m [984 tt] . and the honzontal component IS simplified to be 3.5 MPa on the basis 
of an average honzontal-to-vertlcal stress ratio of 0.5, as identified in sse Section 6.3.1.1 
(2004al). To obtain the postexcavatlon equilibrium state as the initial condition for the thermal 
simulations, DOE performed a quasi-static simulation in which the preexcavation stresses are 
applied and the model is allowed to equilibrate, as detailed in BSe Section 6.4.2.2 (2004al) 
Once the initial postexcavation stress state is established, spatial temperature distributions are 
mapped onto the model grid blocks and updated for 45 discreet timesteps as a function of time 
over the 10,OOO-year simulation period following closure. The temperature inputs as a function 
of time are derived from the drift-scale model using the NUFT code, as outlined in ase 
Appendix U (2004al). and interpolated onto the UDEe model gnd The UDEC-Voronol model 
then computes changes in stress state with each update in temperature input 

Staffs Review 

inillal stress state at the ron""il""" honzon. 

The staff reviewed the references DOE cited in ectlon 
measurements of in-situ honzontal stress at Yucca Mountain (b)(S) 

(b)(5) 

a detailed flow and 
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Block Size and Shape in the Voronoi Domain 

In DOE Enclosure 2, Response Number 1 (2009ae), DOE's evaluation of the rock types 
concluded that a relatively ductile and highly jointed rock mass will fail and separate from the 
main body preferentially along existing discontinuities, such as fractures, joints, and intersect 
lithophysal cavities, and crumble. In a brittle, nonlithophysal rock mass, new fractures are 
expected to penetrate intact rock blocks. Thus, DOE concluded In DOE Enclosure 2, Response 
Number 1 (2009ae) that thermal expansion of the Topopah Spnng lower lithophysal tuff could 
result in movement along existing joints and deformation of lithophysal VOids, whereas thermal 
expansion of the Topopah Spring nonlithophysal tuff could cause spalling of platy rock 
fragments from drift walls along newly created fractures. 

To represent the hthophysal tuff, DOE used a Voronoi tessellation approach in the UDEC model 
to generate a series of model elements that represent random blocks of rock surrounding the 
drift opening, as described in SSG Section 6.4.2.1 (2004al). The interfaces between the blocks 
are intended to represent the approximate spacing and random nature of existing fractures and 
voids in the lithophysal rock The blocks average 30 cm [11.8 in] in diameter and are relatively 
uniform in Size, with the largest blocks being twice the size of the smallest blocks, as outlined in 
DOE Enclosure 2, Response Number 1 (2009ae). DOE concluded that an average 30-em 
[11.8-inJ block diameter IS representative of the internal discontinuities (I e , fractures and voids) 
Within the lithophysal tuff. DOE conducted sensitivity analyses using average block sizes of 
20 cm [7.9 in], as detailed in SSG Sections 6.4.2.3.1 and 7.6.7.1 (2004al): 10 cm [3.9 inl, as 
outlined in DOE Enclosure 2, Response Number 1 (2009ae); and 4 cm [1.6 in], as Identified in 
DOE Enclosure 1, Response Number 2 (2009ch) Although some realizations showed a small 
increase in the amount of fractunng and rockfall with decreasing average block size, DOE 
concluded these small increases are not significant with respect to EBS performance DOE 
concluded that the results of the UDEG analyses are Insensitive to variations in average block 
size from 4 to 30 em [1.6 to 11.8 in]. 

Staffs Review 

The staff reviewed DOE's technical basis used to represent lithophysal rock in the UDEC modeL 
The staff evaluated DOE's conclusion in DOE Enclosure 2, Response Number 1 (2009ae) that 
yielding in heated lithophysal tuff should occur preferentially on existing structural discontinuities 
becau~;te strength of the int~c:t blocl<!;is?t least twice thE!!;trength oftbe_cli!;continuous rock 
mass. (b)(5) 

l'b)(5) -~ .......... . 

(b)(5) 

i(b)(5) I DOE prOVided additional 
basis for its conclusions in DOE Enclosure 2, Response Number 1 (2009ae). deSCribing that the 
presence of lithophysal VOids creates a generally isotropic rock mass. How such voids 
randomized the potential effects of a strongly vertical anisotropy In the rock mass was 
addressed in DOE Enclosure 1 Response Number 2 (2009ch). The applicant stated that 
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L----;--;--:--; __ :-:----;---; __ -:--:--~-__;_____,._...",._--~~ The applicant also 
provided observations to demonstrate the random locations and shapes of the lithophysae and 
the close spacing and short trace lengths of fractures indicating that a homogeneous. isotropIc 
model provides a reasonable model of the lithophysal unit The size of the internal structure 
andspacinq of fractures is much smaller than the size of a dnft, an~l(b)(5) i 
~ m ••••• • .m~~ __ • __ ~ 

DOE Enclosure 4, Response Number 3 (2009ae) analyses showed that the crown of the heated 
drifts has an overstressed zone that IS approximately tens of centimeters thick. T.h~I"7$~ ___ _ 

r;;-¥~.Jl.I!.:s<';SS2S'@ zone is spanned by only one to two Vorono! blocksin DOE's mode::.:IJ,;I(_b);..;.(5.do)_===",J 

In [,)OE Enclosure 1, Response Number 2 (2009ch). DOE reduced the average size of the 
discretized blocks to 4 em [1.6 In]. ThiS sensitivity analysis Simulated a larger number of 
small-scale fractures, resulting in minor rockfall. but leading to the same depth of fracturing as 

the models with larger block slz~e~s::... L.:,;(b;.;,);.,:(5:..1 ------------------...l, 
~)(~ m 

applicant emphasized that the 20 to 3O-cm [7.910 11.8-io} bloCk sizes are 
approHnate because of the eXisting average spacing of the "preexlsting" discontinUItieS In the 

[(~ IlbKSI ___ - - ~ :J 
Model Calibration 

In BSe Sections 7.6.3 and 7.6.4 (2004al), DOE described the approach used to calibrate the 
Young's modulus and unconfined compressive strength of the rock mass modeled to the 
expected characteristics of the lithophysal rock. Five rock-strength categories were considered 
in the calibration to represent the range of values for estimated Young's modulus in the 
lithophysal rock. For each of the five rock-strength categories considered, DOE used a mean 
value for unconfined compressive strength as indicated in SAR Figure 23.4-30. DOE then 
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adjusted four Vorono! block interface properties to achieve the calibration: (i) cohesion, 
(Ii) friction angle. (iii) normal stiffness. and (iv) shear stiffness. The calibration was repeated 
iteratively until the UDEC model reasonably reproduced the mean unconfined compressive 
strength and mean Young's modulus for each rock·strength category. Separate calibrations 
were performed using different values of mean block size. A 3D-em [11.8·inJ average block size 
was used for the screening analysis. Models with average block sizes of 20 em [7.9 in) in BSC 
Sections 6.4.23.1 and 7,6.7.1 (BSC. 2004al) and 10 em [3.9 in] in DOE Enclosure 2. Response 
Number 1 (2009ae) were developed for sensitivity analyses to ensure convergence of results. 

A potentially important uncertainty in the DOE model is the representation of spatial variability in 
roCk properties. DOE addressed this uncertainty by developing calibrated models for five 
different rock-strength categories, which are distinguished by different values of rock mass 
modulus. In conducting its calibration, DOE used the mean value of unconfined compressive 
strength as the calibration target for each selected value of rock mass modulus. DOE data, on 
the other hand, showed a range of potential values of unconfined compressive strength for a 
given value of rock mass modulus (SAR Figure 2.3,4·30). DOE slated (SAR p. 2.3.4·73) that a 
number of parametric studies were conducted in which the Young's modulus and strength 
parameters were varied to account for the reasonable bounding ranges of lithophysal and 
nonlithophysal rocks. 

Staff's Review 

The staff reviewed the results of DOE's analyses using the lower bound strength and Young's 
modulus for rock ma§.§.GCltegories 2, 3, 4. and 5. as outllnE!QJrrOQE ElJS,;iPJlt.Jre 1 Res on 
Number 3 2009cd . (b)(5) 

(b)(5) 

The staff observed from DOE's analyses in DOE Endosure 1, Response Number 3, Table 1 
(2009cd) that the amount of rockfall at the crown area is the same for Ilthophysal rock 
Categories 2 to 5 for a range of lower bound unconfined compressive strength. DOE explained 
that rockfall is insensitive to the change of lower bound strength because the associated change 
of Young's modulus, Which causes the ratios between lower bound strength and 
modul~tovaryb~n~l~a~re~w~2~~~~~~~~~~~~~~~~~lfl~~~ __ ~ 

2009cd. b (5 

The applicant conducted extensive modeling studies to estimate the timing and extent of 
thermal drift degradatlon. The following summanzes DOE's modeling results 

• The combined in-situ and thermal mechanical stress reached in the drift crown is about 
7 MPa for Cstegory 1 and about 37 MPs for Category 5 lithophysal rocks. respectively, 
as shown in SSC Figures 6·142 and &.144 (2004al). 

• These stress values can, in some condi!lons, slightly exceed the unconfined 
compressive strength of lithophysal rock 
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• The elastic stress paths cover a time range of 10,000 years' variation of temperature 

• The amount of thermally induced rockfall is small for all five categories of 
lithophysal rocks. 

• Basic rock mechanics principles show that the potential for the thermally Induced rockfall 
process should cease at a short distance from the drift. where the confined strength of 
the rock is greater than the sum of mechanical and thermal stresses. 

Staff's Review 
(b)(5) 

(b )(5) 

'--;:;;;n;;;;;-;:;:n-;:~;;;mm;;;:t'!<i1r;n;:..-.u;m.,-;;;r.""'i:iOntmrli"<:'fi'Ii"""f\Vm;;;;v.;;;~<>nt a long the interfaces 
between adjacent When applied stress the ability of the blocks to move. 

r
. the interfag:!s can fail and blocks can ~parate from tile m~~led fCl(;k mas~}b )(52 ___ mmm.=1 
(b)(5) i 

j(b)(S) mm_ m __ ' - m • In response, DOE . 

provldea supplemental analyses In DOE Enclosure 1, Response Number Z"('t009ch) that 
demonstrated failure patterns In models With 4-cm [1 6-mJ a~rage block sizes are comparable 
to failure patterns In models WIth larger block SIZ5l,S [b)(5) _________ ---\ 

l(b)(5) 
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the UOEC-Voronoi model results, the sta t (b){5) 

c,,"""'''';-::-::TT::-='l..!. DOE provided additional information in DOE Enclosure 2, Response Number 5 
ce to s ow that although some part of the interface failed, some other parts of the 

interface retained sufficient strength to support the hanging block. Blocks also can remain intact 
if the geometry of adjacent blocks continues to support the block after an Interface has failed, as 
shown in DOE Enclosure 2, Response Number 5 (2009ce) The staff reviewed the results of 
~OE's calculatiortl(b)(5) 

l(b)(5) 

(b)(5) 

Model Support and Consistency With Available Observations 

DOE supported the use of the UOEC-Voronoi model in the thermo-mechanical 
analyses through four Investigations, as identified in BSC Section 7.6.5 (2004al) and 
SAR Section 2.3.4.4.5.3.2. DOE compared modeled failure mechanisms to large-core 
lithophysal sample failure mechanisms observed in the laboratory. DOE concluded that the 
UOEC model could simulate the observed patterns of fracturing due to (i) the axial splitting 
failure mode of lithophysal samples in unconfined compression tests and (ii) the measured 
strength and Young's modulus of the samples. Modeled drift-scale fracturing of the lower 
lithophysal tuff in the ECRB Cross-Drift also compared favorably to observations of stress­
induced tunnel sidewall fracturing in the ECRB Cross-Drift, 

DOE conducted detailed modeling of the Drift Scale Heater Test to determine whether the 
UOEC model could reasonably represent the spallation of nonlrthophysalluff observed during 
the test Small amounts of spallation from the drift crown were observed during the heater tests 
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Once the UDEC model was calibrated to appropriate Topopah Spring nonlithophysal tuff 
characteristics, the model was able to calculate small amounts of rockfall from the overstressed 
crown of the heated drift DOE provided additional details of thiS analysis in DOE Enclosure 7, 
Resooose Number 6 12009ae), including quantification and[(b)(5) ... _ .. 

l(b)(5) . 

DOE used a continuum-based approach to model elastic and Inelastic rock stress for a range of 
conditions representative of heated drifts, as described in BSC Section 7.6.54 (2004al). 
Although DOE does not consider continuum-based models as appropriate for calculating 
rockfall due to thermal-mechanical processes, as identified in SSC Section 7.4.1 (2004al), DOE 
concluded that both the continuum and the discontinuum (UDEC) models appropriately 
represent stress distributions prior to reaching the yielding point of the rock. 

DOE supported the use of the calibrated rock-mass characteristics by comparing laboratory 
experiments of lithophysal rocks, as detailed in SSC Section 764 (2004al). DOE stated in 
BSC p. 7-61 (2004al) that the number and types of laboratory and m-situ experiments were 
insufficient to describe the complete constitutive behavior of the lithophysal tuff with a high 
level of confidence, particularly in the postpeak strain range and for confined conditions 
Consistent with common engineering practice, DOE analyzed the continuum constitutive 
Mohr-Coulomb models ranging from perfectly plastic to perfectly brittle to bound the possible 
behavior of the lithophysal rock mass on damage and deformation. To accommodate the 
uncertainty represented by the limited characterization of the lithophysal tUff, DOE calibrated the 
UDEC-VorOriOi model to give a more brittle stress-strain response than observed in tested 
samples, as described In BSC p. 7-38 (2004al). According to DOE, this approach enhanced the 
ability of rockfall to occur In the UDEC-Voronol model, as identified in DOE Enclosure 6, 
Response Number 5 (2009ae). 

Staffs Review 

The staff reviewed the information DOE provided to support its use of the UDEC model In the 
thermaknechanical analyses for drift stability. A key element of the UDEC-Voronol model IS 

the representation of postpeak strain. DOE presented several analyses showln calculated 
o t k strains for simulated rock masses in SSC Section 7.6.4 2004al. (b)(5) (b )(5) ~- ._.c.........=-::..=--.:.::.u..;....;.;.."'--____ -! 

In DOE Enclosure 1, Response Number 4 (2009ce), the staff requested additional 
'-1r:::nr::oC:::rm=a~1 oL to determine if the SIX samples appropnately represent the range of strength 

characteristics needed to support the UDEC analyses In BSC Figure 7 -16 (2004al) 

In the response to an RAJ related to the rock-mass categories [DOE Enclosure 1, Response 
Number 4 (2009ce)], the applicant stated that in modeling the rock mass responses, It applied a 
bounding approach to those five rock mass categories (lower bound relations between stiffness 
and strength cover and bound the loading response). This approach is meant to encompass 
the variability and uncertainties of the laboratory and field data. For postpeak response, the 
UDEC-Voronoi block model was calibrated to bound the bnttleness of the hthophysal rock mass 
observed from the experimental data. This was achieved by bounding all test data in the aXial 
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stress versus axial strain curve as outlined in DOE Enclosure 1 Response NI Imber 4 !2009ce\ 

Treatment of Time-Dependent Failure 

Time-dependent failure refers to the potential for rock to fail by gradual weakening under 
stresses less than the rock strength, if the rock is subjected to that stress for long periods of 
time. DOE considers the potential for time-dependent failure as a function of the ratio of applied 
stress to the rock strength DOE evaluated the relationship of time to failure on the basis of two 
sets of test data for stress ratios ranging from about 0.8 to 10. A best linear fit between the 
stress ratio and the logarithm of time was calculated and used to extrapolate times to failure for 
stress ratios less than 0.8. For the extrapolated portion of this curve, predicted times to failure 
ranged from approximately 12 days (106 s) at a ratio of 0.8 to about 32,000 years (10 '2 s) at a 
ratio of 0,6. Below values of 0.55, no time--dependent failure is predicted. In BSC Appendix S 
(2004al), DOE supported the use of a linear fit approximation by comparison to a previous study 
of data from Lac du Bonnet granite and concluded that the linear fit is appropnate. DOE 
evaluated the uncertainty in the time-to-failure estimates by running the UDEC model for rock 
Categories 1, 2, and 5 using times to failure based on the Lac du Bonnet data. 

In a response to a staff RAI, DOE Enclosure 3, Response Number 2 (2009ae) acknowledged 
uncertainty in the data used for the linear fit and cited observations from the ECRB and ESF 
as additional evidence that time to failure is not overestimated. DOE stated that stress ratios 
in the range of 0.58 to 1.0 are represented at unsupported drift spring-lines for a longer time 
(greater than 10 years) than is available from any experiment, and no significant degradation 
has occurred. 

Staff's Review 

The staff evaluated the extent to which time-to-failure estimates could affect predicted 
drift degradation, especially in the range of stress ratios between 0.6 and 0 7, for which 
time-to-failure data for tuff are not available but relatively long times to failure are predicted 
(i.e, 32 years for a ratio of 0.7 and to 32,000 years for a ratio of 06) There is uncertainty in 
these estimates because the data points are few and the correlation coefficient for the linear fit 
to the data is relatively low as shown in BSC Figure 8-27 (2004al) (e.g., SAR Figure 2.3.4-44). 
Numerical analyses by DOE, shown in BSC Figures S-14 through S-21 (2004al), also 
suggested times to failure for this range of stress ratio could be on the order of a few days to a 
few years. In a response to the staff's earlier request for information on this topic in DOE 
Enclosure 4, Response Number 3 (2oo9ae), DOE cited observations from the ECRB and ESF 
tunnels, stating that these tunnels represent stress ratios between 0.58 and 1.0; however, 
significant rock failure has yet to occur. 

In DOE Enclosure 1, Response Number 6 (2009cg), the applicant indicated that the uncertainty 
in time-dependent strength degradation of the lithophysal tuff was not represented in the 
thermo-mechanical calculations of drift stability, because the static-fatigue curve, based on the 
1997 tuff data, bounds the potential for thermally induced drift degradation Bounding was 
achieved b a I in the Lac du Bonnet static-fati ue relationshi s for rani! to the It 
tuff data. (b)(5) 

The applicant also 
L!:;:1:>:;L---'---'--"th'---a"'t-;-te-m-pe-r-'at'u-re-s~i-n "th-e-r:-:Ca-ng'-e---'-be'"'tw:-:-:-ee'-n'-a::-m=bl~e:::-;nt~a::-::n::-::d~2;-;;O;r;OOO"C'{;;-:39;v;!2 OF] have a sma II 
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effect on the tuff mechanical propt:!rties, including short-term stren h and time to failure. The 
staff reviewed DOE's information (b)(S) rl(

5) 

Alternative Conceptual Models 

The applicant considered alterative conceptual models that were based on assumptions and 
simplifications that differed from those of the base-case models discussed previously and 
described in BSC Section 6.7 (2004al). The conceptual models the applicant considered 
included continuum models. In a continuum model, the lithophysae and fractures are smeared 
into the elements of a continuous rock mass, where there is no slip between model elements. 
In the discontinuum model, lithophysae and fractures are represeniAA by joints between the 
Vorono; blocks and slip can occur between these model elements·l(b)(5) . ~-~ 

i(b)(5) .. I 

NRC Review of Alternative Conceptual Models 

The staff reviewed the technical basis DOE provided in its evaluation of alternative conceptual 
models to the UDEC-Voronoiapproach. As discussed in previous sections.::Ji..:..(b.-:..)(:.::,5:..-l _____ -/ 

(b)(5) "'--.. 

(b)(5 ) 

(b)(S) I 
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1'b)'5) 

L. --=-___ -;;-.;;==---=--;--;-_-:-::-:-=-::-=-:--:;;-:;::----;---__ ... __ . 

Summary of DOE's Analysis and NRC Staff Review 

DOE analyzed the thermally induced stresses causing instability of the waste emplacement 
drifts. compared the calculated stresses to the estimated strength of the rock mass. 
estimated the timin and extent otal drift de radaucn n r 17.=:"",---, 
(b)(5) 

!(b)(5) The NRC staff has 
. reviewed the SAR, associated references (BSe, 2004al), and responses to the staffs RAI in its 
evaluation OE's exclusion of drift colla sa due to (bermal stresses and time-dependent rock 

. (b)(5 

DOE accounted for variability in rock types and a range of mechanical properties and strength 
characteristics, on the baSIS of laborlil~ory tests and field investigations DOE, In Its deSign baSIS 
analysis (SAR),I(b)(S)~mm~_ .......... --.. _--=1 

l(b)(5) 

Staff Findings 

The staff reviewed the models and results DOE used for screening out thermally induced 
drift degradation at the proposed Yucca Mountain repository :si.n. 9 .. riSk-inf.=.0:.:.;:rm=e=d,,-, _____ _ 
performance-based review methods described in the YMRP.I(b)(5) _______ _ 

l

(b)(S) 

L. ___________________ ........ _____ ....... ---

FEP 2.1.07.05.08 Creep of Metallic Materials in the Drip Shield 

The applicant excluded Creep of Metallic Materials In the Drip Shield from the performance 
assessment model on the basis of low consequence (SNl 2008ab) Creep refers to time and 
temperature-dependent plastic (ie, permanent) deformation of matenal caused by static 
loading The applicant used the FEP Creep of Metallic Matenals In the Dnp Shield to consider 
creep as a potential degradation process affecting the dop shield. Due to the long duration of 
the regulatory period and the possibility of early drift collapse after the waste emplacement, the 
applicant noted the importance of the analysis of time-depeodent deformation and the stability 
of the drip shield when nonuniformly loaded by the rock rubble mass. 
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DOE developed constitutive equations to express the amount of creep strain for Titanium 
Grades 7 and 29 as a function of temperature, applied stress, and time. DOE Enclosure 5, 
Response Number 6, Section 1.2.1 (2009af) assumed a drip shield temperature of 150 ·C 
[302 oF] for the screening analysis. DOE stated that higher drip shield temperatures would only 
be reached in the event of near-complete drift collapse within the first few hundred years after 
repository closure and that, even for early drift collapse, the temperature will drop below 150 ·C 
[302 OF} within 600 to 1,000 years after waste disposal. The applicant concluded that it was 
reasonable to assume a constant temperature of 150·C [302 OF) for the screening analysis 
because the creep susceptibility of titanium alloys generally decreases with decreasing 
temperature and 150 °C [302 OF] is an overestimate of the drip shield temperature for most of 
the postdosure period. 

In BSC Attachment I (2005an), the applicant used titanium creep data from the literature to 
derive creep equations for Titanium Grades 7 and 29 at 150 ·C [302 ·F]. Because there are 
limited creep data in the literature for titanium alloys for temperatures around 150 ·C [302 OF], 
the applicant first derived equations to represent the creep behavior at room temperature, then 
rescaled those equations to a temperature of 150 ·C [302 OF] using information about effects of 
temperature on creep kinetics. To derive the room temperature creep equation for Titanium 
Grade 7, DOE fitted a power-law-type equation to the 27 -year creep data for Titanium Grade 2 
from Dretahl, et aL (1985aa). The applicant used BSC Eq. (1-8) (2005an) to represent the 
room-temperature creep of Titanium Grade 7. To derive the room-temperature creep equation 
for Titanium Grade 29, DOE fitted a power-law-type equation to the 1 ,O()()"hour creep data for 
Titanium Grade 5 from Odegard and Thompson (1974aa). The applicant used SSC Eq. (1-19) 
(2005an) to represent the room-temperature creep of Titanium Grade 29. To rescale the 
room-temperature creep equations to represent the creep behavior at 150 ·C [302 OF], DOE first 
accounted for the difference in yield stress at the respective temperatures, using BSC Eq. (1-7) 
(2005an). The applicant then rescaled the creep equations using BSC Eq. (1-12) (2005an) 
assuming an activation energy of 30 kJ/mol. In this manner, DOE derived BSC Eqs, (1-15) and 
(I-22) (2005an) to represent the creep behavior of Titanium Grades 7 and 29, respectively, at 
150 ·C [302 OF). The applicant compared the creep strains the equations calculated to literature 
data for creep of titanium alloys at 150·C [302 OF] (Kiessel and Sinnott, 1953aa; Odegard and 
Thompson,1974aa) DOE stated that the equations used to represent the creep behavior of 
Titanium Grades 7 and 29 at 150 ·C [302 ·Fj are acceptable because they predict greater creep 
strain than reported In the technical literature 

In the second part of the DOE creep analysis, DOE performed a finite element structural 
analysis of the drip shield, considering six potential loading scenarios derived from BSC 
(2004al) and using the constitutive creep equations to analyze the extent of dnp shield creep 
DOE assumed that creep will cause the drip shield to collapse when tertiary creep begins at any 
point on the drip shield. Tertiary creep refers to a rapid increase in creep strain rate associated 
with material instability, leading to rupture, The applicant assumed a tertiary creep threshold of 
10 percent strain and concluded that this threshold is conservative because experimental 
observations (Drefahl, et al.. 1985aa) indicated that the onset of tertiary creep In titanium alloys 
occurs at about 15 percent strain. On the basis of creep analyses cited in the FEP screening 
argument (SNL, 2oo8ab), the applicant concluded that the maximum strain is below the onset 
strain for tertiary creep. Therefore, creep would not impact the drip shield's ability to divert 
seepage and protect the waste package from anticipated loads The applicant concluded that it 
is appropriate to exclude the FEP Creep of Metallic Matenals III the Dnp Shield from the 
performance assessment model on the basis of low consequence (SNL, 2oo8ab), 
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The staff reviewed the applicant's justification for assuming a constant temperature of 150 ·C 
[302 OF] for the creep analysis. In BSC (2oo5an), DOE represented titanium creep as a 
thermally activated rocess wherlilthe susceptibility to creep Increases with increasina 

(b)(5) 

In BSC Assumption 3.2.4 (BSC. 2005an), however, the 
ield temperature 1]1a¥~)('ceed 150°C [302 OF] for several 

The applicant 
'-:' s"'I""al""ea""-';m-OnrlO""E-':E""'n'""c:r::lo'""s-;-;u""re"5"."Rr.:e'""s~po;::-;n;;;s;::;e:-'N"'u-;-;;n~lbe=r-z!6-. S~e;:'=I:-;:;:o~n ..... ;-r7"ii'l~a~~t 300°C [572 OF] is 
a reasonably bounding temperature because there is less than 10-4 probability that a drip shield 
will exceed this temperature for early drift cOllapse. Further, in DOE Enclosure 5, Response 
Number 6, Section 1.2.3 (2009af). DOE stated that the creep equations for 150 ·C [302 OF]. will 
not underestimate the eldent of creep at 300·C [572 OF] because above 150·C [302 ·F] creep 
becomes an athermal process (Le., the susceptibility to creep does not increase with 
temperature). DOE attributed this behavior to the phenomenon of dynamic strain aging: a 
process reby solute impurity atoms diffuse to areas of dislocations and im eda dislocation 
motion. (b){5) ... 

(b)(5) 

The staff reviewed the applicant's methodology to develop equations to represent the creep of 
Titanium Grades 7 and 29 at coomJ:amLOeJra1l..tre.-.llllItll..rrume.cu.cLlJ1aJDlLUlUiraCl£LLlLll.lL::l-L-__ -j 

(b)(5) 
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The staff reviewed the applicant's methodology to rescale the room-temperature creep 
equatIons for ntaniljm Grades 7 and 29 to 150 'C [302 OF]. In rescaling the room-temperature 

eqt,@ti.9~n@:1.;(-=-b):c.:(5:.!..) ________ _ 

j(b)(5) DOE's selected actIvation energy of 30 kJ/mol is lower than the activation 
energy of approximately 150 kJ/mol Kiessel and Smnott (1953aa) and Stetina (1969aa) 
reported In SSC (2005an), the applicant represented the creep strain temperature-dependence 
as an exponential function of the activation energy, such that a small change in the activation 
energy would yield a large change in the calculated creep strain. Therefore. the staff submitted 
an RAI to DOE requesting the applicant to address how its methodology for rescaling the 
room-temperature creep equations to 150 'C [302 OF] accounts for the uncertainty in the creep 
temperature dependence. In DOE Enclosure 6, Response Number 7 (2009af), the applicant 
stated that the activation energy for titanium creep depends on the rate-limiting deformation 
mechanism which, in turn, depends on a number of parameters including the alloy 
microstructure, phase composition, and strain rate. The applicant further stated that literature 
reports that give higher activation energy than used in its creep analysis do not provide 
sufficient information a t the material and test conditions to su rt a direct comparison of 
the activation ener les. (b)(5) .... 
(b)(5) ... 

The staff reVIewed t 
Number 7 (2 

!(b)(5) 

formation the applic~~~2rol/lded in D9E Enclo~ure 6. Respo: .... n ...... s-=-e~_ 
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~h_e -,~~~~~ev,i~~t~~ applicant's finite difference structural analvses on creep deformation of 
tilt! Uliu ::;nieI01\b)(5) 

(b)(5) 

FEP 2.1.09.03.08 Volume Increase of Corrosion Products Impacts Waste Package 

The applicant excluded Volume Increase of Corrosion Products Impacts Waste Package from 
the performance assessment model on the basis of low consequence In the FEP, the applicant 
considered volume increase of corrosion products (increase due to the higher molar volume of 
corrosion products than intact, uncorroded material) from the waste form, cladding, and waste 
package as a mechanism that could damage the waste package. 

The applIcant excluded the effect of volume Increase of corrosion products on the basIs of the 
following: (i) jf the outer container is not breached, there will be negligible corrosion products 
(ii) there are unlikely events leading to early waste package outer container failure: (ill) extended 
time (thousands of years) IS needed for corrosIOn products to fill the space between the outer 
and inner containers before any significant stress buildup occurs; (IV) due to the higher Alloy 22 
mechanical strength compared to the stainless steel strength, there IS a higher likelihOod for the 
inner stainless steel container to deform or crack if additional stresses develop due to the 
corrosion product buildup; and (v) extensive time is needed for the development of stresses 
needed to promote SCC on the waste package outer container 

The staff reviewed the summary technical basis in the FEP document (SNl, 2008ab) and DOE 
Enclosure 10, Response Number 10, and Enclosure 11, Response Number 11 (2009ab) on the 
screening argument The applicant stated that prior to breach of the Alloy 22 waste package 
outer container, only dry oxidation by residual moisture IS possible on the Alloy 22 inner surface 
or on the surface of the stainless steel inner container. The applicant concluded that the 
residual moisture in the waste package will not result in a large volume of corrosion products to 
cause mechanical damage to the Alloy 22 or stainless steel container(b)(5) 
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The applicant assessed that for significant corrosion of Alloy 22 inner surface and the stainless 
steel container, the Alloy 22 outer container must first be breached. The Alloy 22 general 
corrosion rates are low. SCC in the absence of weld flaws or seismic activity would not breach 
the outer container in 10,000 years after waste emplacement according to the applicant 
Combinations of large flaws and stresses are uncommon, and large magnitude seismic events 
capable to fail the waste packages within the first 10,000 years after waste emplacement are 
rare, according to the applicant Nonetheless, to address the case of container failure due, for 
example, to seismic events, the applicant assumed failure of the outer container and conducted 
two analyses to estimate the magnitude and timing of stresses on the waste package outer 
container from the corrosion products from the inner vessel corrosion. The applicant performed 
analyses to show that stresses sufficient to enhance degradation of the outer container would 
not develop within 10,000 years after breach of the waste package outer container, as 
described in DOE Enclosure 10, Response Number 10 (2009ab). 

In the applicant's assessment of the dependence of volume increase of corrosion products on 
outer tainsr corrosion, the a licant considered information on Alloy 22 general corrosion 

r.;r~a~le""s,-". ('-b)'-'-(5-'-) ________ ~~ __ ... _______________ -' 
(b)(5) 

~ -With regard to early failure, localized corrosion, or igneous intrusion model cases, the applicant 
stated that the performance assessment for these model cases does not take credit for the 
further presence of the waste package; thus, volume increase of corrosion products would 
not change the estimated consequences, as outlined in DOE Enclosure 10, Response 
Number 10 (2009ab). 

On the basis of DOE Enclosure 10, Response Number 10, and Enclosure 11, Response __ ~ 
Number 11 (2009ab)Ub)tS)---.... -. _.... .... .. ... ----._ .... -=--=--=-=_ ... __ -I 

l(b)(5) . 

(b)(5) I The applicant estimated that the gap between 
the inner and outer containers would be filled with corrosion products after thousands of years 
(between 1,400 and 37,000 years) after breaching of the outer container (SNL, 2008ab). 
The time for stress buildup sufficient 10 cause see on the waste package outer container WOLJld 
exceed 10,000 years after the inl i I waste package breach, a~rding to DOE Enclosure 10. 
Res onse Number 10 2009ab. (b)(5) rS

) 

(b)(5) the applicant argued that the extent of 
the area compromised by cracks is overestimated by e consideration of a crack distribution 
that fills a two-dimensional space, and consideration of a stress level equal to the yield strength 
of the material (as opposed to allowing the stress to relax when cracks form or grow). as 
detailed in DOE Enclosure 10, Response Number 10. and~~"'':';'':''..:~~E''''.::~':'.I.II'~I~_ ..... ~ 
respectively, (2009ab,cj) and SNL Section 6.7 3 (2007b~).L......"'~:"' __ '~~'~_''''' _____ -I 

(b)(5) 

L _________ _ 
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FEP 2.1.09.2B.OA localized Corrosion on Waste Package Outer Surface Due to 
Deliquescence 

The applicant excluded Localized Corrosion on Waste Package Outer Surface Due to 
Deliquescence on the basis of low consequence (SNL, 2008ab). In the FEP, the applicant 
considered that moisture from air could be absorbed by salts in dust deposited on the waste 
package, even at low relative humidity; this moisture could dissolve the salts and create 
concentrated aqueous solutions or brine. According to the applicant. these brines could promote 
localized corrosion of the waste package outer surface. 

The applicant's analysis penetration of the Alloy 22 waste package outer barner by localized 
corrosion induced by dust deliquescence brines was based on the following five questions from 
SNL, pp. 6-705 to 6-710 (2008ab) 

1 Can multiple-satt deliquescent brines form at elevated temperature? 
2. If deliquescent brines form at elevated temperature, WIll they persist? 
3, If deliquescent brines perSist, will they be corrosive? 
4 If deliquescent brines are potentially corrOSive, will they initiate localized corrosion? 
5 Once initiated, will localized corrosion penetrate the waste package? 

In SNL (2008ab), the applicant stated that the answers to those questions are (1) yes, 
(2) sometimes, (3) not expected, (4) no, and (5) no, respectively. Because all ofthe questions 
must be answered affirmatively for outer container penetration to be pOSSible, the applicant 
concluded that localized corrosion was unlikely. In summary, the applicant concluded that 
brines formed by dust deliquescence are not expected to be afjgresslve, the amount of brine 
volume that will be distributed on the waste package will be extremely small and Will not support 
the Initiation of localized corrosion; and several processes will stifle localized corrosion limiting, 
penetration of the waste package outer container (SNL, 2008ab) Accordingly, the applicant 
excluded localized Corrosion on Waste Package Outer Surface Due to Deliquescence from the 
performance assessment model. 

Staffs Review 

The staff reviewed the technical basis In the FEP document (SNL 2008ab), BSC (2005aa), 
SNL (2oo7al), and the analysis to supplement the screening argument in DOE Enclosures 12 
to 15, Response Numbers 12 to 15 (2009ab) The staff reviewed the screenmg ratIOnale.",. 

l(b)(5) . . .......... ___ ~.:J 
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(b)(5) 

FEP 2.1.11.06.0A Thennal Sensitization of Waste Packages 

The applicant excluded Thermal SenSItization of Waste Packages from the performance 
assessment model on the basis of low consequence (SNL, 2008ab) According to the 
applicant's definition of the FEP, phase changes in waste package matenals could result from 
long-term storage under repository thermal conditions. phase changes could affect the corrosion 
resistance and mechanical properties of waste package materials. The applicant descnbed a 
model for long-term thermal aging and phase stability of Alloy 22 based on expenmental 
measurements and theoretical calculations (BSG, 2004ab; DOE 2009av). The phase stability 
studies included tetrahedrally close-packed phase precipitation In the base metal and in the 
welded regions, and long-range ordering reactions. The applicant conducted thermodynamic 
and kinetic modeling to predict the rate of precipitation of tetrahedrally close-packed phases and 
long-range ordering in Alloy 22 usmg the Thermo-Galc and DICTRA software and databases. 
The applicant assessed validity of the aging and phase stability model and the databases in 
BSG (2004ab) and DOE Enclosure 16, Response Number 16, and Enclosure 17, Response 
Number 17 (2009ab). According to the calculated time-temperature-transformation diagrams 
for the formation of P. a, and ordered phases in Alloy 22 base metal. the applicant stated that 
precipitation of these phases greater than 2 percent transformation rate will not occur under the 
repository conditions. According to the applicant, the planned solution annealing and quenching 
conditions for the waste package outer container are sufficient to prevent phase instability in 
Alloy 22. The applicant compared the mOdel results to the extent of tetrahedrally close-packed 
phase precipitation obtained from short-term aging experiments at temperature ranges 
exceeding those expected in the repository and the extent of long-range ordering from 
microhardness measurements. On the basis of these results, the applicant concluded that 
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insignificant aging and phase instability would occur in Alloy 22 under conditions that bound 
repository temperatures the applicant estimated. 

The applicant also evaluated the effects of welding and thermal aging on the corrosion rate and 
localized corrosion resistance of Alloy 22 in the mill-annealed, as-welded, and as-welded plus 
thermally aged conditions (SNl, 2007ab,al). On the basis of the results of short-term 
electrochemical tests, the applicant stated that thermal aging and phase instability do not 
adversely affect the corrosion resistance of Alloy 22. In summary, the applicant concluded that, 
on the basis of the model predictions and experimental evidence, long-term thermal aging is 
insignificant and phase instability is not expected to adversely affect the corrosion resistance of 
the waste package outer container. Therefore, the applicant excluded the FEP from the 
performance assessment model on the basis of low consequence On the basis of the aging 
and phase stability analysis, the applicant also imposed a restricted Alloy 22 compOSition range, 
which has a narrower range of chemical compositions for Cr. Mo. Fe, and W compared to the 
composition limits specified In the standard ASTM 8 575-04 (ASTM International, 2004aa) 
According to the applicant, the design properties for Alloy 22 are in compliance with the ASME 
S8-575 specification (American Society of Mechanical Engineers, 2001aa). 

Staff's Review 

The staff reviewed the applicant's technical basis for excluding the FEP and its model 
assumptions and model support in areas related to long-term thermal aging and phase stability 
of Alloy 22, as detailed in DOE Enclosure 16, Respo~se~N!'yullm!'yb~eLr .u16~l!lnI,L!;E~J.&J.!l.!:I....LL~ __ ---; 
Response Number 17(2 (b)(5) 
(b)(5) 

FEP 2.2.07.0S.0A Flow in the UZ [Unsaturated Zone] From Episodic Infiltration 

The applicant excluded Flow in the UZ from Episodic Infiltration from the performance 
assessment model on the basis of low consequence, as Identified in SNl (2008ab), DOE 
Enclosure 8, Response Number 5 (2009cb), DOE (2009cc), and DOE Enclosure 5. Response 
Number 7 (2009bo). This FEP refers to the Influence of episodiC flow on radlonuchde transport 
in the unsaturated zone; specifically, transient flow arising from episodic infiltration events. DOE 
stated that episodic flow through and below the repository horizon is expected to be strongly 
attenuated by the overlying Paintbrush Tuff nonwelded (PTn) hydrogeologic unit 
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The applicant stated that periods of high precipitation and water percolation are expected to 
occur during future rain storms, and also that the porous rock matrix in the PTn unit is expected 
to strongly attenuate episodic percolation fluxes. DOE described the PTn unit as ranging from 
approximately 21 m [70 ftJ to over 120 m [400 ft] within the repository area. The applicant stated 
that flow attenuation by the PTn is predicted to yield steady flow below the PTn in the 
unsaturated zone, except for volumetrically insignificant rapid flow through preferential pathways 
in the PTn. DOE asserted that transient flow below the PTn may occur In the southern part of 
Solitario Canyon because the PTn is completely offset by the Solitario Canyon Fault. However, 
episodic flow is not expected to significantly affect performance, because the emplacement 
drifts would be located away from Solitario Canyon in the affected area. 

DOE based the assessment of episodic flow attenuation on two transient, one-dlmensional 
simulations reported in SNL Section 6.9(a) (2oo7bf). DOE observed that the maximum Hux 
belOW the PTn for these two simulations was around 17 mm/yr [0.67 inlyrj, compared to the 
overall percolation flux uncertainty for the posl-10,OOO-year period of 51 mm/yr [2 in/yr]. DOE 
supported its analysis by citing other studIes considering one-, two., and three-dimensional 
simulations, all using earlier estimates for PTn parameters. DOE stated that the other studies, 
in general, show simIlar damping of percolation fiux by the PTn matrix. 

DOE further supported the assessment of episodic flow attenuation in the PT n using results 
from (i) a water-release test within the PTn (in Alcove 4), (ii) line surveys of fracture minerals 
in tunnels below the PTn, (iii) inferred stagnation of a wetting pulse below the channel of 
Pagany Wash, and (iv) inferred long residence times in the PTn on the basis of C-14 
observations from boreholes 

DOE considered CI-36 observations from tunnels below the PTn. some of which have a 
radiOisotope signature indicating that a portion of the in-situ waters infiltrated during or 
subsequent to the period of nuclear device testing from 1954 through 1970. DOE concluded 
that high observed concentrations of CI-36 in some samples taken from the ESF tunnel possible 
indicate relatively small amounts of fracture flow penetrating as fast pathways, either steady or 
transient, through fault zones between the ground surface and the repository elevation. DOE 
used flow and transport models to examine the CI-S6 observations, concludIng that the quantity 
of water penetrating the PTn as a result of fast pathways is approximately 1 percent of total 
infiltration, and characterized this quantity as negligible with respect to repository performance. 

DOE also considered tritium data from boreholes and tunnels below the PTn DOE concluded 
that some observations of tritium below the PTn within the ESF and ECRB tunnels. and from 
five boreholes, also have a bomb-pulse or post-bomb-pulse radioisotope signature. DOE's 
analysis of the data led to the following conclusions: (i) all of the elevated tritium observations 
from the ESF are associated with faults. (iI) the elevated observations in the boreholes may be 
associated with lateral flow from faults, and (iii) most elevated tritium observations from the 
ECRB are not associated with faults but may be aSSOCiated with fast and focused (but not 
necessarily episodic) flow pathways. 

DOE concluded that the PTn will attenuate episodic flow, resulting in approximately steady-state 
flow in the repository host rock and below, and the volume of flow that could lead to episodic 
flow in the reposItory host rock is small. Therefore. the applicant excluded the FEP Flow in the 
UZ from Episodic Infiltration from the performance assessment model 
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Staff's Review 

(b)(5) 

(b)(5) 
I 

l(b)(5) JDOE considered 
Increased seepage Into emplacement drifts to be the largest performance consequence that 
would arise from episodic flow. but expects that any additional seepage would be small relative 
to the difference in percolation flux considered during calibration of infiltration uncertainty. In 
SER Section 2.2.1.3.6.3.2, the staff considers episodic flow in the larger context of DOE's 
representation of the spatial and temporal variability of ambient percolation flux above and 
through the proposed repository horizon during performance assessment. In its revi.f?w of 
information r I ~,(c~;c;------, 

(b)(5) 

FEP 2.2.0S.03.0A Geochemical Interactions and Evolution in the SZ [Saturated Zone] 

The applicant excluded Geochemical Interactions and Evolution In the SZ on the basis of low 
consequence. as outlined in SNL (2008ab) and DOE Enclosure 1, Response Number 44 
(2009ai). According to the FEP definition by the applicant. groundwater chemistry and other 
characteristics may change over time as a result of disposal system evolution or from mixing 
with other waters. Geochemical interactions may lead to dissolution and precipitation of 
minerals along the groundwater flow path. affecting groundwater flow. rock properties. and 
sorption of radionuclides (SNL, 2008ab). 

In DOE Enclosure 1. Response Number 44 (2oo9ai). the applicant further examined natural 
groundwater geochemical variations in the immediate vicinity and down gradient from 
Yucca Mountain as a function of space and time. The applicant stated in DOE Enclosure 1. 
Response Number 44 (2009ai) that chemical compositions exhibit spatial variability that may be 
related to mixing of waters. The staff evaluates the acceptability of the applicant's model 
abstractions of flow paths in the saturated zone in SER Section 2.2.1 38 The applicant stated 
that temporal changes in properties that may affect radlonuclide sorption such as pH, 
temperature, and major ion chemistry are gradual and fall within the range of groundwater 
chemistries it considered in developing the transport parameter (sorption coefficients or ~) 
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values used in the saturated zone transport model of the performance assessment (SAR 
Section 2.3.9.3). 

In its model abstraction for radionucJide transport through the saturated zone, the applicant 
assumed oxidizing conditions along the flow paths through the tuff and alluvium. The applicant 
stated in DOE EncJosure 1, Response Number 44 (2009ai) that redox potential has a strong 
effect on the transport of redOX-sensitive radionuctides. The applicant also stated that other 
groundwater conditions such as redUCing zones that may affect radionuclide sorption are 
localized in extent and unlikely to be changed at a larger scale for alleast 10,000 years after 
repository cJosure To support this statement the applicant reasoned that (i) there is sufficient 
pyrite in redUCing hydrogeological units of the saturated zone to sustain those reducing 
conditions, (ii) the long residence time of water in the saturated zone causes its OXidation state 
to be largely determined by water-rock interactions, and (ill) no current mechanism is known to 
support the concept that reducing zones will become more extensive along the saturated zone 
path (SNL, 2008ab). For these reasons, the applicant excluded Geochemical Interactions and 
Evolution in the SZ from the performance assessment model on the basis of low consequence 
(SNL, 2oo8ab) 

The applicant also presented performance assessment calculations that indicated the 
radionuclides that contribute the most to the calculate mean annual dose during the first 
10,000 years after repository ctosure are nonsorbing, and that radionucJides whose sorption IS 
most affected by changes in these geochemical parameters (Pu-239 and -240, Np-237, and 
Se-79) only constitute about 20 percent of the total mean annual dose dunng the first 
10,000 years after repository closure. The applicant also indicated that for the igneous Intrusion 
modeling case, the release rates of plutonium and neptunium are only slightly sensitive to Ko 
values in volcanic rocks, but not sensitive to Ko values In the alluvium (DOE, 2009ai). 

Slaffs Review 

The staff reviewed the model assumptions and field and laboratory data the applicant used to 
support its screening argument. as identified In SNL (2008ab) and DOE Enclosure 1, Response 
Number 44 (2009ai). To address uncertainty associated with natural variations In pH, 
temperature, and major ion chemistry, the applicant conSidered a range in aqueous water 
chemistries in developing parameter distributions for the model abstraction of radionuclide 
transport through the saturated zone for the performance assessment (SAR Section 2.39.3). 

(b)(5) .. "~----I 

FEP 2.2.08.03.08 GeochemJeallnteraetions and Evolution in the UZ 

The applicant excluded Geochemical Interactions and Evolution In the UZ on the basis of low 
consequence following SNL (2008ab) and DOE Enclosure 18. Response Number 18 (2009ab) 
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According to the applicant's definition of the FEP, the geochemical environment of the 
unsaturated zone may evolve over time in response to thermal and chemical perturbations 
introduced by the repository system Precipitation or dissolution of minerals or changes in 
groundwater chemistry may affect the flow and composition of seepage into drifts or the 
transport of radionucJides in the near-field environment (SNL. 2008ab). In the screening 
argument, the applicant considered 0) how elevated temperatures would affect geochemical 
interactions between water and rock in the vicinity of the emplacement drifts and (ii) how 
Changes in water chemistry due to reactions with repOSitory construction materials would 
subsequently affect flow and transport properties in the unsaturated zone (SNL, 200800). 
The applicant also considered how geochemical interactions between waste package effluent 
and the solids and ambient waters might affect radionuclide transport in the crushed tuff invert 
and 10 the unsaturated rock beneath the repository drift. as detailed in DOE Enclosure 18, 
Response Number 18 (2009ab), 

The applicant cited model analyses of geochemical interactions that estimated how drift 
seepage chemistry and near-field flow properties would be affected by changes in temperature, 
pH, redox potential, Ionic strength and other compositional variaoles, time dependency. 
precipitation or dissolution, and resaturation times. as described in SNL (2007ai) and SNL 
Section 7.1.2.2 (2007ak). The applicant determined that the expected changes would be limited 
to small changes near the drift wall or, at a larger scale, within the range of variation that is 
already considered in the performance assessment The applicant reasoned that there would 
be little potential for cementitious materials in the repository to affect radionuclide transport by 
forming an alkaline cement leachate plume because (I) of the minor amount of cementitious 
material to be used in construction of the repository, none will be used in the waste 
emplacement drifts themselves and (ii) high pH conditions in an alkaline cement leachate plume 
would be rapidly neutralized in the unsaturated zone by reaction with ambient carbon diOXide. 
As a result, the applicant concluded there would be little opportunity for the cement leachate to 
interact chemically with radionuclides or to affect radlonuclide transport pathways by 
precipitation of calcite. 

The applicant also concluded that there would be little potential for evolved waste package 
fluids to cause more than minor changes in unsaturated zone fluid compositions The applicant 
cited the description of waste package chemistry (SAR Section 2 3.7.5.3.1) in stating that the 
main chemical factors in the effluent that affect radionuchde solubility will generally ovenap the 
expected ranges of composition of the ambient unsaturated zone waters. as identified in DOE 
Enclosure 16. Response Number 18 (2009ab). Any change In effluent composition by reaction 
with the main chemical components of the engineered materials (iron, chromium, nickel) will be 
limited by the formation of low-solubility corrosion products inSide the waste package. The 
applicant reasoned that the waste package effluent may become concentrated by evaporation 
or consumption of water by degradation reactions, but upon eXiting the waste package. the 
mixing of effluent with ambient waters in the invert and unsaturated zone would quickly dilute 
the effluent, resulting in no significant changes In bulk water chemistry in the unsaturated zone. 

Staff's Review 
(b)(5) 
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FEP 2.2.0B.04.OA Re-Dlssolution of Precipitates Directs More Corrosive Fluids to 
Waste Packages· 

The applicant excluded Re-Dissolution of PreCipitates Directs More Corrosive Fluids to Waste 
Packages on the basis of low consequence. According to the applicant's definition of the FEP, 
the heat generated by radioactive decay inside the waste packages is expected to dry out the 
rock surrounding the emplacement drifts. Evaporation of the pore waters will leave behind 
precipitates that may plug pores, The redissolutlon of these precipitates, following the thermal 
pulse, may produce pore waters with corrosive chemistries, which could reach the waste 
packages when gravity-driven flow conditions resume (SNL, 2008ab), 

The applicant expects rewetting of the host rock around the drifts to occur as the temperature 
drops below the boiling point of water. Initially, the applicant explained, precipitates could 
dissolve and form brines, During the initial stages of rewetting, redissolution of precipitated 
minerals may temporarily concentrate chloride and other soluble components relative to 
ambient solutions, As rewetting continues, the applicant expects the brines to become diluted 
and pore waters to return to ambient compositions. The applicant argued that the drip shield is 
expected to perform its diversion function during the time when the transient changes in pore 
water composition could occur, preventing potentially corrosive waters from contacting waste 
packages (SNL, 2008ab) 

In addition to the undisturbed repository performance, the applicant also evaluated this FEP In 
the event of early drip shield failure and seismic events. In the event of early drip shield failure, 
the applicant assumed that a waste package under a compromised drip shield and at a seepage 
location would fail by localized corrosion; thus no additional failures would occur as a result of 
compositional changes due to redissolution of preCipitates, In the event of a seismic event pnor 
to rawetting and redissolution of precipitates, the applicant argued that the frequency and extent 
of drip shield failure would be insignificant In 10,000 years. The applicant also excluded 
FEP 2.103,10.08, Advection of liquids and Solids Through Cracks in the Drip Shield, on the 
basis of low consequence. as described in SNL (2008ab) and DOE Enclosure 2. Response 
Number 2 (2009ab), In that FEP, the applicant analyzed, in the screening argument, scenarios 
allowing for water infiltrating failed drip shields and contacting the waste packages and 
concluded that those scenarios would not change the magnitude of the dose estimates, as 
identified in SNL (2008ab) and DOE Enclosure 2, Response Number 2 (2009ab) 
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FEP 2.2.09.01.08 Microbial Activity in the UZ 

The applicant excluded Microbial Activity in the UZ on the basis of low consequence (SNL, 
2008ab; DOE, 2009ci). According to the applicant's definition of the FEP, microbial activity may 
affect radionuctide sorption processes in the unsaturated zone by changing groundwater pH and 
redox conditions, by adding complexing agents to the water, or by changing the valence state of 
certain radionuclides by biotransformation. In addition, a microbe suspended in water may act 
as a biocolloid, facilitating the transport of radionuclides In the unsaturated zone by sorbing to 
the microbe itself. The applicant also considered that Increased microbial activity associated 
with condensation in the unsaturated zone during the early thermal period could affect the 
chemistry of water entering the drifts as seepage (DOE, 2009ci). 

In the screening argument, the applicant cited information provided in another excluded 
FEP 2.1.10.01.0A, Microbial Activity in ESS (SNL, 2008ab), and in a supporting report, sse 
Section 6 (2004aq), that evaluated the potential impact of microbial activity on drift chemistry. 
The applicant stated in sse Section 6.3 (2004aq) that although laboratory analyses have 
identified a diverse microbial population in Yucca Mountain tuff samples, the microbes are 
largely dormant under ambient conditions due primarily to constraints on the availability of 
nutrients and water in the unsaturated tuffs, as identified In sse Section 6.4 (2004aq). The 
applicant stated that any variation in radionuclide sorption coeffiCients that might be caused by 
changes in water chemistry due to microbial activity are within the existing range of the sorption 
coefficient distributions used in the performance assessment calculations. Similarly, the 
applicant reasoned that the uncertain, small concentration of blocollolds in Yucca Mountain 
groundwaters is encompassed by the wide range of concentration values for naturally occurring 
colloids that is already sampled for radionuclide transport calculations The applicant also noted 
that the uncertainty distributions specified for the sorption coeffiCients in the performance 
assessment calculations implicitly included the effects of naturally occurring microbial activity 
because the applicant developed the radionuclide Ko distributions from sorption experiments on 
the basis of the chemistry of Yucca Mountain water samples, as descnbed in FEP 2.2.0901.08 
(SNL, 2008ab). 

Staff's Review 

The staff has reviewed the adequacy of the applicant's sorption-related and colloid-associated 
unsaturated zone transport parameters in SER Section 2.2 1 37 andilb)(5) 

(b)(5) 

For perturbed conditions in the unsaturated zone during the repository's early thermal period. 
the applicant stated that microbial activity associated with water vapor condensation in the 
near-field rock beyond the dryout zone would not significantly affect seepage chemistry for three 
main reasons (DOE. 2009ci). First, a change from ambient to warmer temperatures in the near­
field rocks would not increase the availability of already scarce nutrients in the rock, so the 
nutrient limitation on microbial activity would persist. Second, the applicant estimated from 
modeling calculations that even for ambient conditions, the relative humidity of the densely 

2-54 

http:2.2.0901.08
http:2.1.10.01.0A
http:2.2.09.01.08


welded Topopah Spring tuff at the repository honzon is already at the upper end of conditions 
that support optimal microbial acltvity in the matrix pore spaces, as outlined in DOE Enclosure 
2, Response Number 2 (2oo9ck) As a result the applicant reasoned that an increase in 
microbial activity in the condensation zone would be limited primarily to water that condensed In 

fractures. Third, the applicant stated that for the near-field environment as a whole, any 
increased microbial actiVity in the condensation zone would be offset by reduced microbial 
activity in the dryout zone during the same penod, 

The staff reviewed the applicant's screening arguments for microbial activity during the thermal 
period in the context of the applicant's thermohydrologic models for Yucca Mountain, as 
described in SNL Section 6,1 (2008aj); site characterization data for the densely welded 
Topopah Spring tuff, described in BSe Section 72 (2004bi); Yucca Mountain field tests and 
interpretations of fracture flow and transport processes in BSe Section 7,6,3,1 (2004bi) and 
sse Section 6.2.4 (2oo6aa); and observations of increased microbial activity in fractures during 
an unsaturated zone infll ration and transport experiment at Yucca Mountain, explained in BSe 
Section 6.1.2 (2006aa).(b)(5) 

(b)(5) 

The applicant's exclUSion argument for increased microbial activity in the unsaturated zone 
during the thermal period iden the scarcity of nutrients in the rocks as one of the main 

factors limiti mjcrobia~activlty ... (~b)~(5;,c,)=====================i 
(b)(5) 

The applicant stated that despite the limited availability of nutrients, the increased availability of 
water in fractures may contribute to an increase in microbial activity in the condensation zone. 
The technical basis for the applicant's statement is supported by observations from a 
Yucca Mountain large-scale unsaturated zone field experiment, the Large Plot Test, which 
reported in BSe Section 6.1.2 (2006aa) the growth of biofilms (slime layers excreted by 
certain microbes id-water interfaces) in fractures on a wetted floor in the subsurface at 

~<::gLMountain-,-I(....;b)-,-(5-,-) ________________________ -\ 
(b)(5) 

I 

I 
I 
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The applicant also stated an increase in microbial activity in the condensation zone would be 
offset by restricted microbial activity in the d out zone so there wOLJlgb",e",--,-"no",--,-,ne~t,--,i,-,n",-"-"",,,,-,,-,-----, 
microbial activity during the t~rmal periog.t=cl:o.c .. , ___ .. __ ........ ____ _ 1(6)(5) ....... . 

,(b)(5) 

FEP 2.2.10.09.0A Thermal-chemieal Alteration of the Topopah Spring Basal Vltrophyre 

The applicant excluded Thermal-chemical Alteration of the Topopah Spring Basal Vitrophyre on 
the basis of low consequence, According to the applicant's information. the Topopah Spring 
basal vitrophyre is a glassy. densely welded tuff that forms the lowermost part of the Topopah 
Spring tuff hydrogeologic unit (SAR General Information Volume, Figure 5-30), The applicant 
used the FEP to examine the possibility that temperatures elevated by repository heating 
might cause the volcanic glass in the vltrophyre to alter to zeolites and clay minerals, 
potentially changing permeability, sorplion characteristics, and flow paths In the basal vitrophyre 
(SNL, 2008ab). 

In the screening argument, the applicant stated that although heat from the repoSitory will locally 
increase temperatures in the unsaturated zone for hundreds to several thousand years. the 
potential for any thermo-chemical alteration of the vitrophyre would be of limited spatial extent 
and of short duration compared to the previous alteration history of the Topopah Spring tuff. 
The applicant cited fluid inClusion and isotope studies of fracture mmerals in the Topopah Spring 
tuff units to support the screening argument The studies Identified that regionally elevated 
temperatures {above 80 ·e (176 OF]} occurred in the tuffs at least 10 million years ago, 
followed by gradual cooling over several million years to near-ambient conditions. Despite 
its long exposure to the elevated temperatures, the basal vitrophyre remained largely unaltered. 
The applicant reasoned that, by comparison, the relatively bnef and spatially limited 
postclosure thermal pulse from the repository will only minimally alter the Vltrophyre to 
secondary minerals, so that any effects on the sorptive or hydrologic properties of the untt would 
be of limited consequence 

Staff's Review 

The staff examined the applicant's cited modeling studies. empmcal data. and glass alteration 
rates (SNL. 2008ab) that supported the applicant's representation of the past thermal history of 
the Topopah Spring tuff units and that supported the applicant's thermal model predictions for 
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Screening of Criticality Events 

The applicant classified criticality events as FEPs and excluded all of the criticality FEPs from 
the performance assessment model (SAR Table 2,2·5; SNL, 2008ab) on the basis of low 
probability. In addition, arguments to screen out criticality as an event class were provided in 
SAR Section 2,2,14.1. The applicant's arguments for excluding criticality as FEPs (SNL, 
2008ab) or event class (SAR Section 221.4,1) are evaluated in this SER section 

The applicant's criticality evaluation consisted of a probability analysis based on initiating 
events, location, and state of degradation. The criticality analysis classified the waste forms 
by type-commercial spent nuclear fuel (CSNF), high-level waste glass, and DOE spent 
nuclear fuel (SNF}-which were further subdivided, in some cases. The criticality FEPs 
listed in SNL (2008ab) encompass FEPs 2.1.14, 15,OA through 2.1 14.26.0A and 2,214090A 
through 2,2.14.12.DA. 

The NRC staff reviewed the information provided in the application, including the cited 
references, andlib )(5) .-----

i(b)(5) 

Moderator Intrusion 

In its criticality analysis, the applicant considered various reactiVity control mechanisms within a 
waste package to ensure that all probable configurations remain subcritical. The applicant 
assumed that failed waste packages would be flooded (SNL, 2008al), so that the probability of 
criticality would be overestimated, The applicant conservatively assumed that enough water is 
available to act as a neutron moderator In the criticality calculations whenever any breach of the 
package is calculated-even for cracks on the waste package too smail to permit liquid 
infiltration. No credit is taken for only partial filhng of the waste package, nor for the drip 
shield's diversion of liquid from the package (DOE, 2oo9bx). In the nominal modeling case, 
DOE estimates that the waste packages would not be breached in 10,000 years (e.g., SAR 
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Figure 2.1-10). However, other modeling cases (early failure, seismic ground motion, seismic 
fault displacement, and Igneous intruSIon) account for failure of the waste package within 
10.000 years (ag., SAR Figure 2.4-18). Unbreached waste packages do not allow ingress of 
water (neutron moderator) and thus do not pose a criticality concern. Thus, criticality events 
could only occur within 10,000 years for the early faiture and seismic scenarios 

NRC Review 

(b)(5) 

(b)(5) I The staff reviewed documents with analyses supporting screening 
arguments for excluding criticality events from the performance assessment analysis (SNl, 
2008aa,ab,ad,ae,al) and supplemental analyses (DOE. 2009ai,aJ,al,bv,co). DOE assumed that 
given a postulated breach of the spent fuel no matter how smal a breach. the waste 
package would fill with enough water to sup .,-"-,"="L-'~,-t:::hce=_=.: .. =:.:::==.:.:= .... ,,.:....=:.::::.....:.=o:::.-=-:c::.:...---, 

factor for criticali! 

(b)(5) The staff reviewed the conditions the applicant as necessary 
or In-package critica Ity, as well as the methodology used to identify these conditions. The total 

probability of criticality is dependent on the probability to attain those necessary conditions 
(e.g .• waste package failure, moderator intrusion, configuration changes, package/absorber 
degradation. and fuel characterization). The applicant stated that a Criticality event was possible 
only after a waste package breach and under the follOWing conditions: (i) aCcidentally loading a 
fuel assembly with higher reactivity than permissible into the waste package (a mistake red 

r'load~ (;0) maouf."u';"" "rro" '",uHI"" '" ml.sI"Q "aut,O" .bsQrt,<, m,1l! lib" 

For the classified naval SNF postclosure criticality analysis, the applicant relIed on the low 
probability of breach of a U.S. Navy canister to exclude criticality events for the naval canIsters. 
The applicant analyzed breached waste packages with naval SNF that were fully flooded with 
water. The analysis credIted the deSIgn of the naval canister Internals with preventing the 
rearrangement of the fuel into a more reactive configuration than the design basis configuration Rbi(5) ... .. 

I 
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i(bl(Sl'; JThe applicant determined that a breach of a U.S. Navy 
canister In 10.000 years was un i ely. Nonetheless, the applicant modeled a fully flooded 
U.S. Na canister con uration with the most reactive geometric rearrangement physically 
possibl (b )(5) 
(b)(5) 

Degraded Fuel Conditlons 

The applicant's design basis configuration model incorporates some rearrangement and 
degradation of fuel and neutron absorbers to overestimate the probability of a criticality event 
The applicant conduded that under such configurations, a cnticality event could occur only if the 
waste package was misloaded or if a manufactunng error resulted in missing neutron 
absorbers, as identified in FEP 2.1 14 150A (SNL, 2008ab). The NRC staff discusses these 
two events: misloaded fuel assemblies and missing neutron absorbers In the following sections. 

Misloaded Fuel 

The applicant developed loading curves for CSNF using SNL Figures 6-32 and 6-33 (2oo8aa) 
and SAR Figures 2.2-7 and 2.2-8 to define "acceptable" and "underbumf assemblies that could 
be loaded Into waste packages based on minimum bumup, as a function of initial fuel assembly 
enrichment. The applicant considered assemblies above the loading curve acceptable, while 
those below the loading curve were considered underburnt, in the sense that a canister filled 
with underburnt assemblies could become critical (exceed the ctiticallimit as shown in SAR 
Table 2.2-11) if flooded without additional criticality control mechanisms. These underburnt 
assemblies comprise the potential misload inventory. The applicant stated that the underburnt 
assemblies would have to be loaded into canisters with additional rea ntrol mechanisms 
and further analyzed to ensure sUbc:riticality (SAR Section 2? 1.411. "")c--------I 

l(b)(S) 

'-----~.------------- ---------- -----"----~ 

The waste package configuration used to compute the loading curves was selected to bound 
degraded configurations that were not explicjtly evaluated in the screening argument [e.g., the 
conversion of U02 into schoeplte, as described in SNL Sections 6.1.3 and 6.2.5 (2008aa)). The 
applicant conSidered it safe (i.e., criticality events are not expected) to load canisters with spent 
fuel Whose burnup exceeds the minimum burnup defined by the loading curve for the initial 
enrichment of the fuel. The applicant implemented these bounding analyses to provide 
confidence that waste package configurations not explicjtly analyzed are less reactive than 
those that were analyzed and used to generate the loading curve. 

The applicant defined a misload as the process of loading, by mistake, a fuel assembly into a 
canister without enough criticality prevention controls for that fuel assembly (specifically for 
CSNF, when an assembly from the misload inventory is loaded Into a canister). The applicant 
assumed that a misload may cause a criticality event if the mlsloaded assembly is significantly 
more reactive than accounted for in the waste package deSign. The applicant assumed 
misloads result from operator error and used representative human reliability data and prototype 
loading procedures to estimate the probability of misloads, because actual data and procedures 
are not available (DOE, 2003aa). 
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The applicant assumed that misloads will not occur for DOE SNF, because the physical 
differences in fuel types allow operators to easily distinguish spent fuel types and in some cases 
physically prevent misloads [SNl. 200Bab; FEP 2114150A, In-package Criticality (Intact 
Configuration)]. The applicant did not consider misleading naval SNF feasible, because naval 
SNF has already been loaded offsile according 10 well-defined quality assurance procedures. 
which apply to relatively tew canisters. A CSNF misload would occur if an underbumed 
assembly is loaded; however, a criticality event would only be possible if the other assemblies 
were not bumed enough to compensate for the underburned assembly. 

Staff Review 

The NRC staff reviewed the applicant's determination of , the misload probability. The applicant 
modeled all the misloads as random human error in the selection of fuel assemblies to be 
loaded, because human error is the dominant cause of misloads This calculation resulted in a 
combined misload probability of 1,18 x 10·~ per canister. This is the probability that the 
operator will misload a single assembly into a canister. 

,In DOE Enclosure 13. Response Number 22 (2009aJ), the 
'-ca"'p""p"'lC;;:ca""n""'s""u""p~pr;;e""m'""e'""no;e=-=e-;;a=i.nalysls by performing a sensitivity study that assumed a cnllcality 
event resulted whenever a misload occurrjtd, ThiS analysis computed anoverall pr9bability of 
criticality of 5.76 x 10-5 in 10,000 yearsITb)(5) 

l(b)(5) ----------------\ 

Neutron Absorbers 

To model the effects of missing neutron absorbers, the applicant reduced the amount of 
absorber in the models. It assumed that loss of absorber resuHs from manufacturing error or 
corrosion of neutron absorber materials. For the corrosion of the absorber plates in the 
transportation, aging. and disposal (TAD) canister, the applicant assumed that after 
10,000 years, 6 mm [0.24 in] out of the initial 11 mm [0.43 in] of borated stainless steel would 
remain in place. In response to the staffs RAls on use of average corrosion values In DOE 
Enclosure 1. Response Number 5, and Enclosure 2. Response Number 6 (2009bv) and in SAR 
Section 1.5.1.1.1.222, the applicant Indicated that the 5 mm [0.2 In] matenal thinning was 
based on a borated stainless steel corrosion rate of 250 nmlyr [0 01 mlJ/yrj. ThiS corrosion rate 
is about nine times the average corrosion rate on 304B4 borated stainless steel lister, et al. 
(2007aa) measured. lister, et at (2007aa) measured the corrosion rate at 6O·C [140 OF] 
in an aerated simulated in-package solution and determined an average value of 27 nm/yr 
(0.001 mHlyr) with a standard deviation of 10.1 nm/yr [4>< 10-4 millyr). Although some boron 
would remain in the steel as separate chromium boride particles left behind as Insoluble 
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products during corrosion, this remaining boron was not credited in the applicant's criticality 
models, In its criticality models with SCALE and MCNP, the applicant modeled 75 percent of 
the boron that exists in the stainless steel as per the guidance in NUREG-1567 (NRC, 2000ab), 

The applicant assumed that if a manufactUring error resulted in neutron absorbers not being 
installed or too little absorber material being installed, a criticality event could occur. The 
applicant used a surrogate analysis to model the probability of this error occurring as the 
probability of a material selection error multiplied by the probability that an independent 
inspection does not detect it to derive a mean value of 1.25 ,,10 per canister. The applicant 
considered representative reliability data and prototype manufactunng procedures to develop an 
overestimate of the probability of misloading the neutron absorber plates, 

The naval waste packages use hafnlum-a strong thermal neutron absorber that IS extremely 
corrosion resistant-as a neutron absorber. For the absorbers considered In the DOE SNF 
canisters, the applicant evaluated the solubility, retention, and distnbution of the neutron 
absorbers in DOE Endosure 5, Response Number 8 (2009cb). The applicant has not yet 
completed the design of the neutron-absorbing shot that will be added to some waste forms 
(waste forms the applicant referred to as DOE 1, DOE5, and DOE8) The applicant stated In 
DOE Endosure 5, Response Number 8 (2oo9cb) that due to its high corrosion resistance, 
GdPO. is the most likely form of neutron absorber. 

Staff Review 

The information in Fix, et aL (2004aa), BSe Tables 6-4 and 6- (2 ae , an 
'---?<TIT-"""""""-a:::m::rr::looicated that the corrosion rates of borated stainless steels were higher than for 

unborated 304 and 316 stainless steels. BSC (2004ae) also Indicated that the corrosion rate of 
borated 304 stainless steel with 1.5 percent boron was about 14 times higher than that with 
03 percent boron In boiling freshwater. The corrosion rates of borated stainless steel ranged 
from tens of nanometers per year (Lister, et aI, 2oo7aa) to tens of micrometers per year In 
BSC Table 6-7 (2004ae), depending on simulated environmental condItions, 
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(b)(5) 

(b)(5) 

In the probability of criticality analysis for the CSNF, the applicant accounted for the change in 
reactivity caused by changes in fuel composition that resulted from irradiation in a reactor and 
radioactive decay. This is referred to as burnup credit To compute the change in reactivity, the 
applicant modeled CSNF fuel as being composed of 29 pnncipallsotopes (SAR Table 2.2-9) 
conSidered to be the most relevant and concluded in DOE Section 6 (2004ab) that increasing 
the burnup of CSNF decreases its reactivity. The applicant used reactor records to determine 
the burnup of the fuel (SAR Section 2.21.4.1 1.41) and a computer model to generate the 
isotopic composition for a given burnup and enrichment The applicant accounted for the 
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uncertainties in the reactor records by using a burnup that is 5 percent less than reported This 
adjustment bounded the highest reactor record uncertainty identified in AREVA 2004, which 
was 4.2%. This uncertainty is the difference between the calculated and measured values of 
bumup to determine the uncertainty in the reactor records. Measured bumup was determined 
with calibrated in-core instrumentation. Calculated bumup was determined using analytic 
methods of the reactor core power distribution. Uncertainties in the isotopic composition were 
accounted for by using modeling parameters that would conservatively overestimate the chance 
of criticality (SAR Section 2,2.14.1.1,2.4.1). Burnup credit for CSNF assemblies was limited to 
50 GWd/MTU (DOE. 2009bx), The applicant used a decay time for the isotopic composition of 
5 years to bound the increase in reactivity caused by Pu-240 decay. The applicant attempted to 
validate the isotopic model by comparing the results of the model to the results of radiochemical 
assays that measured the amount of some or all of the prinCipal isotopes in small samples of 
CSNF (DOE. 2004ab). 

Staff Review 

The NRC sta~viewed the applicant'siJse and iLlstifi~flQl!)oJlt!:l.9. water reactor (BWR)_~ 

rT,'"CI1Id"'(b)(5) - -~--~ I 

I 

l(b)(S) 

l(b)(5) 

I 
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Criticality Code Validation 

An important aspect in assessing criticality code validation IS the applicability of the selected 
benchmark experiments. which must be similar in form and composition to the systems to be 
evaluated. The applicant described the benchmarks used for the criticality code validation, and 
determination of the lower bound tolerance limits for CSNF and DOE SNF, in DOE (2004aa) 
and Radulescu, et al (2oo7aa). The applicant included in the criticality model document (DOE, 
2004aa) analyses for the various types of commercial and DOE SNF. The applicant updated its 
validation methodology and benchmarks for CSNF in Radulescu, et a!. (2oo7aa), during which 
several benchmarks used in the criticality model were excluded because they were no longer 
considered applicable. The applicant has not yet updated the benchmark selection and 
validation for DOE SNF with the new methodology used in Radulescu, et al. (2007aa). 

Staff Review 

(b)(5) 

!(b)(5) : The applicant considered code 
validation and conservatism In mOdeling parameters when as!;essing the proposed margin~~ 
subcriticafity of zero. (b )(5) . 

l(b)(S) 
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l(b)(5) 

In DOEEnclosure 15 (Question Number 35), Table 1 (2oo9aJ) and the related dlscussiiSiT, the 
applicant showed that, withthe exception of some fuel in DOE SNF Group 3, the DOE SNF has 
at least a mar in of 0.02, (b)(5) " 

(b)(5) 

Staffs Findings 

(b)(5) 

The NRC staff 
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(b)(5) 

2.2.1.2.1.3.3 Technical Review for Fonnatlon of Scenario Classes 

Summary of the DOE License Application on Fonnation of Scenario Classes 

The applicant described the approach to the definition of event class and scenario class 
formation in SAR Section 2.2.1.3. The applicant Cited 10 CFR 63102(J) as a basis to define an 
event class as consisting of aU pOSSible inibatlng events that are caused by a common natural 
process. The applicant extended the definition to allow event classes to represent the 
aggregation of initiating events with a common characteristic. either natural or man-made. 
The applicant stated that the objective of scenario class development is to define a limited set of 
scenario classes that could be analyzed qualitatively while still covering the range of possible 
future states of the repository system (SAR Section 22.1.3, p. 22-22), and that the 
implemented classification aHowed for workable consequence analyses. 

SAR Section 2.2.1.3.1 presented the scenario class formation for the computations to 
address compliance with (i) the individual protection standard after permanent closure and 
(ii) separate standards for protecting the ground water. On the basis of the probabilities in 
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SAR SectIon 2.2.2 (which were evaluated in the SER Section 22.1.2.2), the applicant retained 
the following events--seismic, igneous, and earty waste package and drip shield failure-and 
developed general scenario classes from these retained events. The applicant defined the 
nominal scenario as the scenario that does not include any of these events, but that accounts 
for all other included FEPs. The applicant stated that the broad event classes (seismic, 
igneous, and early waste package and drip shield failure) are independent but not mutually 
exclusive. To define mutually exclusive classes that encompass a complete span of possible 
future states of the repOSitory system, the applicant considered a total of eight independent 
combinations from the three events and the nominal scenario, and summarized those 
combinations in the diagram in SAR Figure 22-3. The applicant conCluded that these eight 
scenario class combinations cover all of the possibilities of damaging events or processes that 
could affect a waste package during the timeframe of the analysis (e.g., a waste package could 
be damaged by both an early failure event and a seismiC event). The applicant did not 
explicitly implement these eight mutually exclusive scenario classes and their probabilities for 
the computation of aggregated consequence estimates. The applicant introduced 
simplifications (SAR Section 2.4.2.1) and derived consequence estimates on the baSIS of the 
three broad scenario classes (seismiC, igneous, and early waste package and drip shield 
failure), the nominal scenario class, and their probabilities. 

The applicant discussed scenario class formation for the hUman protection standard in SAR 
Section 2.2.1.3.2 and referred to 10 CFR 63.322 to define assumptions to support the 
development of the scenario. 

Staff Evaluation of Fonnation of Scenario Classes 

The staff evaluated the formation of scenano classes for performance assessments to 
demonstrate compliance with the IndiVidual protection standard and separate standards for 
protection of ground water by e'{~tIJJ.ftV!bethC?rJ~ej' covC?rJh~ full range 9LpotenJiai f':lt.lJre 
states of the rePOsitory~E;m.i(b)(5). J l(b)(5) --... --...... ---..... ---~ .... - .. __ ..... , 

I 

(b)(S) 
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(b)(5) 

With respect to the scenario class formation for human intrusion, DOE referred to 
10 CFR 63.322 to define assumptions for the analysis to demonstrate CQmpllance wIth 
iIJclividual protection standards for human intrusion (10 CFR 63321) l(b)(5) 

(b)(5) 

Evaluation Findings 

(b)(5) 

2.2.1.2.1.3.4 Screening of Scenario Classes 

Summary of the DOE License Application on Screening of Scenario Classes 

In SAR Section 2.2.1.4, DOE described step 4 (screening for scenario classes) of the scenario 
analysis (SAR Section 2.2,1). DOE provided lustifications for excludlOg scenario classes from 
the perfonmance assessment analyses on the basis of probability or consistency with the 
regulations (10 CFR 63,311, 10 CFR 63.321, and 10 CFR 63,331). 

The applicant included the following four scenario classes for the performance assessment to 
demonstrate compliance with the individual protection standard (10 CFR 63,311): nominal, early 
failure, seismic, and igneous scenario classes, The applicant asserted that all of these scenario 
classes have a probability greater than 10-~ in 10,000 years 

For the perfonmance assessment to demonstrate compliance with separate ground water 
protection standards (10 CFR 63.311), the applicant excluded the Igneous scenario class on the 
basis that its probability is less than 0.1 in 10,000 years, 

The applicant eXCluded the human intrusion scenario class from the performance assessments 
to demonstrate compliance with individual protection and separate ground water protection 
standards on the basis that it is explicitly ruled out by the regulation 

Staff Evaluation of Screening of Scenario Classes 

DOE screened scenario classes on the baSIS of probability, consequences, or consistency 
with regulations. Accordingly, the staffs review of the applicant's exclUSion of scenarios classes 
on the basis of low probability used the results of the staffs evaluation documented in SER 
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Section 2,2,1.22, In addition, the staff reviewed whether the scenario classes that DOE ruled 
out by regulation were identified and justified, 

In SAR Section 2,2,1.3 DOE defined scenano classes referred to as nominal, early failure, 
seismic, igneous scenario. and human intrusion, which were used as the startin point for the 
screening of scenario classes, As described in SER Section22121,33, (b)(5) -(b)(5) ""'-~~-~'" -~~--,-~~--~''''- -,,~ ,,-""'-- ~ ~--, 

I 

In SAR Section 2,2,1.3,1, DOE stated that. on the baSIS of probabilities described in SAR 
Section 2,2.2, seismic, igneous, and early waste package and drip shield failure were retained 
in the formation of scenario classes used in the performance assessments. The staff reviewed 
the DOE basis for estimating these ev~nt robabilities in SER Section 2.2.1.2.2,3 (b)(5) 

!(b)(5) 

DOE included the nominal, early failure, seismic, and Igneous scenarios in the performance 
assessment to demonstrate compliance With individual protection standards. The h ::;8"-n ___ ,,, 

) ----~---~ 

DOE included the nominal, early failure, and seismic scenarios in the performance assessment 
to demonstrate compliance with separat~round water protection standards and excluded the 
i neous and human intrusion scena.:..:,rio",s""J",(b:!.,H>.::5!,..) ---"7"-':-;:-==-:;;::-;;::-;;;-;=-=- _-=--,--_---, __ ...J 

(b)(5) iln 10 CFR 63342(b), unlikely events are 
an 1 in 100,000 per year of occurring 

On the basis of the staff's evaluation 

(b)(5) 

! 

I 
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For compliance with individual protection standards (10 CFR 63.311), DOE included nominal, 
early f<:lilure, seismic, and igneous scenario classes from the performance assessment, and the 
staflfi{b3ISI_] 
l(b)(5) 

l(b)(5) I For 
compliance with the separate standards for ground water protection (10 CFR 63.331), DOE 
excluded the Igneous scenario class from the performance assessment model, and the staff 

l(b)(5) ... . ..... 

(bj(5) I For compliance with 10 CFR 63.311 and 63,331, DOE 
excluded the human intrusion scenario from the performance assessments, and the staff 

rrb){5) mm 

J 
2.2.1.2.1.4 Evaluation Findings 

(b)(5) 
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CHAPTER 3 

2.2.1.2.2 Identification of Events With Probabilities Greater 
Than 10-8 Per Year 

2.2.1.2.2.1 Introduction 

This chapter evaluates the U.S. Department of Energy's (DOE) information on event probability 
used in its performance assessments evaluations. The U.S. Nuclear Regulatory Commission 
(NRC) staff's evaluation is based on information provided in the Safety Analysis Report (SAR) 
(DOE. 2008ab). as supplemented by the DOE responses to the staff's requests for additional 
information (RAls) (DOE, 2009aa-ad,aq,bd). 

A performance assessment is a systematic analysis that answers the following triplet risk 
questions: What can happen? How likely is it to happen? What are the consequences? 
Scenario analYSIS answers the first question What can happen? The staff's evaluation of the 
DOE scenario analYSIS is documented in its Safety Evaluation Report (SER) Section 2.2.1.21. 
One result from the scenario analysis is the identification of the events to be included In the 
performance assessment calculation used to demonstrate compliance with the postclosure 
performance objectives. This chapter addresses the second question How likely is It that 
these events will happen? 

A performance assessment evaluation that IS 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 years of occurring. To address this requirement, 
DOE identified and described those events that exceeded this probability threShold 
Performance assessments are also used to demonstrate compliance with the hUman intrusion 
and groundwater protection standards. These performance assessments have different 
considerations for event probabilities than those required for the individual protection standard. 
The DOE approach for quantifying the event probabilities and the technical baSIS for 
determining the probability estimates assigned to each event type are addressed in this chapter. 

2.2.1.2.2.2 Regulatory Requirements 

A performance assessment evaluation is required. per 10 CFR 63.113. to demonstrate 
compliance with the postclosure individual protecIJon standard, human intrusion standard, and 
the groundwater protection standard. 10 CFR 63.114, 63.303, 63.305, 63.312. and 63.342 
Identify the regUlatory standards. For demonstrating compliance with the human intrusion 
standard (10 CFR 63.321 and 63222), the requirements for the performance assessment are 
stipulated in 10 CFR 63.114,63.303,63.305.63312. and 63.342. The reqUIrements for the 
performance assessment used for demonstrating compliance with the groundwater protection 
standard limit (10 CFR 63.331) are Identified in 10 eFR 63.114, 63.303, 63.332, and 63 342 

This chapter of the SER documents the staff's review and findings on whether DOE complied 
with the requirements of 10 CFR 63.114(a)(4} and 63.114(b). 10 CFR 63.114(a)(4} states, 
'consider only features, events, and processes (FEPs) consistent with the limits on performance 
assessment specified at 10 CFR 63.342.' 10 CFR 63.342(a) requires that a performance 
assessment used to show compliance with 10 CFR 63.311(a)(1), 10 CFR 63.321 (b}(1), and 
10 CFR 63.331 not consider very unlikely events (I.e., those that are estimated to have a less 
than 1 chance in 100 million per year of occurring). Further, 10 CFR 63342(b} establishes that 
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compliance with 10 CFR 63.321(b)(1} and 10 CFR 63,331 shall exclude unlikely events 
(i.e., those events that are estimated to have an annual probability of occurnng between 1 in 
100,000 and 1 in 100 million). 10 CFR 63.114(b) stipulates that the performance assessment 
methods used to satisfy the requirements of 10 CFR 63114(a) are considered sufficient for the 
performance assessment for the period of time after 10,000 years and through the period of 
geologic stability. 

The NRC staff has followed the review guidance provided in the Yucca Mountain Review Plan 
(YMRP) (NRC, 2003aa). YMRP Section 22.1.2.2 identifies the follOWing five criteria that the 
staff may consider in Its evaluation: 

1. Events are adequately defined. 
2. Probability estimates for future events are supported by appropnate technical bases. 
3. Probability model support is adequate, 
4. Probability model parameters have been adequately established. 
5. Uncertainty in event probability is adequately evaluated. 

Additionally, YMRP Section 2.2.1 provides guidance to the staff on an acceptable process to 
apply risk information in its review of the DOE licensing application Following the YMRP 
guidance, the staff considered DOE's risk information (derived from DOE's treatment of mulliple 
barriers) and risk insights that are identified in SAR Section 2422 1.2 The level of detail of 
the staff's review on particular parts of the application is based on the risk Insights DOE 
developed and independent staff assessments, as appropriate Accordingly, the staff used a 
graded approach in its review per the guidance Identified In YMRP Section 2.2.1.2.2. 

2,2.1.2.2.3 Technical Review 

In SAR Section 2,2,2, DOE considered events for inclusion into the pastclosure performance 
assessments. Inillal considerations included five event types igneous events, seismic events, 
early failure events, criticality events, and human intrusion events. As described in SER 
Section 2,2.1.2.1, DOE screened out the individual criticality FEPs and DOE determined that 
the probability of the nuclear criticality avent class has lass than 1 chance in 100 million per year 
of occurring. 

As described in SAR Section 2.2.2, DOE analyzed the human intrUSion event in Its performance 
assessment evaluation to demonstrate compliance with 10 CFR 63.321, consistent with the 
regulatory requirements of 10 CFR 63.322. 10 CFR 63.102(1) does not specify a probability for 
the human intrusion event, but requires a separate analysis subject to the specifiC requirements 
of 10 CFR 63.321,63.322. and 63.342. Because no probability value is required, the YMRP 
Acceptance Criteria 2 through 5 are not applicable. DOE defined the human intrusion event In 
SAR Section 2.2.2.41 and in SAR Table 2.2-6. 

The staff reviewed the DOE's definition of the human IntrUSion event to determl whether the 
event definition is unambiguous and consistent with the regulatory reqUireme r.cb):7.(S;;';:)=:':"'-::':'::""---' 

(b)(S) -- ,--~- .. --.-- ....... , .. , 

;.:..(b...:.)('-.S.:...) _-;-;---;---:---::-_::--=--' DOE also incorporated, as part of the technical basis and 
approach for including the . the regulatory requirement (10 CFR 63.321) for determining the 
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DOE retained igneous activity, seismic activity, and early failure events in its performance 
assessment evaluation to demonstrate compliance with the individual protection standard at 
10 CFR 63.311. The staffs evaluations of DOE information for igneous events, seismic events, 
and early failure events are documented in SER Sections 2.2.1.2.2.3.1. 2.2.1.22.32. and 
2.2.1.2.2.3.3, respectively. 

2.2.1.2.2.3.1 Technical Review for Igneous Event Probabilities 

This section presents the staffs evaluation of information DOE presented to estimate 
the probability of future igneous events. The staff reviewed SAR Sections 2.1 and 2.4; 
SAR Sections 1.1.6, 222.2, and 23.11; and material provided in response to NRC staff's 
RAI (DOE, 2oo9aa) and the references Cited therein. The DOE's description of past igneous 
activity in the Yucca Mountain region (SAR Sections 1.1.6 and 2.3.11) and the overall approach 
for treatment of igneous events in the license application are summarized next. 

DOE indicated that periods of igneous activity have resulted In the eruption of basalt magmas 
in the Yucca Mountain region during the last 11 million years and identified that the risk to 
the repository from future igneous activity could come from rising basalt magmas. The age 
and location of basaltic rocks that formed during at least six volcanic events in the last 
5 million years, within approximately 50 km [31. 1 mil of the repository, are provided in SAR 
Figure 1.1-152. In presenting information on the location of volcanism in the Yucca Mountain 
region, DOE described the geologic and geophysical techniques it used to characterize past 
activities. DOE indicated that basalts in the Yucca Mountain region appear to be products of 
partial melting of lower lithospheric mantle material, but acknowledged that there is a poor 
understanding of the exact mechanism of mantle melting. DOE characterized the basaltic 
volcanism in the Crater Flat volcanic field, which is in close prOXimity to Yucca Mountain. as 
having a relatively long lifetime with a small volume of erupted material (SAR Section 1.1.6.1.1). 

DOE included igneous events within the igneous event scenario class (SAR Section 2.2.1.3.1). 
The DOE's Total System Performance Assessment (TSPA) evaluatton divides the Igneous 
event scenario class into separate modeling cases for intrusive events and extrusive events 
(SAR Section 24.12.3). Intrusive events involve the rise of molten rock (i.e., magma) from 
deep In the Earth with the magma Intersecting the repository dnfts (tunnels). DOE made the 
assumption that if magma flows into drifts, it damages the barrier capabilities of the drip shields 
and waste packages and allows subsequent radionuclide release through the hydrologic (water) 
transport pathway (SAR Section 2 3.11.3) The applicant viewed extrusive events as an 
extension of intrusive events: after the magma has entered a repOSitory drift and reached the 
surface, a conduit may develop from which most of the magma erupts, producing a volcano. Of 
the intrusive igneous events that intersect the repository footprint, DOE only considered a 
subset of these events to develop a conduit within the repository and form a volcano at the 
surface. DOE further assumed that only in some cases will waste packages be intersected by 
this conduit and release their contents into the rising magma. The magma and incorporated 
waste is then explosively erupted (expelled) from the surface volcano and transported by 
airborne dispersion for some distance downwind of the vent (SAR Section 2.3.11.4). Thus, the 
probabilities of intrusive and extrusive (volcanic eruptive) igneous events that may disperse 
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waste and radfonuclides into the environmen~ either in the subsurface or via atmospheric 
transport, are different (SAR Section 2.4 123), To assess the probability of a future igneous 
event intersecting the repository, DOE conducted a probabilistic volcanic hazard assessment 
(PVHA) using an elicitation process conSisting of recognized experts (SAR Section 5,4), 

Risk Perspective 

If an igneous event occurred at the proposed repository, the Igneous Intrusion modeling case 
would constitute most of the calculated dose for the first 1,000 years following closure, as 
shown in SAR Figure 2,4-18(a), and is approximately half the calculated dose for the seismic 
ground motion modeling case in the ensumg 9,000 years, For the first 10,000 years, SAR 
Figure 2.4-18(a) indicated that the mean annual dose from igneous intrusion for the first 
10,000 years after permanent closure is at least approximately 100 times lower than the dose 
limit Moreover, DOE mdlcated that for the post-10,000-year period, the igneous intrusion 
modeling case and seismic ground motion modeling case prOVide approximately equal 
contributions to the total mean annual dose to the reasonably maximally exposed individual for 
the last 300,000 years of the time penod, and that each modeling case is about 100 times lower 
than the dose limit This statement (in SAR Section 2,1) is supported by the results presented 
in SAR Figure 2.4-18(b) 

In SAR Section 2.4.2,2,1,2,3, DOE provided the probability-weighted consequences of 
igneous activity (intrusive and extrusive) using the probability distribution from the PVHA 
DOE identified that the probability-weighted igneous intrusive dose is estimated to be less 
than 0,1 mrem for the 10,000-year penod and less than 0,5 mrem for the post-1 O,OOO-year time 
period (SAR Section 2.4.2,2,1,2,3,1), The DOE estimates for probability-weighted igneous 
extrusive (volcanic eruptive) dose are about 10 4 mrem for the 10,000-year penod and less than 
6 " 10 5 mrem for the post-10,000-YE:lar time period (SAR Section 2.4.2 2.1232)lIbi{5Y~~··· •. ~ 

l(b)(5) "m m __ .••••. i 

~(5) I For igneous intrUSive events, DOE 
assumed that all waste packages will fail (approximate y 11,000), whereas for an Igneous 
extrusive event, DOE estimated only a few waste packages «10) will result in radlonucllde 
release (SAR Section 2,3.114.2.1). 

Summary of the DOE License Application on Igneous Event Probability 

DOE evaluated the risk of future igneous actiVity, in part, by considering the probability that a 
future igneous event could intersect the repOSitory To quantify the probability of future Igneous 
activity at the proposed Yucca Mountain repository, DOE conducted an expert elicitation 
review (PVHA) (CRWMS M&O, 1996aa). This expert elicitation review resulted in a 
quantification of the mean annual probability, and its associated uncertainty distribution, 
of intersection of the repository by a future basaltic dike (an igneous intrUSion) and its 
associated uncertainty distribution 

In SAR Sections 2,2.2.2.1-22225, DOE described the probability of a future Igneous event 
intersecting the repository, the technical basis for the probability estimate, the probability model 
support including alternative estimates of the intersection probability, the probability model 
parameters, and the uncertainties associated with tile probability estimate, respectively 

Subsequent to the PVHA, DOE conducted an aeromagnetic survey and dnlling program to 
increase confidence In site characterization results related to Igneous activity. As descnbed in 
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SER Section 2.5.4, DOE updated the PVHA (CRWMS M&O, 1996aa) in a study known as 
probabilistic volcanic hazard assessment·update (PVHA·U) (SNL, 2008ah). In SAR Section 
5.4.1 (DOE, 2009av). DOE stated that the PVHA·U was conducted in a manner that is 
consistent with NUREG-1563 (NRC, 1996aa) and past practices, The average annual 
probability for an intrusive igneous event calculated in the PVHA-U is approximately twice as 
high as calculated in the original PVHA (Boyle, 2oo8aa). DOE stated that the difference 
between these two event probability distributions would not significantly affect the estimates of 
repository performance over either 10,000 years or 1 million years, and in SAR Section 5.4.1, 
DOE further stated that the PVHA·U results are confirmatory of the original PVHA technical 
basis (DOE, 2oo9av: also see Boyle, 2008aa). 

Staff Evaluation of Igneous Event Probability 

The staff reviewed DOE's igneous event probability in SAR Sections 2.2.2.2.2, 2.2.2.2.4, and 
2.2.2.2.5. l(b}(5}~---"-"----"'-"-"'~--~-- ._. -'---"---, FS-)-" 

Event Definition 

In SAR Section 2.2.2.2.1.1, DOE stated that the output of the PVHA is the annual frequency 
of intersection of the proposed repository by an Intrusive basaltic dike [CRWMS M&O. 
Section 4.2, Figure 4·32 (1996aa}]. The PVHA expert elicitation program computed the 
mean annual probability of intersection of the proposed repository by an igneous basaltic dike 
as 1.5" 10 8 per year (CRWMS M&O, 1996aa). The PVHA results increased only slightly when 
these probability estimates were recalculated to reflect postelicitation changes to the size, 
shape, and location of the proposed repository footprint (BSC. 2004ar); the recalculated mean 
annual probability from PVHA thus became 1.7 " 10 6 per year (SAR Section 2.22.1.2). In the 
TSPA. DOE sampled a distribution of probability values for the likelihood of Intrusive intersection 
with a mean value of 1.7 )( 10 $ per year and computed the 5th and 95th percentlles of the 
uncertainty distribution at 7.4 l( 10'0 and 
5.5)( 10 8

, respectively 

DOE also calculated the proportion of the intersections that include development of a conduit 
(ie, an eruption through the repository). It incorporated Information from the PVHA and model 
calculations that are supported by information obtained from studies of analog volcanoes with 
exposed intrusive rocks from depths of 200-300 m [656-984 ttl (SNL. 2007ae) DOE 
subsequently calculated that 28 percent of Intrusive events would develop a volcaniC conduit 
within the repository footprint (SAR Sections 2.2.2.2.1.3 and 2 311.421) This fraction was 
determined by conSidering that a conduit can foml at any location on a dike that intersects 
the repOSitory and thus may not necessanly form Within the footpnnt and by conSidering 
several other factors (SER SectIOn 2.3.11.4.2.1 3) This conditional probability IS for a 
conduit that develops within the repository. DOE then applied a second conditional probability 
of 0.29 (SAR Section 2 3.11.4.2.1) to represent the fraction of conduits that may Intersect a 
drift containing waste packages and eject the waste contents through a volcaniC vent 
(SAR Section 2.311.4.2.1) 
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Some PVHA panel members (CRWMS M&O, 1996aa) used event definitions for igneous events 
that included characteristics of both intrusive and extrusive events. For example. recurrence 
rates for intrusive events often were determined by interpreting the number of volcanic vents 
associated with a single event However. the dike lengths used to represent these recurrence 
rates in probability models were independent of the relevant vent counts. See, for example. the 
discussion by McBimey in CRWMS M&O Appendix E (1996aa) that gave 90 percent weight to 
the 12-km [7.S-miJ-long chain of Quaternary Crater Flat volcanoes as representing a single 
event, but gave 90 percent weight that the dike supporting this event is less than 5 km [3.1 mil 
{the dike must be at least 12 km [7.5 mil long to feed the chain of VOlcanoes}. These 
inconsistencies in event definitions were resolved in the PVHA-U (SNL, 2008ah). which used 
consistent definitions for intrusive and extrusive (volcanic) igneous event probabilities 

The probability of an intrusive disruption of the repository differed between PVHA and PVHA-U 
by a factor of 1.8 (1.7'" 10-6 versus 3.1 " 10-6 per year. respectively). The event definition for 
the extrusive (volcaniC) case in PVHA-U was the formation of a conduit within the repository 
that would support an (explosive) eruption column; thus it was different and more speCific 
than the PVHA conditional probability of a conduit forming. The probability of an eruptive 
conduit event developing within the repository differed between PVHA and PVHA·U by a factor 
of 2.5 (4.8" 10-9 versus 1.2 '" 10-8 per year. respectively). However, the two values are not 
directly comparable for the reason stated prevlcllJsly (Boyle, 2008aa).I(b)(5)'--______ _ 

(b)(5) 

Probability Model Support 

In describing the geologiC basis for the PVHA (SAR Section 2 222.3.1). DOE indicated that the 
PVHA combined multiple alternative conceptual models Into a smgle dIstribution that captured 
the uncertainty in the expert panel's conceptual models for the physical behavior of volcanism in 
the Yucca Mountain region. DOE also stated that for regional volcanism, no single conceptual 
model is appropriate because the underlying physical processes that control the precise timmg 
and location of volcanic events within a particular region remain uncertain (BSC, 2004af) To 
support the PVHA, DOE provided its elicitation panel with a variety of published information on 
igneous features. tectonics, and geophysical characteristics of the Yucca Mountain region 
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(see CRWMS M&O, 1996aa). The PVHA panel concluded that basaltic volcanism in the 
Yucca Mountain region resulted from complex interactions in the lithospheric mantle that 
produced episodes of small-volume basaltic magma. Secause these mantle processes were 
viewed as uncertain, the PVHA panel members did not explicitly Include mantle processes in 
their probability models. 

DOE has also indicated that past volcanic activity has occurred in the tectonicatly active Yucca 
Mountain region and could continue into the future with a very small probability of occurrence. 
During the period from 14 to 10 million years ago, major explosive eruptions involving rhyolite 
magma from volcanic centers lying roughly 20-40 km [12-25 mil north of the repository site 
formed large caldera volcanoes and deposited the volcanic ash-flow tuffs of the region, some of 
which are the host rocl<s for the proposed repository. There has been a sufficient time gap 
since caldera-forming volcanic activity ended about 8 million years ago (SSC, 2004bi) for DOE 
to conclude that the chance of a recurrence within the repository lifetime is less than 1 in 10,000 
during 10,9QO years (SAR Sections 2 2.22.21 and 2.3.112.1. 1: see also Detournay, at ai, 
2003aa)L'-'I(b:.:.c)(c::5)'--_______________________ --l 

(b)(5) 

(b)(5) 

To support the PVHA probability estimates developed prior to 2002, DOE characterized known 
basaltic igneous features within approximately 80.5 km [50 mil of the Yucca Mountain site 
(SSC,2004af). These investigations provided the location, age, and basic characteristics 
necessary to support probability estimates in the PVHA. DOE also conducted geophysical 
investigations and borehole drilling to further charactenza buried igneous features in the Yucca 
Mountain region (O'leary, et ai, 2002aa, Perry, et aI., 2005aa). ThiS new Information was 
considered in the PVHA-U (SNl, 2008ah). The staff reviewed the information in these 
I(~~)ments andHb)(5) .. _ .. ____ .... __ ._." ___ ." .. ,, _____ .,, ____ -=~ 

( Comment«b)(5) I 
'(b)(5) m - ,,~-- "---! 

(b)(5) 

(b)(5) 



DOE discussed alternative estimates of the annual probability of an intrusive event 
intersecting the repository footprint (SAR Section 22.2.232) Both the staff and the 
State of Nevada independently sponsored the development of these published models 
(SAR Table 2.2-18). Some of these models use methods and data developed after the 
1996 PVHA elicitation. Annual probability estimates for these published models range from 
3" 10 10 to 3" 10 7 DOE stated that these values cluster at slightly greater than 10 8 per year 
(SAR Section 2.22.2.3.2) and concluded that the apparent c1ustenn near 10 S per year 
provides confidence that the PVHA probability e§!irnate,-"js~ro~b::::u~st':J.' ;c:{b..!.!)("'5)'--_______ _ 

(b)(5) 

In the discussion of probability model support (SAR Sectton 22.2.2.3.2), DOE did not address 
published models by Ho and Smith (1997aa) and Ho, et al. (2006aa). The staff requested 
additional information from DOE to address these published probability estimates. In its 
response to the staff, DOE concluded that the calculations in Ho and Smith (1997aa) were 
performed as sensitivity analyses, which included parameter ranges selected from either expert 
knowledge or for "mathematical convenience: as stated in Ho and Smith, p. 621 (1997aa). 
DOE stated that the probability model approach developed in Ho and Smith (1997aa) was 
captured in the range of probability estimates Ho and Smith 1998aa resented subse uentl 
The staff reviewed the informatton in the DOE res nse a (b)(5) 

(b)(5) 

As an independent confirmatory estimate, the staff examined whether the DOE's probability 
model results are consistent with past patterns of basaltic igneous events in the Yucca Mountain 
j'§Qlon that are younger than approximately 11 million years old in the Yucca Mountain region itb)(5) ............. ...........-

(b)(5) As shown in BSC(2-004af), during 
t e past approximate y 11 ml Ion years, a out asa tic Igneous events have occurred in 
the Crater Flat-Amargosa Valley area. These events are the basic event data used in most 

.l2Cobabillty models for Yucca Mountain (CRWMS M&O, 1996aa; SAR Section 2.22.21.3). 
!(b)(5) 
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J(b)(5) 
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(b)(5) 

Findings 

On the basis of the Information DOE provided, the staffs evaluation of the PVHA expert 
elicitation process in SER Section 254. and the preceding review, staff reached the 
following findings. 
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(b)(5) 

Evaluation Findings 

2.2.1.2.2.3.2 Technical Review for Seismic Event Probabilities 

This section reviews and evaluates information DOE presented to estimate the probability 
of seismic ground motion and fault displacement at the proposed repository site. This 
technical review of seismic event probabilities foHows the review guidance provided in the 
YMRP Sections 2.2.1 and 2.2.1.2.2. As part of its technical review, the staff reviewed 
SAR Sections 2.2.2.1 and 2.3.4 and additional information provided in response to the staffs 
RAi in DOE Enclosure 19 (2009ab) and DOE Enclosures 6,7, and 8 (2009aq) and the 
references cited therein. 

Risk Perspective 

As described in SER Section 2.2.1.2.23.1, DOE indicated that the seismic ground motion 
modeling case dominates the mean annual dose for the first 10,000 years after permanent 
closure and that the mean annual dose from seismic ground motion is about 100 times smaller 
than the dose limit. As shown in SAR Figure 2.4-18(a), the seismic ground motion modeling 
case constitutes most of the calculated dose after the first 2,000 years following closure. For 
the first 10,000 years, SAR Figure 2.4-18(a) indicates mean annual dose from seismic ground 
motion for the first 10,000 years after permanent closure is at least approximately 100 times 
lower than the dose limit Moreover, DOE indicated that for the post-10,000-year period, the 
Igneous mtrusion modeling case and seism,c ground motion modeling case provide 
approximately equal contributions to the total mean annual dose to the reasonably maximally 
exposed individual for the last 300,000 years of the time period, and that the calculated dose in 
each modeling case IS about 100 times lower than the dose limit 
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Summary of DOE License Application on Seismic Event Probability 

SAR Section 2.2.2.1 described the DOE's overall approach to developing a seismic hazard 
assessment for Yucca Mountain, including fault displacement hazards. This overall approach 
involves the following three general steps. 

1. DOE conducted an expert elicitation program in the late 1990s to develop a probabilistic 
seismic hazard assessment (PSHA) for Yucca Mountain. This assessment included 
a probabilistic fault displacement hazard assessment (PFDHA) (CRWMS M&O, 1998aa; 
BSC,2004bp). The PSHA was developed for a reference bedrock outcrop, specified 
as a free-field site condition with a mean shear wave velocity (Vs) of 1,900 m/sec 
[6,233 ftlsec] and located adjacent to Yucca Mountain. This value was derived from 
a shear wave velocity profile of Yucca Mountain with the top 300 m [984 ttl of tuff and 
alluvium removed, as provided in Schneider, et aI., Section 5 (19968a). 

2. DOE conditioned the PSHA ground motion results to constrain the large low-probability 
ground motions to ground motion levels that, according to DOE, are more consistent 
with observed geologic and seismic conditions at Yucca Mountain, as provided in BSC, 
ACN02 (2005aj). 

3. DOE modified the conditioned PSHA results, using site·response modeling, to account 
for site-specific rock material properties of the tuff in and beneath the emplacement 
drifts and the site-specific rock and soil material properties of the strata beneath the 
Geologic Repository Operation Area (GROA). DOE used the results of the site 
response to develop inputs for preclosure seismic deSign and the preclosure seismic 
safety analysis as well as inputs to its postclosure TSPA calculation, as provided In SSC 
(2005aj) and SSC, ACN 02 (2008bl). 

DOE applied these three steps equally to the preclosure seismic design and safety analyses as 
well as to its postclosure performance assessment. Moreover. many of the geological and 
geophysical data, conceptual and process models, and supporting technical analyses to support 
the DOE's conclusions in the SAR are common to the preclosure seismic design and safety 
analyses and postclosure performance assessment calculations. The staff documented its 
evaluation of Step 1 in SER Section 2.5.4. The staffs evaluation of those aspects of the DOE's 
seismic hazard assessment (Steps 2 and 3) that are pertinent to postclosure performance 
assessment, including evaluations needed to address the five event probability acceptance 
criteria in the YMRP, is documented in thiS SER chapter. 

DOE PSHA Expert Elicitation 

DOE conducted an expert elicitation on PSHA in the late 1990s (CRWMS M&O, 1998aa; 
BSC, 2004bp) based on the methodology described in the Yucca Mountain Site 
Characterization Project (DOE, 1997aa) DOE stated that its PSHA methodology followed the 
guidance of the DOE-NRC-Electric Power Research Institute-sponsored Senior Seismic Hazard 
Analysis Committee (Sudnitz, et aI., 1997aa). On SAR p. 2.2-67, DOE concluded that the 
methodOlogy used for the PSHA expert elicitation is consistent with the NRC expert elicitation 
guidance, which is described in NUREG-1563 (NRC, 1996aa). 

To conduct the PSHA, DOE convened two panels of experts. The first expert panel consisted of 
six, three-member teams of geologists and geophYSicists (seismiC source teams) who 
developed probabilistic distributions to characterize relevant potential seismic sources in the 
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Yucca Mountain region. These distributions included location and aclivity rates for fault 
sources, spatial distributions and activity rates for background sources, distributions of moment 
magnitude and maximum magnitude. and site-to-source distances. The second panel consisted 
of seven seismology experts (ground motion experts) who developed probabilistic point 
estimates of ground motion for a sUite of earthquake magnitudes, distances. fault geometries, 
and faulting styles. These point estimates incorporated random and unknown uncertainties that 
were specific to the regional crustal conditions of the western Basin and Range, The ground 
motion attenuation point estimates were then fitted to yield the ground motion attenuation 
equations used in the PSHA. The two expert panels were supported by technical teams from 
DOE, the U.S. Geological Survey, and Risk Engineering Inc, who provided the experts with 
relevant data and information: facilitated the formal elicitation. including a series of workshops 
designed to accomplish the elicitation process; and Integrated the hazard results 

The resulting ground motion hazard curves express increaSing levels of ground motion as a 
function of the annual probability that the ground motion will be exceeded. These curves 
include estimates of uncertainty (see SAR Figure 2.2·9; for example. PSHA curves). The SAR 
provided PSHA findings on horizontal and vertical components of peak acceleration (defined at 
100 Hz); spectral accelerations at frequencies of 0.3. OS, 1.2, 5, 10, and 20 Hz; and peak 
ground velocity (PGV). 

The staffs review of the PSHA finds that DOE's expert eliCitation process followed the 
NRC guidance provided in NUREG-1563 to quantify probabilistic seismic hazards 
(e.g., Cornell. 1968aa; McGuire, 1976aa). The staff's review of the PSHA expert elicitation 
process is documented in SER Section 2.5.4. The baSIC elements of thiS process are 
(i) identification of seismic sources such as active faults or seismic zones; (ii) characterization of 
each of the seismic sources in terms of their activity, recurrence rates for various earthquake 
magnitudes, and maximum magnitude; (iii) ground motion attenuation relationships to model the 
distribution of ground motions that will be experienced at the site when a given magnitude 
earthquaKe occurs at a particular source; and (iv) incorporation of the inputs into a logic tree to 
integrate the seismic source characterization and ground motion attenuation relationships, 
including associated uncertainties. Each logic tree pathway represents one expert's weighted 
interpretations of the seismic hazard at the site. The computation of the hazard for all possible 
pathways results in a distribution of hazard curves that is representatIve of the seismic hazard at 
a site. including variability and uncertainty. 

(b)(5) 

Probabilistic Fault Displacement Hazard Assessment 

The seismic source teams also developed a PFDHA as part of the PSHA. DOE used results 
from the PFDHA in its preclosure analysis to assess how surface fautt displacements within the 
GROA could potentially affect preciosure safety and repository design. The NRC staffs 



evaluation of DOE's preclosure fault displacement analysis IS described in SER Volume 2, 
Section 2. i. 1.1.3.5. To assess the postclosure performance, DOE relied on the PFDHA results 
to support the TSPA analyses of mechanical degradation of engineered barrier systems. In 
SAR Section 2.3.4, DOE described how the information from the PFDHA was used to develop 
the fault displacement abstraction and to generate inputs to the TSPA. The staffs evaluation of 
the DOE's analysis of postclosure fault displacement effects on engineered barriers is described 
in SER Section 2.2.1.3.2.3.3. 

In the PFDHA, the experts derived probabilistic faul! displacement hazard curves for nine 
demonstration points at or near Yucca Mountain (SAR Table 2.2-15 and Figure 2.2-12). These 
demonstration points represent a range of faulting and related fault deformation conditions in 
the subsurface and near the proposed surface facility sites in the GROA. including large block 
bounding faults such as the Solitario Canyon Fault, smaller mapped faults within the repository 
footprint such as the Ghost Dance Fault, unmapped minor faults near the larger faults, fractured 
tuff, and intact tuff. The fault displacement hazard curves (e.g., SAR Figure 2.2-13) are 
analogous to seismic hazard curves, in which increasing levels of fault displacements are 
computed as a function of the annual probability that those displacements will be exceeded 

For the largest mapped faults at Yucca Mountain (Le., those that form the boundary of the 
major fault block that comprises the Yucca Mountain geologic features), the probabilistic 
fault displacement hazard curves were largely based on the same detailed paleoselsmic 
and earthquake data used to characterize these faults as potential seismic sources 
(CRWMS M&O, 1998ab). However, for smaller faults and fractures that were not part of the 
seismic source characterization, there were no established techniques available to the experts. 
Because of the complexity of Yucca Mountain fault analyses, the experts relied on both 
available information and expert judgment to develop conceptual models of distributed faulting 
and estimated the probabilities of secondary faulting in the repository (Youngs, et aI, 2003aa, 
CRWMS M&O, 1998ab). 

The PFDHA experts derived these curves uSing two different methods. which DOE referred to 
as the displacement approach and earthquake approach. The displacement approach uses 
fault-specific data, such as cumulative displacement. fault length, paleoseismic data from 
trenches, and historic seismicity, The earthquake approach relates the frequency of the fault 
slip events to the frequency of earthquakes on the fault as defined in the seismiC source models 
developed for the corresponding seismic hazard analysis 

For the displacement approaCh, the experts relied on direct observations of faulting, denving the 
two required parameters directly from paleoseismic displacement and recurrence rate data, 
geologically derived slip rate data, or scaling relationships that relate displacement to fault 
length and cumulative fault displacement For the earthquake approach, the experts used 
earthquake recurrence models from the seismic hazard analysis, For this approach, the experts 
assessed three probabilities 

1, The probability that an earthquake will occur, The experts derived the probability that an 
earthquake will occur from the frequency distribution of earthquakes for each source 
(fault or area) used on the seismic hazard assessment and based on geologic, historical 
seismic, or paleoseismic data. 

2 The probability that this earthquake will produce surface rupture on the fault generating 
the earthquake (the primary fault where the earthquake occurs), The expert teams 
determined the probability of surface rupture by a statistical regression of histOrical 
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earthquake and surface rupture data from the Basin and Range and focal depth 
calculations. In the focal depth calculations, the size and shape of the fault rupture for 
each earthquake (generally considered circular or elliptical) was estimated from 
empirical scaling relationships (e.g., Wells and Coppersmith, 1994aa). Depending on 
focal depth, the experts determined the surface displacement (if any) along the fault. 
Because the maximum surface displacement of a fault may not coincide with the 
demonstration point, an additional variable that randomized the rupture along the fault 
length was also introduced. 

3. The probability that the earthquake will produce distributed surface displacement on 
other faults, primary or secondary. The experts determined the probability of distributed 
faulting by using a statistical best fit to data from Basin and Range historical ruptures in 
which distributed faulting was mapped after the earthquake (e.g., Peaopane and 
Dawson, 1996aa) or by using slip tendency analysis (Morris, et ai, 1996aa). 

(b)(5) 

1{b)(5) 

Conditioning of Low Probability Ground Motions 

Since completion of the PSHA in 1998, several studies and reports, including ones from the 
staff (NRC, 1999aa), the Nuclear Waste Technical Review Board Panel on Natura I Systems and 
Panel on Engineered Systems (Coradini, 2003aa), and DOE itself (eg, BSe, 2004bj), 
questioned whether the very large ground motions the PSHA predicted at low annual 
exceedance probabilities (below -10 6/yr) were physically realistic. For example, strong motion 
recordings of acceleration and velocity that DOE scaled to the unbounded PSHA curve at 
10 7 annual exceedance probability yield peak ground acceleration (PGA) as high as 20 9 
[-640 ftls2] and PGVs up to 1,800 cm/sec [-60 ftls] (BSC, 2004bj). These values were based 
on extrapolating the expert elicitation results and are well beyond the limits of any recorded 
earthquake accelerations and velocities, That includes the largest recorded earthquakes 
worldwide. These large ground motions also are deemed physically unrealizable (e.g., Kana, et 
ai., 1991 aa) because they require a combination of earthquake stress drop, rock strain, and 
fault rupture propagation that cannot be sustained without wholesale fracturing of the bedrock. 

In the past, probabilistic seismic hazard curves were used to estimate ground motions with 
annual exceedance probability to 10 4 or 10 5 (typical annual exceedance probability values for 
nuclear power plant design and safe shutdown earthquakes). For Yucca Mountain, however, 
the seismic hazard curves are extrapolated to estimate ground motions with annual exceedance 
probabilities as low as 10 8 At these low probabilities. the seismic hazard estimates are driven 
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by the tails of the untruncated lognormal distributions of the input ground motion attenuation 
models (e.g" Bommer, et ai, 2004aa). 

To account for these large ground motions, DOE conditioned, or reduced the hazard using two 
approaches. The first approach used geological observations at the repository level to develop 
a limiting distribution on shear strains experienced at Yucca Mountain (SSe, 2005aj). The 
shear-strain threshold distribution was then related to the distribution of horizontal PGV 
through ground motion site-response modeling. To develop the shear strain threshold 
distribution, laboratory rock mechanics data, corroborated by numerical modeling, were 
used, The Shear-strain levels to initiate unobserved stress-induced failure of lithophysal 
deposition of the Topopah Spring Tuff were derived, The site-response calculation used the 
random-vibration-theory (RVT)-based equivalent-linear model to compute the mean motions: 
strains for the deaggregation earthquakes that dominate the contribution of ground motion 
hazard of the specified annual probability of exceedance (APE). lately, this approach has been 
(i) generalized to other than horizontal PGV: (ii) modified to use the inferred shear-strain 
threshold at the repository waste emplacement level to determine the level of ground motion not 
experienced at the reference rock outcrop, rather than at the waste emplacement level, 
(iii) refined to Include variability in shear-strain levels and integration over the entire hazard 
curve; and (IV) updated to incorporate additional geotechnical data on site tuff and allUVium 
properties in the site-response part of the approach (BSe, 2008bl) 

The second approach used expert judgment (SSe, 2008bl) to develop a distribution of extreme 
stress drop in the Yucca Mountain vicinity, which results in strong motion far exceeding the 
recorded data, The distribution is based on available data (stress drop measurements and 
apparent stress from laboratory experiments) and interpretations. It is used in the RVT method 
for point sources to develop distributions of PGV and PGA at the reference rock outcrop. The 
extreme stress drop is characterized by a lognormal distribution with a median value of 400 bars 
and 0'10 of 0,6 (mean of 480 bars), This distribution is discretized to three values of 150, 400, 
and 1, 100 bars with the weighting factors of 0.2, 0.6, and 0.2, respectively. This distribution is 
mapped into a distribution of extreme ground motion for the reference rock outcrop through the 
RVT site-response modeling. 

The unconditioned hazard curve, which is the APE as a function of ground motion, is convolved 
with the distribution of extreme ground motion for the reference rock outcrop to produce the 
conditioned ground motion hazard of the same rock outcrop. SAR Section 1.1.5.2.5.1 stated 
that the conditioning is done using combined shear-strain-threshold and extreme-stress-drop 
approaches.[bJl"5l ..... . 
(b)(5) . 

I ~ 
i(b)(5)~~ __ .... ~~_~_.....J SAR Figures 1.1·79 and 1.1-80~co~m~p~a~re"~--
the unconditioned and conditioned PGA and PGV mean hazard curves for the reference 
rock outcrop. 
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Staff Evaluation of the DOE License Application 

On the basis of the information DOE provided, the staffs evaluation of the PSHA expert 
elicitation process In SER Section 254, and the preceding review, staff reached the 
following conclusions. 

(b)(5) 

(b)(5) 

(b)(5) 

l(b)(5) 

(b)(5) I Dunng the expert process, the seismic source teams 
consloerea a ran OT Information provided b DOE, the U.S. Gool ical Surve • other ~ y ~ y 
project-specific Yucca Mountain studies, and information published in the SCientific literature. 
This information included data and models for the ~ologic and seismotectonic setting, seismic 
sources, historical and instrumented seismicity, earthquake recurrence, maxjmum magnitude, 
and ground motion attenuation. Detailed evaluations of this mformation are provided in 
NUREG-1762 NRC,-",2Y'OO""5""a",,a"-.).lill(bl1J)(~5L) _,,_. _________________ --, 

(b)(5) 



oth t e selsmlC source an groun mo 
mpu 0 fie SHA. The panels considered a wide variety of geological. geophysical. and 
seismological information. The DOE's PrSHA reoor:tICRWMS MaO. 199aabl documents how 
the experts considered this informatiQ". ~(b_)(_S_) _________________ -! 

l(b)(S) .. 

!(b)(5) -I 
l(b)(5) i DOE provided an example of a 

partial logic tree for one of the seismic source teams in SAR Figure 22-21 The experts 
developed these pr in uts to the PSHA b assassin the information the technical 
suooort te s orovlded ~ ::!)---------------------...,J 

l(b)(S) 

l(b)(5) ... ] Each expert or team 
of experts documented its rationale for the input parameters in the DOE's PSHA report 
(CRWMS M&O. 1998ab). 

(b)(5) 

Evaluation Findings 
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2.2.1.2.2.4 Technical Review of Early Waste Package and Drip Shield 
Failures Event Probabilities 

This section reviews and evaluates information DOE presented to estimate the probability of 
early failure of waste packages and the drip shield at the proposed repository site. This 
technical review of earty failure event probabilities follows the review guidance provided in 
YMRP Sections 2.2.1 and 2.2.1.2.2. As part of the technical review. the staff reviewed SAR 
Sections 22.2.3.2.3.6.6, and 2.3.6.8.4, and additional information provided in response to RAls 
(DOE, 2009ac,ad) and the references cited therein. 

Summary of the DOE Infonnation 

In SAR Section 2.2.2.3.1, DOE defined early failure of a waste package or drip shield as 
through-wall penetration of the barrier caused by the presence of a manufacturing- or 
handling-induced defects at a time earlier than would be expected for a nondefectlve barrier. 

The DOE's approach for early failure probability calculations is to quantify errors in 
manufacturing or handling of waste packages or drip shields. respectively, and to quantify the 
potential that the error goes undetected prior to emplacement In such Instances. the defective 
waste package or drip shield is assumed to experience early failure. 

DOE first systematically identified the types of errors or defects that could lead 10 early failure of 
the waste package and drip shield, respectively. It reviewed the technical literature for empirical 
data of similar systems and components (i e., Industrial analogues) DOE identified five 
industrial analogues, which can generally be described as welded metallic containers (i) boilers 
and pressure vessels, (ii) nuclear fuel rods, (iii) underground storage tanks, (iv) radioactive 
cesium capsules, and (v) dry storage casks for spent nuclear fuel (SNF). For these analogues, 
DOE obtained qualitative and quantitative information on the types of manufactunng and 
handling errors that may occur, and their associated frequency for the occurrence, as identified 
in SNL Section 6.1 (2007aa). 

SAR Table 2.36-21 identifies the specific types of defects and their occurrence rates for these 
analogues. From these industrial analogues, DOE developed a list of 13 generiC errors or 
defects that could lead to early failure of welded metallic containers (SAR Section 2.3.66.2.1). 

Given that the industrial analogues are only partly analogous to the waste package and drip 
shield in terms of manufacturing techniques, Intended safety funcllon, and operatmg 
environment, DOE determined that only some of the generic defects applicable to welded 
metallic containers are applicable to the waste package and drip shield. as identified in SNL 
Section 6.1.6 (2007aa). DOE screened out those defects not applicable to the waste package 
and drip shield (SAR Sections 2.3.6.6.3.1 and 2.36.8.4.3.1). DOE considered that weld flaws, 
particularly in the waste package closure weld, could affect the performance of the waste 
package, but would not necessarily lead to early failure. It considered weld flaws as potential 
initiation sites for stress corrosion cracking. SAR Section 2.3.6.5 addressed weld flaws and is 
evaluated in SER Section 2.2.13.1.3.3. 

For the waste package, DOE identified six types of defects or errors that could lead to 
early failure (SAR Section 2.3.6.6.3.1) For the drip shield. DOE IdentIfied fOllr types of 
defects or errors that could lead to early failure (SAR Section 2 36.8432) Those defects 
were further analyzed. 
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DOE developed event trees to identify event sequences that could lead to undetected defects or 
errors in the waste package and drip shield, respectively, as identified in SNL Sections 6.3 and 
6.4 (2007aa), The event sequences generally consist of an equipment or process failure event, 
followed by human errors event(s}, where the equipment or process failure is undetected or 
uncorrected. To quantify the probabilities for the respective event sequences, each basic event 
in the sequences was aSSigned a probability distribution. For the equipment or process failure 
events. the probability distribution was based on data that were generated from similar 
components or processes at nuclear power plants (e.g .• Babcock and Wilcox, 1979aa; Blanton 
and Eide, 1993aa). For human reliability data, the probability distributions were taken from data 
for nuclear power plant activities (Swain and Guttmann, 1983aa; Benhardt. et ai., 1994aa) 

DOE used Monte Carlo simulations to analyze the event trees and calculate the probability 
distributions for event sequences that could lead to undetected errors or defects in the waste 
package or drip shield, respectively. DOE described end state probabilities for event sequences 
as lognormal distributions, DOE grouped probability distributions for all of the event sequences 
that could lead to the presence of an undetected defect in the waste package to calculate the 
overall probability that the waste package contains at least one undetected defect (I.e., the 
waste package early failure probability) DOE followed the same process for the drip shield to 
calculate the overall probability that the drip shield contains at least one undetected defect 
(i,e" the drip shield early failure probability), DOE described the early failure probability for the 
waste package as a lognormal distribution with a mean of 1,13 )( 10 per waste package and 
an error factor of 8,17 (SAR Section 2,3.6.6327), DOE described the early failure probability 
for the drip shield as a lognormal distribution with a mean of 2.21 " 10 6 per dnp shield and an 
error factor of 14 (SAR Section 23.6.84.3.2.5) 

DOE compared its probabifity estimates for early failure of the waste package and drip shield, 
respectively, with the defect-related failure rates for the industrial analogues, The failure 
rates for the industrial analogues for pressure vessels, nuclear fuel rods, underground storage 
tanks, and radioactive cesium capsules DOE cited ranged from 10 6 to 10 • per component 
(SAR Table 2.3,6-21). DOE did not identify any cases of SNF casks that failed due to 
undetected defects after entering service, 

The probability estimates for early failure of the waste package and drip shield as described in 
SAR Section 2.4 1,2,3 and reviewed by the staff in SER Section 2.2.1.41 are implemented in 
TSPA in the Early Failure Scenario Class. The staff review of the implementation of the model 
abstraction for early failure is documented in SER Section 2,21.3.1.36 

Staffs Evaluation of DOE Information 

l(b)(5) ..... I Early 

failure clearly refers to through-wall penetration of the waste package o(Cfi'ijfSf1Teunft a Ilme 
earlier than the deSign life because of undetected manufacturing- or handling-Induced defects. 
Early failure is clearly distinguished from other events and rocesses that could lead to 

_ througl)-wall ~netration (e g. , corrosionL.tensile~ru:=:tu:::.r.,-.eLL>..'~'---.,, __ ~ __ ~ __ , __ ,_. ____ ~ __ . ___ ~ 
(b)(5) 

I 

The staff reviewed the DOE's assumption that the early failure probabilities for the waste 
package and drip shield, respectively, are equivalent to the probabilities that there.~r~e=-___ _ 
undetected manufacturing- or handling-induced defects in the respective barriers, (b)(5) 

l(b)(5) -
----------------------------------~ 
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The staff reviewed the DOE's ~deCI~'s~io""n-,-t""o,->s",crO.>ee"""-,n,-""",-,-",-""--"-,-",--,,,-,,,-,,,,'-""-"i 
from the early failure analyse (b)(5) 

s of defects 

• DOE screened out Improper weld·flux material from the early failure analyses for the 
waste package because weld flaws Wl?re evaluated as stress corrosion cracklOQ fw,ation SM, in SAR Section 2 , 6 oil"" ______ ---' 

• DOE screened out weld flaws from the drip shield early failure analYSIS because SAR 
Section 1.3.4.7 stated that the drip shield will be ~fu~lI¥.Jst~re~s~s:J:r~el~ie~v~edQ,.~~~~~!lli:!L----, 
~ b5 
!(b)(5) 

• 

• DOE screened out miSSing welds from further analyses for the waste package and drip 
shield, respectively, because controls speCified in SAR S~e~2[L1L.9u2J:!riilli.~..exl;eruiliSL~ 
ins ion and nondestructive examination of the welds. 
(b)(5) 
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(b)(5) 

• DOE screened out mislocated welds from further analyses for the waste package and 
drip shield. respectively, because controls specifIed in SAR SectlO0-L92ru:e"'oulllrure=--__ _ 
extensive inspection and nondestructive examination ofthe welds. (b)(5) 

I 
• DOE screened out surface contaminants (e.g., material that could enhance the corrosion 

rate) from further analyses for the waste package and drip shield, because controls 
specified in SAR Section 1.9.2 require thatfabri n nd h ndli ocess willi! i 
the tyoe and amount of surface contamination, .L:..(b...:.)(,-5,,-) --------------,J 

l(b)(5) 

• DOE screened out improper low-plastiCIty burnishing from the dop shield early failure 
analysis because the drip shield is not low-plasticity burnished. T e s if reviewe 
description of the drip shield design in SAR Section 1.3.4.7 a (b)(5) 

!fbVs} 

• DOE screened out handling damage from early failure analysis for the drip shield 
because the high strength-to-weight ratiQ of titanium makes it resilient to scratches and 
denting from handling~induced impacts,(b)(5)_. ___ ........ __ ------1 
l(b}(5) 
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• 

• DOE did not screen out administrative or operational errors, but did not count them as 
distinct errors, Rather, DOE implicitly incorporated such errors (e,g., failure to follow a 
written procedure) into the analyses of the defects that were not screened out 

~b)(5) 

The staff reviewed the event trees and event sequences DOE used to calculate the probabilities 
for the errors that could cause early failure. The staff reviewed the extent to which DOE 
identified key processes involved with waste package and drip shield handling and 
manUfacturing, and whether the event sequences were appropriate and realistiC to estimate the 
undetected defect (ie" early failure) probabilities, The staff makes the following specific 
conclUSions on the DOE event trees and event sequences used to calculate probabilities. 

• The staff reviewed the DOE event tree for waste package fabrication with improper 
base metal selection, which is shown in SNL Figure 6-9 (2007aa), In response to the 
staffs RAt (DOE 2009bd), DOE stated that the composition of the base metal will be 

• The staff reviewed the DOE event sequence for waste package fabrication with 
improper weld filler material selection. which IS shown in SNL Figure 6-14 (2007aa), 
In response to the staff's RAI (DOE 2009bd), DOE stated that the composition of the 
weld filler metal will be certified b the suller and Independently checked uponrecet t 
at the fabncation facilit . (b )(5) 

(b)(5) 

• The staff reviewed the DOE event sequence for waste package fabrication with 
improper heat treatment for waste package outer shell, which is shown in SNL 
Figure 6-10 (2oo7aa), In SNL Section 6.3.3 (2oo7aa). DOE stated that the crittcal steps 
during heat treatment are moving the heated shell from the furnace to the quench tank 
and the subsequent quench

L
I(b..:.)\.:.-5,-) __________________ -,-

l'b)(5) 
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• The staff reviewed the DOE event sequence for waste package fabrication with 
improperly heat-treated outer lid, which is shown in SNL Figure 6-11 (2007aa), In SNL 
Section 6.3.4 (2007ea), DOE stated that the critical steps during heat treatment are 
moving the heated lid from the furnace to the quench tank and the subsequent 
Queoch.l(b)(5) 

(b)(5) 

• The staff reviewed DOE's event sequence for waste package fabrication with Improper 
low-plasticity burnishing of the closure weld, which is shown in SNL Figure 6-12 
(2007aa). In SNL Section 6.3.5 (2007aa), DOE stated that burnishing will be performed 
by a dedicated, automated system, with subsequent inspection to assure that the 

~QPfooriate orocedures were foliowed.l(b)(5) 
(b)(5 ) 

• The staft reviewed the DOE event sequence for improper handling of the waste 
package, which is shown in SNL Figure 6-13 (2007aa). In SAR Section 2.3.6.6.3.2.5, 
DOE defined damage as visible gouging or denting of the waste package surface 
between receipt and drip shield Installation that could jeopardize the performance of the 
outer barrier. Because handling procedures have not been fully developed, DOE 
assumed that the waste package could be damaged by anyone of eight generic events, 
each of which is analogous to fuel assembly handling at nuclear power plants. In 
response to the staff's RAI (DOE, 2009bd), DOE stated that thiS comparison is 
appropriate because fuel assemblie~are haJ1dled in tightly controlled conditions Similar 
to those expected at the reposltory'Li(b...:.)(...:..S...:.) ________________ .-.l 

l(b)(S) 

• The staff reviewed the DOE event sequence for drip shield fabrication with out-of-
specification base which is shown in SNL Figure 6-16 (2007aa). In response to 
the staff's RAt {DOE, DOE stated that the composition of the base metal will be 

• The staff reviewed the DOE event sequence for drip shield fabrication with 
out-of-specification weld filler metal, which is shown in SNL Figure 6-18 (2oo7aa) 
In response to the staffs RAt (DOE 2oo9bd), DOE stated that the composition of the 
base metal will be certified by the supplier and independently checked upon receipt at 
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• The staff reviewed the DOE event sequence for drip shield fabrication with improper 
heat treatment, which is shown in SNL Figure 6·17 (2007aa). In SNL Section 6.4.2 
(2oo7aa). DOE stated that the drip shield temperature during heat treatment will be 
monitored by calibrated thermocouples in contact with the material. and that the 
drip shield will be subject to a post-heal-treatment inspection to ensure that the 

• 

I{~;,'-treatment p",oed"", was !!,o~rty followed, 1,,){51 

The staff reviewed the DOE event sequence for improper drip shield installation, which is 
shown in SNL (2007aa) Figure 6-19. In SNL Section 6.4.4 (2007aa). DOE stated that 
drip shields will be visually inspected at the surface facilities. that emplacement activities 
will be mOnitored by camera. and that the inspections will be indeoern:killtJtil:leJ:;Jrejd...a.llil-, 
documented.i(b)(5) 

(b)(5) 

!(b)(5) The Postclosure Design Control Parameters require that 
drip shield handling and emp aeemen! be monitored by appropriate equipment, including 

I J!!1 alarm. with an operat()f and ifl(jependent inspector vEl~fi'it1g pfOper Installation. 
(b)(5) 

In SAR Sections 2.3.6.6.4.2 and 2.3.6 8.4.4.2. DOE compared its probability estimates for early 
failure of the waste package and drip shield, respectively. with the defect-related failure rates for 
the industrial analogues. For pressure vessels, nuclear fuel rods. underground storage tanks. 
and radioactive cesium capsules, the failure rates DOE cited are in the range of 10 6 to 10 4 per 
component (SAR Table 2.3.6-21). which is consistent with the calculated early failure rates for 
the waste package and drip shield. DOE did not Identify any cases of SNF casks that tailed 
after entering service. 

L...:,,.,-:-----:--=---,-,lln particular, the waste package. drip shield, and industrial analogues are 
(i) metallic, (it) cut from sheet and formed into a cyllndricaHype shape. (iii) welded, (iv) heat 
treated, and (v) closed/sealed (I.e., intended to act as a container or barrier) 
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DOE developed event sequences to calculate the probabilities for undetected errors or defects 
(Le., the early failure probabilities) in the waste package and drip shield, respectively The 
event sequences generally consist of an equipment or process failure (e.g., probability that a 
motorized valve fails to open on demand), followed by human error(s), where the equipment or 
process failure is undetected (e.g., probability that the responsible technician does not detect 
the failure of the valve to open) or uncorrected. Each event in the event sequences was 
assigned a probability distribution that was obtained from external data sources, as Identified In 
SNL Section 4.1 (2007aa). 

The external data used to establish the probability distributions for key processes and events In 
waste package and drip shield manufacturing and handling come from nuclear power plant 
activities. For the equipment or process failure events, DOE used reliability data that were 
generated from Similar components or actIVIties at nuclear power plants (e.g., Babcock and 
Wilcox, 1979aa, Blanton and Eide, 1993aa). For human error events, the probability 
distributions for these events were taken from nuclear power plant human reliability analyses 
(Swain and Guttmann, 1983aa; Benhardt, et aI., 1994aa). 

The staff reviewed the external data to determine whether it is reasonable and appropriate to 
use such data to quantify the reliability of events and rocesses associated with manufacturing 
and handling ofthe waste package and drip shield. (tl)(5) _____________ -,J 

(b)(5) 

DOE represented each basic event in an event sequence that can lead to an undetected defect 
(Le., early failure) by a lognormal distribution, For the human error events, the external human 
reliability data DOE cited specify lognormal distributions with particular mean values and error 
factors, For equipment or process failure events, the reliability data DOE cited typically specify 
only point (mean) values. As a result, DOE assigned an error factor to the probability data given 
in the literature as point (mean) values, as identified in SNL SecUon 5.3 (2007aa). DOE 
assumed that this point (mean) value is the mean of an unspecified probability distribution and 
that It is therefore appropriate to characterize the reliability with any reasonable, probability 
distribution. DOE used the lognormal distnbution to be consistent with the human 
reliability data. 
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DOE used Monte Carlo simulations to calculate the probability distributions for the end states of 
the event sequences that could lead to earty failure. Because the probability distributions for the 
basic events in the sequences may have different error factors, DOE stated that the mean value 
of the probability distribution for the end state of the sequence is not just a simple product of the 
mean of each basic event in the sequence, as identified in SNL Section 6,5,1 (2007aa), The 
probability distributions for all of the event sequences that could lead to an undetected defect in 
the waste package were combined to give the overall probability that the waste package has at 
least one undetected defect, which is assumed to be equivalent to the waste package early 
failure probability, The same was done for the drip shield. DOE ran 90,000 realizations to 
obtain the probability distributions tor early failure of the waste package and drip shield, 
respectively, as identified in SNL (2oo7aa) Section 6.5.1 

The staff reviewed the treatment of uncertainty in the early failure probability calculations (b)(5) 
~~) -. 

The staff identifies that the probability distributions and values DOE provided for the 
probabilities of waste package and drip shield early fatiure are lognormal distributions, with a 
mean of 1,13)( 10 • per waste package and an error factor of 8.1T(SAR Section 2.3.6.6.3.2.7) 
and a lognormal distribution with a mean of 2.21 " 10 6 per drip shield and an error factor of 14 
(SAR Section 2.3,6.84.32,5) for the waste package and drip~hields (b)(S) 
(b)(5) 

Evaluation Findings 

The staff has reviewed the information in the SAR and other infOrTl1<!.t.io.n SUb~9tted in su rt 
of the li()9nse application and has1(b)(5) mm mm_ 

(b)(5) 

2.2.1.2.2.5 Evaluation Findings 

The staff reviewed the SAR and other information submitted to su ort the license 
applicatiQl'lj\,.u. ~(bC!.)(:c::.S.!...) __ ...... ______ m ..... _._ ... ______ ._ .. m __ m_~ _____ m .. ~m_ .. m __ ~ __ 

(b)(5) 
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CHAPTER 4 

2.2.1.3.1 Degradation of Engineered Barriers 

2.2.1.3.1.1 Introduction 

This chapter addresses the chemical degradation of the drip shield and waste packages (WPs) 
stored in the repository drifts. The drip shield and the WPs are engineered barriers, a subset of 
the Engineered Barrier System (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 [Safety Analysis Report (SAR) Section 2.1.12 (DOE, 2009ab»). The EBS 
consists of the emplacement drift, the drip shield, the WP, the naval spent nuclear fuel structure, 
the waste form and WP internals [e.g., transportation, aging, and disposal canisters], the WP 
pallet, and invert features (SAR Figure 2. 1-7). 

In the postclosure performance assessment, the U.S. Department of Energy (DOE) evaluated 
whether the ability of EBS components to perform their barrier functions could be compromised 
by features, events, and processes (FEPs) that degrade their physical structure. In particular, 
DOE considered that the EBS components were subject to mechanical degradation caused by 
seismic ground motion (SAR Section 2.3.4). The staffs review of DOE's Total System 
Performance Assessment (TSPA) models for mechanical degradation of the EBS is found in 
SER Section 2.2.1.3.2. The other class of EBS degradation that DOE considered in the 
postclosure performance assessment was chemical degradation, or corrosion, caused by 
reactions between the EBS materials and the environment In SAR Section 2.3.6, DOE 
described the TSPA model abstractions for chemical degradation of the drip shield and the WP 
outer barrier. This chapter reviews DOE's TSPA model abstractions for chemical degradation of 
the drip shield and the WP outer barrier 

2.2.1.3.1.2 Regulatory Requirements 

Model abstractions used in the applicant's postclosure performance assessment must meet the 
regulatory requirements given in 10 CFR 63.114 (Requirements for Performance Assessment) 
and 63.342 (Umits on Performance Assessment), to support the predictions of compliance for 
63.113 (Performance Objectives for the Geologic RepOSitory after Permanent Closure) 
Specific compliance with 63.113 IS reviewed In SER Section 2.214.1 

The requirements for performance assessment in 10 CFR 63 114 require the applicant to 

• Include appropriate data related to the geology. hydrology. and geochemistry of the 
surface and subsurface from the site and the region surrounding Yucca Mountain 

• Account for uncertainty and vanability in the parameter values used to model 
degradation of engineered barriers 

• Consider alternative conceptual models for degradation of engineered barriers 

• Provide technical bases for the inclusion of FEPs affecting degradation of engineered 
barriers, including effects of deterioration or alteration processes of engineered barriers 
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that would adversely affect performance of the natural barriers, consistent with the limits 
on performance assessment in 10 CFR 63.342 

• Provide technical basis for the models of degradation of engineered barriers that in turn 
provide input or otherwise affect other models and abstractions 

10 CFR 63, 114(a) considers performance assessment for the inJtial10,OOO years following 
permanent closure, 10 CFR 63, 114(b) and 63,342 consider the performance assessment 
methods for the time from 10,000 years through the penod of geologic stability, defined in 
10 CFR 63302 as 1 million years following disposal. These sections require that through the 
period of geologic stability, with specific limitations, the applicant 

• Use performance assessment methods consistent with the performance assessment 
methods used to demonstrate compliance forthe imtial10,OOO years following 
permanent closure 

• Include in the performance assessment those FEPs used in the performance 
assessment for the initial 10,000 year period 

For this model abstraction of degradation of engineered barriers, 10 CFR 63, 342(c)(3) further 
provides that DOE must assess the effects of general corrosion on engineered barriers, and 
may use a constant representative rate throughout the period of geologic stability, or a 
distribution of rates correlated to other parameters, DOE elected to use a distribution of 
corrosion rates in its SAR, thus this method is reviewed for the post-1 0, OOO-yr period 

The U,S, Nuclear Regulatory Commission (NRC) staff review of the license application (LA) 
follows the guidance laid out in the Yucca Mountain ReView Plan (YMRP), NUREG-1804, 
Section 2 2,1,3.1, Degradation of Engineered Barriers (NRC 2003aa) as supplemented by 
additional guidance for the period beyond 10,000 years after permanent closure (NRC, 2009ab) 
The acceptance criteria in the YMRP generically follow 10 CFR 63.114(a). Following the 
guidance, the NRC staff review of the applicant's abstraction of the degradation of engineered 
barriers considered five criteria 

• System description and modelmtegratlon are adequate. 
• Data are suffiCient for model justification 
• Data uncertainty is characterized and propagated through the abstraction. 
• Model uncertainty is characterized and propagated through the abstraction. 
• Model abstraction output is supported by objective comparisons 

Because 10 CFR Part 63 specifies the use of a riSk-informed approach for the review of a LA, 
the guidance provided by the YMRP as supplemented by NRC (2009ab) IS followed to the 
extent reasonable for aspects of the degradation of engineered barriers Important to 
repository performance, Whereas NRC staff conSidered al five criteria in their review of 
information provided by DOE, only aspects that substantively affect results of the performance 
assessment, as judged by NRC staff, are discussed 10 thiS chapter, NRC staff's judgment is 
based both on risk information provided by DOE, and staffs knowledge, experience, and 
independent analyses. 

Requirements for DOE's evaluation of the degradation of the drip shield and WP engineered 
barriers in the postclosure performance are speCified in 10 CFR 63.21(c)(3), (9), (15), and 
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(19) 10 CFR 63, 114(a)(1). (2), (3). (5). (6), and (7) and 63.114(b), as implemented by 
10 CFR 63.342 (Limits on Performance Assessments). 10 CFR 63.114{b) stipulates that the 
performance assessment methods used to satisfy the requirements of 10 CFR 63, 114(a) are 
considered sufficient for the performance assessment for the period of time after 10,000 years 
and through the period of geologic stabilIty. In general the applicant is required to 

• Include information on the design of the EBS used to define parameters and conceptual 
models used in the performance assessment 

• Account, and provide a technical baSIS, for uncertainties and variabilities used in the 
performance assessment 

• Consider and evaluate alternative conceptual models that are consistent with currently 
available data and scientific understanding 

• Provide a technical basis for including or excluding degradation processes from the 
performance assessment, and evaluate those processes that would significantly change 
the timing or magnitude of exposures to the reasonably maximally exposed Individual if 
they were excluded 

NRC staffs evaluation of DOE's compliance with these requirements follows the review 
methodologies established in the YMRP Section 221 3,1. From a risk-informed perspective, 
the NRC staff evaluated whether DOE satisfied the following criteria 

• System description and model integration are adequate 
• Data are sufficient for model justification 
• Data uncertainty IS characterized and propagated through the model abstraction 
• Model uncertainty is characterized and propagated through the model abstraction 
• Model abstraction output is supported by objective comparisons 

2.2.1.3.1.3 Technical Review 

DOE's models for chemical degradation of the EBS focus on the drip shield and the WP outer 
barrier, respectively, Consistent with the YMRP guidance. the staff performed a risk-informed, 
performance-based review, focusing on those aspects of the DOE models for chemical 
degradation of the drip shIeld and the WP that are most important to the calculations of barner 
capability, DOE concluded that seepage flux is the primary source of water that may react with 
the EBS components (SAR Section 2,3,7,121). In the DOE model for flow of seepage water 
through the EBS, the water must first pass through the drip shield and then through the WP 
before contacting and mobilizing the waste form. As such, thiS chapter first concentrates on 
DOE's models for chemical degradation of the drip shield and then addresses DOE's models for 
chemical degradation of the WP 

2,2.1.3.1.3.1 Drip Shield Degradation 

The drip shield, which DOE described in SAR Section 1,34,7, is an engineered metal barner 
designed to divert water that enters the drift and prevent it from contacting the WP. DOE stated 
that the drip shield will be fabricated from Titanium Grade 7 tUNS R52400), Trtanium Grade 7 
is a commercially pure titanium alloy with the addition of a small amount of palladium 
(approximately 0.2 weight percent) to enhance its corrosion resistance, The drip shield 
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structural supports will be fabricated from Titanium Grade 29 (UNS R56404), which is a titanium 
alloy composed of approximately 6 weight percent aluminum and 4 weight percent vanadium for 
strength, plus approximately 0.1 weight percent ruthenium for corrosion resistance. 

In developing the postclosure performance assessment analysis, DOE evaluated a number of 
FEPs (in SAR Table 2.2-5) related to chemical degradation of the drip shield, including 

• General corrosion of the drip shields (FEP 2.1.03,01.08) 
• Stress corrosion cracking (SCC) of the drip shields (FEP 2,1.03.0208) 
• Localized corrosion of the drip shields (FEP 2.1.03 03 OB) 
• Hydride cracking of the drip shields (FEP 21 0304 OB) 

• Microbially influenced corrosion (MIC) of the dnp shields (FEP 2,' 03.050B) 

• Early failure of the drip shields (FEP 2.1 03 08 OB) 
• Oxygen embrittlement of the drip shields (FEP 2 1 0606 06) 

• Creep of metallic materials in the drip shield (FEP 2.107,05.08) 
• Localized corrosion on drip shield surfaces due to deliquescence (FEP 2.109,2806) 

• Thermal sensitization of the drip shields (FEP 2.1.11 .OS.OB) 

With the exception of general corrosion and early failure of dnp shields, these FEPs were 
screened out from the performance assessment on the basis of low consequence or low 
probability (SAR Table 2.2-5). The NRC staffs evaluation of DOE's bases for excluding these 
FEPs from the performance assessment is addressed In SER Section 2.2,1.2,1. 

With respect to the FEPs that are included in the performance assessment, DOE described 
general corrosion of the drip shield as the uniform thinning of both the Titanium Grade 7 drip 
shield plates and the Titanium Grade 29 structural supports (SAR Section 2,3,6.8.1.1), In SAR 
Section 2.2.2.3, DOE defined drip shield early failure as through-wall penetration caused by 
manufacturing- and handling-induced defects, at a time earlier than would be expected for a 
nondefective drip shield. 

In the TSPA analYSIS, DOE calculated that conditions in the drift (e.g., temperature, pH, 
seepage water chemistry) may support localized corrosion of the WP if the drip shield fails and 
allows seepage water to contact the WP within approximately 12,000 years after repository 
closure, as detailed in DOE Enclosure 11 (2009c1). The TSPA, however, also calculates that 
few drip shields fail within 12,000 years after repOSitory closure. Therefore, the probability of 
WP breach by localized corrosion is low in the DOE model. Following 12,000 years after 
repository closure, DOE calculated that there is a low probability for conditions in the drift to 
support localized corrosion of the WP even if the drip shield fails and allows seepage water to 
contact the WP. 

Other than for localized corrosion, the integrity of the drip shield does not have a Significant 
effect on the DOE model abstractions for chemical degradation of the WP. In the TSPA 
Nominal Modeling Case, DOE's models for general corrosion and SCC of the WP 
conservatively assume aqueous degradation conditions, even for the intact drip shield, In the 
Seismic Ground Motion Modeling Case in the TSPA analysis, the presence of the drip shield 
does have some effect on SCC of the WP because DOE calculated that the WP under an intact 
drip shield will have a greater likelihood of being damaged under low-probability seismic ground 
motion events than it would under the assumption of a failed drip shield condition. This is 
because an intact drip shield permits unobstructed free movement of the WP, thereby 
potentially causing damage as WPs strike one another (SAR Section 2 3.4 5) Under a 
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collapsed drip shield event, WPs are constrained from significant movement and unable to 
strike or bump into each other. Consequently, a WP under an intact drip shield is more 
susceptible to SCC if a low probability seismic event occurs that imparts the required energy for 
the WPs to strike each other. Nevertheless, DOE calculated that the probability of a seismic 
ground motion with sufficient magnitude to damage the WP IS so low, even in the Seismic 
Ground Motion Modeling Case, that the presence of the drip shield has an insignificant effect on 
the postclosure performance assessment beyond 12,000 years after repository closure, as 
described in DOE Enclosure 5 (2009cn). 

The staffs reviews of the DOE model abstractions for genera! corrosion and early failure of 
the drip shield are presented in the follOWing sections. Because the presence of the drip 
shield is important for the DOE calculations that localized corrosion of the WP is unlikely within 
12,000 years after repository closure, the staff focused on those aspects of the models which 
were most important to the DOE calculations of the drip shield lifetime. 

2.2.1.3.1.3.1.1 Drip Shield General Corrosion 

In SAR Section 2.3.6.8.1, DOE described the model for general corrosion of the drip shield that 
was implemented in the TSPA The drip shield is constructed of titanium alloys that are 
assumed to be highly corrosion resistant because of their passivity. Passivity refers to a state In 
which metals and alloys lose their chemical reactivity under certain environmental conditions. 
The passive state is generally attributed to the presence of a thin, protective oxide film on the 
metal surface. Because the maintenance of the passive state is important to the corrosion 
performance of the drip shield. the staff first the drip shield's long-term passive tlIm stability in 
the repository conditions. Staff then reviewed the model abstraction used to calculate the drip 
shield general corrosion rate in the TSPA. 

Drip Shield's Long-Term Passive Film Stability 

In BSC Section 1.1 (2004as), DOE presented literature references (Pourbaix, 1974; Schutz 
and Thomas. 1987aa) which indicated that the passive films on titanium alloys are stable over 
wide ranges of chemical potential and pH, and that, should the passIVe film rupture, titanium 
has a strong tendency for repassivation in the type of oxidizing conditions that are expected in 
the repository. DOE, however, also cited literature references (e.g., Lorenzo de Mele and 
Cortizo, 20ooaa; Brossia, at ai, 2001aa; Brossia and Cragnollno. 2oo0aa, 2oo1ab, 2004aa; 
Pulvirenti. et aI., 2002aa, 2003aa) which indicated that dissolved fluoride In brine solutions can 
increase the general corrosion rates for titanium alloys and possibly compromise the stability of 
the passive film. Therefore, DOE evaluated the uncertainty in long-term drip shield passive film 
perSistence associated With possible passive film degradation by fluoride-bearing seepage 
water brines, as described in BSC Section 6.5.7 (2004as). 

In SSC Section 6.5.7.2 (2004as), DOE reviewed and analyzed passive film instability. They 
cited literature references that described the onset of localized corrosion on titanium specimens 
that were exposed to fluoride shortly after the passive film was manually removed by polishing 
(e.g. Brossla and Cragnolino, 2000aa, 2001ab; Brossia. et ai, 2001aa). When the specimens 
were in an oxidizing environment, for as little as 4 days prior to fluoride exposure the specimens 
exhibited resistance to fluoride attack (Lorenzo de Mele and Cortizo, 2oo0aa). DOE stated that 
it expects the drip shield to have an extended period of dry thermal oxidation between the time 
the repository is closed and the time at which seepage water may fall onto the drip Shield, as 
described in BSC Section 6.5.7 (2004as). Even for thermally OXidized Titanium Grade 7 
specimens, however, passive film instability in fluoride-rich solution with low pH (-4) has been 
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observed (Lian, et al.. 2005aa). However, DOE concluded that such conditions are not 
representative of the environment expected in the repository. as outlined on SNL p. 6-408 
(2008ac). DOE expects that even if seepage water brines in the repository contain f1uonde, 
high concentrations of other species will also be present that will suppress or neutralize any 
fluoride attack. In this regard. DOE identified studies of alloys with similar composition to 
Titanium Grade 7 in environments with temperatures up to 177 ce [351 °FJ, pH as low as 1, and 
fluoride, along with other species such as calcium, magnesium chloride, and silicate (Thomas 
and Bomberger, 1983aa; Schutz and Grauman, 1986aa) The studies showed that the titanium 
had a high passive film persistence, which was attributed to calcium reducing the fluoride ion 
SOlubility by precipitation of calcium fluoride, as well as the displacement of fluoride from 
absorption on the passive film by other species. Moreover. DOE presented its own test results 
in sse Section 6.5 (2004as) in which Titanium Grade 7 specimens showed no evidence of 
passive film instability after 5 years' exposure to sew, which contained approximately fluoride, 
as well as chloride, silica, sulfate, nitrate, and bicarbonate (composition given in SAR Table 
2.3.6-1). Therefore, DOE concluded that the drip shield passive film will be stable dunng the 
postclosure period given the expected composition of seepage water brines, as described on 
SNL p. 6-410 (2oo8ac). 

NRC Staffs Review 

The NRC staff reviewed DOE's assessment qLQnp shield passivity On the baSIS of Information 
DOE provided in BSC Section 6.5.7 (2004as~(b)(5J 

(b)(5) 

Drip Shield General Corrosion Conceptual Model 

In SAR Section 2.3.6.8.1, DOE described the conceptual model for general corrosion of the drip 
shield that was implemented in the TSPA. In the DOE model, corrosion begins at the time of 
repository closure and progresses at a constant rate over time. DOE assumed aqueous 
conditions in the drift and also that the general corrosIon rate IS Independent of in-dnft 
environmental conditions (e.g., temperature. relatlve humidity) 
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The NRC staff requested DOE's technical basis for assuming that the general corrosion rate of 
the drip shield is Independent of temperature. In DOE Enclosure 3 (2009cn). DOE stated that at 
the start of the general corrosion process the corrosion rates of titanium alloys are temperature 
dependent. However, over time, the corrosion rates at different temperatures tend to converge. 
DOE observed a noticeable trend of increasing corrosion rate with increaSing temperature for 
Titanium Grade 7 specimens tested in the range of 50 to 110 ·C [122 to 230 OF] after 4 weeks 
exposure, but DOE also observed that the corrosion rate was less temperature dependent after 
8 weeks (Hua and Gordon, 2004aa). Further, DOE referenced 3--year corrosion tests of titanium 
plus 0.2 weight percent palladium, which has nearly the same composition as Titamum Grade 7 
in the temperature range of 90 to 2oo'C [194 to 392 OF] in a pH 4.9 chloride-sulfate bnne 
(Smailos and KOster, 1987aa). DOE concluded that the corrosion rates initially showed some 
temperature dependence, but were effectively identical within 3 years as shown in Smailos and 
K6ster Figure 1 (1987aa). 

NRC Staff's Review 

The NRC staff reviewed DOE's conceQtual model for general corrosion of the drip shield (b)(5)~ 
l(b)(5)-~' .. 

I 

In addition, the NRC staff reviewed the DOE assumption that~gE'!!1l:!ral corroSion rate is 
indeoendent of temoerature l(b)(S) 

/(b)(S) 

L.ong-Tenn Corrosion Test Data 

The corrosion rates for Titanium Grades 7 and 29 that were sampled in the TSPA were 
based on data from weight-loss corrosion tests at the Long-Term Corrosion Test FaCility 
(SAR Section 2.3.68.1.2.1). The following summarizes the staffs review of DOE's data 
implemented in the TSPA analysis. 

Titanium Grade 7 

The corrosion rate for Titanium Grade 7 that was sampled in the TSPA was based on 2.S-year 
tests ofTitanium Grade 7 crevice and weight-loss specimens With wrought (base metal-type) 
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and as-welded metallurgical conditions (SAR Section 2.3.6.8.1.2.1). Some specimens were 
fully immersed in solution (Le., aqueous phase), whereas others were in the saturated vapor 
above the aqueous phase. DOE exposed the test specimens to different solutions, including 
simulated acidified water (SAW), simulated dilute water (SOW), and sew, the compositions 
of which are given in SAR Table 2.3.6-1. The tests were performed attemperatures of 60 and 
90 ·e [140 and 194 OF]. DOE measured the material weight loss during the test period and 
used these data to calculate the general corrosion rates, following American Society of 
Testing and Materials (ASTM) G1·90 (ASTM International, 1999aa). DOE observed that the 
corrosion rates of crevice specimens were lower than those of weight-loss specimens (SAR 
Figure 2.3.6-44). Therefore, DOE chose to use only the data from the weight-loss specimens in 
the model abstraction because it will calculate a higher corrosion rate In the TSPA. For the 
weight·loss specimens, DOE did not observe a significant difference in corrosion rates between 
wrought and as-welded materials, but did observe that the corrosion rates depended upon the 
chemistry of the test solution. In particular, the corrosion rates for specimens tested in the sew 
aqueous phase were as high as 50 nmlyr [1.97 x 106 in/yrj, whereas the corrosion rates for the 
specimens tested in the aqueous and vapor phases of SAW and SOW, as well as for speCimens 
tested in sew vapor phase, were below 20 nm/yr [7.87 x 10.7 In/yrJ as shown In BSe 
Figures 6.6[aJ and 6.7[aJ (2004as). 

In the TSPA analysis, DOE considered that corrosion occurs simultaneously on the inner 
surface and the outer surface of the Titanium Grade 7 drip shield plates, with different 
corrosion rates for the respective surfaces. DOE assumed the outer surface of the plate 
corroded faster than the inner surface because the outer surface is expected to be exposed 
to a more aggressive environment, including dust and dripping seepage water, as detailed in 
sse Section 6.1.6[aJ (2007as). DOE used the data from the most aggressive test condition, 
obtained from the sew aqueous phase, to derive the distribution from which the outer surface 
corrosion rate was sampled in the TSPA model. In aqueous sew, DOE measured higher 
corrosion rates for Titanium Grade 7 at 90 'e [194 °FJ than at 60 "e [140 °FJ as shown in 
BSe Figure 6.6[aJ (2004as). DOE did not, however, consider temperature dependence for 
the titanium general corrosion rate. Instead, DOE elected to use only the data from the 90 "e 
[194 "F] tests because these gave a higher corrosion rate. These data ("Aggressive eondition" 
in SAR Figure 2.3.6-46) have a mean corrosion rate of 46.1 nm/yr [1.81 x 10-6 in/yrJ. For the 
general corrosion rate on the underside of the drip shield plates. DOE used the data from 
speCimens tested at 60 and 90 pe [140 and 194 °FJ in the aqueous and vapor phases of the 
SAW and the SOW, respectively. as well as speCimens tested at 60 and 90 "e [140 and 194 °FJ 
in the sew vapor phase, as detailed in BSe Section 6.1. 7(a) (2004as). These data {"Benign 
Condition" in SAR Figure 2.3.6-46} have a mean corrosion rate of 5.1 nm/yr [2 01 x 10.7 mfyr]. 

DOE considered uncertainty in the measured corrosion rales. which it attnbuted to difficulties 
in cleaning and weighing corrosion specimens, particularly given the very small weight 
losses associated with low corrosion rates, as well as randomness in the general corrosion 
processes, as described in BSe Section 6.1.6.1 [a) (2004as). DOE determined that the 
corrosion rate for the outside of the drip shield plates is best represented by a normal 
distribution, the mean of which is sampled from a t-distribution, described In SNL Tabie 63.5-3 
(2008ag). The (-distribution is a broader normal distribution DOE used given that this set of 
corrosion rate data only has six data points. The mean of the I-dIstribution IS approximately 
46.1 nm/yr [1.81 x 10-6 in/yrJ, with 2.5!1l and 97.5'" percentile values of approximately 43.0 
and 49.1 nm/yr [1.69 x 10<3 in/yr and 1,93 x 100& in/yr], respectively, as detailed in sse 
Section 6.1.6.2[aJ (2004as). The variability distributions for the general corrosion rate on the 
outside of the drip shield plates were shown in sse Figure 6-11[aJ (2004as) For the inside of 
the drip shield plates, DOE determined that the general corrosion rate is best represented by a 
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gamma distribution, the mean of wnich is sampled from a normal distribution, described in 
SNL Table 6.3.5-3 (2008a~). The mean of the normal distribution is approximately 5.1 nm/yr 
[2.01 x 10.7 in/yrJ, with 2.5' and 9751' percentile values of approximately 3.5 nm/yr 
and 6.8 nm/yr [1.38 x 10.7 inlyr and 2.68 x 10.7 in/yrJ, respectively, as outlined in SSC 
Section 6.1. 7.2[a] (2004as). The variability distributions for the general corrosion rate on 
the inside of the drip shield plates were shown in sse Figure 6-19[a] (2004as). 

DOE compared the corrosion rate the TSPA code calculated to independently reported 
corrosion rates for analogous alloys in enVifonments similar to or more aggressive than 
those expected in Yucca Mountain, as detailed in SAR Section 2.3.6.8.1.5 and sse 
Section 7.2.1[a] (2004as). DOE concluded that the TSPA calculated corrosion rates are 
consistent with corrosion rates measured by Smallos and Koster (1987aa) for titanium plus 
0.2 weight percent palladium in the temperature range of 90 to 200'C 1194 to 392 OF] in a 
pH 4.9 chloride-sulfate brine. 

In response to the NRC staffs request for additional information (RAI) on how the experimental 
uncertainties assoclated with sample cleaning, weighing, and measuring were incorporated into 
the sampled corrosion rate distributions, DOE (2oo9cm) stated that subsequent examination of 
corrosion test specimens revealed that postlest specimen cleaning did not adequately remove a 
residual oxide film. This resulted in under-measurements of specimen weight loss and, in turn, 
an underestimation of the general corrosion rates for the inSide and outside of the drip shield 
plates. To assess the effect of the incomplete specimen cleaning procedure on corrosion rate 
uncertainties, DOE conducted cross section analyses of the chemically cleaned postlest 
specimens. DOE estimated that the general corrosion rates for Titanium Grade 7, presented in 
SAR Section 2.3.6.8.1, were underestimated by, at most, a factor of two. Consequently, DOE 
conducted a sensitivity analysis in which it considered corrosion rates up to four times those 
given in SAR Section 2,3.6.8.1 ThiS shortened the drip shield framework and plate lifetime 
compared to those calculated In the TSPA model. DOE stated that this sensitivity analysis 
showed that corrosion rates of up to four times higher than those given in SAR Section 2.3.6.8.1 
resulted in negligible differences in the expected dose curves, as shown in DOE Enclosure 5. 
Figure 2 (2oo9cn). Therefore, DOE concluded that the data presented in SAR Section 2.3.6.8.1 
were acceptable to use in the TSPA model because unquantified experimental uncertainties 
had negligible impact on the postclosure performance assessment Nevertheless, DOE 
committed to update the LA to incorporate the analysis provided in the response to DOE 
Enclosure 1 (2009cm). 

DOE responded, in DOE Enclosure 4 (2009cn), to the NRC staffs RAI for justification that the 
immersion test conditions In simulated brines to determine general corrosion rates are adequate 
to model the corrosion behavior of the drip shield, considering that some passive alloys may be 
more susceptible to corrosion in dripping conditions than In Immersion conditions (e g., Lee and 
Solomon, 2006aa). DOE stated that the temperatures at which dripping effects on corrosion 
behavior have been observed in other passive alloys are greater than ttle temperatures 
expected for the drip shield in dripPing conditions Moreover, DOE stated that data in the 
technical literature mdicate that titanium alloys are highly resistant to dnpping effects because of 
their tenacious passive film (Schulz, 2005aa). Therefore, DOE concluded that the Immersion 
tests in the simulated brines were adequate to model the corrosion behavior of the dlip shield 
in the repository because they accounted for potential dripping conditions. 
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NRC Staffs Review 

The NRC staff reviewed the information DOE provided in SAR Section 2.3.6.8.1 and DOE 
(2009cj~(b)(5) I 

• 

• With resPect to the corrosion test solutionJib)(5j' .m~_~_~.~ .... ~. -___ ...... __ 

(b)(5) 

• With regard to the testing conditions, DOE used immersion corrosionJ~tl;to represent 
corrosion behavior, including potential dripPIng conditions in the dnftl(b)(5) 

(b)(5) 

In addition, the staff evaluated DOE's experimental p. edures for cle<ininq weighmo, and 
measurio the corrosion rates of the test s·m~e=:.o""s.:J..(_b:..;,)(5...:.J ____________ ---! 

(b)(5) 

(b)(5) In the TSPA, the sum of 
the mean general corrosion rates for the inside and outside of the itamum Grade 7 dri 
shield plates is approximately 51.2 nm/yr [2.06 x 10'~ in/yr!. ~mm 
!(b)(5) -----------! 

I 
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(b)(5) 

(b)(5) 

The corrosion rate for Titamum Grade 29 that was applied in the TSPA analysis was based 
on 42-day weight-loss measurements of Titanium Grades 7 and 29 spectmens in solutions 
that DOE stated were representative of seepage water and deliquescent brines expected 
in the repository [SAR Section 2,3.6.8.1.3 and BSe Section 62, 1[a) (2004as)). The 
compositions of the brines are given in sse Table 6-7[aJ (2004as). For tests at 120 and 150 'e 
[248 and 302 OF), DOE calculated the ratios of the corrosion rates of Titanium Grade 29 to those 
of Titanium Grade 7, For a given test environment, DOE calculated that the corrosion rate of 
Titanium Grade 29 could be a factor of one to seven times higher than that of Titanium Grade 7 
(SAR Figure 236-48), From these data, DOE developed a discrete probability distribution 
fUnction summarized in BSe Table 6-8[a1 (2004as). which gave the ratio for the corrosion rate of 
Titanium Grade 29 to that of Titanium Grade 7, To calculate the corrosion rate for the Titanium 
Grade 29 structural supports in the TSPA model, DOE sampled the ratio from this probability 
distribution function and multiplied the sampled ratio by the corrosion rate on the outside of the 
Titanium Grade 7 plate (i.e., under aggressive conditions). 

In BSe Section 6.2[a) (2004as), DOE acknowledged that it did not have long-term general 
corrosion data for Titanium Grade 29. DOE stated, however. that the passive films for both 
Titanium Grade 7 and Grade 29 are likely to be predominantly titanium oxide. DOE also stated 
that data show that the passive behavior for the respective alloys is the same for the range of 
brines expected in the repository (Andresen and Kim, 2006aa). Therefore, DOE concluded that 
the corrosion processes for Titanium Grades 7 and 29 are similar and that companng the 
corrosion rates of the respective alloys in short-term tests is an adequate basis for calculating 
the long-term corrosion rate for Titanium Grade 29, 

In response to the staffs RAls that requested DOE to assess additional uncertainties assOCiated 
with the comparative corrosion tests, DOE reanalyzed the comparative corrosion data (DOE. 
2009cm). DOE determined that the weight loss for the respective alloys was measured by a 
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weighing balance that had uncertainty larger than most of the measured weight change values. 
DOE conduded that it was unable to make a meaningful distinction between actual material 
weight loss and measurement uncertainty. Further, DOE stated that for the same tests, 
corrosion rates were also measured by electrochemical impedance spectroscopy and linear 
polarization resistance (Andresen and Kim, 2006aa). with negligible difference for the respective 
alloys. On the basis of this reanalysis, DOE determined that, because there was no measurable 
difference between the corrosion rates for the respective alloys In the 42-day tests, the 
corrosion rate ratio described in SAR Section 2.3.6.8.1.3 was not needed. DOE decided to 
follow an alternative approach in which the corrosion rates for the Titanium Grade 29 structural 
supports are the same as the corrosion rate for the outer surface of the Titanium Grade 7 plate, 
DOE stated that this approach is justified because the corrosion rates measured by 
electrochemical impedance spectroscopy and linear polarization resistance for the respective 
alloys in the 42-day tests were nominally identical (Andresen and Kim, 2006aa) , DOE also 
referenced Schutz (2005aa), which showed that the corrosion rates of Titanium Grades 7 and 
29 are similar when exposed in a chloride solution with pH greater than 1, as shown in BSe 
Figure 6-22[a] (2004as). 

In addition, DOE (2009cm) performed a sensitivity analysis using the TSPA model that 
compared the approach described in SAR Section 2,3,6,8,1.3 (In which the ratio for the 
corrosion rate of Titanium Grade 29 to that of Titantum Grade 7 was sampled from a probability 
distribution function With a value In the range of approx1mately one to seven) to the new 
approach. in which the corrosion rate of Titanium Grade 29 is assumed to be eqUIvalent to that 
of Titanium Grade 7, The analysis revealed that the drip shield structural framework faIlure lime 
occurred later for the new approach. as shown in DOE Figure 1 (2009cm) The analysis also 
showed that, in the event of a seismiC ground motion, the new approach gives a median dose 
that is about 25 percent higher between 80.000 and 300,000 years after repository closure, due 
to increased probability of WP damage. as shown in DOE Figure 2 (2009cm). DOE stated that 
the mean expected dose was nearly the same for the respective approaches because the 
contribubon of the seismic ground motion modeling case to the total mean annual dose is 
small during this time period. Therefore, DOE concluded that the data presented in SAR 
Section 23.6.8.1 were acceptable to use in the TSPA calculabon. because unquantified 
experimental uncertainties had a negligible effect on the results from the postclosure 
performance assessment calculation. Nevertheless, DOE committed to update the LA to 
incorporate the analysis provided in DOE (2009cm) 

NRC Staffs Review 

reviewed the DOE a roach to calculate the 
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Abstraction and Integration 

For the Nominal Modeling Case in the TSPA analysis, DOE implemented the model abstraction 
for general corrosion of the drip shield in the WP and Drip Shield (OS) Degradation Submodel, 
as described in SNL Section 6.3.5.1 (2oo8ag), in which the drip shields were distributed In the 
five percolation subregions. The WP and OS Degradation Submodel considers only general 
corrosion breach of the Titanium Grade 7 plates. DOE concluded that the drip shield would 
protect the WP against seepage if the drip shield plates are intact, even if the drip shield 
supports collapsed and the sidewall buckled (SAR Section 2.3.4.5.3.1). For each realization, 
DOE sampled one general corrosion rate for the outside of the drip shield plates (under the 
aggressive condition) and one for the inside of the drip shield plates (under the benign 
condition) from the respective distributions given in SNL Table 6.35-3 (2008ag). The corrosion 
rates were applied to alt drip shields, regardless of the percolation subregion, such that a/l drip 
shields in a given realization faiied at the same time. The output of the WP and OS Degradation 
Submodel was the fraction of drip shields in each percolation subregion breached by general 
corrosion as a function of time. This output was provided to the Waste Form Degradation and 
Mobilization Model Component and the EBS Flow and EBS Transport Submodels. 

SAR Figures 2.1-8 and 24-24 showed the distribution of calculated failure times for the 
Titanium Grade 7 drip shield plates In the Nominal Modeling Case, on the basis of the model 
described in SAR Section 2,3,6,8.1. DOE's analyses calculated that most drip shield failures 
occur between 260,000 and 340,000 years after repository closure. DOE Enclosure 5, FIgure 1 
(2oo9cn) showed a modified distribution of failure times considering both a higher corrOSion rate 
(based on additional uncertainties aSSOciated With specImen cleaning) and lower corrosion rate 
(based on potential decrease in corrosion rate over time). The modified distribution shows that 
most drip shield plate failures occur between 80,000 and 500,000 years after repository closure. 
In either case, there is negligible probability of drip shield plate breach by nominal processes 
within 12,000 years after repOSitory closure, the time period dunng which DOE calculates that 
the WP is susceptible to localized corrosion if contacted by seepage water 

For the Seismic Ground Motion Modeling Case in the TSPA analysis, DOE also implemented 
the WP and OS Degradation Submodel to calculate the timing and magnitude of drip shield 
plate breach by general corrosion, as outlined in SNL Section 6.6.1 (2008ag). Both the 
Titanium Grades 7 and 29 corrosion rates are sampled in this modeling case. The Titanium 
Grade 7 corrosion rate was sampled in the same manner as in the Nominal Modeling Case. 
For Titanium Grade 29 structural supports, DOE sampled the ratio of the corrosion rate of 
Titanium Grade 29 to that of Titanium Grade 7 once per realization from the discrete probability 
distribution function summarized in BSe Table 6-8[aJ (2004as). The ratio was applied to all drip 
shields in a realization. SAR Figures 2.1-11 and 2.4-24 showed the distribution of failure times 
for the Titanium Grade 7 drip shield plates in the Seismic Ground Motion Modeling Case. Most 
plate failures occur between 100,000 and 300,000 years after repository closure. There is 
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negligible probability of drip shield breach within 12,000 years after repository closure. For the 
Titanium Grade 29 structural supports, DOE calculated that most drip shield frameworks failed 
between 20,000 and 170,000 years after repository closure, uSing the model described in SAR 
Section 2.3.6.8.1 and DOE Enclosure 2, Figure 1 (2009cm) For the alternative approach, in 
which DOE assumed equivalent corrosion rates for the structural supports and the plate, DOE 
calculated that most frameworks failed between about 80,000 and 170,000 years after 
repository closure, as shown in DOE Enclosure 2, Figure 1 (2009cm). 

NRC Staff's Review 

The NRC staff reviewed the implementation and integration of the model abstraction for general 
corrosion of the drip shield used in the postclosure performance assessment calculation.l(b)(5) 
(b)(5) 

NRC Summary of Evaluation Findings for General Corrosion of the Drip Shield 

The staff reviewed the DOE model abstraction for general corrosion of the drip shield that was 
implernented in the TSPA code~(b)(5) 

(b)(5) 

2.2.1.3.1.3.1.2 Drip Shield Early Failure 

In SAR Section 23.68.4, DOE described how it developed the probability distribution for 
early failure of the drip shield that was sampled in the TSPA code. DOE assumed that a 
drip shield underwent early failure if it was emplaced In the repository with an undetected 
manufacturing- or handling-induced defect On the basis of the processes associated with 
drip Shield manufacturing and handling, DOE concluded that the probability of a drip shield 
early failure is best represented in the TSPA by a lognormal distribution with a median of 
4.30 x 10 7 per drip shield and an error factor of 14, as shown in SNL Table 7-1 (2007aa). 
The staff reviewed the adequacy of this probability distribution in SER Section 2.2.1.2.2.3 
The implementation of this probability distribution is addressed in this section. 

Drip Shield Earty Failure Conceptual Model 

In DOE's conceptual model for early drip shield failure, a drip shield with an undetected 
manufacturing- or handling-induced defect completely fails (i.e, is removed as a barrier to the 
flow of water) at the time of repository closure (SAR Section 2. 3.B.8.4.4.1) DOE selected this 
representation because there are uncertainties associated with the timing and extent of breach 
for defective drip shields and a completely degraded drip shield at the time of repository closure 
will not underestimate the timing and magnitude of radionuclide releases, as described in SNL 
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Section 6.5.2 (2007aa). DOE concluded that this is a conservative representation of the early 
failed drip shield because the most likely consequence of improper drip shield manufacturing or 
handling would be SCC. DOE excluded drip shield SCC from the performance assessment 
because even if craCking occurred, the cracks would not affect the drip shield performance, 
because advective flow through cracks in the drip shield is also excluded from the performance 
assessment (SAR Section 23.6.83). 

NRC Staff's Review 

i(b)(5) 
SAR Section 2.3.6.8.4. I(bii5) . ..~--4 
Abstraction and Integration 

The model abstraction for early failure of the drip shield was implemented in the 
TSPA calculation in the Drip Shield Early Failure Modeling Case, as described in SAR 
Section 2.4.2.1.5.2 and SNL Section 6.4.1 (2008ag). This modeling case uses most of the 
same modeling components and submodels as were implemented in the Nominal Modeling 
Case. In the Nominal Modeling Case, however, the WP and DS Degradation Submodel 
calculates the WP and drip shield breached areas as a function of time and passes this to the 
EBS Flow and Transport Submodels and the Waste Form Degradation and Mobilization Model 
Components. In the Drip Shield Early Failure Modeling Case, the WP and DS Degradation 
Submodel was replaced with the drip shield early failure mode, which simulated early failure by 
removing a selected drip shield as a barrier to seepage at the time of repository closure 

In the Drip Shield Early Failure Modeling Case, the underlYing WP Immediately experienced 
inittation of localized corrosion If the early failed dnp shield was in seepage condilions. If the 
early failed drip shield was not in seepage conditions, the underlying WP did not experience 
initiation of localized corrosion. In the TSPA model, DOE calculated the dose consequence of a 
dnp shield early failure in each of the five percolation subregions for both commerCial spent 
nuclear fuel (CSNF)-type and codisposal (CDSP)-type WPs. DOE then calculated the expected 
dose using the early failure probability [sampled from the distribution given in SNL Table 7-1 
(2007aa»), the distribution for the WP type, and the seepage fraellon for each percolation bin. 

DOE calculated that there is approximately 9S.3 percent probability of no drip shield early 
failures, approximately 1.6 percent probability of one drip shield early failure, and 
approximately 0.1 percent probability of two or more drip shield early failures, as shown In 

SNL Table 6 4-1 (200Sag). Drip shield early failure makes a negligibly small contribution to 
DOE's calculated mean annual dose during the first 10,000 years following closure {less than 
10-3 mrem (iOS Sv]), with a declining contnbutjon thereafter (SAR Figure 24-18) 

NRC Staffs Review 

The staff reviewed the implementation of the drip shield ~a!lure mod.!'I-'.r1..the TSPA _C:.::c 

calculation, as described in SNL Section 641 (200Sag)~~:2 J 
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(b)(5) 

NRC Summary of Evaluation Findings for Drip Shield Early Failure 

The staff reviewed the DOE model abstraction for ei1J!v~.e-",-.lll>O'-"'-""-"UJJ.>iWoLJ"-""""""""'-__ ---, 
code. (b)(5) 

2.2.1.3.1.3.2 WP Degradation 

In SAR Section 1.5.2, DOE stated that WPs are relied upon to limit water contaCting the 
waste form and to prevent the mobilization of radionuclides The WP Will have an outer 
barner that is fabricated from a material that is expected to be corrosion resistant in the 
range of environmental conditions expected in the repository (SAR Section 2.3.6.1). In 
particular, the WP outer barrier will be fabricated from Alloy 22 (UNS N06022), which is 
a nickel-chromium-molybdenum alloy. 

In developing the postclosure performance assessment, DOE evaluated a number of FEPs in 
SAR Table 2.2-5 related to chemical degradation of the WP. These FEPs include 

• General corrosion of WPs (FEP 2.1.03.01.0A) 
• SCC ofWPs (FEP 2.1.03.02.0A) 
• Localized corrosion ofWPs (FEP 2.1.03 03.0A) 
• Hydride cracking of WPs (FEP 2.1.03.04 OAl 
• MIC ofWPs (FEP 21 03 05 OA) 

Internal corrosion ofWPs prior to breach (FEP 2.1 0306.GA) 
• Early failure of WPs (FEP 2103080A) 
• Creep of metallic matenals in WPs (FEP 2 1.07 05 OA) 
• Localized corrosion on WPs outer surface due to deliquescence (FEP 21.09.28 OAl 
• Thermal sensitization ofWPs (FEP 2.111.0fiOA) 

DOE included general corrosion, SCC, localized corrosion. MIC, and early failure in the 
postclosure performance assessment. The other FEPs were screened from the performance 
assessment on the basis of low consequence or low probability (SAR Table 2.2-5). The NRC 
staffs evaluation of DOE's bases for excluding these FEPs from the performance 
assessment is found in SER Section 2.2.1.2.1.3 

In the TSPA analysis, DOE calculated that. due to its corrosion resistance, the WP will 
significantly reduce the amount of water contacttng the waste form for hundreds of thousands of 
years after repository closure (SAR Section 2.122.6) Because of the importance of the WP In 
the postclosure performance assessment, the staff reviewed the DOE model abstractions for 
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WP chemical degradation. In the context of these reviews, the staff recognized that DOE 
attributed the high corrosion resistance of Alloy 22, in part, to the presence of its passive film 
In the event of deterioration or loss of WP passivity, the time to WP breach may be sooner and 
the size of the breached area may be larger than DOE calculated in the TSPA code. As such, 
DOE stated that long-term persistence of the passive film on Alloy 22 is one of the key issues 
that determine the long-term performance of the WP in the repository, as described in SNL 
Section 6.4.1.1 (2007al). In NRC Appendix 0, Section 4.3. 1 (2005aa), NRC also identified the 
long-term persistence of the passive film on the WP outer barrier as being of high significance to 
risk for waste isolation. 

Therefore, the staff first reviewed the DOE approach support the assumption of Alloy 22 passive 
film stability in the repository conditions. This is followed by the detailed review of DOE's model 
abstractions for chemical degradation of the WP, including general corrosion, MIC, localized 
corrosion, SCC, and early failure. 

Passivity of Alloy 22 

In SAR Section 2.3.6.3.1 and SNL (2007al), DOE indicated that the stability of the Alloy 22 
passive film depends primarily upon its physical and chemical properties, Including 
microstructure, composition, and thickness. On Alloy 22 corrosion specimens, DOE 
investigated these passive film properties with various surface analytic techniques, includmg 
Auger electron spectroscopy, transmission electron microscopy, x-ray photoelectron 
spectroscopy, and electron energy loss spectroscopy (Orme, 2005aa). DOE performed 
short-term polarization tests, exposing Alloy 22 samples at 90"C [194 OF] to solutions with a 
range of chemical compositions that DOE assumed were Similar to. or more aggressive than, 
those expected in the repository (Orme, 2005aa). The solutions used in short-term polarizatIon 
tests were either buffered 1 M NaCI solutions or multi-ionic solutions. including SAW, sew, and 
basic saturated water (SSW) (compositions given in SAR Table 2.3.6-1). To assess the 
long-term passive film behavior, DOE examined S-year U-bend samples of Alloy 22 exposed 
to SAW, SCW, and SOW at 90'C [194 OF] (Orme, 2005aa). 

For both short- and long-term tests. DOE observed a thin, adherent passive OXide film on the 
surface of Alloy 22 corrosion speCimens. The film typically had thickness in the range of 2 to 
7 nm [7.87 x 10'6 to 2.76 X 10.7 Inj and tended to be rich in chromium (III) oxides (Cr203 and/or 
NiCr204). In the solutions of acidic and near-neutral pH, a thick. outer layer was also observed 
on the top of the inner chromium-rich oxide layer (Orme, 2005aa). The outer layer was porous 
and consisted mostly of nickel oxide and the OXides of some other alloying elements, including 
iron, tungsten, and molybdenum, In SSW (pH -12-13), DOE observed a thick silica deposit 
on Alloy 22 specimens (Orme, 2005aa), which DOE conduded arose from dissolution of test 
ceJl glassware or precIpitation of silica from the test solution, In the case of S-year U-bend 
samples exposed to SAW, SCW, and SOW, all of the immersed samples had 100 to 5,000 nm 
[3.94 x 10-6 to 1,97 X 10.4 in] thick carbon and iron deposits on their surfaces. DOE determined 
the deposits are formed as leachates from either the walls of the test tanks or other metals in 
the tanks (Orme, 2005aa). Oil from the mill processing IS also considered to be induded in the 
deposits. DOE stated that, underneath these deposits. the passive film was still dose to 5 nm 
[197 x 10'7 inJ thick after 5 years' exposure. The presence of chromium-rich oxide passive film 
on the Alloy 22 surface was also observed at high temperatures {in the range of 120 to 220 cC 
[248 to 428 "F} in NaCI-NaNOl-KN03 solutions (Orme, 2005aa; DiXIt, et ai, 2006aa) 

To support the assessment of long-term passive film stability. DOE performed thermodynamic 
modeling with the EQ3/6 program (Orme. 2005aa). DOE concluded that this demonstrated 
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that chromium -rich oxides are stable on Alloy 22, which is consistent with empincal observation 
of passive film chemistry, Although the tests that DOE used to characterize the passive film 
of Alloy 22 were for a period of, at most, 5 years, DOE referenced the point defect film growth 
model, which states that the passive film on Alloy 22 Will maintain steady-state thickness 
as the porous outer layer dissolves and the compact chromium-rich oxide inner layer IS 

continuously regenerated, 

After the LA was submitted, DOE examined some 5- and g.5-year Moy 22 specimens from the 
Long-Term Corrosion Test FaCility (SNL, 2009aa,ab) DOE identified thick organic depoSits on 
some specimens. In DOE (2009cl; 2010ae), DOE responded to the NRC staffs RAI requesting 
an evaluation of the effects of the carbon deposits on the DOE's assessment of long-term 
passivity and corrosion behavior. In the response, DOE stated that the organic deposits on the 
Alloy 22 specimens most likely Originated from lubricant or grease from mechanical equipment 
in the corrosion test facility. DOE did not identify evidence of either Increased general corrosion 
rate or localized corrosion attack on the specimens For these specimens, DOE measured a 
corrosion rate of 3 to 5 nm/yr [1.18 x 10.7 to 1.97 X 10'; InJ in sew at 60 <C [140 OF) after 
9.5 years. DOE determined that this corrosion rate was consistent WIth that of uncontaminated 
specimens, as well as the WP corrosion rate used in the TSPA model. Therefore, DOE 
concluded that the organic deposits did not affect the assessment of long-term passivity or 
corroSion behavior. 

NRC Staffs Review 

The NRC staff review~~PQgapproach to establish the stabilitv of the WP oassive film in 
repository conditions.,(b)(5) 
(b)(5) 

In regard to the organic de osits on the corrosion speC1men~c!h€i!;taff reviewed the DOE 
reports (SNL, 2009aa,ab (b)(5J=·~. ___ .~·~: 

l(b)(5) 

The staff also reviewed the DOE's use of thermodynamic modeling and -r.T¥7i~~=~~' 
growth model to support the assessment of the WP passive film 
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Though in the LA, DOE provided information to support the WP passive film stability in 
repository conditions, the NRC staff identified three primary technical issues for which 
additional informabon from DOE was required. These issues Involved passive film degradation 
by (i) anodic sulfur segregation, (ii) dripping seepage water, and (iii) silica deposits on the WP. 
The staff's reviews of these technical issues are presented next 

Effect of Anodic Sulfur Segregation on Passive Film Stability 

By independent analyses and review of the technical literature, the staff identified anodic sulfur 
segregation as a potential mechanism that could compromise the long-term stability of the 
passive film on the WP outer barrier (NRC. 2005aa; U.S. Nuclear Waste Technical Review 
Board,2001aa). Anodic sulfur segregation IS a process that reduces the corrosion resistance of 
nickel and nickel-iron alloys by inhibiting the formation of the passive film (Marcus and T alah. 
1989aa; Marcus, et al.. 1988aa, 1984aa,ab, 19808a). During anodic sulfur segregation, sulfur, 
which may be an impurity in Alloy 22, segregates to the metal-passive film Interface because of 
selective dissolution of bulk metal elements such as nickel and Iron. When the amount of sulfur 
at the metal-passive film interface reaches a critical concentration of about one atomic layer 
thickness, passive film breakdown has been observed (Marcus and Grimal, 1990aa). Assuming 
that 100 percent of the sulfur atoms in the alloy are retained at the metal-film interface, Marcus 
(2oo1aa) estimated that it would take about 900 years for the passive film of Alloy 22 to break 
down if the sulfur content in Alloy 22 is 5 weight parts per million (ppm) and the passive current 
density is 1 nAlcm2 (6.45 nAlin'] 

In DOE Enclosure 5 (2oo9cl), DOE stated that the potential for anodic sulfur segregation would 
be mitigated by the presence of the allOYing elements chromium and molybdenum In Alloy 22. 
In particular, molybdenum would band With sulfur to form a molybdenum sulfide that dissolves 
under aqueous conditions, thus preventing a stable sulfur monolayer from forming at the 
alloy-passive film interface, Citing the work of NRC (Jung. et al. 2oo7aa), DOE also stated that 
chromium oxides are thermodynamically stable compared with sulfides. Thus the presence of 
chromium Will promote paSSivation In spite of adsorbed sulfur. 

NRC Staffs Review 

The NRC staff reviewed the DOE assessment of anodic SUlfur segregation of the WP outer 
ba(ril;![~@L 
(b)(5) _·· __ · __ · __ ·_··--1 

I 
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(b)(5) 

(b)(5) 

(b)(5) 

Dripping Effects on the Passive Film Stability 

DOE used corrosion data from immersion experiments to develop the model abstraction for 
general corrosion of the WP outer barrier (SAR Section 2.3.632) DOE identified the 
possibility, however, that conditions in the repository may lead to dripping seepage water 
contacting the WP surface (SAR Section 2.1.2.26). The staff determined that literature 
information in Ashida, et al. (2oo7aa, 2008aa) and Oka, et at (2007aa), suggests that general 
corrosion processes may be affected if environmental conditions changed from immersion to 
dripping. Ashida, et al. (2oo8aa) observed salt deposit formation and localized corrosion 
(Le., pitting and intergranular corrosion) on Alloy 22 specimens exposed to dripping of SCW for 
40 days at 90 "C [194 OF]. The mlcropits observed were, however, not stable, and there was no 
eVidence for propagation of these micropits. Ashida, et al. (2007aa) also reported an increase 
of the passive current density of Alloy 22 due to dripping induced temperature fluctuations at 
90 DC [194 OF]. 

In DOE Enclosure 1 (2009cm), DOE assessed the corrosion behavior of Alloy 22 under dripping 
conditions in the repository environment DOE stated that the Alloy 22 sample tested In Ashlda, 
et aL (2008aa) was thermally aged, resulting in a significant second phase preCipitation. 
This precipitate can decrease a resistance to localized corrosion, DOE stated that the Alloy 22 
for the WP outer barrier will be solution annealed, eliminating the second phase precipitates. 
Therefore, DOE concluded the matenal Ashida, et aL (2oo8aa) evaluated was not relevant for 
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the WP. In the case of the change in passive current density due to temperature fluctuation 
as shown in the polarization test in Ashida, et at (2oo7aa). DOE stated that the current 
TSPA model of general corrosion of Alloy 22 considers the change of general corrosion 
rate depending on the temperature; therefore, the increase of corrosion rate observed in Ashida, 
et al. (2007aa) is consistent with the TSPA general corrosion model. 

NRC Staffs Review 

The NRC staff reviewed the information provided in DOE EnctosureJ (2009cm:L.:.L{_bl_(5_l ____ --I 
(b)(5) 

(b)(5) 

Ilb )(5) 

Effect of Silica Deposits on Alloy 22 Passivity 

DOE data and Information in the technicalliteratllre Indicates that silica deposits on Alloy 22 
may affect the passive film. In BSW (pH -12 to 13), DOE observed a thick silica depOSit on 
Alloy 22 specimens (Orme, 2005aa). which DOE concluded arose from dissolution of test cell 
glassware or precipitation of silica from the test solution DOE also noted the presence of SIlica 
in salt deposits on Alloy 22 specimens exposed to SOW, SAW. and SCW In the Long-Term 
Corrosion Test Facility as shown in Wong. et al , Table 4, Figures 2 and 3 (2004aa) In another 
experiment (Dixit, et al. 2006aa) DOE observed Silica deposits on Alloy 22 specimens that 
experienced localized corrosion in a deaerated concentrated solution at 220 cC [428 OF]. 
Finally, information in Sala, et al. (1993aa, 19968a, 1998aa, 1999aa) indicated that the 
presence of silica deposits can be associated With intergranlilar attack and SCC in nickel-based 
alloys in steam generator envJ(onments. 

In DOE Enclosure 4 (2oo9cl) and DOE Endosure 2 (2009cm). DOE stated that the presence 
of silicate did not significantly impact the corrosion potential and corrosion rate of Alloy 22 
for tests conducted in SAW and NaCI solutions. DOE also presented expenmental 
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data (Andresen and Kim, 2007aa) for Alloy 22 tests in solutions of nitrate, chloride, and 
bicarbonate with 0.27 m silicate. The tests showed that the general corrosion rate of Alloy 22 
was 3 to 4 nm/yr [1.18 x 10.7 to 1,57 X 10.7 inlyr] after 62 months' immersion at 95 'C [203 OF], 
which is close to the measured corrosion rate in solutions without silicate. Finally, DOE stated 
that Sala, et al. (1993aa, 1996aa, 19988a, 1999aa) and Dlxit, et aL (2006aa) considered more 
aggressive environmental conditions than those expected in the repository. Therefore. DOE 
concluded that the observations are not relevant to the WP in the repository. 

NRC Staffs Review 

The staff reviewed DOE's approac;h to assess the effects of silica deposits on the WP passIve 
film stability.l(b )(5) 

(b)(5) 

2.2.1.3.1.3.2.1 General Corrosion of the WP Outer Barrier 

In SAR Section 2.3.6.3, DOE defined general corrosion of the WP outer barrier as uniform 
thinning by electrochemical processes at its corrosion potential. General corrosion could lead to 
the release of radionudides from the WP if the WP wall is breached. General corrosion thinning 
may also make the WP more susceptIble to degradation processes such as SCC (SAR 
Section 2.3.6.5.2.3) or impacts caused by seismic ground motion (SAR Section 2.3.4.5). This 
section of the SER indudes the NRC staffs review of the DOE model abstraction for general 
corrosion of the WP outer barrier. 

WP General Corrosion Conceptual Model 

In DOE's conceptual model for general corrosion of the WP outer barrier, general corrosion 
starts at the time of repository closure (SAR Section 236.22) DOE assumed aqueous 
conditions because wet conditions give higher corrosIon rates than dry conditions (SAR 
Section 2.3.6.4). In DOE's model. the general corrosion rate IS a function of the WP 
temperature and, at a given temperature, it IS assumed to be constant over time (SAR 
Section 2.3.63.1). DOE used an Arrhenius-type equation (SAR Equation 23 6-3) to calculate 
the temperature-dependent general corrosion rate of the WP outer barner in the temperature 
range of 25 to 200 DC [77 to 392 OF] DOE also considered using a decreaSing general 
corrosion rate over time as an alternative conceptual model (SNL, 2007al) but concluded that 
this would calculate a longer time to WP failure. 

DOE also considered that microbial activity in the repository could affect the WP corrosion 
behavior-a phenomenon called microbiologically or MIC (SAR Section 2.3.6.3.3.2). DOE 
stated that microorganisms can change the electrOchemical reactions on the material surface 
and change the type or degree of corrosion compared to that which would be measured in the 
absence of microorganisms. In the DOE conceptual model, the WP outer barrier is subject to 
MIC when the relative humidity is sufficiently high for microbial activities The effect of MIC on 
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the general corrosion rate is quantified by a unitless scalar called the MIC enhancement factor. 
If the relative humidity is sufficiently high. the general corrosion rate In the absence of the 
microorganisms (SAR Equation 2.3.6-3) is multiplied by the MIC enhancement factor to give the 
enhanced general corrosion rate (SAR Equation 2.3.6-4). 

NRC Staffs Review 

The NRC staff reviewed the DOE conceptual model for general corrosion of the WP outer 
barrier. The staff reviewed the DOE model assumption that the temperature dependence of the 
general corrosion rate can be quantified with the Arrhenius-type equation. Corrosion involves 
chemical and/or electrochemical reactions and the transport of reacting species and ions on the 
metal surface-a recess known to be thermally activated (Fontana and Greene, 1978aa). 

(b)(S) 

The staff also reviewed the DOE model assumption that the corrosion rate is constant over time 
at a given temperature. DOE provided experimental data showing that the measured general 
corrosion rate of Alloy 22 decreases over ti e at aiven temperature for eXPElfiments UpJ9 
5 ears in duration SAR Fi ure 2.3.6-1..:::3L-.

LC
(b-'-)-'--(S-'--) ________________ --1 

(b)(S) . -------------,-;;:;-----:-;"..--:-_--l 
(b)(S) 
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General Corrosion Rate by Long-Term Weight-Loss Measurements 

In SAR Equation 2.3.6.3. DOE established the general corroSion rate at the baseline 
temperature of 60 "C [140 OF] from 5-year weight-loss experiments (SAR Secllon 2.3 63.2.1). 
DOE performed corrosion tests in the Long-Term Corrosion Test Facility at 60 and 90 "C 
[140 and 194 °Fl. using Alloy 22 specimens with two different geometries: weight-loss 
specimens and crevice specimens. For both specimen types. tests were performed on 
specimens with different metallurgical conditions (I.e .. mill annealed and welded) and in different 
corrosion test solutions, including SAW, SCW. and SDW. After 5 years of exposure to the test 
solutions, every specimen was covered with surface deposits Therefore. the posttest 
specimens were cleaned and descaJed in accordance with ASTM G 1-90 (ASTM International, 
1999aa). DOE stated that the cleaning methods used to remove the scale from the tested 
samples did not significantly affect untested control samples. Therefore, without correction of 
any possible mass loss from the replicate untested control foil sample. DOE determineo the 
general corrosion rates of Alloy 22 based upon the formula defined in ASTM G 1-90. 

DOE summarized the results of its corrosion tests In SNL Section 6.4.32 (2007al). DOE stated 
that there was no appreciable difference between the general corrosion rates for mill-annealed 
and welded specimens. as shown in SNL Figures 6-14 and 6-19 (2007al). However, the 
measured corrosion rates for crevice specimens were higher than those for weight-loss 
specimens. as shown in SNl Figure 6-22 (2007al). For the weight-loss specimens, DOE 
determined that the mean general corrosion rate of weight-loss specimen was 3.15 nm/yr 
[1.24 x 10.7 inlyrJ. with the ±1 standard deviation of 2.71 nm/yr [1.07 x 10 ' tn/yrJ. For the crevice 
specimens, DOE calculated a mean general corrosion rate of 7.36 nmlyr [2.90 x 10.7 in/yrJ 
with ±1 standard deviation of 4.93 nm/yr [1.94 x 10.7 in/yr]. Because the crevice specimens tend 
to give higher corrosion rates. DOE only used the crevice data to develop the distribution from 
which the 60 "C [140 OF] general corrosion rate parameter was sampled In the TSPA code. 

DOE determined that uncertainty and variability in the measured corrosion rate could be 
attributed both to measurement uncertainty, given the very small weight loss assoaated with 
low corrosion rates, and to actual variation in the corrosion processes on the matenal surface, 
as outlined in SNL Section 6.4.3.3 (2007al). In the model abstraction. DOE accounted for this 
uncertainty by fitting the 5-year corrosion data to the Weibull cumulallve distribution functions, 
which are sampled in the TSPA code. as detailed in SNL Section 643.3.2 (2007al) DOE 
stated that the Weibull distribution was determined to be the best fit to the experimental data as 
compared to other fits such as uniform distribution. normal distribution. lognormal distribution, 
and gamma distribution. DOE charactenzed the Weibull distribution with two parameters the 
scale factor and the shape factor. DOE used three different scale factor/shape factor pairs, 
corresponding to low. medium. and high uncertainty levels. to define three different Weibull 
distributions for the 60 QC [140 OF] general corrosion rate parameter. as shown In SNL Table 6-7 
(2007al). In the TSPA code, the low, medium, and high general corrosion rate distributions 
were sampled such that the low and high distnblltions were each used for 5 percent of the 
realizations and the medium distribution was used for 90 percent of the realizations, DOE used 
the 5-90-5 percent partitioning to ensure that there were sufficient differences in the general 
corrosion rates for the respective distributions, yet that each distribution was amply sampled to 
produce a meaningful contribution (SAR Section 2.3,6.3.3,1). The Weibull distributions from 
which the 60'C [140 OF] general corrosion rate of the WP outer barrier is sampled In the TSPA 
code are shown in SAR Figure 2.3.6-9, 

In response to the NRC staffs RAI that requested justification for the representation of 
uncertainties associated with cleaning the long-term corrosion specimens. DOE responded in 
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DOE Encfosure 3 (2009c1) that the specimens were not adequately cleaned prior to performing 
weight.loss measurements. In particular, DOE determined that the initial weight of the 
specimens was artificially high because of the failure to remove mill·annealed oxide and surface 
contamination. This oxide and surface contamination, however, were removed during posttest 
cleaning. Nevertheless, DOE assumed that the associated weight loss was attributable to the 
general corrosion of Alloy 22. Thus, DOE concfuded that it overestimated the actual weight loss 
of Alloy 22 and, in turn, overestimated the general corrosion rate. DOE stated that it is in the 
process of recfeaning and reanalyzing the specimens following the procedures in ASTM G 1-03 
(ASTM Intemational, 2003ab). DOE provided preliminary data from the reanalysIs for the 
weight·loss specimens in DOE Enclosure 3 (2009c1) and stated that those data gave the most 
accurate estimate for the general corrosion rate of Alloy 22. As shown in DOE Enclosure 3, 
Figure 8 (2009cf), the corrosion rate from the recleaned weight-loss specimens is close to or 
lower than that calculated by the three Welbull distributions DOE used in the TSPA code for the 
Alloy 22 general corrosion rate-particularly for corrosion rates with high cumulative 
probabilities. DOE stated that only corrosion rates with cumulative probabilities of 0.96 and 
above {corrosion rate greater than -15 nm/yr [5.91 x 10-7 Inlyr]} are important for WP 
performance. Because the data from the recleaned, reanalyzed specimens provide lower 
corrosion rates than those calculated by the Weibull distributions at the high cumulative 
probabilities, DOE concluded that use of the Weibull distributions shown in SAR Figure 2.3.6-9 
are acceptable because the WP failure time was not overestimated. Nevertheless, DOE stated 
that the final recleaning and re-analysis of the corrosion specimens will be completed and 
documented in a LA update 

NRC Staff's Review 

The NRC staft reviewed the DOE approach to establish the WP general corrosion rate by long 
term~sts Wlth[E!gard to the material conditions for the corrosiollte~st""sJ.il(::2b):..::(5,"-) -------1 
(b)(5) 

(b)(5) 
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(b)(5) 

Temperature Dependence of the General Corrosion Rate 

DOE conducted experiments to determine the temperature dependence of the general corrosion 
rate of the WP outer barrier by measuring the activation energy for general corrosion of Alloy 22 
(SAR Section 2.3.6.3.2.2). DOE used the short-term electrochemical polarization resistance 
technique following the ASTM G 59-97 (ASTM International, 1998aa) Mill-annealed and 
welded specimens were tested in a range of solutions containing NaCI and KN03 at 
temperatures ranging from 60 to 100 ¢C [140 to 212 OF] (SAR Table 236-4). DOE used these 
solutions because they simulate the conditions of moderate relative humidity where calcium is 
expected to be a minor component in the aqueous environment in the repository, as outlined in 
SNL Section 6.4.3.4 (2oo7al). 

From these data (SAR Figure 236-7), DOE used a linear mixed-effects statistical analysis 
to calculate a mean activation energy of 40,78 kJJmol [9.74 kcal/mol], with a standard 
deviation 11.75 kJfmol [2.81 kcallmol). DOE selected a normal distribution to represent the 
temperature-dependence term on the basis of statistical fitting techniques. The activation 
energies for the individual solutions used to determine the distributton of the activation 
energy are shown in SAR Table 2.3,6-5. DOE confirmed the activation energy calculated from 
these short-term polalization tests by comparisons to the activation energy from the long-term 
5-year weight-loss data of Alloy 22 specimens immersed In sew at 60 and 90 'C [140 and 
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194 OF], respectively, as described in SNL Section 6.43.4 (2007al). DOE calculated a mean 
activation energy of 40.51 kJ/mol [9.68 kca;lmol] for the 5-year corrosion data, which is dose 
to the mean calculated from the short-term polarization technique. From the 5-year corrosion 
data, the activation energy distribution was also obtained. This distribution was best 
represented by truncating the normal distribution of the shorHerm polarization tests at -3 and 
+2 standard deviations. 

The deficiencies with cleaning and weighing Alloy 22 corrosion specimens discussed in DOE 
Enclosure 3 (2009c1). however, fed DOE to reevaluate the calculation of the temperature 
dependence of the general corrosion rate The deficiencies were not associated with the 
short-term polarization data, but rather the comparison of 5-year general corrosion rates for 
specimens immersed in SCw. For the latter, DOE recalculated the activation energy using the 
conrosion rates measured for the recleaned, reanalyzed weight-loss specimens. From these 
data, DOE calculated a mean activation energy of approximately 3226 kJ/mol [7.71 kcal/mol], 
with minimum and maximum values of 3.37 and 60.05 kJlmol [0.81 and 14.3 kcal/molj, 
respectively, as shown in DOE Enclosure 3, Figure 9 (2009cl). These values are approximately 
20 percent lower than the activation energies sampled from the truncated normal distribution 
described in SAR Section 2.3.6.3, which was sampled in the TSPA code. Using both the 
updated distribution for the activation energy, as shown in DOE Enclosure 3, Figure 9 (2009c1), 
and the updated distribution for the 60 "C [140 OF] general corrosion rate, as shown in DOE 
Enclosure 3, Figure 8 (2009cl), DOE calculated the temperature-dependent general corrosion 
rate of Alloy 22, using SAR Equation 2.3.6-3. DOE compared the corrosion rates calculated 
uSing the updated distnbulions to the corrosion rates calculated uSing the model described in 
SAR Section 2.3.6.3. As shown in DOE Enclosure 3, Figures 10-12 (2009cl), for the 
temperature range of 25 to 200 "C [77 to 392 OF], the updated distributions derived from 
recleaned, reanalyzed weight-loss specimens give lower corrosion rates than obtained by the 
model described in SAR Section 2.3.6.3, which was implemented In the TSPA code. As such. 
DOE concluded that the TSPA code did not underestimate the WP general corrosion rate. 

NRC Staff's Review 

The NRC staff reviewed the DOE approach to calculate the temperature dependence of the 
WP general conrosion rate. The staff revl9Wed the material and environmental conditions at 
which DOE measured the activation energy for general corrosion of the WP outer banrier that 
was sam led in the TSPA COde. VVlth regard to the material conditions for the tests (b)(5) ._ ... 
(b)(5) . . . 
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l(b)(5) 

Additionally. the staff compared the activation energy for general corrosion of the WP outer 
barrier calculated from the recleaned, reanalyzed wei ht·loss s ecimens to the activation 

calculated b the short-term olan.,.,·zati~·o~n~t""e""st~. ~(b~)~(5:!...) ____________ ---', 

(b)(5) 

MIC Effects 

The NRC staff reViewed DOE's approach to establish the conditions for the onset of MIC and to 
quantify the extent to which MIC may affect general corrosion behavior. 
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Threshold Relative Humidity for the Onset of MIC 

As discussed In SAR Section 2.3.6.3.3.2 and DOE Enclosure 10 (2009cl). DOE concluded that 
the relative humidity in the repository must be greater than a threshold value for MIC to enhance 
the general corrosion rate of the WP outer barrier DOE used experimental data and information 
from the independent studies to determine this threshold relative humidity. DOE performed 
experiments in which Alloy 22 specimens were embedded in crushed Yucca Mountain tuff and 
placed in chambers with Yucca Mountain native microorgamsms at different temperature and 
humidity levels (Else, et ai, 2003aa). DOE reported that the optimum condition for microbial 
growth is at a temperature of 30°C [86 OF] and 100 percent relative humidity. Microbial growth 
was extremely limited at higher temperatures or lower humidity. In SNL Section 6.4 (2oo4ab), 
DOE also cited several studies which Indicate that robust growth of most microorganisms 
requires a relative humidity of 90 percent or higher, although limited growth is seen at relative 
humidity as low as 75 percent (e.g., Brown, 1976aa: Pedersen and Karlsson, 1995aa) In the 
TSPA code. DOE accounts for uncertainty in the threshold relative humidity by sampling 
this threshold relative humidity from a uniform distribution between 75 and 90 percent (SAR 
Section 2.3.6.3.3.2). 

NRC Staffs Review 

The NRC staff reviewed the DOE approach to establish the threshold relatIVe humidity for the 

li~~ otMlC. \(b)(5) -- _.- "-I 
I i 

MIC Factor 

If the relative humidity at the WP surface is greater than the threshold value, the MIC-enhanced 
general corrosion rate for the WP outer barrier is calculated by multiplymg the general corrosion 
rate in the absence of the microorganisms (given by SAR Equation 2.3.6-3) by the MIC 
enhancement factor. DOE performed laboratory tests to determine the extent to which MIC may 
affect the general corrosion rate of Alloy 22 (SAR Section 2.36.3.2.3) DOE used the 
electrochemical polarization technique to measure the corrosion rate of Alloy 22 specimens In 
nutrient-enriched, Simulated Yucca Mountain well water, with and without the presence of 
microbes (Uan, et ai, 1999aa). Test results were shown in SNL Table 6-16 and Figure 6-54 
(2007al). DOE found that the general corrosion rate for Alloy 22 in the microbial-rich solution 
was up to a factor of approximately two higher than the general corrosion rate in sterile solution. 
DOE represented epistemic uncertainty in the MIC enhancement factor to account for natural 
variation in the expected extent of microbial activity in repoSitory conditions. Thus, in TSPA 
code, DOE samples the MIC enhancement factor from a uniform distribution between one 
(ie .. MIC has no effect on the general corrosion rate) and two (Le, general corrosion rate would 
be double the nominal general corrosion rate). 

NRC Staff's Review 

The NRC staff reviewed the120E approachJQ.c~c:ulatE'lthe MIC enhancement factor. 
i(b)(5) .----~ 

---------------------------------------------------
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(b)(5) 

Abstraction and Integration 

The model abstraction for general corrosion of the WP outer barrier is implemented in the WP 
and OS Degradation Submodel in the TSPA code in SNL Section 6.5 3 (2008ag). The inputs 
that are needed for the model abstraction are temperature of the WP and the relative humidity in 
the drift. These inputs come from the EBS Thermohydrologlc Environment Submodel. The WP 
and OS Degradation Submodel includes both the CSNF configuration that uses the 
transportation. aging, and disposal canister configuration parameters and the CDSP 
configuration that uses the 5 high-level waste/1 DOE spent nuclear fuel Long configuration 
parameters. DOE assumed a total of 11,629 WPs divided mto 5 percolation subregions, each 
of which IS subject to different environmental conditions. as detailed in SNL Section 6.3.5.1.3 
(2008ag). The WP and OS Degradation Submodel general corrosion calculations are 
performed for both WP configurations in each of the percolation subregions. 

In the WP and OS Degradation Submodel, the WP surface is divided into subareas, referred to 
as patches, to account for the spatial variability of general corrosion on the WP surface, as 
outlined in SNL Section 6.3.5.1.2 (2008ag). Each patch may have a different general corrosion 
rate. The submodel uses a patch area of 231.5 cm2 [35.88 in2

], so the CSNF and CDSP WPs 
have 1,430 and 1,408 patches, respectively. For each realization, each patch is assigned a 
different value for the 60·C [140 OF} general corrosion rate, which is sampled from the Weibull 
distributions derived from 5-year weight-loss corrosion data from creviced Alloy 22 specimens 
(SAR Section 2.3.6.3.3.1) Because the size of the crevice specimens that DOE used to 
measure the 5-year general corrosion was about one-fourth the patch size, DOE sampled the 
60'C [140 OF] general corrosion rate four times for each patch and applied the highest of the 
four sampled rates to the patch, as described in SNL Section 6.2 5.1.2 (2oo8a9) The effect of 
rescaling the 60 e·c [140 OF] general corrosion rate distribution, shown in SNL Figure 6.3.5-6 
(2008ag), resulted in rates that are approximately twice those of the nominal distribution. 
To account for the temperature dependence of the general corrosion rate. a single value of the 
temperature-dependence parameter is sampled in each realization from the distnbutlon derived 
from short-term polarization tests and applied to all WP patches. To account for potential MIC, 
the value of the threshold relative humidity for MIC IS sampled once per realization from a 
uniform distribution in the range of 75 to 90 percent and applied to all WPs. If the relative 
humidity in the drift exceeds the threshold, the MIC enhancement factor is sampled from a 
uniform distribution in the range of one to two and applied to the patches. 

DOE considered a WP outer barrier to be breached by general corrosion when one or more 
patches are penetrated. When the WP was breached, the general corrosion model was also 
applied to the inner surface of the WP outer barrier. The output for the general corrosion model 
gave the percentage of breached WPs as a function of time and the average number of patch 
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penetrations per breached WP as a function of time. This output was provided to the Waste 
Form Degradation and Mobilization Model Component and the EBS Flow and EBS Transport 
Submodels. SAR Figures 21-10(b) and 2.1-16(b) showed the fraction of CSNF WPs breached 
by general corrosion and the fraction of the WP surface area breached per breached WP, 
respectively, for the CSNF WP in the Nominal Modeling Case 

A mean of less than 10 percent of CSNF WPs are breached over 1 million years, and of the 
breached WPs, the mean breached area is less than 03 percent of the total WP surface area. 
The results for the CDSP WP in the Nominal Modeling Case are similar [SAR Figure 2.1-17(b)]. 
DOE Figures 9 and 10 (2009bj) showed the fraction of CSNF and CDSP WPs, respectively, 
breached by general corrosion in the SeIsmic Ground Motion Modeling Case. For both WPs, 
the mean is approximately 10 percent breached in 1 million years. DOE Figures 11 and 12 of 
the response to RAJ (DOE, 2009bj) showed the fractIon of the surface area breached for the 
CSNF and CDSP WPs breached by general corrosion in the Seismic Ground Motion Modeling 
Case. For both WPs, the fraction is approximately 1 percent of the surface area. 

In regard to the activation energy for general corrosion in TSPA model, the staff notes that DOE 
performed senSItivity analyses which show that the expected dose has a strong correlation to 
the activation energy for general corrosion of the WP outer barrier and tends to increase with 
decreasing activation energy for general corrosIon (SAR Figures 24-151 and 2.4-155) 

NRC Staff's Review 

The NRC staff reviewed the implementation and integration of the model abstr ction f~general 
corrosion of the WP outer barrier in the postclpsuJe rformance assessment. (b)(5) 

(b)(5) 

NRC Summary of Evaluation Findings for the General Corrosion of the WP Outer Barrier 

The staff reviewed the DOE model abstraction for..general corrosion of the WP outer barrier that 
was implemented in the TSPA GQCIe1u.:I(b'-!.ll",,5!...J _________________ --.: 

I(b )(5) 
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2.2.1.31.3.2.2 Localized Corrosion of the WP Outer Barrier 

Localized corrosion is a process where corrosion occurs at discrete sites, In contrast to general 
corrosion, which uniformly thins the entire surface of a material. Localized corrosion usually 
occurs in metals and alloys, sllch as Alloy 22, whose corrosion resistance is attributed to the 
presence of a passive oxide film. Localized corrosIOn can initiate if the passive film is removed 
or damaged. When localized corrosion does occur, It tends to cause degradation much faster 
than general corrosion. In SAR Section 2.36.4. DOE considered that localized corrosion could 
lead to the release of radionuclides from the WP if the WP wall is breached. 

DOE determined that localized corrosion requires the presence of a liqUid water film on the 
WP surface, which may come from dripping seepage water or salt deliquescence in dust 
particles, as outlined in SNL Section 6.3.5.2 (2008ag). DOE's evaluation of salt deliquescence 
indicated that brines produced from dust deposits will not lead to localized corrosion 
(FEP 2.1.09.2S.0A; SNL. 200Sac). Consequently, DOE excluded localized corrosion caused by 
deliquescence from the performance assessment (SAR Table 2.2-5) and concluded that 
seepage water must contact the WP for localized corrosion to occur 

In the TSPA code, DOE calculated that in-drift conditions (i.e .. temperature, pH, and 
concentration of ionic species in seepage water) may SliPPOrt localized corrosion of the WP for 
approximately 12,000 years after repository closure, as described in DOE Enclosure 11 
(2009cl). The TSPA code, however, also calculates that few drip shields fail within 12,000 years 
after repository closure. Therefore, the probability of WP breach by localized corrosion is low In 

the DOE model. FollOWing 12.000 years after repository closure, DOE calculated that there is a 
low probability for conditions in the drift to support localized corrosion of the WP even if the drip 
shield fails and allows seepage water to contact the WP 

WP Localized Corrosion Conceptual Models 

DOE implemented models for both Initiation and propagation of localized corrosion of the WP 
outer barrier in the TSPA code, The following addresses the staffs review of these models 

Corrosion Initiation ModelS 

DOE considered two potential mechanisms by which localized corrosion could be initiated on 
the WP outer barrier under seepage conditions, In SAR Section 2.3.6.4, DOE described the 
first mechanism, which is related to the WP open-cirCUit corrosion potential, or corrosion 
potential. The DOE model initiates localized corrosion if the corrosion potenllal for the WP is 
greater than or equal to a critical potentiaL DOE defined critical potential as the potential above 
which a passive film will not spontaneously reform if damaged (SAR Section 2.3.6.4.1). While 
localized corrosion typically encompasses both pitting and crevice corrosion, DOE treated all 
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WP localized corrosion as crevice corrosion because crevice corrosion initiates in less 
aggressive thermal and chemical conditions than pitting corrosion, as described in SNL 
Section 6.4.4 (2oo7al). As such, DOE assumed that the critical potential for localized 
corrosion is equivalent to the crevice repassivatlon potential (SAR Section 23.6 4.1) 

The second initiation mechanism, referred to as salt separation, was described in SAR 
Section 2.3.5.5.4.2.1, During salt separation, the relative humidity at the WP surface drops 
below a salt precipItation threshold while seepage is occurring, causing chloride salts to 
precipitate out of solution. Nitrate that is still in solution moves away by advection. A chemically 
aggressive chloride-rich, nitrate-depleted brine forms when the relative humidity increases 
above this threshold value. DOE did not. however. model localized corrosion by salt separation 
in the TSPA code, as summanzed in SAR Section 2.4. Consequently, the NRC staff submitted 
an RAI requesting that DOE provide technical details evaluating the significance of salt 
separation effects on the performance assessment of WPs jn the proposed repository 
environment. DOE Enciosure 11 (2009ci) provided additional information on this analYSIS 
and stated that the saft separation analySiS will be inciuded in a future revision of the LA 

NRC Staff's Review 

The staff reviewed the DOE conceptual models for localized corrosion initiation on the WP outer 
barrier, as described in SAR Sections 2.3.6.4 and 23.55,(b)(S) 
l(b)(S)----=--'-----'-------------l, 

CorrOSion Propagation Model 

In DOE's model for localized corrosion propagation, corrosion propagates at a constant rate 
over time (SAR Section 2.3.6.4.3.2). DOE also considered an alternative conceptual model 
in Which the corrosion rate decreased over time (SAR Section 2.36.4.3.3.2). The alternative 
model, based on pit growth, gives a corroSion propagation rate lower than that calculated 
using the primary model assumption of constant corrosion rate. Therefore, DOE implemented 
the model with constant corrosion rate in TSPA code because it calculated an earlier WP 
breach time. 
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NRC Staffs Review 

The staff reviewed the DOE model for propagation of localtzed corrosion of the WP outer 
barrier, as described in SAR Section 2.3.6.4.3.2. i(b)(5) 

(b)(5) 

Localized Corrosion Initiation Conditions 

For localized corroslon initiation by corrosion potential and salt separation, respectively, DOE 
used empirical data to establish the conditions in which localized corroSion of the WP outer 
barrier could initiate. The staff reviewed DOE's localized corrosion Inillatlon conditions. 

Initiation by Critical Potential 

In the TSPA code, DOE compared the WP outer barrier corrosion potential to the repassivation 
potential to determine whether electrochemical conditions on the WP would lead to passive film 
breakdown. DOE assumed that the corrosion potential and repassivation potential for the WP 
outer barrier, respectively, depended on the environmental conditions in the drrft, including 
temperature, pH, chloride concentration, and nitrate concentration. DOE derived equations to 
represent the potentials as functions of these parameters by performing tests in which it 
measured the potentials for Alloy 22 specimens white varying the environmental parameters 
(SAR Section 236.4.2). 

DOE established the dependence between the corrosion potential of Alloy 22 and the 
environmental parameters using data from S-year tests (SAR Section 23.6.4.2.1) For a range 
of temperatures, DOE measured the corrosion potentials for Alloy 22 crevlced samples with 
various metallurgical conditions (i.e., as welded, mill annealed, stress relieved) exposed to a 
range of simulated brine solutions, mcluding SOW, SAW, and SCW, the compoSitions of which 
were given in SAR Table 2.3.6-1. The corrosion potential data used in DOE's model 
development were shown in SAR Table 2.3.6-6. Using regression analyses, DOE applied SAR 
Equation 2.3.6-7 to the data shown in SAR Table 2.3.6-6, representing the corrosion potential 
as a function of temperature, pH, and nitrate and chloride ion concentrations. 

DOE established the dependence between the repassivation potential of Alloy 22 and the 
environmental parameters using data from cyclic potentlodynamic polarization tests (SAR 
Sections 2.3.6.4.2.2). The tests were performed using the methodology of ASTM G61-86 
(ASTM International, 2oo3aa). In DOE Enclosure 9 (2009cl). DOE stated that while 
repassivatJon potentials can be measured by methods other than cyclic potentiodynamic 
polarization, the differences in measured potentials tended to be small and the cyclic 
potentiodynamic polarization method generally predicted greater corrosion susceptibility in 
aggressive brines. Similar to the tests for corrosion potential, DOE used Alloy 22 specimens 
with different metallurgical conditions (mill annealed and as welded) In a range of simulated 
brine solutions. DOE used ceramic wrapped with polytetrafiuoroethylene tape to form a crevice 
with Alloy 22 in the cyclic potentiodynamic polarization tests. The crevice repassivatlon 
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potential data used in DOE's model development were shown in SAR Table 2.3.6-7. Sample 
specimens that did not show evidence of localized corrosion attack were not used to develop 
the model. For experiments showing localized corrosion, DOE used regression analyses to fit 
SAR Equation 2.3.6-6 to the data shown in SAR Table 2.3.6-7, representing the crevice 
repassivation potential as a function of temperature and nitrate and chlonde ion concentrations. 
In the TSPA code. DOE accounted for fitting uncertainty in SAR Equations 2.3.6-6 and 2.3.6-7 
by varying the values of the fitting parameters of the respective equations according to a Monte 
Cano algorithm and by using data in the regression analysis from multiple samples for a given 
environmental condition, as detailed in SNL Section 6.3.5.22 (2008ag). 

DOE compared the model calculations of corrosion potential and repassivation potential, 
respectively, establish the environmental conditions that would support initiating localized 
corrosion on the WP outer barrier (SAR Section 2.36.4.3.12). In the DOE model, the 
probability for initiation of localized corrosion at temperatures less than 90 0 C (194 OF) generally 
increases with decreasing pH and decreasing nitrate-to-chloride ion ratio. DOE compared the 
localized corrosion initiation conditions its model calculated to experimental observations of 
localized corrosion initiation on Alloy 22 specimens. DOE's model calculated that localized 
corrosion may initiate on Alloy 22 exposed to SAW at 90 'c [194 °Fl, whereas In experimental 
tests, localized corrosion was not observed on Alloy 22 specimens exposed to this solution for 
5 years (SAR Table 2.3.6-12). DOE presented a number of additional corrosion test solutions 
for which its model calculated that localized corrosion may Inibate, yet for which localized 
corrosion was not observed on Alloy 22 specimens (SAR Table 2.3.6-13) DOE concluded that 
its model overestimates the probability of localized corrosion initiabon. 

NRC Staff's Review 

The staff reviewed DOE's experimental 
crevice r assiyation potential of AlloY1-
(b)(5) 

to measure the corrosion '' .... It<>nti''l and the 

The staff reviewed DOE's calculated values for the corrosion potential and repassivation 
potential, respectively, to confirm the environmental conditions (i.e., temperature, pH, 
concentration of Ionic species in seepage water) under which the DOE model calculates that 
localized corrosion of the WP will initiate. The staff examined the model functional 
de ndenciesl(b){5) 

(b)(5) ~~============= ==========, 
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Initiation by Salt Separation 

DOE used thermodynamic analyses to calculate the threshold relative humidity below which 
chloride-bearing salts could precipitate out of seepage water (SNL, 2007ak). In these analyses, 
DOE considered that the threshold relative humidity depends upon the group water type 
(I.e., 1-4 as defined in SAR Section 23.5), quantity of alkali feldspar to be tritiated into the 
seepage waters [I.e., the water-rock Interaction parameter ( WRIP)l. the partial pressure of CO2 

in the drift, and the WP temperature. In SAR Figure 2.35-55, the thermodynamic analyses 
showed that the chloride-to-nitrate ratio in a range of conditions is nearly constant until the 
activity of water (i.e .• relative humidity) drops below a value in the range of approximately 77 to 
65 percent. In the TSPA model, DOE concluded that this range represents the threshold 
relative humidity below which localized corrosion initiation by salt separation can occur (SAR 
Section 2.3.5.5). 

NRC Staff's Review 

The NRC staff reviewed the DOE approach for establishing the relative humidity threshold for 
the initiation of localized corr9sion by salt separation as POE described in SAR Section 2 3 5 5 

Hb)(5) 

Localized Corrosion Propagation Rate 

In the TSPA code, DOE sampled the propagation rate for localized corrosion on the WP 
outer barrier using a log-uniform distribution in the range of 127 flm/yr to 1,210 J.lm/yr 
[5 x 10 4 to 5 X 10-2 in/yr] with a median value of 127 f1mlyr [5 x 10 3 in/yr] (SAR 
Section 23.6432), This range was based on corrosion testing of Alloy 22 in 
aggressive environments, induding 10 percent FeCI3 (Haynes International, 1997aa) and 
concentrated Hel (Haynes International, 1997ab) DOE compared the corrosion rate 
distribution sampled In the TSPA code to independently measured corrosion rates for 
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similar, but less corrosion-resistant alloys, including Alloy C-276 and Alloy C-4 (SAR 
Section 2.3.6.4.4.2.2). DOE concluded that the measured corrosion rates fall within the 
bounds of the distribution sampled in TSPA code. 

NRC Staffs Review 

The NRC staff reviewed the DOE approach, described in SAR Section 2.3.6.4, that established 
the distribution s. '<)IIlI?led in the TSPA code fo.!..th~o a alion rate of localized corrosion on the 
WP outer barrierJibJJS) 1")(5) ~ ------------------------J 

Effects of Microorganisms on L.ocalized Corrosion 

As DOE addressed in SAR Section 2.3.6.3.2.3, microorganisms in the repository may affect the 
corrosion processes on the WP outer barrier such that the type and extent of corrosion in the 
presence of the microorganisms may be different from the corrosion in the absence of the 
microorganisms. Though DOE incorporated MIC effects into its model abstraction for general 
corrosion of the WP outer barrier (SAR Section 2.3.6.32.3), experimental observations Indicate 
that MIC may also affect the localized corrosion behavior. In particular, a DOE study showed 
that small pits, or micropores, were observed on the surface of Alloy 22 corrosion specimens 
exposed in a borosilicate glass vessel with unsterilized Yucca Mountain tuff rock. whereas no 
such micropores were observed in sterilized condiUons (Martin, et ai, 2004aa) In DOE 
Enclosure 10 (2oo9cl), DOE stated that the micropores Martin, et al (2oo4aa) observed started 
to form during the first 17 months' exposure, after which the size of the micropores was less 
than 1 j.lm [0.039 mil] in diameter. DOE further stated that the same specimens were observed 
after an additional 40 months' exposure, after which there were more pores, but no significant 
increase in pore size compared to that measured after 17 months DOE determined that. if the 
micropores were initiated pits. they quickly repassivated before they could propagate. 
Therefore, DOE concluded that it was appropriate to incorporate MIC into its model abstraction 
for general corrosion of the WP outer barrier. to be consistent with DOE observations In SNL 
Section 6.4,5 (2oo7al) that MIC may enhance corrosion on the entire material surface. 

NRC Staffs Review 

The NRC staff reviewed the information mJ2QE Enclosure 10 (2009c1),I(b)(5) 
l(b)(5) 



DOE did not directly include and calculate the effects of localized corrosion of the WP outer 
barrier in the TSPA code.. Rather, DOE performed a Localized Corrosion Initiation Uncertainty 
Analysis, as described in SNL Appendix 0 (2oo8ag) and DOE Enclosure 11 (2009cl), that 
calculated the fraction of WPs in the repository that are susceptible to localized corrosion as a 
function of drip shield breach time (I. e., the time at which seepage water could contact the WP) 
The Localized Corrosion Initiation Uncertainty Analysis implements the Localized Corrosion 
Initiation Submodel, as detailed in SNL Section 63.5.2.3 (2008ag), which determines whether 
the environmental conditions in the drift will initiate localized corrosion, and gives this input to 
the TSPA code. The Localized Corrosion Initiation Submodel is similar to the TSPA code, but 
incorporates only those submodels that are needed to calculate localized corrosion initiation 
conditions. In particular, the Localized Corrosion Initiation SlIbmOdel uses information primarily 
from the 

• EBS Thermohydrologic Environment Submodel to determine the temperature and 
relative humidity history at the WP 

• Drift Seepage Submodel to determine whether seepage occurs at a repository location 

• EBS Chemical Environment Submodel to determine the chemical composition of 
seepage water 

• Seismic Ground Motion Damage Submodel to determine the time of drip shield plate 
failure due to seismic damage 

• WP and DS Degradation Submodel to account for corrosion In determining drip shield 
plata and WP failure times 

In the Localized Corrosion Initiation Submodel, the repository was discretized into 
3,264 subdomains of equal area, at the center of which were 6 CSNF and 2 CDSP WPs, 
The subdomains were distributed through the five percolation subregions. In the Localized 
Corrosion Initiation Submodel, localized corrosion could initiate because of the WP corrosion 
potential or by salt separation. For each subregion, at every timestep in a realization, the 
Localized Corrosion Initiation SubmOdel compares the corrosion potential, as calculated by SAR 
Equation 2.3.6-7, to the crevice repassivation potential, as calculated by SAR Equation 2.3.6-6, 
If the corrosion potential was greater than or equal to the crevice repassivation potential in 
seepage conditions, the Localized Corrosion Initiation Submodel assumed that localized 
corrosion initiated at that subregion. Similarly, if the relative humidity at the WP surface fell 
below the salt separation threshold humidity in seepage conditions. the Localized Corrosion 
Initiation SubmOdel assumed that localized corrosion initiated at that subregion. 

The Localized Corrosion Initiation Submodel calculated that. if the drip shield were breached at 
the time of the repOSitory closure (Le, no drip shield present), there is approximately 34 percent 
probability that localized corrosion will initiate on a given WP surface (24 percent probability 
contribution by salt separation and 10 percent probability contributIon by corrosion potential), as 
shown in DOE Enclosure 11, Figure 1 (2009cl). DOE calculated that as the time to drip shield 
breach increases, the probability of localized corrosion Initiation decreases and IS negligible if 
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the drip shield fails beyond approximately 12,000 years after repository closure. In particular, 
DOE calculated that localized corrosion will not Initiate by salt separation If drip shield breach 
occurs after approximately 1,000 years from the time of repository closure, because the relative 
humidity will remain above the threshold value. Moreover, changes in the repository 
environmental and chemical conditions (e.g .. decreasing temperature) make initiation by 
corrosion potential less probable as the time to drip shield breach increases in the DOE model. 

Given the results of the localized Corrosion Initiation Uncertainty AnalysIs, DOE determined 
that localized corrosion of the WP outer barrier could only affect the timing and magnitude of the 
release of radionuclides from the WP if the overlying drip shield plate was breached within 
approximately 12,000 years after repository closure. DOE calculated that. beyond drip shield 
early failure, which already assumes localized corrosion for underlying WPs in seepage 
conditions, the probability of drip shield breach during this time period is negligible (SAR 
Figures 2.1-8,2.1-11, and 2.4-24). Therefore, DOE concluded that localized corrosion of the 
WP outer barrier will not affect any of the TSPA modeling cases, as shown in DOE 
Enclosure 11, Figure 1 (2009cl). 

NRC Staff's Review 

The NRC staff reviewed the implementation and integration of the model abstraction forl"~""_~ 
localized corrosion of the WP outer barrier in the postdosure performance assessment.l(b)(5) 

I(b )(5) 

(b)(5) 

4-39 



NRC Summary of Evaluation Findings for Localized Corrosion of the WP Outer Barrier 

The staff reviewed the DOE models for localized corrosion of the WP outer barrier that were 
implemented in theTSPA code (b)(5) .. 

'(b)(5) 

22.1.3.1.3.2.3 SCC of the WP Outer Barrier 

SCC generally refers to a process whereby cracks form In metals or alloys in a corrosive 
environment and under sustained tensile stresses. DOE presented data indicating that Alloy 22 
is highly resistant to SCC In the environmental conditions (e.g., temperature, pH. and chemical 
constituents of seepage water brines) that are expected to occur in the repository, as detailed in 
SAR Section 2.3.6.5.2 and SNL Section 6.2 (2007bb), Because of uncertainty regarding the 
long-term environmental conditions in the repository, however, the DOE model in the TSPA 
code assumes that the repository environment supports sec, such that sufficient residual 
tensile stress was the only criterion for SCC occurrence (SAR Section 2,3.6.5,1). In SAR 
Section 2,3.6.5, DOE evaluated SCC caused by residual stresses from WP fabrication. In SAR 
Section 2.3.4,5, DOE also evaluated SCC caused by the residual stresses resulting from 
impacts to the WP during seismic ground motions. This section of the SER includes NRC staff's 
review of the DOE model abstractions for sce of the WP outer barner. 

Conceptual Models 

The DOE models for SCC of the WP outer barrier treat crack initiation (I e , the formatIon of 
cracks on the WP surface) and crack propagation (1. e, growth of cracks from the surface 
through the outer barrier) as distinct phenomena. In the TSPA code, DOE assumed that cracks 
initiated on areas of the WP surface where the magnitude of the sustained tensile stress was 
greater than a threshold value, which DOE referred to as the reSidual stress threshold (RST) 
(SAR Section 2.3.6.5,2.1). Cracks initiated by this sustamed stress were referred to as incipient 
cracks. In the DOE model, the residual stresses for crack initiation could result from fabrication 
processes, such as welding, or from impacts to the WP dunng seismic ground motion. DOE 
stated that the concept of a threshold stress that must be exceeded for the onset of SCC IS 
widely accepted in the technical literature (e.g., ASM International, 1987aa). In the TSPA code, 
DOE also assumed that WP weld flaws (e.g., voids and slag inclUSIons) were initiated cracks, 
regardless of the magnitude of the residual stress (SAR Section 23.6.5.3.1). 

DOE used different conceptual models for the propagation of cracks initiated by fabrication 
stresses and weld flaws and those initiated by seismically Induced stresses, respectively 
With regard to cracks initiated by seismically induced stresses, DOE did not explicitly model 
crack propagation, Rather, DOE assumed that cracks instantaneously propagated through the 
wall at the time of initiation (SAR SectIon 2.3.4.5.1.2.1). With regard to cracks Imtlated by 
fabncatlon stresses and weld flaws, DOE assumed that the stress intenSity factor (SIF) at the 
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tip of the initiated crack must be greater than a threshold value for the crack to propagate 
(SAR Section 2.3.6.5.3.2). DOE stated that the concept of a threshold SIF is consistent 
with the general understanding of crack fracture mechanics (Jones and Ricker, 1987aa: 
Sprowels. 1987aa) 

To calculate the rate of growth for cracks with a SIF greater than the threshold value, DOE used 
the $lip-dissolution film-rupture (SDFR) model, as discussed in SAR Section 2.3.6.5.3.2 and 
SNL Section 6.4.2 (2007bb). In the SDFR model. crack 9rowth IS related to the rupture and 
subsequent refonmation of the passive metal oxide film at the crack tip. DOE stated that several 
studies (Ford and Andresen. 1988aa; Andresen, 1991aa: Andresen and Ford, 1994aa) used the 
SDFR model to accurately calculate crack 9rowth rates in stainless steel and nickel-based 
aUoys similar to Alloy 22 (e.g., Alloys 182 and BOO) In SAR Section 2.3.6.5.3.3, DOE described 
an alternative conceptual model for the crack growth rate the coupled environmental fracture 
model. The coupled environmental fracture model is based on conservation of electrons 
involved in the corrosion process (Macdonald and Urquidi-Macdonald, 1991aa; Macdonald. 
et al.. 1994aa). It incorporates the effects of oxygen concentration, flow rate, and the 
conductivity of the external environment and accounts for the effect of stress on crack growth 
DOE did not use the coupled enVIronmental fracture model in the TSPA calculation because it 
calculated a slower crack growth rate than the SDFR modeL 

NRC Staff's Review 

The NRC staff reviewed DOE's models for SCC initiationj(WU») I ~--

The NRC staff also reviewed DOE's models for SCC propagation.'--_________ .....,J 
(b)(5) .~-
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Stresses for Crack Initiation and Propagation 

The staff reviewed the DOE approaches to establish RST values for crack initiation and the 
threshold SIF for the propagation of weld flaws and cracks initiated by fabrication stresses. 

DOE performed laboratory tests to establish the value of the RST for Alloy 22. DOE performed 
constant·load crack initiation tests (SAR Section 2.3.6.5.2.1 1), slow strain rate tests (SAR 
Section 2.3.6.5.2.1.2), and U-bend see initiation tests (SAR Section 2.3.6.5.2.1.3) These tests 
were performed for up to 5 years for Alloy 22 specimens with metallurgical conditions 
representative of WP metallurgical conditions in the repository (I.e., welded, thermally aged, 
cold worked). The tests were performed In the temperature range of 25 to 165 'e [77 to 329 OF] 
in different brines, including SSW, SDW, sew. and SAW, the compositions of which are shown 
in SAR Table 2.3.6-1. 

For the constant-load crack Initiation tests (SAR Section 2 3 6.5.2 1.1), DOE exposed Alloy 22 
specimens to SSW (pH of 10.3) at 105 "'e [221°F] for up to 28,000 hours (approximately 
3 years). The test specimens were subjected to tensile stress up to 2.1 times the 
at-temperature yield strength for as-received materials and 2.0 times the yield strength of the 
welded materials, which corresponds to approximately 95 percent of the ultimate tensile 
strength of Alloy 22 In the respective material conditions. DOE reported that no sample 
ruptured during the test, as shown in SAR Figure 2.3.6-28. For the slow strain rate testing 
(SAR Section 2.3.6.5.2.12), Alloy 22 specimens were exposed to SAW, SSW, sew, and 
calcium-chloride-type brines over a range of temperatures, with and without applied potential 
(SAR Table 2.3.6-14). DOE stated that it did not observe see in most experimental conditions, 
though see was observed in sew with large applied anodic potentials. DOE concluded In SNL 
Section 6.2.1.3 (2oo7bb), however, that such potentials are not representative of repository 
conditions For the U-bend see initiation tests (SAR Section 2.3.6.5.2.1 3). Alloy 22 specimens 
were tested in SDW, sew, and SAW for 5 years with no evidence of see initiation. 

Even though see of Alloy 22 was not observed In the experimental testing, DOE concluded that 
cracks may initiate at lower stresses on the repository time scale, yet would not be observed in 
short-term laboratory tests, as described in SNL Section 6.2.2 (2007bb) Therefore. DOE 
stated that there existed some uncertainty associated with the value of the RST. Thus, to 
establish the RST value for the TSPA code, DOE applied a safety factor of two to the maximum 
stress that Alloy 22 specimens withstood with no evidence of see initiation As outlined in 
SNl Section 6.2.2 (2007bb). DOE determined that this maximum stress was 210 percent of the 
Alloy 22 at-temperature yield strength, as measured during constant-load craCK initiation testing 
in SSw. This approach established the upper bound for the RST to be 105 percent of the 
Alloy 22 at-temperature yield strength. DOE stated that use of a safety factor of two is 
consistent with general engineering practice and has been used to establish the allowable 
long-term fatigue stress on engineering components (American SOCiety of Mechanical 
Engineers, 1969aa) To further account for uncertainty In the RST, DOE established 90 percent 
of the Alloy 22 at-temperature yield stress as a lower bound. Thus, in the TSPA code, DOE 
sampled the RST from a uniform distribution between 90 and 105 percent of the Alloy 22 
at-temperature yield stress, as shown in SNl Table 6-3 (2007bb). 

In response to the NRe staff's RAI for DOE to assess the observed case of see mitiation in 
sew, DOE provided new data in DOE Enclosure 1 (2009q) from U-bend testing of as-welded 
and mill-annealed Alloy 22 specimens at 165 "e [329 OF] in aerated sew (Andresen and Kim, 
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2009aa). After 32,000 hours (approximately 3.5 years), no see was observed for stresses 
estimated to be at or slightly above the at-temperature yield strength of Alloy 22. DOE cited an 
additional study in which low strain rate crack initiation tests were performed on Alloy 22 
specimens in sew at 86 and 89·C [186.8 and 192.2 OF] (Fix, et aI., 2oo3aa). DOE reported 
that crack initiation did not occur until the tensile stress exceeded a value of 605 MPa [87.7 ks!j, 
which is approximately 160 percent of the room temperature Yield strength of Alloy 22. 
On the baSis of this information, DOE concluded that the range of the RST, given in 
SAR Section 2.3.6.5, was acceptable. 

DOE evaluated the expected fabrication-induced residual stresses during the postclosure period 
to determine whether such stresses could exceed the RST. DOE stated that it plans to do a 
stress-relief heat treatment to mitigate the stresses in the WP outer barrier after fabrication 
(SAR Section 1.5.2.7.1) following the standards specified in American Society of Mechanical 
Engineers Boiler and Pressure Vessel Code, Section III, Division 1, Subsection NC-4600 
(American Society of Mechanical Engineers, 2001aa). DOE conclUded that fabrication-Induced 
residual stresses will not exceed the RST for portions of the WP that are heat treated. In the 
DOE fabrication process, however, the heat treatment takes place before the waste is placed in 
the WP and the outer lid is welded onto the shell. Welding the outer lid onto the WP shell may 
induce residual stresses in the region of the closure weld that the heat treatment process cannot 
mitigate, as described in SNL Section 6.5.3.1 (2007bb). Therefore, DOE concluded that the 
region of the WP closure weld is the only part of the WP outer barner where fabrication induced 
stresses could cause SCC. DOE plans to implement a process caned low plasticity burnishing 
(a process whereby the material surface is plastically deformed to create a layer with 
compressive residual stress) to delay the initiation of incipient see (SAR Section 1 5.2.7.2.2) 
The current WP design requires a compressive residual stress to a depth of at least 3 mm 
{O.12 inj below the weld surface (SAR Table 1.9-9, DeSign Control Parameter 03-17). 
DOE concluded that the initiation of SCC would be delayed by the time it would take for 
general corrosion to corrode through at least the 3-mm (0.12 in] burnished layer. 

DOE performed finite element analyses to calculate the reSidual stress profile of the weld, as 
detailed in SAR Section 2.3.6.5.23 and SNL Section 6.5.3.3 (2007bb), when the closure weld 
was plastiClty burnished resulting in compressive stresses to a depth of 3 mm [0.12 in] below 
the weld surface. The analysis simulated multipass welds, with the reSidual stress represented 
as a function of welding parameters, thermal tranSients, temperature-dependent material 
properties, and elastio-plastic stress reversals. The DOE analyses indicated that the 
residual stress decays rapidly with increasing radial distance from the weld line and is negligible 
at a distance from the weld line approximately equal to the thickness of the WP wall, as 
shown in SNL Figures 6-19 through 6-22 (2007bb). Given the rapid decay in weld-induced 
stress with increasing distance from the weld line, DOE assumed that initiation of see by 
fabrication-induced stress could only occur in patches representing the WP closure weld in 
the TSPA model. These patches represent approximately 2.67 percent and 2.95 percent of the 
total surface area for the eSNF and eDSP WPs, respectively. as outlined in SNl 
Section 6.3.5.1.2 (2oo8ag). 

In the region of the closure weld, DOE calculated that radial stresses do not exceed the RST 
through the entire thickness of the weld, but that hoop stresses can exceed the RST at a 
depth of approximately 5 to 7.5 mm [0.20 to 0.30 in] below the weld surface, as described In 

SNL Section 6.5.5.2.2 (2007bb) In the TSPA code, DOE represents the hoop stress as a 
function of depth from the weld surface in SNL Equation 64 (2007bb). DOE also 
considered angular variability in the reSidual stress around the circumference of the WP 
closure weld in SNL Equation 6.3.5-6 (2008ag). On the basis of literature reports (e.g., Shack. 
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et aI., 1980aa}, DOE calculated that the residual stress may have circumferential variation up 
to ± 2.5 ksi [± 17.24 MPaJ from the mean stress, as detailed in SNL SectIon 6.5.6.1 (2oo7bb) 
SAR Figure 2.3.6-30 showed the angular variability in the residual hoop stress profile in the 
WP closure weld. More generally. DOE identified literature reports (e.g., Mohr, 1996aa; 
Pasupathi, 20ooaa) which indicated that welding and stress mitigation processes introduce 
uncertainty into the weld residual stress profile. The reports Indicated that the uncertainty range 
for residual stress may be between 5 percent and 35 percent of the material yield strength. 
On the basis of the fabrication techniques and process controls planed for the WP closure weld, 
DOE selected a three standard deviation uncertainty range of ± 15 percent of the at-temperature 
yield strength of Alloy 22, as outlined in SNL Section 6.5.6.2 (2007bb). This is implemented in 
the TSPA model by applying a scaling factor to the residual stress. The scaling factor is 
sampled from a truncated (± 3 standard deviations) normal distribution where the mean is 
o and the standard deviation is 5 percent of the Alloy 22 at-temperature yield strength. 
SAR Figure 2.3.6-32 showed the uncertainty in the residual hoop stress profile in the WP 
closure weld. 

DOE compared the residual stress profile calculated by the finite element analysis to the 
residual stress experimentally measured by Woolf (2003aa) for plasticity-burnished Alloy 22 
simulated closure welds, as described in SNl Section 6.56.5 (2007bb). As shown in SNL 
Figure 6-60 (2007bb), Woolf (2oo3aa) measured compressive residual stress to a depth of more 
than 7 mm [0,28 inj from the weld surface. DOE concluded that the calculated residual stress 
profile implemented in the TSPA code underestimates the extent of stress mitigation by 
plasticity burnishing. 

NRC Staffs Review 

T e staff reviewed the DOE approach to establish ti16 value of the RST fOf...."t""he""'WL!.!...P...",o'-"""'a.->t>i!.ll ......... ....., 
(b)(5) 

!.he staff reviewed DOE's use of tbe data from the see tests to establish the range for the RST 
l(b)(5) 

I 
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(bj(5) 

The NRC staff reviewed the DOE analysis of fabricatlon-induced stresses in the WP outer 
C(~~wer I1b)(5)c=1 

The staff also reviewed DOE's calculati,Qn of the closure weld residual stress profile, as 

1'~~~FIIled In SAR SectIOn 23.652 3. "b)(,,--"'--_c, '---, 

Threshold SIF 

DOE determined the numerical value of the SIF threshold uSing a crack blunting criterion, as 
detailed in SAR Section 2.3,6.5,1 and SNL Section 6.45 (2007bb). According to the crack 
blunting criterion, crack growth Will arrest if the crack tip radius decreases, because the general 
corrosion rate at the sides of the crack is greater than the rate at which the crack tip is 
advancing (Andresen and Ford, 1994aa). DOE calculated the threshold SIF as a function of the 
Alloy 22 general corrosion rate and the repassivation slope, a parameter related to the rate at 
which Alloy 22 repassivates following a passive film rupture, as shown in SNL Equation 19 
(2007bb), DOE used a point value of 7.23 nmtyr [2.85 )( 10'7 inl for the general corrosion rate of 
Alloy 22. on the basis of the 5-year corrosion data described in SAR Section 2,3.6.3, DOE 
determined the value of the repassivation slope by measuring the crack growth rate for fatigue 
precracked Alloy 22 compact tension specimens at 110°C [230 OF] in BSW and 150°C [302 OF] 
in SCW, as outlined in SAR Section 2.3.6.5.24 and SNL Section 6.4.4.2 (2007bb). For these 
conditions, the measured values ofthe repassivation slope are shown in SAR Table 2.3,6-17. 
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DOE considered epistemic uncertainty in the repassivation slope and, in turn, the threshold, SIF, 
In the TSPA code, DOE sampled the repassivation slope from a normal distribution, The mean 
threshold SIF was calculated as 6,62 MPa-m0 5J6,02 ksi-ino sb' with lower and upper bounds of 
1.96 MPa-mo s [1 ,78 ksi-ino~l and 15,38 MPa-m 5 [14,0 kSi-in 51. respectively. DOE stated that 
this range corresponds to values reported in the technical literature (e,g" Jones, 1992aa) for 
other corrosion-resistant chromium-nickel-iron alloys. 

DOE calculated the SIF profile for the WP closure weld to determine whether the SIF could 
exceed the threshold value to cause crack propagation during the postclosure period, as 
described in SAR Section 2.3.6.5.2.3 and SNL Sectlon 6.5 (2007bb). DOE used an approach in 
which it calculated the SIF for a relatively simple crack geometry and given stress dIstribution. 
then modified the solution for the WP closure weld with a geometry correctJon factor, as detailed 
in SNL Section 6,5.3,3,3 (2007bb). DOE represented a radially oriented crack in the closure 
weld with the idealized case of a semicircular crack in an infinite plate, as outlined In SNl 
Section 6-17 (2007bb), The geometry correction factor was obtained by comparing the 
simplmed solution to finite element analysis solutions for a number of crack sizes. Using this 
approach. DOE calculated the SIF profile for the plasticity-burnished WP closure weld, as 
shown in SAR Table 2.3,6-16, Because DOE's calculated SIF was a linear function of the 
residual stress, uncertainty and variability in the residual stress profile were also represented in 
the SIF profile used in the TSPA code, SAR Figure 2.3.6-30 showed the angular variability in 
the SIF profile for the closure weld and SAR Figure 2 3.6-32 Showed the uncertainty in the SIF 
profile in the WP closure weld. 

NRC Staffs Review 

~he NRC staff reviewed t~e a roach to calculate the threshold SIF for the WP closure weld. 
l(b)(5) 

(b)(5) 
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Crack Size and Density 

The staff reviewed the DOE's approaches to calculate the size and density of cracks initiated 
by fabrication induced stresses and weld flaws, and those initiated by seismically induced 
stresses, respectively. 

Cracks Initiated by Fabrication Induced Stresses and Weld Flaws 

DOE's analytiC models assumed that the cracks initiated by fabrication induced stresses 
exceeded the RST and have a uniform size density. DOE assumed that It IS energetically 
favorable for the cracks to have elliptical shape, as shown in SNL Figure 6.3-3 (2007aj), 
with crack length (i.e., major axis of the ellipse) of 50 mm [1.97 in). DOE selected this length 
because it calculated that weld-induced stresses can persist on both sides of the weld 
centerline up to a distance approximately equal to the nominal thickness of the WP outer barrier 
{i.e .. 25 mm [0.98 in]}. The crack openmg width was calculated using a fracture mechanics 
equation derived from an analYSIS of the energy associated with crack free surfaces. In this 
manner, DOE calculated a crack opening width of 0.1958 mm [7.70 " 10-3 in! Given the crack 
length of 50 mm [1.97 in] and width of 0.1956 mm [7.70 )( 10.3 inl. DOE calculated that the 
opening area of an individual incipient crack was 7.682 mm2 [1 19 x 10.2 in2

). which is assumed 
to be constant through the WP wall (SNL, 2007aj). DOE stated that a crack of these 
dimensions would permit diffusive transport but preclude advective transport by water 
(FEP 2.1.03.1O.0A; SNL, 2008ac). Moreover, DOE assumed that the density of through-wall 
cracks is constrained by stress-field interactions in the area around the crack, which limit the 
ability of cracks in relative proximity to propagate through the WP wall. as described in SNL 
Section 6.6.1 (2007bb). DOE's analysis indicated that the mimmum spacing between 
through-wall cracks is equal to the thickness of the WP outer barrier, which is 25 mm [0.98 In] 
(Structural Integrity Associates, 2002aa) 

DOE used a different approach to model the size and density of weld flaw cracks in the 
WP outer barrier closure weld. For the outer closure weld, DOE determined that the size 
and density of flaws would be small because of (i) highly controlled welding procedures that 
would limit flaw generation and (ii) extensive postweld nondestructive examination (NOEl 
used to identify weld flaws. as detailed in SNL Section 6.3.1 (2007aa) DOE stated in SAR 
Section 1.5,2.7 that weld fabrication and inspection will follow the requirements of American 
Society of Mechanical Engineers Boiler and Pressure Vessel Code Section III, DiviSion 1. 
Subsection NC (American Society of Mechanical Engineers, 2001aa) The ASME Code 
specifies that flaws larger than 1,6 mm [6.30 )( 10.2 in] be detected and repaired, a requirement 
that is incorporated as a WP Design Control Parameter [SAR Table 1.9-9, Design Control 
Parameter 03-17(b)]. To determine the size and density of flaws that may be expected in the 
WP closure welds, DOE fabricated simulated welds (Smith, 2003aa; SAR Section 2.3.6.5.2.2). 
DOE stated that postweld NDE detected aU flaws in the Simulated welds than were larger than 
ASME Code allowed. 

DOE performed a statistical analysis using data from the simulated welds to derive 
probability distributions for the size and density of flaws to be sampled in the TSPA 
analysis. as outlined in SNL SectIon 6.31 (2007aa). DOE used a Bayesian approach. 
consistent with weld flaw analyses in the technical literature (e g., American Nuclear 
Society/Institute of Electrical and Electronics Engineers, 1983aa). Following this approach, 
DOE determined that a Poisson distnbution best represents the undetected weld flaw denSity. 
DOE calculated that after performing postweld NDE, the mean size of flaws that would go 
undetected is 1.0 mm [3.94 )( 10.2 in]. with 5th and 95th percentile values of 007 and 2.6 mm 
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[2,76" 10.3 and 1,02 l( 10.1 in], respectively, as described in SNL Appendix A (2007aa). DOE 
calculated that after the NDE, there would be a mean of approximately one weld flaw per 
140 m3 [4,94 )( 103 

ttl] of weld volume, with 5tn and 95th percentile values of approximately one 
weld flaw per 56 m3 [1.98 l( 10J ftll and one weld flaw per 264 m3 [9,32 l( 103 fel, respectively, 
as detailed in SNl Appendix A (2007aa) Given the expected closure weld volume, DOE 
calculated that there is about 84 percent probability that a WP will have no weld flaws, 
14 percent probability that a WP has one flaw, and 2 percent probabiHty that a WP has two or 
more flaws (SAR Table 2.3.6-18), 

In the TSPA code, DOE calculated that only radially oriented flaws (i.e., those that make an 
angle of greater than 45° with respect to the weld line) are able to propagate because the 
primary stress component in the closure weld is the hoop stress (SAR Section 2.3.6.5.3. n 
DOE determined that there is little driving force for the propagation of cracks that make an angle 
of less than 454 with respect to the primary stress direction, as outlined In SNl Section 6,3.4 3 
(2007bb). DOE analyzed the flaws in the simulated welds to calculate a probability distribution 
for the orientation of flaws in the closure weld, as described in SNl Section 6.3 1.5 (2007aa) 
USing the Bayesian approach, DOE calculated that 08 percent of weld flaws will be radially 
oriented such that they can propagate under a hoop stress, DOE concluded that thiS calculation 
was supported by the independent analyses of Shcherbmskii and Myakishev (1970aa) who 
reported that most (-99 percent) weld flaws are oriented within about ±13" from the weld line. 

In the TSPA code, DOE also assumed that only those weld flaws exposed to the environment 
by general corrosion during the postclosure period would be susceptible to propagation, as 
outlined in SNL Section 6.3.4.3 (2007bb), In the TSPA code, DOE calculated that 25 percent of 
weld flaws will be exposed and able to propagate based upon the approximate percentage of 
the WP weld that would be removed by general corrosion during the postclosure period (SAR 
Section 2,3.6,3). On the basis of the small number of embedded weld flaws capable of 
propagation, DOE concluded that breach of the WP outer barner by weld flaw cracks is far less 
likely than breach by incipient cracks initiated where the residual stress is greater than the RST, 
as outlined in SNl Section 6,3.5.1.3[a] (2008ag). 

NRC Staff's Review 

The NRC staff reviewed the DOE approaches to calculate the size and density 17.f"""Cf;-;;;8;-ck_S-'--__ , 
initiated by fabrication induced stresses and weld flaws in the WP outer barrier. 

(bj{S\ 

of the size and 
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Cracks Initiated by Seismically Induced Stress~s 

For stress corrosion cracks caused by impacts 10 the WP during seismic ground motion, DOE 
sampled a parameter in the TSPA code called the crack area density, which is the product of 
the crack size and the crack density, as identified in SAR Section 2.3.4.5.1.4.1 and SNL 
Section 6.7.2 (2007bb). The crack area density IS a unit/ess scalar measure that, when 
multiplied by the size of the damaged area on the WP surface, gives the total open area of the 
through-wall cracks. For seismically induced SCC, DOE assumed that through-waH crae,Ks 
have the same shape characteristics as cracks in the closure welds, as in SNL Figure 6.3-3 
(2007aj). In contrast to the weld cracks, however, DOE considered uncertainty In the size and 
density for the cracks induced by seismic ground motion. DOE evaluated the uncertainty by 
calculating the crack area density using two conceptual models in which the crack size and 
crack density values were varied, as descnbed in SNL Section 67.3 (2007bb). Both conceptual 
models use a regular hexagonal array of cracks on the WP surface because this gives high 
effective crack density, as described in SNL Section 6.7.2 (2007bb). In the first conceptual 
model in SNL Section 6.7.3.1 (2007bb), cracks abutted tip-to-tip and the distance between 
parallel rows of cracks was the WP wall thickness. In the second conceptual model in SNL 
Section 6.7.3.2 (2007bb), cracks could overlap (crack length was two times that in the first 
conceptual model) and the distance between crack centers was the wall thickness (crack 
number density was lower than that assumed in the first conceptual model) These resulted in 
SNL Equations 37 and 40 (2007bb) that DOE used to calculate the lower and upper bounds, 
respectively, for the crack area density sampled in the TSPA code. 

Using this approach, DOE calculated a lower bound for crack area density of approximately 
3.27 " 10 3 (I.e., SCC breached area IS 0.327 percent of the WP damaged area) and an upper 
bound of approximately 1.31 " 10 2 (ie., SCC breached area IS 1.31 percent of the WP 
damaged area) (SAR Section 2.3.4.5.1.4.1). DOE considered an alternative conceptual model 
in which a Single crack circumSCribed the damaged area, as described in SNL Section 6.7.4 
(2007bb). For this conceptual model, DOE calculated a crack area density of 7.22 " 10-3

, which 
is within the bounds given by the hexagonal crack network models, DOE determined that the 
alternative conceptual model provided support for the crack area density range calculated by 
the primary conceptual models. Therefore, in the TSPA code, DOE samples the crack area 
density from a uniform distribution between the bounding values given by the hexagonal crack 
network models. 
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NRC Staffs Review 

The NRC staff reviewed the DOE approach to establish the value of the crack area density for 
seismically induced stress corrosion cracks.l(b)(!5)_~.~. __ ····.... .... . ... 
(b)(5) 

Abstraction and Integration 

For the Nominal and Seismic Ground Motion Modeling Cases in the TSPA code, the mode! 
abstraction for SCC of the WP closure weld was implemented in the WP and OS Degradation 
Submodel, as detailed in SNL Section 6,3.5.1 (2008ag). In the submodel, the WP closure weld 
area is represented by an annulus that is 1 patch wide and has the same radius as the WP, as 
shown in SNL Figure 6.3.5-4 (2008ag). This results in about 40 patches to model the WP 
closure weld. The WP general corrosion abstraction and SCC abstraction, respectively, are 
implemented independently on each of the patches, As each patch thinned by general 
corrosion, the submodel calculated the residual stress on the patch on the basis of the 
through-wall residual stress profile. At each realization time step. the submodel compared the 
residual stress on the patch to the sampled RST. If the residual stress on the patch was 
greater than the RST, the submodel assumed tnat SCC initiated. The submode! also distributed 
weld flaws among the patches on the basis of the probability distributions for the weld naw size 
and density. To determine whether initiated cracks in the WP closure weld could propagate, 
the submodel calculated the SIF at the crack tip on the basis of the through-wall SIF profile, 
and compared it to the sampled threshold SIF. If the SIF was greater than the threshold 
SIF, the submodel assumed that the crack would propagate. The crack growth rate was 
calculated using the SDFR model. A breached patch was assumed to have cracks with a size 
of 7.682 mm2 [1.19)( 10.2 in2l and spaCing of 25 mm [0.98 in){Le., 6 cracks per patCh). The 
output of the model was the time of WP breach and the breach area. This output was provided 
to the Waste Form Degradation and Mobilization Model Component and the EBS Flow and EBS 
Transport Submodels. 

For the Nominal Modeling Case, DOE calculated that WPs were not breached by SCC in the 
closure weld (i.e., less than 1 in 10-4 probability) for approximately 150.000 years after 
repository closure, and within 1 million years, a mean of approximately 50 percent of WPs were 
breached [SAR Figure 2.1-10(a)]. Of those breached WPs, DOE calculated that the mean 
fraction of breached area to total WP surface area was less than 10 5 over 1 million years [SAR 
Figures 2, 1-13(b) and 2.1-15(b)). DOE calculated similar results for SCC of the closure weld in 
the Seismic Ground Motion Modeling Case, as shown In DOE Figures 1-4 (2009bj) 

The model abstraction for SCC caused by impacts during seismic ground motion was 
implemented in the TSPA code in the Seismic Ground Motion Modeling Case, as outlined in 
SNL Section 6.6 (2008ag). In the Seismic Ground Motion Modeling Case, the RST was 
sampled from a uniform distribution between 90 and 105 percent of the Alloy 22 at-temperature 
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yield stress, Using the sampled RST, DOE calculated the size of the WP damaged area, 
The crack area density for the given damaged area was sampled from a uniform 
distribution between 3.27 )( 10· and 1.31 " 10 2

. The product of the size of the damaged 
area and the crack area density gave the total open area of the SCC network. The output of 
the model was the time ofWP breach and the breach area, This output was provided to the 
Waste Form Degradation and Mobilization Model Component and the EBS Flow and EBS 
Transport Submodels. 

For SCC induced by impacts during seismic ground motion, DOE calculated that a mean of 
approximately 10 percent of CSNF WPs were breached Within about 250,000 years of 
repository closure and for CDSP WPs, a mean of approximately 40 percent were breached 
within aboot 150,000 years of repository closure (DOE, 2009Cj), For both WP types, the fraction 
of the WP surface consisting of open cracks was less than 10-3

, as shown in DOE Figures 7 
and 8 (2009cj), DOE stated that the response of the respective WP types is different because 
CSNF WPs are generalty not damaged by seismiC ground mobon until breached by another 
mechanism (e.g., SCC of the closure weld) that leads to degradation of the WP internals. 
Conversely, CDSP WPs are structurally weaker and can be damaged by seismic ground motIOn 
regardless of previous damage. For both WP types, the probability of seismically induced SCC 
plateaus within 250,000 years after repository closure because drip shields collapse and 
impinge the WPs. 

NRC Staffs Review 

The NRC staff reviewed the implementation and integratton of the model abstraction for SCC 
of the WP outer barrier in the postclosure performance assessment..l-'"'(b2C)(C-'5):,..···_· ______ -I 
(b)(5) 

NRC Summary of Evaluation Findings for SCC of the WP Outer Barrier 

The staff reviewed the DOE model abstraction for SCC of the WP outer barrier that was 
implemented inthe TSPA code/(b)(5) ... ~~~~ .. 

l(b)(S) 

2.2,1.3.13.24 WP Early Failure 

In SAR Section 2.2.2.3, DOE defined early failure to be a through-wall penetration of the 
WP caused by manufacturing- and handling-induced defects. at a time eariier than would be 
expected for a nondefective WP. DOE assumed that a WP undergoes early failure If It is 
emplaced in the repository with an undetected manufacturing- or handling-induced defect. 
On the basis of the processes associated with WP manufactUring and handling, DOE calculated 
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that the probability ofWP early failure is best represented in the TSPA code by a lognormal 
distribution with a mean of 1.13 x 10-1 per WP and an error factor of 817, as shown in SNL 
Table 7-1 (2oo7aa). The staff reviewed the adequacy of this probability distribution in SER 
Section 22,1,2,2.3, This section addresses the staff's review of the implementation of this 
probability distribution in the TSPA code. 

WP Early Failure Conceptual Model 

The DOE's conceptual model for early WP failure is that the WP with an undetected 
manufacturing- or handling-induced defect completely fails (I.e" is removed as a barner to the 
flow of water) at the time of repository closure (SAR Section 2.366,1). DOE selected this 
representation because there are uncertainties associated With the timing and extent of breach 
for defective WPs and a completely degraded WP wHl not underestimate the timing and 
magnitude of radionuclide releases. as described in SNL Section 6.5 2 (2oo7aa), DOE 
concluded that this is a conservative representation of the early failure because the most 
likely consequence of improper WP manufactunng or handllOg would be introduction of SCC, 
which tends to cause tight cracks that would limit the extent of radlonucltde transport (SAR 
Section 2,3.6.6.4,1), 

NRC Staff's Review 

The NRC staff reviewed DOE's conceptual mode! for WP eaf/y failure, l{b)(5) 

r~-'-~~-""" ..... 
Abstraction and Integration 

The DOE model abstraction for early failure of the WP was Implemented 10 TSPA code In 
the WP Early Failure (EF) Modeling Case, as detailed In SAR Section 2.4.2.1,5.2 and 
SNL Section 6.4.2 (2008ag), This modeling case uses most of same modeling components 
and submodels as were implemented in the Nominal Modeling Case. In the Nominal Modeling 
Case, however, the WP and DS Degradation Submodel provides the WP and drip shield 
breached areas as a function of time to the EBS Flow and Transport Submodels and the 
Waste Form Degradation and Mobilization Model Components. In the WP EF Modeling Case, 
the WP and OS Degradation Submodel was replaced with the WP early faUure mode, which 
Simulated early failure by treating all patches on the failed WP as breached at the time of 
repoSitory closure. 

DOE considered that the dose consequence of a WP early failure would depend primarily upon 
the type of WP, the environmental conditions at the WP (e.g., temperature and relative 
humidity), and whether the WP was in seepage conditions Therefore. the WP EF Modeling 
Case calculated the dose consequence of a single early failure of a CSNF and CDSP WP in 
each of the five percolation subregions with and without seepage conditions. The TSPA code 
then calculated the expected dose using the early failure probability [sampled from the 
distribution given in SNL Table 7-1 (2oo7aa)]. the distribution for the WP type, and the seepage 
fraction for each percolation bin. 
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DOE calculated that there is approximately 558 percent probability of no WP early failures. 
approximately 224 percent probability of one early failure, approximately 9.6 percent probability 
of two early failures, and approximately 12.3 percent probability of three Of more early failures in 
the repository, as outlined in SNL Table 6.4-1 (2oo8ag). WP early failure makes a small 
contribution to DOE's calculated mean annual dose within approximately 20,000 years 
following closure {less than 10-1 mrem [10-6 SVj}, with a declining contribution thereafter (SAR 
Figure 2.4-18). 

NRC Staffs Review 

NRC Summary of Evaluation Findings for WP Early Failure 

The staff reviewed the DOE model abstraction for failure of the WP outer barrier that was 
im lemented in the TSPA code, F;j(b":-)(~5c.::) ==..--::~.~c...:..::~-=---=-:....::.:.::....:.-:..:....--=-=-::~-::~~=~=-~ 

j(b)(5) 

2.2.1.3.1.4 Evaluation Findings 
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CHAPTER 5 

2.2.1.3.2 Mechanical Disruption of Engineered Barriers 

2.2.1.3.2.1 Introduction 

This chapter of the Safety Evaluation Report (SER) evaluates the performance of the 
Engineered Barrier System (EBS) the U.S Department of Energy (DOE) presented in Its 
Safety Analysis Report (SAR) (appropriate revision of SAR cited here using author, year 
format). The design aspects of the EBS were described in SAR Sections 1.3.4 and 152, 
while the performance aspects were described in SAR Sections 2.1, 2.3.5, 2.3.6, and 2.3.7. 
DOE identified that the following EBS features contribute to barrier performance emplacement 
drifts, drip shields, waste packages, waste forms, waste form internals. waste package pallets. 
and emplacement drift inverts. According to DOE. the EBS features are deSigned to work 
together with the natural barriers by preventing or substanllally redUCing the release rate of 
radionuclides from the repository to the accessible enVIronment A disruption of the EBS 
components has the potential to affect their barrier performance Mechanical disruption of EBS 
components generally results from external loads generated by accumulating rock rubble 
Rubble accumulation can result from processes such as (i) degradmg emplacement dnfts due to 
thermal loads, (ii) time-dependent natural weakening of rocks. and (iii) effects of seismiC events 
(vibratory ground motion or fault displacements). This SER chapter evaluates the performance 
of the various components of the EBS under a reasonable range of expected loading conditions 
To estimate the timing and extent of rubble accumulation. rocks In the repository block (RB) 
need geologic characterization. DOE characterized the repository rock mass as conSisting of 
two major rock types lithophysal and nonlithophysal. Lithophysal rocks (approximately 
85 percent of the repository emplacement area) are characterized as relatively more deformable 
rocks with low compressive strength because of the VOids of varying sizes contained Within the 
rock The nonlithophysal rocks (approximately 15 percent) are characterized as hard, strong. 
and iointed rocks. According to DOE, these two rock types are expected to behave differently 
under thermal and seismiC loads and thus require different modeling approaches to account for 
different modes of failure (e.g., rock blocks separating from the mass and falling due to gravity, 
gradual unraveling or tensile failure dunng Vibratory loads). On the basis of geologic mapping 
and testing, DOE categorlzed the lithophysal rocks Into five categories based on rock mass 
qualities (to represent the variability in mechanical properties). DOE has conducted laboratory 
and in situ testing on small and large rock samples and developed a range of input parameters 
for the numerical models, DOE has presented several approaches to estimate the timing and 
extent of degradation, including numerical modeling results. 

According to DOE, the functions of the drip shield are to prevent rocks from falling on the waste 
packages and to prevent water from contacting the waste package surface at early times when 
waste packages are hot. so that potential for corrosion may be minimized. The purpose of the 
waste package IS to protect the waste form and Isolate the radlonuclides or slow down their rate 
of release to the acceSSible environment To estimate the effects on timing and magnitude of 
radionuclide release, DOE analyses considered the loading from mechanical disruption of EBS 
components from seismiC events. DOE conSidered gradual drift degradation due to thermal 
loads, time-dependent weakening. and seismiC events as sources of generating loads from 
rubble accumulation on and around the drip shields, However, DOE excluded the effects of drift 
degradation due to thermal loads and time-dependent weakening from Its Total System 
Performance Assessment (TSPA) code. The staff's review of DOE's technical bases for 
exclusion of features, events, and processes (FEP) 2.1 07.02.0A (drift collapse) IS presented in 
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SER Section 2.2.1.2.1.3.2. The scope of this SE R chapter is limited to reviewing how the 
applicant considered the effects of seismic disruption (Le., vibratory ground motion, and fault 
displacement) and used the results in the total system performance analysis. 

The staffs review followed the guidance provided in the Yucca Mountain Review Plan (YMRP) 
(NRC, 2003aa). YMRP Section 2.21 provides guidance to the staff on applying risk information 
throughout the review of the performance assessment. The staff used DOE's risk information 
derived from an initial review of DOE's treatment of multiple barriers. as appropriate. 
The staffs review approach is to assess the adequacy of DOE design and analyses of EBS 
components under anticipated demands generated by drift degradation due to seismic loads. 
F or those cases in which there may be a reasonable doubt that the design capacities may be 
exceeded, staff examines the ential for continued functionality of the components under a 
range of cted conditions. (b){5) r5)--

2.2.1.3.2.2 Regulatory Requirements 

Model abstractions used in the applicant's postclosure performance assessment must meet the 
regulatory requirements given in 10 CFR 63.114 (Requirements for Performance Assessment) 
and 63.342 (Limits on Performance Assessment), to support the predictions of compliance for 
63.113 (Performance Objectives for the Geologic Repository after Permanent Closure). 
Specific compliance with 63.113 is reviewed in SER Section 2.2.1.4.1. 

The requirements for performance assessment in 10 CFR 63.114 require the applicant to 

• Include appropriate data related to the geology, hydrology. and geochemistry of the 
surface and subsurface from the site and the region surroundIng Yucca Mountain 

• Account for uncertainty and variability in the parameter values used to model mechanical 
disruption of engineered barriers 

• Consider alternative conceptual models for mechanical disruption of engineered bafflers 

• Provide technical bases for the inclusion of features. events. and processes affecting 
mechanical disruption of engineered barriers, including effects of degradation, 
deterioration. or alteration processes of engineered barriers that would adversely affect 
performance of the natural barriers. consistent with the limits on performance 
assessment in 10 CFR 63.342 

• Provide teChnical basis for the models of mechanical disruption of engineered barriers 
that in turn provide input or otherwise affect other models and abstractions 
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10 CFR 63, 114(a) considers performance assessment for the initial 10,000 years following 
permanent dosure, 10 CFR 63, 114(b) and 63,342 consider the performance assessment 
methods for the time from 10,000 years through the period of geologic stability, defined in 
10 CFR 63.302 as 1 million years following disposal. These sections require that through the 
period of geologic stability, with speCific limitations. the applicant 

• Use performance assessment methods consistent with the performance assessment 
methods used to demonstrate compliance for the initial 10,000 years followmg 
permanent closure 

.. Include in the performance assessment those FEPs used in the performance 
assessment for the initial 10,000 year period 

For this model abstraction of mechanical disruption of engineered barriers, 10 CFR 63,342{c){1) 
further provides that DOE assess the effects of seismic and igneous activity on the repository 
performance, subject to the probability limits in 63,342(8) and 63.342(b) Specific constraints on 
the analysis required for seismic and igneous activity are given in 10 CFR 63,342{c){1)(i) and 
10 CFR 63.342(c)(1)(ii), respectively, 

NRC staff review of the license application follows the guidance laid out in YMRP Section 
2.2,1,3,2, Mechanical Disruption of Engineered Barriers, as supplemented by additional 
guidance for the period beyond 10,000 years after permanent closure (NRC, 2009ab). The 
acceptance criteria in the YMRP generically follow 10 CFR 63, 114(a), Following the guidance, 
the NRC staff review of the applicant's abstraction of mechanical disruption of engineered 
barriers considered five criteria 

.. System description and model integration are adequate 

.. Data are sufficient for model JUStification. 
• Data uncertainty is charactenzed and propagated through the abstraction, 
.. Model uncertainty is characterized and propagated through the abstraction 
• Model abstraction output is supported by objective comparisons 

Because 10 CFR Part 63 specifies the use of a nsk-informed approach for the review of a 
license application, the guidance provided by the YMRP, as supplemented by NRC (2009ab), is 
followed to the extent reasonable for aspects of mechanical disruption of engineered barners 
important to repository performance. Whereas NRC staff considered all five criteria in their 
review of information provided by DOE, only aspects that substantively affect results of the 
performance assessment, as judged by NRC staff, are discussed in this chapter. NRC staff's 
judgment is based both on risk information provided by DOE, and staffs knowledge, 
experience, and independent analyses, 

2.2.1.3.2.3 Seismic and Fault Displacement Inputs for Mechanical 
Disruption of Engineered Barriers 

DOE investigated the geological, geophYSical, and seismiC charactenstlcs of the Yucca 
Mountain region to obtain sufficient information to estimate how the site would respond to 
vibratory ground motions from earthquakes, In SAR Section 1.1.5,2, DOE provided its 
description of site seismology. DOE described its analysis of potential seismic hazards in SAR 
Section 1,1.5.2.4, the overall approach to developing a seismic hazard assessment for Yucca 
Mountain in SAR Secbon 2,2.2,1, and the conditioning (adaptlon or modification) of the ground 



motion hazard at Yucca Mountain in SAR Section 1.1 .5.2.5.1. Additional information was 
provided in DOE responses to the NRC staffs request for additional information (RAI) in 
DOE Enclosure 19 (2009ab) and DOE Enclosures 6, 7. and 8 (2009aq) and the references 
cited therein. 

The DOE overall approach to developing a seismic hazard assessment for Yucca Mountain, 
including fault displacement hazards as described in SAR Section 2.22.1, involves the following 
three steps 

1. Conducting an expert ellcrtation in the late 1990s to develop a probabilistic seismic 
hazard assessment (PSHA) for Yucca Mountain. This assessment included a 
probabilistic fault displacement hazard assessment (PFDHA) (CRWMS M&O, 1998aa; 
BSC, 2004bp) that is discussed in SER Section 2.1.1.1.3,5 5. The PSHA was 
developed for a reference bedrock outcrop, specified as a free-field site condition with a 
mean shear wave velocity (Vs) of 1,900 m/sec [6,233 WsecJ and located adjacent to 
Yucca Mountain. This value was derived from a Vs profile of Yucca Mountain with the 
top 300 m [984 ftl of tuff and alluvium removed, as provided in Schneider, et ai., Section 
5 (1996aa) 

2. Conditioning PSHA ground motion results to constrain the large low-probability ground 
motions to ground motion levels that. according to DOE, are more consistent with 
observed geologic and seismic conditions at Yucca Mountain, as provided In SSC, 
AC N02 (2005aj). 

3. Modifying the conditioned PSHA results using site-response modeling. This accounts 
for site-specific rock material properties of the tuff, in and beneath the emplacement 
drifts, and the site-specific rock and soil material properties of the strata beneath the Site. 

PSHA-Methodology 

DOE conducted an expert elicitation on PSHA in the late 1990s (CRWMS M&O, 1998aa; 
SSC, 2004bp) on the basis of the methodology described in the Yucca Mountain Site 
Characterization Project (DOE, 1997aa). DOE stated that its PSHA methodology followed the 
guidance of the DOE-NRC-Electric Power Research Institute-sponsored Senior Seismic Hazard 
Analysis Committee (Budnitz. et ai, 1997aa). In SAR Section 2.2.2.1.1.1, DOE concluded that 
the methodology used for the PSHA expert elicitation is consistent with NRC expert elicitation 
guidance. which is described In NUREG-1563 (NRC, 1996aa). 

To conduct the PSHA. DOE convened two panels of experts as described in SAR 
Section 2.2,2.1.1 1. The tirst expert panel consisted of six 3-member teams of geologists 
and geophysicists (seismic source teams) who developed probabilistiC distributions to 
characterize relevant potential seismiC sources in the Yucca Mountain region. These 
distributions included location and activity rates for fault sources, spatial distributions and 
activity rates for background sources, distributions of moment magnitude and maximum 
magnitude, and site-to-source distances The second panel conSisted of seven seismology 
experts (ground motion experts) who developed probabilistic point estimates of ground motion 
for a suite of earthquake magnitudes. distances, fault geometries, and faulting styles. These 
point estimates incorporated random uncertainties that were specific to the regional crustal 
conditions of the western Basin and Range. The ground motion attenuation point estimates 
were then fitted to yield the ground motion attenuation equations used in the PSHA. The two 
expert panels were supported by technical teams from DOE, the U.S Geological Survey, and 
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Risk Engineering Inc" who provided the experts with relevant data and Information; facilitated 
the formal elicitation, Including a series of workshops designed to accomplish the eliCItation 
process; and integrated the hazard resutts. 

According to the DOE-NRC·Electric Power Research Institute-sponsored Senior SeismiC 
Hazard Analy~is Committee (Budnitz, et aI., 1997aa), the basic element!. of the PSHA process 
are (i) identification of seismic sources such as active faults or seismic zones; (il) 
characterization of each of the seismic sources In terms of their activity, recurrence rates for 
vanous earthquake magnitudes, and maximum magnitude (ill) ground motion attenuation 
relationships to model the distribution of ground motions that will be experienced at the site 
when a given magnitude earthquake occurs at a particular source; and (iv) incorporation of the 
inputs into a logic tree to integrate the seismiC source characterization and ground motion 
attenuation relationships, including associated uncertainties. According to the Budnitz. et aL 
(1997aa) methodology. each logic tree pathway represents one expert's weighted 
interpretations of the seismic hazard at the site. The computation of the hazard for aU possible 
pathways results in a distribution of hazard curves that is representative of the seismic hazard at 
a site, including variability and uncertainty, 

Conclusions on PSHA Methodology 

The NRC staff reviewed the applicant's PSHA methodology described in SAR Sections 
1.1.5.24 and 2.2.2.11 using the guidance prOVided in the YMRP and NUREG-,1563 
(NRC. 1996aa). The NRC staff also evaluated the DOE PSHA development to ensure that it 
included the four basIc elements described in Budnitz, et al (19978a) In addition, the NRC 
staff observed all expe~Jilicitation meetings and reviewed sumn1<li)' reports of those meetlnQS 
as they were produced.l(b}(5) 
(b)(5) 

PSHA-Input Data and Interpretations 

During the expert elicitation. DOE's seismic source teams conSidered a range of information 
from many resources including DOE, the U,S Geological Survey, project-specific Yucca 
Mountain studies, and information published in the scientific literature. This information Included 
(i) data and models for the geologic settmg as summarized in SSC (2004bp): (il) seismic 
sources and seismic source characterization, including earthquake recurrence and maximum 
magnitude (SSC, 2004bp); (iii) historical and instrumented seismicity (CRWMS M&O. 1998ab, 
Appendix G); (iv) paleoseismic data (Keefer. et ai, 2004aa), and (v) ground motion attenuation 
(Spudich, et aI., 1999aa). DOE also supported the PSHA with a broad range of data, process 
models, empirical models, and seismological theory (CRWMS M&O, 1998ab). The expert 
panels built their respective inputs to the PSHA on the basis of this information and information 
presented to the experts during the elicitation meetings (CRWMS M&O, 1998ab) The resulting 
set of hazard curves was intended to provide DOE with sufficient representation of the seismic 
hazard for use in the TSPA. 
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DOE expressed the PSHA curves in increasrng levels of ground motion as a function of the 
annual probability that the ground motion will be exceeded. These curves were developed for 
bedrock conditions with a mean Vs of 1,900 m/sec (6,233 ftlsec). Such rocks are located 
adjacent to Yucca Mountain as described previously in the PSHA methodology subsection of 
this SER section. Estimates of uncertainty in the hazard curves are also included (see SAR 
Figure 1.1-74; e.g .. hazard curves). The 8AR provided PSHA results on horizontal and vertical 
components of peak acceleration (defined at 100 Hz), spectral accelerations (SAs) at 
frequencies of 0.3, 0.5, 1,2, 5, 10, and 20 Hz: and peak ground velocity (PGV). 

Conclusions on Input Data and 

The NRC staff reviewed the applican 'j? PSHA input data ancjinterp...r:etations as described in 
SAR Sections 1.1.5,2 and 2.2.2,1.1. (b)(5) 

(b)(5) 

Conditioning of Ground Motion Hazard 

DOE provided the conditioning of ground motion hazard at the reference bedrock outcrop where 
the PSHAwas developed in SAR Section 1.1.525.1. Since completion of the PSHA in 1998. 
several studies and reports, including ones from NRC staff (NRC. 1999aa). the Nuclear Waste 
Technical Review Board Panel on Natural System and Panel on Engineered Systems 
(Coraddini. 2oo3aa), and DOE itself (BSC. 2004bj) , questioned whether the very large ground 
motions the PSHA predicted at low annual exceedance probabilities (below -10..Qlyr) were 
physically realistic. These ground motion values are well beyond the limits of existing 
earthquake accelerations and velocities from even the largest recorded earthquakes worldwide. 
They are deemed physically unrealizable because they require a combination of earthquake 
stress drop, rock strain, and fault rupture propagation that cannot be sustained without 
whOlesale fracturing of the bedrock (Kana, et aL, 1991 aa). 
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For Yucca Mountain, however, the seismic hazard curves were extrapolated to estimate 
ground motions with annual exceedance probabilities as low as 10-8 (SAR Section 1,1,5,2,5,1), 
At these low probabilities, the seismic hazard estimates are driven by the tails of the 
untruncated Gaussian distributions (the tail is not defined by the data, but by the assumed 
distribution) of the input ground motion attenuation models (Bommer, et aI., 2004aa) 
As Anderson and Brune (1999aa) pointed out, overestimates of the hazards may also arise 
because of the way in which uncertainty in ground motion attenuation from empirical 
observations or theory is distributed between aleatory and epistemic uncertainties, 

To account for these large ground motions, the applicant modified or conditioned the hazard 
using both a shear-stram-threshold approach and an extreme-stress-drop approach, as 
described in SAR Section 1 1,5.2.5.1. Rather than reconvene the PSHA expert elicitation and 
redo the PSHA. the applicant chose to treat the issue as part of the ground response analysis, 
Accordingly, the applicant's second step in developing ground motion inputs for postclosure 
assessment, after the development of the PSHA, is to condition the ground motion hazard, This 
second step in the three-step DOE process is to include information on the level of extreme 
ground motion that is consistent with the geological setting of Yucca Mountain, Conditioning of 
ground motion hazard is a unique study developed for the Yucca Mountain project 

Conclusions on Conditioning Methodology 

The NRC staff reviewed the applicant's methods for conditioning its PSHA results in SAR 
Section 1.1.5,2,5,1 and reviewed DOE's res onses to the staff's RAls, (b)(5) 

t
b)(S) ....... -.~ 

.-~.~~-.... -~.~-~ ...... -~.~~-- ..... -~ ........ ~ ...... ~.-,-. 

DOE Results of PSHA Conditioning 

The unconditioned hazard curve DOE developed, Which is the annual percentage of 
exceedance (APE) as a function of ground motion, is convolved with the distribution of extreme 
ground motion for the reference bedrock outcrop to produce the conditioned ground motion 
hazard of the same bedrock outcrop. The shear-strain-threshold conditioning has a marginal 
impact as compared to the extreme-stress-drop approach. For example, for an annual 
probability of exceedance of 10'6, the shear-straln-threshold conditioned PGV hazard is reduced 
from 1,200 em/sec to about 1,100 em/sec [472 to 433 in/sec) or about 10 percent; the 
Stress-drop-conditJoned PGV hazard is reduced from 1,200 cm/sec to about 480 cm/sec [472 to 
189 in/sec) or about 60 percent, as Identified in BSC Section A4 5.1 (2oo8bl). The Impact of 
conditioning at low probabilities is less significant and increases as the probability decreases 
(i.e, annual probabilities of exceedance of 10-5

, 10-fJ, 10-', and 10-8
) (SAR Section 1.1.5.2.5.1) 

SAR Figures 1.1-79 and 1,1-80 compared the unconditioned and conditioned peak ground 
accelerations (PGA) and PGV mean hazard curves for the reference bedrock outcrop. 

Bse Appendix A (200Bbl) outlined the four workshop proceedings, which included 
presentations, discussions, and assessments, that were conducted to develop the expert 
judgment. The stress drop data from the United States and other countries were used in the 
expert judgment The parameter variability involved in the empirical ground motion attenuation 
relationship and numerical simulations of ground motions that the experts relied on was 
included in the conditioning. Variability in velocity profile, stress drop, source depth, and kappa 
(the site- and distance-dependent parameter representing the effect of intrinsic attenuation of 
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the wave field as it propagates through the crust from source to the receiver) were considered in 
the modeling to map the stress drop into ground motion distribution. 

In response to NRC RAls (DOE, 2009bq,br,bt), the applicant provided information on applying 
two methods in series where the output of the extreme-stress-drop conditioning becomes 
the input of the shear-strain-threshold conditioning. In the RAI responses the applicant also 
clarified and updated the formulations for the two conditioning methods, as described in BSC 
Appendix A (2008bl). 

Conclusions on Results of Conditioning 

Evaluation Summary on PSHA 

and DOE's r"""""n<u,,, to 

2.2.1.3.2.3.1 Seismic Site-Response Modeling 

To address the effects of earthquakes during the postclosure period. the applicant performed 
site-response analysis, which incorporates the effects of the upper rock and soil layers on 
the input ground motion at the reference rock (the conditioned ground motion hazards 
discussed previously). 

Overall Approach to Site-Response Modeling 

In SAR Section 1.1.52.5.2 DOE discussed the ways in which the various types and thicknesses 
of rocks, alluvium, and salls that comprise the site would likely respond to earthquake ground 
motions. The results of Site-response modeling Include understanding and quantifying the 
amplification or damping factor of ground motion and how much the vertlcal-to-horizontal motion 
ratiO varies from place to place. DOE used the site-speCific ground motion curves that are 
consistent with the conditioned PSHA ground motion hazard curves. 
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The NRC staff reviewed the applicant's overall approach to site-response modeling using the 
guidance of NUREG/CR-672?JMcGuire, et;:!!, 2001"8) and YMRP Sedlon 21~:3 3, AC 1 

!(b)(5) 

Ground Motion Inputs 

DOE provided ground motion inputs developed for the RB in SAR Section 1 1 5.2.6. For the 
site surface, 52 combinations of site properties were evaluated in the site-response modeling 
(SAR Section 1 1.5.2.6.1) These combinations were from two base-case velocity profiles 
(south and northeast of the Exile Hill Fault splay), two base-case sets of dynamic material 
property curves for tuff and alluvium separately, four values of allUVium thickness northeast of 
the fault splay, and three values of alluvium thickness south of the fault splay. Each 
combination incorporated aleatory variability by averaging the amplification factors from 
60 randomized veloCIty profiles and dynamic matenal property curves. 

Site·S~fic Hazard Curves 

The seven combinations of alluvium and tuff hazard curves were combined into two sets 
the northeast and south fault splay sets. The four and three combInations of hazard curves 
for four and three alluvium thicknesses were enveloped separately for south and northeast 
of the fault splay. These two sets of hazard curves were enveloped again to produce mean 
horizontal and vertical hazard curves (BSC, 2008bl). The final mean hOrizontal and vertical 
hazard curves for PGA; 0,05, 0.1, 0.2, 0.5. 1,0.20, and 3.3 seconds SA; and PGV were 
provided in BSC Figures 6.5.2-34 to 6.5242 (2008bl) for surface facilities area. and BSC 
Figures 6,5.3-9 to 6.5.3-16 (2008bl) for RB. respectively. The data for these plots are 10 

DTN: M00801HCUHSSFA001, as identified in BSC Section 65.2.2 (2008bl) 

Earthquake Tlme·Histories 

The RB time histories for postclosure analyses were developed differently for AFEs of 10-5, 

10-6
, and 10-7 (SAR Section 1.1.5.2,6,2), where 17 sets of time histOries were developed 

one horizontal (H 1) component of each seed ttme history was scaled according to the PGV 
from site-response modeHng and the other two components were scaled to maintain the 
inter-component variability of the seed time history (SAR Section 1 1.5.2.6.2). 
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Conclusions on Ground Motion Inputs 

2.2.1.3.2.3.2 Fault Displacement Hazard Assessment 

Fault displacement (the relative displacement between opposite sides of a fault) is a potential 
hazard to the underground facility because it could damage or shear drifts and/or waste 
packages, trigger rockfall within the drifts and shafts, degrade drift walls and ground-support 
systems, and degrade other components of the EBS. These hazards might affect the 
postclosure performance of the engineered barriers. 

PFDHA-Input Data and Interpretations 

The PFDHA used an integration of two data types (I) known and/or documented faulting 
activity consisting of measurements of regional and local earthquakes, and measurements of 
fault displacements within the last -1.8 million years (Quaternary) and (ii) inferred potential 
faulting activity, on the basis of analysis of mapped geological faults, overall tectonic setting, 
and regional estimates of ongoing crustal strain. The applicant analyzed 100 earthquakes in the 
Basin and Range region to determine the relationships among the amounts and patterns of both 
principal and distributed fault displacements, the minimum magnitude at which an earthquake 
may produce surface faulting, and the maximum magnitude at which an earthquake does not 
displace the surface 

For the largest mapped faults at Yucca Mountain, the probabilistic fault displacement hazard 
curves were largely based on the same detailed paleoselsmic and earthquak~ data used to 
characterize these faults as potential seismic sources. The expert elicitation relied on both 
anecdotal evidence and expert judgment to develop conceptual models of distributed faulting 
and to estimate the probabilities of secondary faulting of smaller faults and fractures in the 
repository (Youngs, at aI., 2oo3aa; CRWMS M&O, 1998aa). 

The applicant chose the following nine sites around Yucca Mountain as demonstration sites 
of the application of the PFDHA, as identified in SAR Chapter 1, Table 1 1-67. p. 1.1-304 
(i) Bow Ridge fault, OJ) Solitario Canyon fault, (iii) Drill Hole Wash fault, (iv) Ghost Dance fault, 
(v) Sundance fault, (vi) an unnamed fault west of Dune Wash, (vii) a location 100 m [328 ttl 
east of the Solitario Canyon fault, (viJi) a location between Solitario Canyon fault and Ghost 
Dance fault, and (ix) a location within Midway Valley, These demonstration sites were selected 
to represent a range of faulting and related fault deformation conditions at the site, including 
large block bounding faults, such as the Solitario Canyon and Bow Ridge faults; smaller 
mapped faults within the repository footprint, such as the Ghost Dance fault; and unmapped 
minor faults near the larger faults, fractured tuff, and intact tuff. 
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Results of the PFDHA (CRWMS MaO, 1998aa) show that, except for the Bow Ridge and 
Solitario Canyon faults, mean fault displacements are less than 1 m [3 28 ttJ over the next 107 

(10 million) years (SAR Table 2.2-15). Mean displacements for the demonstration sites within 
the current repository footprint [demonstration sites (v), (vii), and (viii) as identified in the 
previous paragraph] do not exceed OAO m [1.3 ttl in 10 million years. For a 1 O,QOO..year period, 
the mean displacements are calculated to be less than 001 m [0.03 ftl for all 9 demonstration 
sites (SAR Table t 1-67). 

Individual fault displacement hazard curves were developed to characterize fault displacements 
at each of the nine demonstration sites. These fault displacement hazard curves are analogous 
to seismic hazard curves, in which increasing levels of fault displacements are computed as a 
function of the annual probability that those displacements Wlll be exceeded. Example fault 
displacement curves for the nine demonstration sites are provided in SAR Figure 2.2-13 

Evaluation Summary 

2.2.1.3.2.4 Fault Displacement Considerations in TSPA 

This section reviews the information provided in SAR Section 2.3.5.3 (and selected references) 
to evaluate the adequacy of the conceptual model of seismic fault displacement The applicant 
considered seismic fault displacement as one of the modeling cases in the TSPA. DOE 
assumed that fault displacement occurred concurrently with the ground motion during a low 
probability seismic event (SAR Section 2 3.4 5.5.1) DOE considered that only the waste 
packages located directly above faults were subject to damage from fault displacement DOE 
expected the dose related to fault displacement to be a small fraction of the total dose for the 
seismic scenario class because damage from fault displacement affected a small fraction of the 
EBS and damage occurred only for events with very low exceedance frequenCies The 
applicant calculated the dose contribution from the seismic fault displacement on the baSis of 
simplified calculations (SAR Section 2.4). The abstraction assumed waste package damage 
when fault displacement exceeded the available waste package clearance. To evaluate fault 
displacement, DOE assumed (SAR Section 2.3.4.552.1 1) (i) the faults are perpendicular to 
the drift axis with the displacement being vertical; (il) the fault displacement occurs at a discrete 
plane, creating a sharp discontinuity; and (iii) clearances are based on emplacement drifts that 
are fully collapsed at the time of the seismic event. 

The potentially relevant FEPs in DOE's Total System Performance Assessment-license 
Application (TSPA-LA) are listed in SAR Table 2 2-1 In thiS abstraction, DOE evaluated and 
included FEP 1.2.02,030A, Fault DIsplacement Damages EBS Components. 
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Conceptual Model 

Clearance 

DOE analyzed the clearances between the EBS components for intact and failed drip shield 
scenarios (SAR Section 2.3.4.5.5.2.1). For intact dop shield configurations. DOE defined the 
clearance as the interior height of the drip shield less the outside diameter of the waste package 
outer corrosion barrier without a pallet, to account for part of the substantial movement of the 
rubble (SAR Section 2.3.4.5.5.2.1.1). On the basis of this simplification, DOE used a maximum 
allowable displacement with drift collapse and an intact drip shield that varied from 67.3 to 
96.9 em [26.5 to 38.15 inJ (SAR Table 2.3.4-52), according to the type of waste package. 

The NRC staff compared the values of the applicant's clearances in SAR Table 2.3.4-52 to the 
EBS gaometry presented in SAR Figure 2.3.4-53 that Showed the distances between the top 
of the waste packages and bottom of the drip shields {35.6 to 68.6 cm [14 to 27 in]} 

(b)(5) 

For failed drip shield configurations, the applicant stated that no free space existed between the 
top of the waste package and bottom of the drip shield. DOE concluded that the movement of 
the rubble will accommodate some amount of fault displacement due to consolidation of the 
rubble (SAR Section 2.3.4.5.5.2.1.2). DOE stated that fault displacement had to exceed 
one-quarter of the outer diameter of the outer corrosion barrier to cause w==ckage failure 
~~~ 43.7 to 51.1 cm [17.2 to 20 in]} (SAR Tables 2.34-50 and2~.3~ . ..:..4-.:::.5::,3}~.~_(b.;...)(_5) _____ -, 

Expected Movements and Number of Impacted Waste Packages 

The applicant identified that the probability of events exceeding 0.1 em [0.039 in] displacement 
in the RB was 10-5 per year (SAR Section 2.3.4.5.5.1). DOE characterized the subsurface 
geologic repository operations area and determined that few faults were capable of producing 
movements greater than calculated clearances for events with a probability of exceedance of 
10-8 per year (SAR Table 2.3.4-55). SAR Table 2.3.4-59 showed that less than 2 percent of 
the waste packages can potentially be impacted by a seismic faulting event with an annual 
exceedance frequency of 1 x 1Q-8/yr to 3 )( 10-e/yr To mitigate the potential risk of faulting 
that could cause mechanical damage to the waste packages, the applicant stated that waste 
packages would be placed 60 m [ .85 ft from known, maor faults (SAR Section 1.9, 
Desi n Control Parameter 01-05. 
(b)(5) 
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Damage to the EBS 

The applicant sampled a uniform distribution of open areas of waste packages to model the 
open area of a waste package faited by fault displacement. This distribution has a lower 
bound of 0 mZ [0 trJ and an upper bound equal to the area of the waste package lid (SAR 
Section 23.4.5.5.4) The applicant stated that the lids for the transportation, aging, and 
disposal (TAD) and codisposal (CDSP) waste package gr()1l~278 and ~28 m2 [30 and 
35 ft res ectivel (SAR Table 2.3.4-50)'.LCI(b~)(,-5~) ---------------i 

(b)(5) 

To determine the Impact of seismic faulting on dnp shield failure, the apPIi=ssumed that 
the dn shield falls at the Instant the undertYlng waste package is breached (b)(5) 

(b)(S) ~ 

Fault Displacement Evaluation Summary 

(b)(5) 

2.2.1.3.2.5 Seismically Induced Drift Degradation 

The staffs evaluation in this SER section focuses on the applicant's assessment of potential 
drift degradation due to seismic ground motions and use of the information to assess potential 
mechanical disruption of the engineered barriers The staff reviewed the applicant's ·informatlon 
in SAR Section 2.3.4.4 and supporting documents (SSC, 2oo4al) that describe potential 
seismically induced degradation of emplacement drifts after permanent closure. The applicant's 
information included estimates of the amount of rubble accumulation in drifts, drip shield loading 
due to rubble, sizes of individual blocks that may strike the dnp shield during a seismic event, 
and the associated impact velocity and location of the impact on the drip shield. The NRC 



staffs evaluation focuses on the potential occurrence of rubble loading that ,slerge enough to 
damage the dnp shield and the time of occurrence of such rubble loading®(5) 
(b)(S) 

The apptfcant estimated the potential for rubble accumulation in 
'=n=s-n::r;:;;;o"C-:ug=--=pC;-:roce=-=~ss-=-=eC-Ov=e....Lnalyses of the effects of seismic ground motions on drift 
degradation, The applicant chose the analysis approach by considering the mechanical 
behavior of two types of rocks (ie, lithophysal and nonllthophysal) that constitute the repository 
horizon rock mass; this information is reviewed in SER Section 2.1,1.1,3.5.4, 

DOE's Process-Level Modeling of Drift Degradation Due to Seismic Events 

The staffs review of DOE's rock characterization IS summarized in SER Section 2.2.1.2,1, 

~ (b){5)m . . . .... .. I The applicant 
analyzed drift degradation in non lithophysa I roCl<."bYmodeling motions of rock 1iIocks on 
surfaces formed by existing fractures as described in SAR Sectlon 2,3.4.4.4. The applicant used 
the analyses to estimate the charactenstics of individual rock blocks that may strike the drip 
shields during a seismic event (SAR Table 2,3,4-19) and the volumes of rubble that may 
accumulate in!he diifts (SAR Tables 2,3.4·20 and 2,3.4-24)'L:.(b~).:..-(S~) -----------1 

(b)(5) 

(b)(5) -_ ... ~---... ····-~-·~~····--~------····----~-The a-pplicanfconsldere<i the---

failure mechanism by rock block impact and excluded It from TSPA (excluded FEP 12030206 
as a result of low consequence). 

For the lithophysal rock mass, the applicant indicated that mechanical deformation of the rock 
will consist predominantly of rock material deformations aided by lithophysae and a high density 
of existing small·scale fractures, As described in SAR Section 2.3.4.4.5, the applicant analyzed 
drift degradation in lithophysal rock by modeling potential fracturing of the rock through 
formation of new fractures and movement on existing fractures as dictated by the rock stress, 
The applicant used the analyses to estimate potential rubble accumulation for drift sections in 
lithophysal rock but applied It to the entire repository, The applicant stated that this approach 
would be bounding, 

To assess potential drift degradation In lithophysal rock, the applicant used a model that 
focused on estimating the rock mass volume that could break up along failure surfaces 
determined by the effects of the prevailing stress field on a diffuse network of small "Incipient" 
fractures. The applicant obtained the estimates by modeling the rock mass as an assemblage 
of polygonal blocks generated randomly uSing the Voronoi tessellation model, as identified in 
SAR Section 2.3.4.4.5,3 and BSe Sections 6.4.2,1 and 7.6,1 (2004al), The individual blocks 
can deform elastically or slide or separate at block contact surfaces. The blocks are initially 
attached together at contact surfaces and may slide or separate if the contact resistance IS 
overcome by the prevailing stress, Thus, the contacts represent incipient fractures that could 
allow the blocks to detaCh from the assemblage if the prevailing stress permitted suCh 
detaChment. Detached blocks could fall under the influence of gravity or seismically induced 
force, The applicant stated in sse Section 6.4,2,1 (2004al) that the model could simulate rock 
deformation, stress Changes, rock fracturing or breakage, and free fall of broken rock blocks. 
The applicant explained that mechanical behavior of the model is influenced by the block size, 
block elastic parameters (Young's modulus and Poisson's ratio), contact elastic parameters 
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(shear and normal stiffness), and contact strength parameters (tensile strength, cohesion, and 
friction). The applicant set the values of the model parameters by calibrating the unconfined 
compressive strength and elastic stiffness of the model (i.e., block assemblage) against the 
unconfined compressive strength and elastic stiffness of the rock mass on the basis of 
laboratory test data, as outlined in BSC Section 7.61 (2004al). The applicant implemented the 
model in a two-dimensional universal distinct element code UDEC, as Identified in BSe 
Section 3.1 (2004al), and used the code to calculate changes in drift profile and amount of 
rubble accumulation due to seismic events, and drip shield loading due to rubble. Additional 
details of the rock characterization, laboratory and field testing, numerical experiments for 
calibration. and field validation are summarized and reviewed In SER Secuon 2.2.1.2.13.2 
DOE used the same analytical and modeling approach for drift responses to seismiC events. 
The use of this model is addressed in the following sections 

Staff Evaluation of Applicant's Abstracted Model and Rubble Formation Due to 
Seismic Events 

Consideration of the Two Rock Types in the TSPA 

The applicant stated that the rockfall volume in the nonlithophysal zones is significantly less 
than in the lithophysal zones for the same PGV level because the non litho h sal rock mass is 
significantly stronger than the lithoph sal rock. (b)(5) 

Ilb)(5) m 

Drift Degradation from Seismic Events 

The applicant indicated that seismic ground motions could cause partial or complete collapse of 
drifts in lithophysal rock, resulting in various amounts of rubble accumulation for different ground 
motion magnitudes and mechanical categories of lithophysal rock SAR Section 2.34.4.54 
(BSe, 2004al). To describe the effects of ground motion magnitude and lithophysal rock 
category on potential rubble accumulation, the applicant performed analyses for ground 
motion at PGV levels of 04, 1,05, and 2.44 m/s [1.31, 344 and 8 ftIsec], which, accordi~ 
to the applicant, correspond to an annual frequency of exceedance of 10"4, 10"s, and 10 , 
respectively (SNl, 2007ay). The applicant performed the analyses using 15 ground motion 
time history cases at each annual frequency of exceedance and 5 sets of values of mechanical 
properties representing the 5lithophysal rock categories the applicant defined in SAR 
Section 2.3.44.54 and BSC Section 6.4.2.2.2 (BSC, 2004al). The applicant concluded that 
(I) ground motion With an annual frequency of exceedance of 10-4 will have negligible effects on 
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drift degradation, (ii) ground motion with an annual frequency of exceedance of 10-6 will cause 
complete drift collapse, and (iii) ground motion with an annual frequency of exceedance of 10-5 

could cause various degrees of collapse and varying amounts of rubble accumulation. 
The applicant selected 15 analysis cases (SAR Table 2.34·23) to represent potential rubble 
accumulation due to seismic ground motions, as described In SNL Section 6.7.1.1 (2007ay). 

The applicant used the calculated rubble volumes from 11 of the 15 cases to develop 
relationships between rubble accumulation and the PGV of a seismic event, as 
described in SAR Figure 2.3.4--48 and SNL Section 6.7.1.2, Figure 6-57 (2007ay). 
SAR Section 2.3.4.4.8.3.1 stated that four cases calculated using rock mass Category 1 
properties were eliminated because the applicant considered the rubble volumes from the four 
cases to be nonrepresentative. According to SAR Section 2.3.4.4.8.4, the applicant used the 
resulting relationship between rubble volumes and PGV to estimate the amount of rubble 
accumulation due to a seismic event The applicant estimated the rubble accumulation due to 
multiple seismic events by adding the accumulations from the individual events, as identified in 
SAR Section 2.3.4.4.8.4 and SNL Section 6.7.1.4 (2007ay). The abstraction did not include 
weakening of the host rock due to previous events, because rapid filling of drifts in lithophysal 
units mitigates concerns about numerous seismic events slowly weakening the rock mass as 
the applicant explained in SNL Section 6.7.1.4 (2oo7ay). Therefore, to calculate the drift 
volume fraction filled with rubble In lithophysal rock areas after a sampled seismiC event, the 
applicant accumulated rockfall volumes [using relationships based on SNL Table 6-30 and 
Figure 6-56 (2007ay)] and divided the accumulated volume by a number sampled from a 
uniform distribulion between 30 and 120 m3/m [320 ftllft and 1.280 fefft). The uniform 
distribution of 30-120 m3/m [320-1,280 fefft] represents the applicant's estimate of the volume 
of rockfall that would fill a drift with rubble, as described in SNL Section 6.12.2 (2007ay). SAR 
Figure 2,1-14 summarized the applicant's estimates of potential rubble accumUlation due to 
seismic events during a period of 1 million years. According to this figure, at 10,000 years, the 
volume of accumulated rubble in the drift could range up to 15 percent of the drift volume (with a 
~an value of approximately 4 percent). Similarly, the corresponding volume of accumulated 
rock rubble at 100,000 years ranged up to about 60 percent (with a mean value of about 32 
percent). The volume of rubble per unit length of drift that is required to fill the drift was sampled 
for each eP,istemic realization in the TSPA, and the sampled volume ranged uniformly between 
30-120 m 1m [320-1,280 ft~lft]. 

To calculate the static load on a drip shield due to rubble, the applicant multiplied the volume 
fraction of drift filled with rubble (on the basis of the assessment of drifts in lithophysal rock) with 
the drip shield load due to a fully collapsed drift, as outlined in SNL Section 6.12.2 (2007ay). 
The magnitude of drip shield loading due to rubble at a given time depends on the amount of 
rubble accumulation, shape of the rubble pile, and the amount of rubble loadmg transmitted to 
the drip shield for a given amount and shape of the rubble pile. The apphcant used the 
information to determine the potential occurrence of rubble loading large enough to damage the 
drip shield in lithophysal and nonlithophysal areas 

Staff EvalYation 

The NRC staff evaluated the applicant's assessment of potential drip shield loading due to 
rubble accumulation in lithophysal rock sections of emplacement drifts by conSidering the 
amount of rock accumulation and the shape of rubble piles. 
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Amount of Rubble Accumulation 
[('""'b)-'(SC-)--- ...... ------....... ----~.- ..... --.~.---~ ...... -------........ -~-

l(b)(5) lin SNl Section 6.7.1.4 
(2007ay), the applicanfs abstraction of rubble accumulation due to seismic events did not 
include any effects of rock weakening, because, according to the appli a id filling of drifts 
in litho h sal ufjits mitigates concerns about the eff~cts of rQ....ck weakenl-­

(b)(S) 

(b)(S)~--""""--- --_. I DOE Enclosure 1, Flgure-5----

(DOE, 2010aa,ab) and BSG FIgure 6=149 (2004al) summanzea the caving potential of an 
excavated underground opening Caving potential is expressed in terms of modified rock mass 
rating (a measure of rock quality and strength where a higher value mdlcates greater stability} 
and hydraulic radius [a dimension based on the geometry of the excavated opening; hydraulic 
radius is a measure of stability (i.e., alar er h~,tJlic radius indlcat~s a less stablE! =.::.:2cil!-. 

and hence a higher cav-".in.:.u:po::.::..::te::.:.n.:.:ti:.:.:8""I)L' L:.,(b,,:..)(:.-S'-..) _______ ......... __ ~ ____ ..... __ \ 
(b)(5) 

Shape of Rubble Piles 

The process-level model that the applicant used to analyze drift degradation in lithophysal rock 
appears somewhat constrained because of the upper boundary. In SSC Figure 6-116 (20o.4al), 
the tessellated domain of the model IS set 10.25 m [33.6 ft] above the Initial drift roof. The upper 
boundary of the potential degradation zone the appilcant used was 1 86 drift diameters above 
the initial drift roof. However, contours of block displacement magnitude intersected the upper 
boundary of the tessellated domain. The calculated displacement contours indicate that some 

5-17 



additional displacement could occur outside this domain [e.g., BSe Figure 6-176 (2oo4al)J 
Also, plots of the final position of the VoronOI blocks after an analysis [e.g., BSe Figures P-17, 
P-18. and P-24 (2004al)] indicate blocks at the top of the model could be predicted to separate 
from the overlying elastic domain. Such a separation would suggest the caved zone might have 
extended higher jf the model upper boundary had been higher. 

In response to an NRe staff request. the applicant provided analyses to show that the rubble 
volume calculated using the applicant's model is insensitive to the size of the tessellated 
domain. The applicant provided results from two models with the boundary of the tessellated 
domain at 8.25 and 13.25 m [27 and 43.5 ftJ. respectively, in Enclosure 2, Section 1.3 
(DOE. 201 Oaa, ab). The applicant used the models to estimate the extent of caving needed to 
fill a drift with rubble if the prevailing mechanical conditions were to cause complete drift 
collapse. This was accomplished by artificially degrading the rock mass strength to zero in a 
quasi-static analysis. The results of these studies demonstrated that the patterns of calculated 
displacements and stresses did not change appreciably as a result of changing the size of the 
tessellated domain. The quasi-static analyses showed that the caved zone extended 
approximately one drift diameter above the drift irrespective of the size of the tessellated 
domain. The applicant also provided calculations to show that potential caved zones due to 
seismic events will likely extend to much less than one drift diameter above the dnft except for 
seismic events with an annual exceedance probability of 10 6 or smaller. 

~~.L!.!.llLstaff reviewed the applicant's analyses with th~ expanded boundaries.l(b)(5) 

Rubble Loading Transmitted to the Drip Shield 

The applicant used the results of the discontinuum model to estimate the potential drip shield 
loading due to rubble (SAR Figure 2.3.4-43). The applicant also presented alternative bounding 
analytical approaches for estimating the potential static loading on the drip shields (continuous 
curves in SAR Figure 2.3.4-46). The analytical model estimates drip shield loading due to rubble 
using the dead weight of rubble. However. it is well established in the field of rock mechanics 
that loads transmitted to a drip shield from rubble could differ because of frictional resistance 
among broken pieces of rock rubble, between rubble and the drift wall. or between rubble and 
the sides of the drip shield. 

To justify using the loads from the numerical model, SAR Section 2.3.4.4.6.3.2 stated that the 
applicant's process-level model accounts for load transmission among rubble particles and to 
the drip shield. However, the applicant In BSe Section P4 (2004al) identified factors that may 
affect load transmission withIn rubble and to the drip shield, including size and shape 
distribution of rubble particles. rubble compaction, and deformability of the drip shield and invert. 
The applicant represented the rock mass in the process-level model as an assemblage of 
equidimensional polygonal blocks with a characteristic length of approximately 0.2 m [0.65 ftl 
(SAR Figure 2.3.4-40). SAR Section 2.3.4.4.5.3 and BSe Section 6.4.2.1 (2004al) stated that 
the model blocks are approximately the same size as potential lithophysal rock blocks. 
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(b)(5) 

he NRC staff requested that the applicant provide anassessrllent of potential drip shield ...... 
loading due to rubble using either a numerical model with the block size and shape distributions 
of lithophysal rock rubble or an alternative approach that does not bias the results toward 
predicting smaller drip shield loading. 

In response. DOE provided additional information in DOE RAt Enclosure 1 (2010ab) and 
(b)(5) 

Conclusions 

The NRC staff evaluated the applicant's assessment of potenlJal degradatlOn of emplacement 
drifts due to seismic events and estimates of drip shield loading resulting from rubble 
accumulation !(b)(5) i 

(b)(5) 

2.2.1.3.2.6 

I ... _--_. __ .. _-------, 

Drip Shield StruclurallMeehanical Performance in the~ 
Context of Its Seepage Barrier Function 

In the DOE's EBS, the drip shield is a freestanding structure that surrounds the waste package 
and rests on the crushed rock that forms the invert at the base of the dnft The drip shield is 
designed to protect the waste package from contact by seepage water and rockfall (SAR 
Section 2.3AS.1.1). The main structural elements of the drip shield are a framework consisting 
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of a bulkhead and support beams (legs) that will be made of Titanium Grade 29. Plates of 
Titanium Grade 7 are welded onto the framework to form a full composite structure in response 
to mechanical loading (SAR Section 2.3.4.5.1.1, SAR Figure 2.3.4-56). 

Damage to the drip shield can occur from mechanical impacts of falling rocks, by loads from 
accumulated rock rubble that can be increased by seismic accelerations, and by corrosion 
processes. Through time, DOE expects that thinning of drip shield components will decrease 
the capacity of the drip shield to withstand loads and that the likelihood of the drip shield having 
experienced a potentially damagmg load will increase (e.g .. SAR Section 2.3.4.1). Dunng the 
initial few thousand years following repository closure, temperatures within the drifts decrease 
from around 160'C [320 OF] to below the boiling point At these elevated temperatures, 
generalized corrosion could occur if water contacts the surface of the waste packages. Thus. if 
the barrier capability of the drip shield fails in the first 12.000 years following repository closure, 
seepage water could contact the waste package and lead to localized corrosion. DOE relied on 
the presence of the drip shield as a barrier to preclude significant occurrences of localized 
corrosion (e.g., SAR Section 2.12.2.6). 

Consistent with the guidance in the YMRP, the staff focused its review on the risk significant 
aspects of the drip shield performance. On the basis of DOE's reliance on the drip shield in the 
demonstration of multiple barrier reqUIrements (SAR Section 2.1.2.2.6), the staff focused on 
evaluating the performance of the drip shield as a barrier to seepage dUring the early years 
following drift closure. 

For seepage to contact a waste package. openings must occur on the drip shield with sufficient 
size to permit the advective flow of water through the drip shield plates. Crack openings, such 
as those produced by stress corrosion cracks (SCC), are too small to allow advective flow of 
water through the drip shield and are excluded from the performance assessment analysis SNL 
FEP 2.1.03.10.06 (2008ab). Openings large enough for advective water flow could potentially 
occur through (I) corrosion processes, (Ii) impacts of large rock blocks causing puncture of the 
plates, (iii) physical separation between adjacent drip Shield segments due to ground motions 
from seismic events, (iv) fault displacements. and (v) rupture by deformations that produce 
effective strains greater than the failure strams in the plates (SNL, 2007ap). 

L....:.--;:;=-::=-;-----;-:c-----;-----=--:-:---;-:----' Thus, the staffs detailed review focuses 
on DOE's representation of processes affecting drip shield separations from seismiC events or 
fault displacements, and on the potential for plate rupture. 

Separations From Seismic Shaking 

Unlikely or low probability seismic events can create ground motions that may cause adjacent 
drip shields to separate. Consequently, DOE assessed the potential for drip shield separations 
during seismic events, as described in SNL Section 6.7.3 (2007ay). DOE determined that 
ground motions farge enough to cause potential drip shield separations also cause partial to 
complete collapse of the repository drifts. DOE determined that rockfall associated With drift 
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collapse occurs during the first seconds of large seismic events. DOE modeled the effect of this 
rockfall on the ability of the drip shields to separate during seismic events and concluded that 
rockfall loads from partial drift collapse are sufficient to prevent horizontal separation of the drip 
shields, as outlined in SNL Section 6.7.3 (2007ay). While these models calculated that minor 
amounts of vertical separation might occur between the drip shield sections due to settling of 
the invert or framework damage. the 26-cm [10.24-inJ-wide overlaps between the dnp shield 
connectors prevent rockfall or seepage water from contacting the waste package through 
relatively small vertical separations. In FEP 12.03.020A (SNL. 2008ab), DOE concluded that 
seismically induced separations of drip shields can be excluded from the TSPA on the basis of 
low probability. 

Staff Review of Separations From Seismic Shaking 

The staff reviewed the infOrmati)jMi@sented in SNL Section 6.73 (2007ay) and analyses in 
BSe Section 5.3.3.2.2 (2004bq . (b)(5) i 

l(b)(5) m----····~ ___ 1 

Fault Displacement 

DOE concluded that fault displacement occurs concurrently with the ground motion during 
low probability seismic events (SAR Section 2.3.4.5.5.1) and determined that only EBS 
components located directly above the moving faults are subject to damagR In the analysis 
of the effects of fault displacements on EBS performance, DOE assumed that the drip shield 
fails completely jf fault displacements are sufficient to breach the underlying waste package 
(SAR Section 2.3.45.5.4). DOE allows all seepage water entering the drift to pass through the 
failed drip shield, with no diversion of the water. 

Staff Review of Fault Displacement 

The staffs review of the fault d.~ment model, concerning waste...Qf.lcl<age failure, is 
presented in this SER chapter. (b)(5)m_~ ___ =i 
l(b)(5) • 
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Plate Rupture by Defonnation 

(b)(5) Rupture of ~~ 
drip shield plate can occur if the magnitude 0 e ectlVe stram on epa e exce s the strain 
threshold for the Titanium Grade 7 plates (e.g., SAR Section 2.3.4.5.1.2.2) 

Temperature Effects 

Mechanical analyses of drip shield perfonnance are dependent on the material properties 
used in the numerical models. DOE used mechanical properties for the drip shield plates 
and framework derived from standard handbooks and manufacturer's catalogs (SAR 
Section 2.3.4.5.1.3.1 and Table 2.3.4-28). DOE considered that a reference temperature of 
60·C [140 OF] for these properties was appropriate. because this temperature is representative 
of most of the repository closure period. Although DOE recognized that temperatures as high 
as 300 "C [572 "F] could potentially occur early after repository closure, DOE considered that 
the duration of elevated temperatures was too short to warrant consideration for drip shield 
perfonnance (SAR Section 2 3451 3.1). 

DOE provided additional information to assess the potential effects of temperatures at or 
greater than 120"C [248 OF] on titanium alloy material properties (DOE. 2009bp). During the 
first 650 years of repository closure. DOE concluded that drip shield temperatures could range 
from 120-300 ·C [248-572 OF]. DOE expects the effect of this increase in temperature to not 
affect titanium alloy properties significantly. because the likelihood for potentially damaging 
rockfall or seismic events is sufficiently low to preclude significance in the perfonnance 
assessment. For temperatures below 120 "C [248 "F], DOE compared expected changes 
in materials properties (e.g., yield strength. tenSile strength) to assess the effects of component 
thinning on the likelihoods of drip shield plate or framework failure. Using small rockfall 
loads, DOE concluded that changes In the titanium mechanical properties between 60-120 DC 
[140-248 OF] are a factor of 3 to 4 less than the corresponding percentage changes in 
component thicknesses that have no significant effect on fragility values. 

Staffs Review of Temperature Effects 

• The staff reviewed the mechanicaljxoperties DOE used for titanium alloys at 60 DC [140 OF] I'b}(') ~ -------.--.--'--~. 

--~ 
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DOE used rock rubble loads calculated from UDEC analyses of rockfall during seismic events 
(SAR Section 2.3,4,5,3.2). DOE evaluated two static loading configurations on the drip shield. 
One configuration used an average of six UDEC realizations for each modeled segment of the 
drip shield, which DOE used to consider spatial variability in the nonuniform load, The second 
configuration used a single UDEC realization, which DOE considered as representative of the 
highest loads on the drip shield crown (SAR Section 2,3.4.5.3.2.1), 

For each loading configuration, the vertical load was applied over the entire top surface of 
the plate and increased incrementally until a failure mechanism developed, as described in 
SNl Section 64,3.12 (2oo7ap), For each load increment, the model compared the residual 
tensile stresses or accumulated plastic strain against a failure criterion of 80 percent of the 
Yield strength forTitanium Grade 7, as outlined in SNl Section 6.4 3, 1 ,3 (2007ap). DOE 
concluded that plate failure occurred at the smallest applied load that exceeded either the stress 
or strain criterion. 

By uniformly increasing the static load in the UDEC model, DOE calculated that an intact 
drip shield plate has a capacity (Le., limit load) of approXimately 2,500 kPa {52,218 pSfj, 
which is approximately twice the calculated capacity of the drip shield framework (SAR 
Section 2.3.4.5,3,3,1), To determine the likelihood of drip shield plate failure, DOE integrated 
the annuallikeJihood of exceeding levels of ground acceleration with the likelihood of rupture for 
plates experiencing the loads corresponding to the level of ground acceleration. For intact drip 
shield plates and 100 percent rockfalJload, DOE calculated that seismic events with annual 
probabilities of exceedance <5 " 10'7 can lead to plate rupture on 1-7 percent of the drip 
shields (SAR Section 2,3.4,5.3.4), 

As an alternattve to the quasi-static analyses, DOE also conducted dynamic analyses for drip 
shield plate capacity using the UDEC computer code (SAR Section 2,34,5,3.3,3) These 
analyses used a two-dimensional cross section of the drip shield surrounded by rock rubble 
The dynamic analyses used vertical ground accelerations from ume histOries that DOE views as 
representative of larger magnitude seismic events in the Yucca Mountain region. DOE applies 
these vertical accelerations to the basal boundary of the UDEC model, which allows the 
emplacement drift, rubble, and drip shield to interact dynamically for the modeled period of 
strong ground motion, DOE compared the results of the dynamic analyses with the quasi-static 
analyses and concluded that the quasi-static model underestimates the stability of the drip 
shield plates, DOE therefore concluded that the quasI-static approach is an appropriate basis to 
calculate the likelihoods of plate rupture, as the dynamiC analysis would result in lower 
likelihoods of rupture (SAR Section 2,3.45,3,3,3) 

Staff's Review of Modeling Approach 

The staff reviewed the use of the FLAC3D computer code In the analyses of the drip shield plate 
[(~mIhe staff reviewed the information in SNL Section 7,~3.~3~.1J2""-,O"-"O,-,-7a,,",p,,-,1,,-,fb,,,,)(,,,,5)L-___ ---1 

,(b){S) • In response to staff 
I questions, DOE prOVided addittonal Information to ao(]ress~resentation of nonlinear 
...J:~..§ponses of nlatenals (DOE:~009bp).~······ _~ __ ~._~_ .. _ ... __________ ... 
l(b)(S) 
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(b)(5) 

Drip Shield Framework Deformation 

DOE calculated the likelihood of drip shield framework failure using the same approach as 
implemented for the drip shield plate analyses (SAR Section 2.3.4 533.2). These analyses 
determined that the drip shield framework has approximately half the bearing capacity as 
the drip shield plates and that buckling of the drip shield legs results from exceeding the 
bearing capaCity. DOE also determined that jf the drip shield becomes tilted after the 
framework buckles, the drip shield connector plate and connector gUIde provide a physical 
barner that will divert seepage from the crown to the sides of the drip shield, as outlined in SNL 
Section 6.7.3.2 (2007ay). 

DOE postulated that if one segment of a drip shield collapsed more extensively than adjacent 
segments, localized stresses may lead to rupture of the drip shield plates along the crown 
DOE considered the likelihood of isolated segment collapse to be low, because rubble loads are 
expected to be relatively uniform and the rigidity of the drip shield is expected to effectively 
transfer loads to the adjacent segments (DOE, 2010ac) Thus, DOE expects complete collapse 
of the drip shield when loads exceed the design capacity, Nevertheless, DOE analyzed 
stress"strain relationships for a partially collapsed drip Shield and determined that plate rupture 
would occur if vertical displacements between adjacent segments exceeded apprOXimately 
19 em [7.5 in] (DOE, 2010ac) DOE concluded that such displacements between adjacent 
segments are unlikely to occur, because the structure of the drip Shield will effectively transfer 
stress from a deforming segment onto the adjacent segments. This stress transfer leads to a 
progressive collapse of adjacent drip shield segments, rather than isolated collapse and 
potential tearing of a single segment (DOE, 2010ac). 

Staffs Review of Drip Shield FrameWOrk Deformation 
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(b)(5) For unrestrained motion during seismic events, 
as would occur when the drip s ield is intact, up to 4 percent of the waste package surface 
area can be damaged sufficientty for see to develop (SAR Section 2.3.4.5.21.4.2). In contrast. 
a drip shield localizes the potential damaged area on the waste and 
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(b)(5) 

(b)(5) 

Summary and Findings 

DOE relies on the drip shields as effective barriers to advectlve water flow or rock rubble 
impacts on the waste package. The staff reviewed the infor:rnation DOE presented relevant to 
the barrier capability of the drip Shiel~(b)(5) . I (b)(5) .L-______ -'--________ _ 
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l(b)(5) 

2.2.1.3.2.7 Waste Package Mechanical/Structural Performance 

In accordance with 10 CFR 63.21 (c)(9), 63.113(bHc), and 63, 114(f), the applicant is required 
to provide information related to the mechanical disruption of engineered barrier abstractions 
and to assess the waste package performance, The applicant classified the waste package as 
important to waste isolation (SAR Table 2.1-1). The applicant provided information on structural 
response of the waste package to mechanical disruption in SAR Section 2.3.4.5. The objective 
of this SER section is to evaluate whether adequate technical bases have been provided for 
waste package abstractions used in the applicant's performance assessment 

The applicant assessed the waste package mechanical damage by performing detailed 
structural analyses. The results of these structural analyses were used as Inputs to the 
Seismic Consequence Abstractions (SCA). The SCA Simulates mechanical Interactions among 
the waste packages, the drip shield, the emplacement pallet, and/or accumulated rubble as a 
function of PGV. The applicant calculated waste package damage as (i) SCCs that may allow 
diffusive radionuclide releases and (ii) rupture and puncture areas that may allow advective 
radionucHde releases (reviewed in SER Section 22.1,3.4.3.5) 

The results of the SCA are used as inputs to other process-level models and direct inputs to the 
TSPA-LA The waste package corrosion abstraction uses waste package breaches at the 
process level to initiate double-sided corrosion (reviewed in SER Section 2.21.3.1) Note that 
in this context, a breach is defined as any failure mechanism that penetrates the waste package 
(I.e., cracks, ruptures, and punctures). Waste package breaches also impact the chemistry 
inside the waste package (reviewed in SER Section 2.2.1.3.4) SCC area is used in the EBS 
Transport Abstraction to model a pathway for diffUSive radionucllde release (reviewed In SER 
Section 2.2.1.3.4). Waste package rupture or puncture area is used in the flux-splitting model to 
calculate water flux through the waste package (reviewed in SER Section 2.2.13.3). 

Information presented in SAR Table 21-3 suggests that seismic ground motion damage to the 
EBS components is an important mechamsm that affects the EBS capability to perform its 
intended functions. The applicant stated that seismic-induced waste package damage is more 
significant in early times and that nominal failure processes are more Significant at later times 
(DOE. 2009bl). According to the applicant, seismiC-Induced SCC is the most probable waste 
package damage mechanism, The majority of commercial spent nuclear fuel (CSNF) and CDSP 
waste package failures due to seismic-induced SCC occur prior to drip shield plate/crown 
failure, DOE Figure 5 and 6 (2009bl). 

The applicant considered three idealized states of the EBS for analyses purposes (SAR 
Section 23.4.5) 

1, Structurally stable drip shield state, when the waste packages are free to move and may 
be damaged due to impacts With other engineered barriers during seismic events 

2. Drip shield framework failure state, when the drip shield-waste package interactions 
during seismic events may damage the waste package outer barrier 
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3. Drip shield plates failure state, when the waste package is surrounded by rubble and 
may be damaged due to waste package-rubble interactions during seismic events 

According to the applicant, nominal SCC in a CSNF waste package would initiate 
between 200,000 and 300,000 years, DOE Figure 1 (2009bl), where the timeframe is 
dependent on the drip shield performance (reviewed in SER Section 2.2.1.3.2 3.3). This 
would happen after the beginning of Idealized State 2. The CSNF waste packages cannot 
move as freely in Idealized State 2 as in Idealized State 1, thereby reducing the potential for 
seismic-induced SCC. 

For the three idealized states, the applicant considered two waste package failure modes. 

1. The first failure mode is referred to as "the residual stress failure mode" in thiS SER 
section. The waste package damage is expressed in terms of the waste package 
outer corrosion barrier surface area that may be susceptible to SCC. It is defined as 
an area with the residual stresses exceeding one of three residual stress threshold 
values: 90, 100, and 105 percent of the Alloy 22 yield stress (reviewed in SER 
Section 22.13.1.33). 

2. The second failure mode is referred to as '·the tensile tearing failure mode" in this 
SER section. The applicant used Alloy 22 ultimate tensile strain as a failure 
criterion to evaluate the waste package outer barrier tensile tearing (rupture and/or 
puncture) occurrence. 

For these two failure modes, the applicant developed the abstractions using a three-part 
approach: (i) the rupture/puncture probability was defined as a function of PGV and the 
effective tensile stress limits; (ii) the probability of nonzero damaged area was defined as a 
function of PGV and the residual stress threshold damage; and (iii) for nonzero damaged area 
cases, a conditional probability distribution for the magnitude of the conditional damaged area 
was defined as a function of PGV and the residual stress threshold. 

The applicant's analyses results indicate greater mechanical damage potential to the waste 
package during Idealized State 1. However, the NRC staff reviewed the fundamental aspects 
of damages in all three idealized states and their abstractions. The review presented in thiS 
section is organized around these major topics considering the context of the applicant's 
performance assessment. 

Idealized State 1: Waste Package Structural Response With Structurally Stable 
Drip Shield 

Modeling Assumptions and Approach 

In SAR Section 2.3.4.5.2.1, the applicant provided Information on waste package structural 
response for the Idealized State 1 where the drip shield IS structurally stable The applicant 
considered that dynamic impacts of the waste package on the rest of the EBS components may 
lead to waste package damage and rupture of the outer corrosion barrier. The applicant 
evaluated the movement of and damage to waste packages resulting from seismic loads. The 
following three cases of impacts were considered using numerical models. (i) Impacts between 
waste packages, (ii) impacts between the waste package and the emplacement pallet. and 
(ill) impacts between the waste package and the drip shield (SAR Section 2.3.4.5.2.1). The 
applicant analyzed the TAD and the CDSP waste packages for three waste package 

5-29 



conditions where the drip shield is expected to remain functional and structurally stable 
(SAR Section 2.3.4.5.2.1). The three conditions are {I} 23-mm [O.91-in]-thick outer corrosion 
barrier with Intact internals; (ii) 23-mm (O.91-inj.thick outer corrosion bamer with degraded 
internals; and (iii) 17 -mm [0.67 in]-thick outer corrosion barrier with degraded internals. (The 
applicant modeled a waste package with degraded internals as the waste package outer 
corrosion barrier only.) 

The NRC staff reviewed these three waste package conditions the applicant analyzed using 
guidance in YMRP Section 2 2.1.3.2, ReView Method 3. As mentioned earlier, the applicant 
conSidered 23- and 17-mm (0.91. and 0.67-in] waste package outer corrosion barriers. These 
represent corrosion thinning of 2.4 and 8.4 mm [0.09 and 0.33 in], respectively. from the initial 
25.4-mm [1-in) outer corrosion barrier thickness and correspond to a timeframe of approxirpately 

r£'OOO and 12 mAijoo ""'" - empl""om.ntM"'-wed '0 SER S<<lion 2.21 H3.J)/lbll5) 

I 

Using Review Method 1 in YMRP Section 2.2.1.3.2, the NRC staff reviewed the matenal ~~---, 
ro rietIE!l>_of th~EBS(,;{)r!lQ(:lnents th.E:!~cant in~ted intoJh.e numericaIJT1odEl.Ll?-,~)(5)._m~ 

(b)(5) : 

The staff notes that the applicant did not include the waste package damage potential for impact 
between the waste package and drip shield in the seismic damage abstractions. The 
applicant's decision was based on the observations of the waste package damage from the 
analyses of impacts between waste packages (SAR Section 2.3.4.5.2, p. 2.3.4-131). The 
applicant concluded that the waste package areas damaged from a side impact on a flat elastic 
surface were zero or very small. These damaged areas were significantly less than the 
damaged areas from end impacts, as described in SNL Table 6-13 (2007ay). The applicant 
stated that the waste package side impacts on a flat elastic surface are representative of the 
waste package impacts on the drip shield Side wall. 

The applicant also stated that vertical impacts between the waste package and the drip shield 
would have a small contribution to the total waste package damage (SNL, 2007ay). The 
applicant concluded that the impact loads on the waste package would be distributed over a 
large contact area of the drip shield bulkheads and stiffeners The applicant further concluded 
that vertical impacts between the waste package and the drip shield surrounded by rubble 
would be similar to impacts between waste packages, which also result in small damaged 
areas. Therefore, the applicant concluded that the impact damage between waste packages is 



representative of the waste package damage from vertical impacts between the waste package 
and drip shield. 

The NRC staff reviewed these assumptions and concluded that the vertical impact between the 
waste package and the drip shield would be similar to impacts between the waste packages and 
the pallets. The NRC staff also reviewed information presented on the frequency of the vertical 
im a ts between the waste package and the drip shield in SNL Seclign 6.4.5 2oo7a . (b)(5) 

(b)(5) 

To estimate waste package damage and rupture potential, the applicant developed a two-part 
calculation process using numerical models developed in the computer code LS-DYNA 
(Livermore Software Technology Corporation, 2003aa) 

First, large-scale kinematic analyses were performed to determine the impact parameters for 
multiple waste packages in an emplacement drill The parameters included locations and time 
of impacts, relative velocity and impact angles, and forces between the impacting bodies The 
applicant used 17 ground motion time histories at PGV levels of 04. 105,2,44, and 4.07 m/sec 
[1.31, 3.44, 8, and 13.35 ftlsecl in these analyses. e NRC staff reviewed these values using 
YMRP Section 2.2.1,32, Review Methods 1 and 2. (b)(5) 
b){5)m~---__ ---------i 

(b)(5) The large-scale kmematic calculations presented in 
t e consl er a stnng 0 mu tip e waste packages A combination of TAD-bearing and 
CDSP waste packages in a section of an emplacement drift was conSidered For these 
analyses, the applicant considered a partially or fully collapsed emplacement drift, The drip 
shield was considered to be in a structurally stable condition. Thus, the structurally stable drip 
shield provided the only restriction to the movement of the waste packages and the pallet The 
applicant recorded impacts for the central waste packages (three and two central waste 
packages for the TAD-beanng and CDSP configurations. respectively) in the total string of 
waste packages (SAR Section 234521.31) 

Second, the applicant carried out detailed finite elements analyses for estimating damage 
and rupture potentiaL Impacts between individual waste packages and between waste 
package and pallet were analyzed, The applicant evaluated waste package damage over 
the range of impact parameters, including those determined from the large--scale kinematic 
analyses, Using the results of the detailed finite element analyses. the applicant estimated 
the waste package damage and rupture potential for the multiple impacts modeled using the 
large-scale kinematic analyses. 

Using ReView Method 1 and Acceptance Criterion 1, the NRC staff reviewed the modeling 
approach the applicant employed to evaluate the 'IY~te pac~~ge response to vibratory ground 
motions while the drip shield is structurally stable,j(b)(5) 
(b)(5) 
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The appficant stated that the waste package pallet eventually fails as the stainless steel 
connector tubes lose their structural integnty (SAR Section 2.3.4.1). For the damage analyses, 
however, the applicant made an assumption that the waste package pallet is intact. This 
assumption, according to the applicant. would lead to greater damage to the waste package 
outer corrosion barrier during vibratory ground motion. As the applicant explained, the reason 
for this conclusion is that higher magnitude stresses are generated when the waste package 
impacts a "relatively stiff pallet as opposed to the crushed tuff invert' (SAR Section 2.34.1, 
p. 2.3.4-10). However, the applicant initially did not consider that loss of connector integrity 
could result in a different range of conditions for pallet pedestal orientations. impact locations. 
and impact frequencies. The staff questioned whether the variability in these parameters may 
have exceeded the range the applicant considered. The review indicated that larger uncertainty 
In the pedestal orientation can potentially affect calculated results. For example, impact 
locations, time of impact, relatIve velocity of the impacting bodies, angle of Impacts, and forces 
between the impacting bOdies could be affected. Thus, DOE was requested to supplement the 
information presented in SAR Sections 2.3.4.5.2 and 2 3.4.5.4 to address whether such 
uncertainties would affect Significantly the charactenstlcs of waste package damage calculated 
in kinematic analyses. 

In response to staff's RAI (DOE, 2009bq), the applicant provided additional information to 
demonstrate that the intact waste package pallet assumption did not underestimate the potential 
for waste package damage in the kinematic analyses. The applicant stated that at lower PGV 
levels, the waste package and the pallet pedestals would have limited relative motion. 
Therefore, if the stainless steel connector tubes were to lose structural integrity due to 
corrosion, the waste package damage would remain bounded by the results of the analyses 
with the intact waste package pallet The applicant stated that, at higher PGV levels and 
degraded connector tubes, the impact between the waste package and pallet would be 
characterized by one of three cases the waste package impacts both pallet pedestals 
(Case'), the waste package impacts one pallet pedestal (Case 2), and the waste package 
impacts only the invert (Case 3) 

For Case 1, the applicant stated that the angles and locations of Impacts would be similar to 
those used in the kinematic analyses with an mtact pallet For Case 2, the applicant stated that 
the locatIons of the impacts would be toward the end of the waste packages, as the waste 
package would tend to slide off the remaining pedestal and onto the invert. In SNL Tables 6-49 
and 6-50 (2007ap) the applicant stated that, due to higher waste package stiffness at the waste 
package lid, the waste package would experience less damage for impacts near the waste 
package lids than in the middle of the waste package. The applicant concluded that for Case 2, 
the waste package damage would be bounded by the results of the analyses for waste package 
impacts with an intact pallet For Case 3, the applicant stated that the waste package damage 
would be bounded by the results of the intact pallet. This result is due to the waste package 
experiencing less damage from impact forces distributed over a larger waste package area. 
Therefore, the applicant concluded that the results of the analyses with an intact pallet would 
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bound the waste package damage for the case of the loss of structural integrity loss of the 
stainless steel connector tubes due to corrosion. 

The NRC staff reviewed the applicant's responses to the staff's 

Residual Stress Failure Mode 

To analyze the residual stress failure mode. the applicant calculated the total damaged area of 
the waste package Total damaged area is defined as the sum of the areas of all outer 
corrosion barrier elements in which the stress exceeds a threshold stress level at the end of a 
simulation. The three residual stress threshold values used are 90. 100, and 105 percent 
of the yield strength. (The NRC staff's evaluation of the residual stress threshold values 
the applicant used to estimate the waste package damaged area is presented in SER 
Section 22.131323) 

The applicant used results from the analyses of the impacts between waste packages and 
between the waste package and the paliet Inputs for the TSPA calCUlations were prepared 
in the form of lookup tables that provided damaged area as a function of the impact parameters. 
According to the information provided in these lookup tables (SNL, 2007ap). the amount of 
damage for single impacts is largest for impacts between a waste package and a pallet 
The damage increases with decrease in the outer corrosion barrier thickness. Reported damage 
area for single impacts ranged from 0.002 percent to 14.333 percent of the total surface area 
for the TAD-bearing waste package, and from 0.002 percent to 20106 percent for the CDSP 
waste package 
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For the analyses with multiple waste packages, the amount of reported damage IS largest for 
impacts between waste a package and a pallet The damage increases with an increase in 
PGV leltels and a decrease in the outer corrosion barrier thickness. The reported damage area 
ranged from 0,006 percent to 43.467 percent of the total surface area for the TAD-bearing 
waste package. The range for the CDSP waste package was from 0.006 to 19.585 percent of 
its surtace area (SNL, 2007ap), 

The NRC staff reviewed the residual stress failure mode results for these analyses and 
considered the applicant's response to an RAI (DOE, 2009br), addressing that the intact 
waste package pallet assumption would not underestif'l'late the potential for waste package 
damage in the kinematic analyses i(b)(5) rSl '--'" 

Tensile Tearing Failure Mode 

To analyze the tensile tearing failure mode, the applicant assessed the rupture condition for a 
single impact The maximum effective strain in the waste package outer corrosion barrier for 
the full time-history analyses was compared with the rupture tensile strain failure criterion (SAR 
Section 2,34.5213.2) The applicant demonstrated through detailed finite element 
calculations that the strain for a single impact in the outer corrosion barrier was always below 
the ultimate tensile strain for Alloy 22 (SAR Section 2,34.5.2,1 3.2). For multiple impacts 
modeled in the large-scale kinematic analyses, the applicant stated that if an impact causes 
'severe" deformation, the additional large impacts to the deformed area have the potential to 
cause rupture, For both the TAD-bearing and the CDSP waste packages with intact internals, 
the applicant stated that the overall deformation of the outer corrosion barrier resulting from 
multiple impacts was insignificant even at the largest impact velocities. Therefore, the applicant 
concluded that no rupture would occur (SAR Section 2,34.52.13.2). 

For the analyses with degraded internals, the applicant considered that the deformation from 
low velocity Impacts {PGV levels less than 1.05 m/sec [3.44 ftJsec]} was not severe enough to 
lead to rupture after multiple impacts. In addition, the deformation becomes very large as the 
impact velocity increases. For PGV levels of 1.05 m/sec [3.44 ftJsec) and higher, a second 
impact of equal or greater magnitude would potentially cause a rupture of the outer corrosion 
barrier. Therefore, for the PGVs of 1.05 m/sec [3.44 ftJsec] and higher, which have a mean 
annual probability of e)(ceedance of 10-5

, the waste package rupture probability exceeds zero. 
In some realizations of large-scale models for both the TAD-bearing and the CDSP waste 
package configurations with degraded internals and PGV levels of 244 m/sec [8 ftlsec) and 
higher, the applicant calculated the probability of rupture equal to one. 

The applicant relied on engineering 
'-J-u=-==gm~e":::'nrr=o-=eTe=r=m""ln=e~re=-=e=-r m=:cu=l=p=e""'l-=m""p=a=-r=-..,.,..t·waste package result in tensile rupture 

(SAR Section 2.34.5.1.4.2). If the degree of deformation from a single impact was judged 
significant, a second impact of equal or greater magnitude was judged suffiCient to cause tensile 
rupture. However, the applicant initially did not describe the magnitude of stress or strain on the 
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outer corrosion barrier, the impact yelocities that caused this damage, or the threshold beyond 
which such damage occurs. The NRC staff determined that the SAR did not explain how 
variations in these or other indicators of damage were considered in the expert judgment 
process and therefore requested additional information. 

In response to staff's RAI (DOE, 2009bq) , the applicant provided Informatlon to demonstrate the 
acceptability of the methodology that involves engineering judgment used In the qualitative 
evaluation of waste package rupture probability for multiple impacts. The applicant performed a 
quantitative evaluation of the waste package rupture probability. The analysis is based on 
maximum effective strain limit and assessment of tenSile strain in the waste package outer 
corrosion barrier. Because the quantitative approach did not predict waste package rupture, the 
applicant deyeloped a qualitatiye approach. This approach was based on an assessment of the 
outer corrosion barrier deformation. The deformation results were used to estimate the waste 
package rupture probability for multiple impacts. In SNl Figures 6-31 through 6-36 (2007ap), 
the applicant examined deformation shapes of the outer corrosion barrier to determine a 
deformed state that could cause rupture if a second large impact occurred. For the analyses at 
an impact velocity of 5 m/sec [16.4 ftlsec), the applicant stated that the outer corrosion barrier 
developed deformations sufficient to cause rupture at a subsequent seismiC event The 
applicant defined this state as a lower bound such that another impact of 5 m/sec [16.5 ftlsecj or 
higher would cause rupture of the waste package outer corrosion barner. The applicant used 
impact force values associated with impacts at 5 m/sec [16.4 ft/sec] as a threshold force to 
define zero probability of waste package rupture due to multiple Impacts. The applicant defined 
the force associated With impacts at 7 m/sec [23 ftlsec] as an "upper force peg point" and used 
this to interpolate and extrapolate probability of waste package rupture between zero and one 
The applicant concluded that this qualitatiye method would not underestimate waste package 
rupture probability, because the force threshold used as a lower bound was derived based on 
less severe and more frequent waste package deformations at impacts velocities of 5 m/sec 
[16.4 ftlsec] and higher. 

(b)(5) 

(b)(5) Further, for the waste-package-tc-pallet Impacts, the 

most amaglng scenano IS angu ar Impacts at ... 6 ..... 
0 

..... an ..... 9 ... I.e~()t~e middle of the TAD-bearing 
waste package with degraded Internals (SNL, 200?ap).cJ..~:.::.b.!..!.)(5::.c) ___________ ----1 
(b)(5) 
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The NRC staff detennined that the applicant defined, in SNL Section 6.3.2.2.5 (2007ap), the 
maximum effective strain limit for the waste package rupture condition as 0.57 for uniaxial 
tension and 0.285 for biaxial tension. For realizations where the maximum effective strain was 
less than 0.285, the applicant considered that rupture was not credible. VlJhen the maximum 
effective strain exceeded 0.285, the strain limit was multiplied by the triaxiality factor, resulting 
in an effective strain limit between 0.285 and 0.57. Flnall~ElllPPlicant evaluated the rupture 

(b)(S) . . basis of the newl com ute(j strain limit~. _=(b=)(,,=S,==) =~===========' 

l(b)(S) lin response to SiB sE, 2009bq). the applicant stated that tor all--·--
J 

reahzations with computed effective strain in the outer corrosion barrier greater than the 
uniaxial tensile strain limit of 0.5 as outlined in SNL Tables 6-60, 6-90, and 6-92 (2007ap). 
the stress state is com ressive. (b)(5) 
(b)(5) ""--'-----------______ --.J 

Idealized State 2: Waste Package Structuml Response Under Collapsed Drip Shield 

Modeling Assumptions and Approach 

The applicant provided infonnation on waste package structural response for the Idealized 
State 2 with a collapsed drip shield framework (SAR Section 23.45.4.32). The applicant 
assessed defonnations and stresses in the outer corrosion barrier of a TAD-bearing waste 
package loaded by a collapsed drip shield and the accumulated rubble A 17- and a 23-mm 
[0.67 and O. 91-inJ-thick outer corrosion barrier with intact and degraded internals were 
assessed. The applicant's model represented the Intact internals by the inner vessel. the TAD 
canister, and the fuel baskets with plates inSide the canister. The applicant assigned properties 
of Type 316 stainless steel to all internal components. The intemals, which are assumed to be 
completely degraded. were represented by a material that can be considered to be similar to a 
weakly cohesive soil with no significant strength. This material fills the interior volume of the 
outer corrosion barrier to limit volume change to 50 percent 

The applicant performed numerical analyses to assess the waste package structural 
response under a collapsed drip shield using the FLAC3D finite element models (SAR 
Section 2.3.4.5.4.3.2). In these analyses the drip shield was not explicitly modeled and was 
represented by bulkhead flanges that contact the waste package after collapse of the drip Shield 
framework. The applicant conducted these quasi-static analyses by applying vertical static 
loads to the drip shield bulkheads. The vertical loads were monotonically increased until 
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pressures ranging from 500 to 1,500 kPa [10,400 to 31,300 pst] were reached. The applicant 
considered that the average vertical static pressure from lithophysal rockfall for a complete drift 
collapse exerted onto the dnp shield is 127 kPa (2,652 pst] (SAR Table 2.3.4-35) For the drip 
shield average vertical loading demand of 127 kPa [2,652 psfj (SAR Section 2.3.45.43.2.1), 
the maximum quaSi-static pressures applied to the waste package are equivalent to PGAs 
in the range of about 3 to 9 g ("g' is acceleration due to gravity) (reviewed in SER 
Section 2.2.1.3.2.3.3 1). The applicant monitored the structural deformations and the reSidual 
stresses induced in the outer corrosion barrier as a function of the average vertical pressure 
exerted on the outer corrosion barner by the drip shield bulkhead flanges. 

The NRC staff reviewed the modeling approach for Idealized State 2 that the applicant 
employed to evaluate the waste package resPQm>e under uasi-static 10 In 

collapsed drip shield using Review Method 1. ftb)(5) 
(b)(5) 

l(b)(5) 

I 

In response to staff's RAI (DOE, 2009br), the applicant provided additional information to 
demonstrate the adequacy of its modeling approach. The applicant prOVided waste package 
damage estimates that bounded waste package damage for angular impacts of Ihe drip shied 
onto the waste package outer corrosion barrier. The applicant stated IMt a partially collapsed 
drip shield could result in angular contact between the waste package outer corrosion barrier 
and the drip shield bulkhead. According to the applicant, a partially collapsed dnp shield does 
not completely lose its load-bearing capacity. The applicant stated that a modeling approach 
that allows the drip shield to fully collapse onto the waste package (te, modeling approach that 
produces a zero contact angle between the waste package outer corrosion barrier and the drip 
shield bulkheads) would overestimate the total load transferred to the waste package and, 
therefore, would overestimate waste package damage. 

(b)(5) 
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Residual Stress Failure Mode 

For the residual stress failure mode, the applicant calculated the total damage area as the sum 
of areas of a/l outer corrosion barrier elements (including interior and exterior surfaces) in which 
a single residual stress threshold of 90 percent of the Alloy 22 yield stress is exceeded (SAR 
Section 2.3.4.5.4.32). The NRC staffs evaluation of the residual stress threshold values to 
estimate the waste package damaged area is presented in SER Section 2.2.1.3.1.3 3 For the 
analyses with 17· or 23-mm [0.67· or 0.91-in)-thick outer corrosion barrier With intact internals, 
the applicant made the following findings' 

• Damaged area was less than 0.025 percent of the total outer corrosion barrier surface 
area for average vertical pressure up to 1,200 kPa [25,062 pst] 

• Maximum damaged area was approximately 0.3 percent or less of the total outer 
corrosion barrier surface area for the highest evaluated vertical pressure of 1,500 kPa 
[31,328 pst] 

• For the analyses with degraded internals, the vertical pressure of about 660 and 
1,000 kPa (13.784 and 20,885 psf] may lead to a fully damaged waste package 
for 17- and 23-mm (0.67- and O.91-in]-thick outer corrosion barriers, respectively 

• (iv) For vertical pressure of less than or equal to 350 kPa (7,309 pst], the waste package 
damaged area was less than 0.1 percent of the total area (SAR Figure 2.3.4-93) 

The NRC staff re~he residual stress failure mode results for these analyses using 
Review Method 2 (1/)(5) Itb)(5) m "_"_"._m_" 

Tensile Tearing Failure Mode 

For the tensile tearing failure mode, the applicant provided information on the 
maximum stresses In the waste package outer corrosion barrier for three 

1 kPa and 
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l(b)(5) 

The NRC staff reviewed the tensile tearin failure mode results for three vertical 
levels analyses using Review Method (b)(5) 

(b)(5) 

For Idealized State 2, with a collapsed drip shield framework, the applicant concluded that 

• State 2 bounds the case with intact waste package internals, tensile strain calculations 
from dynamic loads due to rod< rubble after drip shield plate failure (Idealized State 3, 
which is reviewed in the section to follow) 

• State 1 bounds State 2 for the case with degraded internals, the kinematic analyses for 
TAD-bearing waste packages 

However, the applicant initially did not present the results of models for tensile strain of the 
waste package after collapse of the drip shield (SAR Section 2.3.4.5.4.4.1). In addition, the 
applicant initially did not discuss how free interactions between the waste package and drip 
shield, or dynamiC interactions with rock rubble, appropriately bound localized tenSile strains 
that could occur between a collapsed drip shield and the waste package. In response to staff's 
RAI (DOE. 2009bs). the applicant provided additional information to demonstrate that its results 
were bounding, The applicant discussed how the free interactions between the waste package 
and drip shield and dynamic interactions with rock rubble appropriately bound localized tensile 
strains that could occur between a collapsed drip shield and the waste package. 

The applicant performed a quantitative companson of the maximum effective plastic strain 
results of (i) the kinemallc analyses for impacts between the waste package and the pallet with 
degraded internals and (ii) the quasi-static analyses for the waste package with degraded 
internals loaded by a collapsed drip shield. On the baSIS of this comparison, the applicant 
concluded that the maximum effective plastic strains from the kinematic calculations of impacts 
between a waste package and a pallet WIth degraded internals were greater. Thus, DOE 
concluded that the results bounded the effective plastic strains for the waste package with 
degraded internals loaded by a collapsed drip shield In addition, the applicant performed a 
quantitative comparison of the maximum effective plastic strain results of the kinematIc analyses 
for the waste package surrounded by rubble and the quasI-static analyses for the waste 
package with its intact internals loaded by a collapsed dnp shield. The applicant concluded that 
the effective plastic strains from the calculations for the waste package surrounded by rubble 
were greater and. therefore. bounded the effecllve plastiC strainS for the waste package with 
Intact internals loaded by a collapsed drip shield 
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Idealized State 3: Waste Package Structural Response in Direct Contact With Rubble 
Modeling Assumptions and Approach 

The applicant provided information on waste package structural response for Idealized State 3 
where the waste package is in direct contact with rock rubble (SAR Section 2.3.4.5.4.3.1). The 
applicant considered the loads produced by the weight of the rock rubble and the amplification 
of these loads during vibratory ground motion. These loads may lead to waste package 
damage through SCC, or rupture and puncture of the outer corrosion barrier. To examine the 
waste package damage potential. the applicant performed mechanical/structural analyses of the 
TAD-bearing waste package in direct contact with the rubble. Two waste package outer 
corrosion barrier thicknesses of 17 and 23 mm [0.67 and 0.91 in] with degraded internals were 
considered. The system was subjected to static loads and dynamic amplification from ground 
motions with PGVlevels of 04, 1.05,2.44, and 4.07 m/sec [1.31,3.44,8, and 13.35 ftlsec] 
(SAR Section 2.3.4.5.4.1). 

The applicant conducted two-cflmensional seismic analysis of the waste package surrounded by 
rubble using the computer code UDEC. The UDEC model initially represented an intact 
emplacement drift containing a waste package and pallet resting on the invert. The drift was 
allowed to collapse onto the waste package. Once stalic equilibrium was established, the 
model was subjected to ground motions and equilibrium was reestablished. The applicant used 
a complete drift collapse simulation similar to the one used to assess potential drip shield 
framework buckling and drip shield plate rupture (SAR Section 2.3.4.5.3.2.1) The results 
included residual tensile stresses and effective tensile strains in the outer corrosion barner. 
General observations on the deformed shapes of the outer corrosion barrier were also provided. 
The applicant did not include the inner vessel, the TAD canister, or the fuel baskets in the waste 
package representation and only considered the degraded state of the waste package internals. 
The applicant represented the degraded internals as a material similar to a weak cohesive soil 
With no significant strength. The applicant stated that, for the geometrical representation used. 
the results of the TAD-bearing waste package provided a reasonable estimate of damage for 
the CDSP waste package, Therefore, separate models were not developed for the 
TAD-bearing and CDSP waste packages, 

The applicant used a two-dimensional plane strain representation of the waste package and its 
components for dynamiC analyses under rubble loads. as outlined JO SNL p. 6-216 (2007ap). 
This simplification assumes that the waste package extends JOflnitely in the direction normal to 
the calculation plane and that the structural response of the waste package is not affected by its 
boundaries (i e. waste package lids), In SNL Appendix D (2007ap), the applicant compared 
results of two-dimensional and three-dimensional stress analyses, using uniform static loadings 
that are not representative of the dynamiC loads associated With seismic events, Because of 
the higher rigidity of the waste package lid area, the NRC staff considered that the outer 
corrosion barrier area in the Vicinity of the waste package lid potentIally could be more 
susceptible to tensile tearing than an open cylinder. The NRC staff raised this as a question to 
the appl ica nt. 
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In response to staffs RAI (DOE, 2009bt), the applicant provided additional infonnation to 
demonstrate that the use of a two-dimensional waste package representation in seismic 
analyses of the waste package surrounded by rubble did not underestimate waste package 
damage. The applicant stated that the two-dimensional waste package representation had 
reduced stiffness because the waste package lids that provide additional structural support 
were not induded. The two-dimensional waste package representation was chosen because 
it maximizes structural deformation of the outer corrosion barrier. Further. the applicant stated 
that three-dimensional waste package analyses were performed to investigate the potential 
for failure of waste package lids and connections between the waste package lids and the 
waste package wall. These analyses demonstrated that tensile rupture of the outer corrosion 
barrier would only occur when the outer corrosion barrier collapses due to the waste package 
wall buckling, as described in SNL Appendix D (2007ap). The applicant stated that because the 
two-dimensional waste package representation underestimates the loading demands needed 
for an outer corrosion barrier collapse, the applicant concluded that this representation would 
not underestimate the potential for the waste package outer corrosion barrier tensile failure. 

(b)(5) 

The NRC staff reviewed the kinematic analyses of the waste packaQe surrounded by rubble 
analysesl(b)(5) 
(b)(5) 

Residual Stress Failure Mode 

For the residual stress failure mode, the applicant concluded that the damaged area was 
generally a small percentage of the total waste package surface area. For the residual stress 
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threshold of 90 percent of the yield stress, the damaged area resulted in 0.2 percent of the 
total waste package outer corrosion barrier surface area. For the residual stress threshold 
of 105 percent of the yield stress, the damaged area was about 3 percent of the total outer 
corrosion barrier surface area. The applicant stated that the increase in damaged area 
correlated with an increase in PGV levels and thinning of the outer corrosion barrier. 

The NRC staff reviewed the results of the residual stress failure mode using Review Method 2 
and Acceptance Criterion 2. The applicant's response 10 staffs RAI (DOE, 2009bl) 
demonstrated that two-dimensional waste ackage representation maximizes structural 
deformation of the outer corrosion barrier. (b)(5) 

Tensile Tearing Failure Mode 

F or the tensile tearing failure mode, the applicant concluded in SNL Section 6.5.14. 1 (2007ap) 
the probability of rupture for the TAD-bearing and CDSP waste packages surrounded by rubble 
for the 17- and 23-mm [0.67- and O. 91-in I-thick outer corrosion barrier with degraded internals IS 

zero. The applicant's conclusion was based on the observation that, for all simulations, the 
maximum effective plastic strain was below the ultimate tensile strain of Alloy 22 

For this idealized state, in addition to rupture probability, the applicant calculated puncture 
probability of the waste package outer corrosion barrier. The applicant considered that a 
severely deformed outer corrosion barrier may be punctured by the sharp edges of fractured or 
partially degraded internal components. The applicant calculated a potential for puncture of the 
outer corrosion barrier. The calculation considered the reduction in the final cross-sectional 
area of severely deformed outer corrosion barrier, as identified in SNL Section 6.5.14.1 
(2007ap), The applicant assumed that the probability of outer corrosion barrier puncture IS zero 
until deformation of the waste package outer corrosion barner is such that the diameter is 
reduced by 10 em [4 in], as outlined in SNL p. 6-234 (2007ap) According to the applicant, the 
puncture of the waste package outer corrosion barrier increased with Increase In PGV and with 
decrease in the outer corrosion barrier thickness. Reported rupture probability ranged from 0.01 
to 0.82 for the 23-mm [0.91-inJ-thick outer corrosion barrier with degraded Internals and from 
0.05 to 1.00 for the 17-mm [0.67-in)-thlck outer corrosion barrier. 

!(b){S) ---------------, 

ITn SNL Section 6.5.1.2.2 (2007ap), the applicant assessed 
'n:-;~~=:-;;;:-::::r.;:-;;:r:::-===s-O;a:=n",.d-;::sr.!trains of the final waste package configuration after 

b 5) 
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In response to staffs RAI (DOE, 2009br), the applicant provided additional discussion to 
demonstrate that using stresses and strains computed at the end of dynamic analysis is 
appropriate and does not underestimate damage to the waste package. The applicant stated 
that, in the dynamic analyses of the waste package surrounded by rubble, the code cumulatively 
computes the effective plastic strain, and the plastic strains increase during the analyses' time 
history. In addition. the applicant stated that the effective plastic strain is larger than the 
effective strain for the analyses with strain reversals and loading/unloading transitions. 
Therefore. the applicant concluded that the use of effective plastic strain value obtained at the 
end of dynamic analyses is appropriate to evaluate the waste package damage. The a nt 
stated that this approach would not underestimate the waste P:8ckage rUQture robabili ) 

l'b)(5
1 

In calculating the waste package puncture probability, the applicant assumed that the probability 
of the waste package outer corrosion barrier puncture IS zero until deformation reaches a 
preset value. A waste package diameter reduction of 10cm [4 In] was selected as the preset 
limit. as identified in SNLp. 6-234 (2007ap).I(b)(5) ....-----1 

j(b)(5) . .... I 

For the highest PGV level used, the applicant calculated the 
'-="===:-=Or77 ..... _-:m""'m:::;:-{0.67_in -thick outer corrosion barner uncture to be 0.20. Tt)')(5)-~--i 

~-----------------------------------------------------------~ 

In SAR Section 2.3.45.4,3,1,2 the applicant stated that for a residual stress threshold of 
90 percent of the yield stress, the damage area resulted in 0.2 percent of the total waste 
package outer corrosion barrier surface area. For a residual stress threshold of 105 percent of 
the yield stress, the damaged area was 3 perr,:e~n-"l'-l.f<b:~b:..:.)(5:..:.) _____________ _ 
(b)(5) 

Staff Findings and Conclusions 

The NRC staff reviewed the information related to the MDEB abstractions for the waste package 
performance assessment the applicant provided for compliance with the regulatory 
requirements of 10 CFR 6321(c)(9), 63.113(bHc), and 63.114(f). This review was performed 
using guidance in YMRP Section 22132, Review Methods 1-4. and In accordance With the 
acceptance criteria in YMRP Section 2.2.13.2, Acceptance Cnteria 1-4. taking into account the 
risk significance of the waste package in the context of the repository postclosure peliormance. 
The NRC staff makes the following conclusions. 
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• For Idealized State 1, where the drip shield IS structurally stable, the applicant concluded 
that (i) dynamic impacts of the waste package with the rest of the EBS may cause 
damage to the waste package from end-to-end impacts between waste packages and 
between waste package and pallet and (ii) the extent of waste package damage for 
TSPA abstractions is a function of the waste package type, the waste package internals 
state. PGV levels, and the outer corrosion barrier thickness. 

• For Idealized State 2, with a collapsed dnp shield framework, the applicant concluded 
that (I) for the case with intact waste package intemals, the waste package damage 
estimated for the Idealized State 3 is bounding and (ii) for the case with degraded 
internals, the waste package damage estimated for the Idealized State 1 is bounding. 

• For Idealized State 3, where the waste package is 10 direct contact with rock rubble, the 
applicant concluded that (i) a waste package with a 23-mm [O.91-in]-thick outer corrosion 
barrier and degraded internals will not be damaged under seismic events With PGVs 
below 2.44 m/sec [8 ftlsecJ and (ii) the waste package damage depends on the waste 
package outer corrosion barrier thickness and the PGV levels. 

(b)(5) 

l{b)(5) 
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2.2.1.3.2.8 Evaluation Findings 

The NRC staff has reviewed SAR Section 2.3.4 and associated references (b)(5) (b)(5) ... .. . ......... - .- ...... - ._- . = ........ _ ....... - ... ----1 
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2.2.1.3.3.1 

CHAPTER 6 

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

Introduction 

This Safety Evaluation Report (SER) chapter addresses those features, events, and processes 
(FEPs) included in the U.S. Department of Energy's (DOE) abstraction 1 of the repository drift 
system that may alter the chemical composition and volume of water contacting the drip shield 
and waste package surfaces (NRC, 2005aa). DOE described this abstraction in Safety AnalYSIS 
Report (SAR) Sections 2.35 and 2.3.7 (DOE, 2008ab). This SER chapter provides the 
U.S. Nuclear Regulatory CommiSSion's (NRC) evaluation of the abstraction of key FEPs that 
address the following topiCS: (i) the chemistry of water entenng the drifts, (;i) the chemistry of 
water in the drifts, and (iii) the quantity of water in contact with the engineered barrier system 
(EBS).2 These three abstraction topics provide Input needed to model the features and 
performance of the EBS (e.g., drip shield and waste paCkage) and their contributions to barrier 
functions. For example, in its license application, DOE relied on corrosion tests that were 
conducted on waste package and drip shield materials under a range of geochemical 
environments. The range of aqueous testing environments was deduced from a range of 
potential starting water compositions (TopiC i) and from knowledge of near·field and In-drift 
processes that alter these compositions (Topics ii and Iii) 

2.2.1.3.3.2 Regulatory Requirements 

Model abstractions used in the applicant's postclosure performance assessment must meet the 
regulatory reqUirements given In 10 CFR 63.114 (ReqUirements for Performance Assessment) 
and 63.342 (Limits on Performance Assessment). to support the predictions of compliance for 
63.113 (Performance Objectives for the Geologic RepOSitory after Permanent Closure) 
Specific compliance with 63.113 is reviewed in SER Section 2.2 1.4.1. 

The reqUIrements for performance assessment In 10 CFR 63.114 require the applicant to 

• Include appropriate data related to the geology hydrology, and geochemistry of the 
surface and subsurface from the site and the region surrounding Yucca Mountain 

• Account for uncertainty and vanability in the parameter values used to model the 
quantity and chemistry of water contacting engmeered barriers and waste forms 

'As used In the SER the term "abstractloo' refers to the representatIon of tne essential components of a process 
model Into a SUItable form for use in a total system perrOfmance assessment A mooel abstraction is Intenoed to 
maximize the use of hmlted computational resources wh,le allOWing a sufflc>p.nt range of senSltrvlty and uncertainty 
analyses. An abslracted model IS a model that reproduces. or bounds, the essentral elements of a more detailed 
process model and captures uncertainty and vanabill1y ,n wMI ,s often, out not always. a sirnphiled or ,Oealized lorm 

'The abstraction of key FEPs that address thermal. hydrologic processes affectmg seepage rates are reViewed IP 
SER Section 2.2 1.3 6; tnose that address corrosion processes affecting tne anp shIeld ana waste paCkages are 
re~iewed In SER Section 2 2 1 3.1; and those Ihal address the quantity ana chemistry of water Il1slde breached waste 
packages and the m~ert are reviewed in SER Section 22 1 3 4 AlSO. tne review of the ra\.onale tor key FEPs that 
DOE has excluded from these abstractions ,s covered In S E R Section 2 2. 1 2 1 
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• Consider alternative conceptual models for the quantity and chemistry of water 
contacting engineered barriers and waste forms 

• Provide technical bases for the inclusion of FEPs affecting the quantity and chemistry of 
water contacting engineered barriers and waste forms, including effects of degradation, 
deterioration, or alteration processes of engineered barriers that would adversely affect 
performance of the natural barriers, consistent with the limits on performance 
assessment in 10 CFR 63.342 

• Provide technical basis for the models of the quantity and chemistry of water contacting 
engineered barriers and waste forms that in turn provide input or otherwise affect other 
models and abstractions 

10 CFR 63. 114(a) considers performance assessment for the initial 10,000 years following 
permanent closure. 10 CFR 63. 114(b) and 63.342 consider the performance assessment 
methods for the time from 10,000 years through the period of geologic stability, defined in 
10 CFR 63.302 as 1 million years following disposal. These sections require that through the 
period of geologic stability, with specific limitations, the applicant 

.. Use performance assessment methods consistent with the performance assessment 
methods used to demonstrate compliance for the initial 10,000 years following 
permanent closure 

.. Include in the performance assessment those FEPs used in the performance 
assessment for the initial 10,000 year period 

For this model abstraction of the quantity and chemistry of water contacting engineered barriers 
and waste forms, 10 CFR 63.342(c)(1) further provides that DOE assess the effects of seismiC 
and igneous activity on the repository performance, subject to the probability limits 10 63.342(a) 
and 63.342(b). Specific constraints on the analysis required for seismic and igneous actiVity are 
given in 10 CFR 63.342(c)(1)(i) and 10 CFR 63.342(c)(1)(ii), respectively. 

In addition, for this model abstraction of the quantity and chemistry of water contacting 
engineered barriers and waste forms, 10 CFR 63.342(c)(2) further provides that DOE may 
conSIder climate change after 10,000 years by using a constant-in-time specification of the 
mean and uncertainty distribution for repository-average deep percolation rate for the period 
from 10,000 to 1million years. DOE elected to use this representation in its SAR Thus, 
implementation of the specified representative percolation rate and its uncertainty distribution is 
reviewed for the post-10,ooO-year period. 

NRC staff review of the license application follows the guidance laid out the Yucca Mountain 
Review Plan (YMRP), NUREG-1804, Section 22.1.33, Quantity and Chemistry of Water 
Contacting Engineered Barriers and Waste Forms (NRC, 2003aa), as supplemented 
by additional guidance for the penod beyond 10,000 years after permanent closure (NRC, 
2009ab). The acceptance criteria in the YMRP generically follow 10 CFR 63.114(a). Following 
the guidance, the NRC staff review of the applicant's abstraction of the quantity and chemistry 
of water contacting engineered barriers and waste forms conSidered five criteria: 

• System description and model integration are adequate. 
• Data are sufficient for model justIfication. 
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• Data uncertainty is characterized and propagated through the abstraction. 
• Model uncertainty is characterized and propagated through the abstraction. 
• Model abstraction output is supported by objective comparisons 

Because 10 CFR Part 63 specifies the use of a risk-informed approach for the review 
of a license application, the guidance provided by YMRP, as supplemented by NRC (2009ab), 
is followed to the extent reasonable for aspects of the quantity and chemistry of water 
contacting engineered barriers and waste forms Important to repository performance. Whereas 
NRC staff considered all five criteria in their review of information provided by DOE, only 
aspects that substantively affect results of the performance assessment, as judged by NRC 
staff, are discussed in this chapter. NRC staffs judgment is based both on risk information 
provided by DOE, and staffs knowledge, experience, and Independent analyses. 

2.2.1.3.3.3 Technical Review 

2.2.1.3.3.3.1 Chemistry of Water Entering Drifts 

The chemistry of water entering drifts abstraction uses site-specific and literature-derived 
information as inputs to the applicant's Near-Field Chemistry (NFC) model, which simulates 
chemical interactions of minerals in the Yucca Mountain host rocks with pore waters that 
percolate downward toward the repository. The model calculates (i) a water-rock interaction 
parameter that is used to predict initial seepage water compositions important to drip shield and 
waste package corrosion; (ii) radionuclide solubility [key parameters are pH, ionic strength (f), 
and concentrations of chloride (CI-), nitrate (N03), and fluoride (F)]; and (iii) the range of in-drift 
carbon dioxide partial pressures (pC 0]). Important processes related to developing these 
parameters are discussed later in this chapter under the heading "Conceptual Model." 

DOE used the results of its NFC model as inputs to other process-level models and direct 
inputs to the Total System Performance Assessment (TSPA) model. Potential seepage water 
compositions are used by the in-dnft chemical and phYSical environment abstraction (reViewed 
in SER Section 2.2.1.3.3.3.2) and the waste package and drip shield corrosion abstractIOn at 
the process level (reviewed in SER Section 2.2.1.3.1). The range of in-drift pCO, values the 
NFC model predicts is used to generate a lookup table in the TSPA model, which is sampled to 
provide inputs to the waste form degradation and mobilization abstraction (reviewed in SER 
Section 2.2.1.3.4). SER Section 2.2.1.3.6 reviews the abstraction that addresses 
thermal-hydrologic processes affecting seepage rates, SER Section 2.2.1.3.1 reviews the 
abstraction that addresses corrosion processes affecting the drip shield and waste packages, 
and SER Section 2.2.1.3.4 reviews the abstraction that addresses the quantity and chemistry of 
water inside breached waste paCkages and the invert. 

(b)(S) The NRC staff review In SER Section 2 2.1 3.1 
consl ers t e con ltions under w Ich loea ized corrosion IS not expected to occur. In DOE's 
system of engineered barriers, titanium drip shields prevent seepage water from contacting the 
waste package. DOE predicts that the drip shields Will maintam their capability until 
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romise<Lby mechanical or corrosive failure. ThE) DOE performance assessment analyses 
an (b)(5) . 
(b)(5) ....... --------- ---------- -------J---1 
~--~~------;---- .. 

Mechanical processes are the other means by which drip Shield performance may be 
compromised. DOE excluded early drip shield failure due to partial or complete 
collapse of drifts due to thermal effects (FEP 2. 1.07.02.0A) on the basis of "low consequence" 
The adequacy oftha rationale for excluding this specific FEP is reviewed in SER 
Section 2.21.2.1.3.2. The DOE pf,'lrformance assessment1(b)(5) ......m-.J 

l(b)(5) 
r(b)(5)m~DOE 

. calculafedthat conditions in the drift (eg~.Temperature;PH,seepagewater chemiStry) may 
support localized corrosion of the waste package it the drip shield fails and allows seepage 
water to contact the waste package within approximately 12,000 years after repository closure, 
as described in DOE Enclosure 11 (2009dg). Following 12,000 years after repository closure. 
DOE calculated that there is a low probability tor conditions in the drift to support localized 
corrosion of the waste package. if the drip shield fails and allows seepage water to contact the 
waste package. even given a somewhat elevated temperature of the waste package. The DOE 
model calculated that both the pH and nitrate-to-chloride ratio of water that may contact the 
waste package will generally be too high to initiate localized corrosion beyond 12,000 years 
after repository closure 

Conceptual Model 

This section addresses YMRP Section 2.2.1.3.3 Acceptance Criterion 1 and 2: "System 
Description and Model Integration are Adequate" (focused on system description). and "Data for 
Model Justification are Sufficient." The NRC staff reviewed the information provided in SAR 
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Section 2.3.5.3 (and relevant references) to evaluate the adequacy of the conceptual model of 
the chemistry of water entering the drifts. 

SAR Table 2.2-1 contains the FEPs that DOE believes are potentially relevant to the 
chemistry of water entering drifts. DOE evaluated and included the following FEPs in this 
abstraction: (i) Chemical characteristics of groundwater in the unsaturated zone 
(FEP 2.2.08.01.08), (ii) Chemistry of water flowing into the drift (FEP 2208120A), and 
(iii) Chemical effects of magma and magmatic volatiles (FEP 1.204.0408) DOE evaluated 
and excluded (on the basis of low probability or low consequence) the following FEPs from 
this abstraction: (i) Hydrothermal activity (FEP 1.2.06.00A), (ii) Altered soil or surface water 
chemistry (FEP 1.4.06.01.08), (iii) Rind (chemically altered zone) forms in the near-field 
(FEP 2.1.09.12.0A), and (iv) Re-dissolU1ion of precipltates directs more corrosive fluids to 
waste packages (FEP 2.2.08.04.0A). The exclusion of these FEPs from this abstraction is 
reviewed in SER Section 2.2.1.2.1.3.2. Furthermore, DOE's pre-10.000-year treatment of 
FEPs in this abstraction continues unchanged beyond the 10,000-year postdisposal penod 
through the period of geologic stability (defined as 1 million years in 10 CFR 63.302) 

The DOE conceptual model describes the chemical evolution of water as it percolates vertically 
toward the repository drifts. In the model, the water flows through the Topopah Spring 
repository host rock, a homogeneous unit that is 200 m [656.2 ftl thick, with average rock and 
hydrologiC properties derived from measurements from equivalent units In the Yucca Mountain 
vicinity. Pore waters percolating through the unsaturated lone are modeled as chemically 
evolving by dissolution of alkali feldspar, which makes up about 60 percent of the host rock 
Because of alkali feldspar's abundance, DOE assumed its dissolution represented host rock 
dissolution processes. The rate of feldspar dissolution increases as pore waters encounter 
elevated host rock temperatures that result from heat generated from radioactive waste decay. 

After pore waters flow through the Topopah Spring rock to a location above the repository, the 
model calculates a chemical composition by combining one of four initial pore water 
compositions with an amount of feldspar predicted to have dissolved, and assuming chemical 
equilibrium with the minerals calcite and amorphous silics. Cation exchange onto clays or 
zeolites is not considered explicitly. Gas phase carbon diOXide (C02) concentrations are 
controlled by contributions from the CO2 present in the local aqueous phase, C02 released from 
the evaporation of water (containing dissolved CO2 ), and CO2 (10.3 

$ atmospheres) present in 
the atmosphere. Calcite precipitation and feldspar dissolution influence the aqueous phase 
concentration of CO2. Temperature also has a strong effect on CO2 because thiS gas partitions 
more strongly to the gas phase at elevated temperatures 

1"'(5' 

In addition, DOE considered the seismic and igneous intrusive scenarios in the abstraction 
of seepage water chemistry. The conceptual model for seepage water chemistry in the 
seismic scenario is the same as for the nondisruptive scenario deSCribed previously. For the 
igneous intrusive scenario, in which basaltic magma similar in composition to dikes found in 
the Yucca Mountain ares fills much of the drifts, DOE considered the composition of seepage 
waters contacting the waste to be consistent with water that has reacted With basalt [SSC 
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Section 6.3. 1. 3. 5(a). (200Sadl]. DOE considered three basalt water compositions from large 
fractured basalt reservoirs (SAR Tables 2.3.7-10 and 23.7-11) 

On the basis of the review of this information and knowledge of likely basalt-water interactions, 

1(~~5~RC sta*b)(5) . .m '.m . ·····m ... m . J 
i(b)(5) .... ---- . ---- . ~-- . -; Additional disCUSsiOn of 

basaltic magmas can be found in SER Section 2.2.1.3. 10.,-,1,--,. i-,--(b-,-,)(-,-,5)'~ ________ --l 
I(bl{s) 

'nltlal Range of Po", Water Chemistries , 

This section addresses YMRP Section 2.2.1.3.3 Acceptance Criterion 3 and 5: "Data 
Uncertainty is Characterized and Propagated Through the Model Abstraction: and "Model 
Abstraction Output is Supported by Objective Comparisons.' DOE described input parameter 
development and parameter uncertainty in SAR Sections 2.3.5.3.2.2.1 and 2.3.5.3.2.22 The 
NRC staff reviewed the information provided in the SAR (and relevant references) to evaluate 
whether the model inputs for the chemistry of water entering the drift abstraction are adequate. 
This evaluation focused on evaluating the uncertainty in the range of initial pore water chemistry 
[especially pH, ionic strength (I), and concentrations of chloride (Cll and nitrate (NOl )] and 
carbon dioxide partial pressures (pCO.). In SAR Section 2.3.5.5 DOE identified these 
parameters as important inputs to the abstractions that deal with drip shield and waste 
package corrosion. 

DOE's NFC model considers four initial pore water compositions as inputs. DOE assumed 
these four compositions represent the range of pore water compositions expected for the entire 
Yucca Mountain repository. A multistep screening process. based on charge balance and 
partial pressure of carbon dioxide, was used to evaluate 90 pore water analyses from Yucca 
Mountain cores that DOE deemed to be sufficiently complete for use in the NFC model. Thirty­
four pore water compositions were identified as meeting the charge balance criteria (± 10 
percent) and as having been minimally affected by microbial alteration (thus suitable for further 
consideration). Statistical cluster analysis was performed on the 34 acceptable samples, and 4 
distinct groupings, or clusters, of samples were Identified, The sample with the composition 
closest to the centroid of each cluster was selected as representative of each cluster, 3 

The NRC staff evaluated the information provided in SAR Section 2,3.53.22.1 and DOE 
(2009ck), A large portion of the 56 pore water compositions that the DOE screening process 
eliminated from consideration had larger chloride-to-nitrate ratios than the 34 samples found to 
be acceptable. DOE attributed the high chloride-to-nitrate ratios of the screened out samples to 
the loss of nitrate by microbial activity during sample storage, 

'Clustering analysis is a standard metnc<:! for finding dusters of data that are Similar In some sense to one another 
The members of a cluster are more Hke each other than they are like members of other dusters. The centroid 
represents the most typical case In a cluster 
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IThe Range of seepage Water Chemistries Predicted by the NFC Mode~. 

This section addresses YMRP Section 2.2.1.3 3 Acceptance Cnterion 2 and 4 "Data for Model 
Justification are Sufficient," and "Model Uncertainty is Charactenzed and Propagated 
Through the Model Abstraction: The NRC staff reviewed the information provided in SAR 
Section 2.3.5.3 (and relevant references) to evaluate whether the implemel't"'i':'.!'·~""-"-""--__ ---' 
conce tual model of the chemis of water enlenn the drifts is aOO uata. (b )(5) 
(b)(5) ........ . 
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DOE used the NFC model to determine the potential chemical compositions of seepage waters 
entering the drifts during the thermal period and when pre-waste-emplacement conditions 
return. The model uses a decoupled approach where hydrological and thermal processes are 
calculated independently. Chemistry is loosely coupled to the thermal and hydrological 
processes through the dissolution of alkali feldspar The chemical composition of potential 
seepage waters is calculated at a location above the repository and at the bottom of the model 
domain using the geochemical speciation and reaction path code EQ3/6. 

The NRC staff reviewed the information provided in SAR Sections 2.35,3.3.3 and 2.3.5.3.3.5 
(and selected documents) and DOE (2009ck) to evaluate the adequacy of model support for the 
range of seepage water compositions the NFC model predicted. The NRC staff reviewed the 
DOE's comparison of the range of pH, chloride-to-nitrate ratio, and ionic strength values the 
NFC model predicted with the calculated values of pH, chloride-la-nitrate ratio, and ionic 
suen th for the 34 pore water sar:nples included in its abstracti()n1§R5L __ .... __ ._ J 

(b)(5) 

Abstraction and Integration 

This section addresses YMRP Section 2,2.1,3.3 Acceptance Criterion 1 "System Description 
and Model Integration are Adequate" (focused on integration). The NRC staff reviewed the 
information provided in SAR Section 23.5.3.4 (and relevant references) to evaluate whether 
model integration and abstraction into the TSPA model of the chemistry of water entering the 
drifts is adequate. None of the results from the chemistry of water entering the drifts are directly 
abstracted into TSPA model. The NFC model provides inputs to the EBS Physical and 
Chemical Environment Abstraction modeL Results from the EBS Physical and Chemical 
Environment Abstraction model are abstracted into the TSPA model. Both the EBS PhYSical and 
Chemical Environment Abstraction model and the abstraction of results into the TSPA model 
are evaluated in SER Section 2.2.1.3.3.3.2, 

multiscale thermal-hydrologic modeling (SAR Secti9n 2.=3,-".5,,-.4~.-,-,1 L'9""n:.::;d:...:t,,-=-he,,-,,-,-=.:.:..:....:=.:..:===,,----, 
modeling (SAR Section 2.3.5.421.I(b)(5) _ ... _____ ... _____ _ 

(b)(5) 
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Summary 

l(b)(5) 

I 
(b)(5) lThe NRC staff 

reviewed the description of the near-field environment, the assumptions Incorporated In the 
NFC model abstraction, the range of initial pore water composItions, the ranQ§. of predicted 
seepage water compositions, and integration with other model abstractions·l(b)(5) 
(b)(5) 

(b)(5) 

2.2.1.3.3,3.2 Chemistry of Water In the Drifts 

The abstraction for the chemistry of water in the drifts receives information on input gas and 
water compositions from the NFC model. The main purpose of the DOE in-drift chemistry 
abstraction is to predict the range of chemical compositions for seepage on the waste package 
or in the invert for a given set of temperature, relative humidity, and pCO, conditions. This 
abstraction is implemented in the TSPA model in the form of lookup tables. These lookup 
tables enable the TSPA model to provide the parameters (and their uncertainties) needed to 
represent the chemical environment for the corrosion of waste package surfaces and for 
radionuclide transport in the invert 

The in-drift chemistry abstraction IS not used to provide Input to drip shield corrosion modeling 
Instead, DOE modeled general corrosion of the titanium drip shield using two corrosion rate 
values based on weight-loss dala determined from long-term corrosion lests The NRC staff's 
evaluation of Ihe DOE drip shield general corrosion model abstraction is discussed in SER 
Section 2.2.1.3.1.3.1 1. In addition. SER Section 2.2.1.3.6 reviews the abstraction for 
thermal-hydrologic processes affecting seepage rates; SER Section 2.2 1,3.1 reviews the 
abstraction for corrosion processes affecting the drip shield and waste packages; and SER 
Section 2.2.1.3.4 reviews the abstraction for the quantity and chemistry of water Inside 
breached waste packages and the invert. 

According to SAR Table 2.1-3 and DOE (2009an), the chemistry of water in the drifts is 
important to the capability of the EBS Barrier-Emplacement Drift (b)(5) 

(b)(5) ... ----'----------1 
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(b)(S) 

Through its FEP screening process, DOE excluded several processes that might have 
been important to the chemical evolution of water in the dnfts, such as deliquescence 
(FEPs 2.1.09.28.0A and 2.1.0928 OB) The adequacy of the rationale for excluding specific 
FEPs from the in-drift water chemistry abstraction is reviewed In SER Section 2.2.12.1.3.2 

The NRC staff's review focuses on evaluating whether (i) the conceptual model includes 
important processes, (ii) data and model justification are adequate, (Iii) data and model 
uncertainty are adequate, and (iv) model abstraction support is adequate. 

Conceptual Model and Important Processes 

This section addresses YMRP Section 2,21,3.3 Acceptance Criterion 1. "System Description 
and Model Integration are Adequate. The NRC staff reviewed information DOE provided in 
SAR Section 2.3.5.5 (and relevant references) and DOE (2009CV,cw) to evaluate 

model used to characterize the in-drift chemical .. n.,trflnml>nl 

SAR Table 2.2-1 contains the FEPs that DOE believes are potentially relevant to the chemistry 
of water in the drifts. DOE evaluated and included the foi/owing FEPs In the in-drift water 
chemistry abstraction: (i) Chemical characteristiCS of water in drifts (FEP 2.1.09.010A); 
(Ii) Reduction-oxidation potential In drifts (FEP 2.1090608); (iii) Reaction kinetics in dnfts 
(FEP 2.1 ,0907.0B): and (Iv) Thermal effects on chemistry and microbial activity in the EBS 
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(FEP 2.1.11.0B.OA). DOE evaluated and excluded, on the basis of low probability or low 
cof'lSequence, the following FEPs in this abstraction: 

• Chemical effects of excavation and construction in EBS (FEP 1.1.02.000A) 

• Undesirable materials left [in the repository] (FEP 1.102030A) 

• Seismic-induced drift collapse alters in-drift chemistry 1203020E) 

• Chemical properties and evolution of backfill (FEP 2.104.020A) 

• Erosion or dissolution of backfill (FEP 2.1.04.03.0A) 

• Chemical effects of rock reinforcement and cementitious materials In EBS 
(FEP 2 1.06.01.0A) 

• Chemical degradation of invert (FEP 2.1.0605.00) 

• Chemical effects at EBS component interfaces (FEP 2.1 06070A) 

• Gas explosions in EBS (FEP 2.1 12 08 OA) 

• Radiolysis (FEP 2.1 13.010A) 

• Complexation in EBS (FEP 2. 1.09.13.0A) 

• Microbial aclivity in EBS (FEP 2110.01.0A) 

• Gas generation (C02 , CH4, HzS) from microbial activity (FEP 2 1 12040A) 

• Radiological mutation of microbes (FEP 21. 1303.0A) 

• Chemical effects of excavation and construc!lon in the near-field (FEP 2.2.01 01 DB) 

The adequacy of the rationale for excluding these specific FEPs from the In-drift water chemistry 
abstraction is reviewed in SER Section 2.2.1.2.1.3.2. Furthermore, DOE's pre-1 O,OOQ-year 
treatment of FEPs in this abstraction continues unchanged beyond the 10,000-year 
postdisposal period through the period of geologic stability. 

DOE explained its conceptual model for in-drift chemistry as follows. early in the postdosure 
period, drift wall temperatures higher than the boiling point of water will prevent seepage from 
occurring. After the drift wall temperatures fall below the boiling POint of water and the rewetting 
process beg I f'lS , seepage may occur, as local hydrologic conditions allow. Because waste 
package surface temperatures will still be elevated, seepage water falling on the drip shield, and 
on the waste package in the event of drip shield failure, Will evaporate and concentrate. As 
waste package temperatures continue to decrease, relative humidity will Increase to the point 
that wet condltions persist. Over time, further increases In relative humidity will suppress 
evaporation and result in progressively more dilute aqueous solutions on the waste package 
surface or in the invert 
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DOE's model considers how the chemistry of seepage water will evolve after it enters the 
repository drifts. In its conceptual model, DOE considered the effects of seepage water 
evaporati01 condensation, ga~ater iflteraction, precipitationand dis?()~tL0n of saltlS,a~.9 salt~ 
separationJ,b)(5) I 

(b){5) • 
(b)(5) DOE's conceptual model describes in general terms ow 
each of these processes influe e chemistry of in-drift water. For example, seepage 
evaporation will cause the most soluble components to concentrate in the aqueous phase and 
minerals to precipitate. With precipItation, the relative concentrations of components remaining 
in solution will change. Salt separation may occur when seepage water flows downward over 
the drip shield or waste package surface while evaporation is occurring. During this process, 
spatial separation of chemical components could occur, transporting the more soluble aqueous 
components (e.g., N03-) and leaving behind as precipitates the less soluble constituents 
(e.g .. CI-, as NaCI precipitate). Condensation of water, which would dilute the aqueous phase 
concentration, could occur when the in-drift relative humidity is high enough. To model the 
in-drift water chemiStry, DOE used the lOPS model, which is a process-level geochemical model 
that accounts for the effects of in-drift processes. The IDPS model was implemented uSing the 
EQ3f6 geochemical code and a Pitzer thermodynamic database that was developed for use in 
the IDPS model. 

In natural systems, the chemIcal evolution of evaporating water generally IS controlled by the 
high solubility of chloride and nitrate salt minerals relative to the moderate solubility of calcium 
sulfate and the low solubility of calcium carbonate mmerals-a mechanism referred to as a 
chemical divide. Thus, evaporation of initially dilute natural waters at the Earth's surface, such 
as in saline lakes, typically leads to the formation of one of three brine types, depending on the 
initial composition of the system: calcium chlOride brine. alkaline carbonate brine, or high 
sulfate brine. DOE concluded the same brine types could occur Within the drifts because in-drift 
brines would be produced by processes similar to those that occur at the Earth's surface. 

DOE used several assumptions in its abstraction of in-drift water chemistry. For exam Ie, all 
aqueous and gas constituents are assumed to achieve and maintain local equilibrium (b)(5) 

(b)(5) 
(b)(5) 

waste package s ce are assumed to reach e 
acka e surface. b)(5) 

[(b)(5) 

(b)(5) lin addition, DOE assumed that an aqueous solution IS present for 
all temperature and relatlllE:! humidity conditions once seepage onto a waste package occurs. 
l(b)(5)-~~-""" 
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With the lOPS model, DOE conducted a series of seepage evaporation/dilution analyses at 
discrete temperature. relative humidity, and pe02 values. The analyses used as input the water 
compositions derived from the NFC model using 11 water-rock interaction parameters for each 
of the 4 representative pore water compositions-a total of 44 water compositions. DOE 
selected 3 temperatures for the analyses-30, 70. and 100°C [86. 158. and 212 °F]-to cover 
the temperature range of interest while minimizing inteTolanon errors. At each temperature, the 
44 waters were evaporated at 3 peOz values: 10'2. 10- . and 10" bar; these peOl values were 
selected on the basis of the results from the NFC model, In a second set of EQ3I6 simulations. 
the waters were diluted by a factor of 100. The oxygen partial pressure (POz) in all the 
,;m"'tioO$ W3' ",t e ,,,,'to the atmas he,'e ,,',. to 'eo' ... " oxidizjOQ conditipns in the drift J 

(b)(5) 

The seepage evaporation/dilution analysis results formed the basis for the DOE in-drift water 
chemistry abstraction, which was implemented in the TSPA code in the form of 396 lookup 
tables (simulation results for 4 representative pore waters x 11 water--rock interaction 
parameter values )( 3 temperatures )( 3 pC02 values). The lookup tables represented the range 
of chemical compositions that potentially could be generated by evaporation or dilution of drift 
wall seepage or condensation, or by waters imbibed into the invert. The lookup tables enabled 
the TSPA code to provide the following parameters and their uncertainties for a given set of 
temperature, relative humidity, and pe02 conditions: pH, ionic strength. CI- and NO]' 
concentrations, and the NO]-/Cl"ratio. These parameters are used in the TSPA model to 
represent the chemical environment for the corrosion of waste package surfaces and for 
radionuclide transport in the Invert. 

To determine which set of lookup tables is used for the in-drift water composition. the TSPA 
model used the following four inputs: the starting water identity (Groups 1. 2. 3, or 4); the 
water-rock interaction parameter derived from the NFC model; the pe02, which was derived 
from the NFC model; and the waste package surface temperature derived from the multi scale 
thermal-hydrologic model. The speCIfic water composition in the table was selected on the 
basis of the relative humidity at the waste package surface, which in turn was derrved from the 
multiscale thermal-hydrologic model For water--rock interaction parameters. temperatures, and 
pC02 values that fell between the values listed in the lookup tables, DOE interpolated values 
from adjacent tables. 

DOE indicated that brine compositions resulting from seepage evaporation are most sensitive to 
the degree of water--rock interaction and to pC02; temperature had a comparatively smaller 
effect. The degree of water-rock interaction-the amount of feldspar dissolved-had the 
greatest effect on pH, With increaSing amounts of feldspar dissolved, all the waters DOE 
considered in the analysis evolved into carbonate-type brines because feldspar dissolution and 
secondary mineral precipitation consume calcium and magnesium ions and raIse the pH and 
bicarbonate concentration, The observed relationship between degree of water--rock interaction 
and brine type is important because carbonate-lype brines typically have chlOride and nitrate 
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concentrations that are not conducive to localized corrosion of the Alloy 22 waste package outer 
barrier material. DOE concluded that corrosive calcium and magnesium-chloride brines are not 
expected to form in the potential repOSitory, 

The NRC staff compared DOE's conceptual model with the NRC staff's understanding of the 
Yucca Mountain n tural s stem and inde~gent<Jr1alysis of in-drift processes (Browning, et ai, , 
2oo3aa; 2004aa), (b)(5)J 

l(b)(5) " -- ,~. 

The DOE model calculated that for time periods beyond 12,000 years after repository closure, 
there IS a low probability for the repository environment (Le" temperature, pH, and chemical 
composition of in-drift waters) to support localized corrosion of the waste package even If the 
drip shield fails and allows seepage water to contact the waste package, The DOE model 
calculated that the pH and nitrate-to-chloride ion ratio in in-drift water will generally be too high 
to initiate localized corrosion in this time period. The NRC staff conducted independent analYSIS 
of in-drift water that may contact the waste package under the temperature and relative humidity 
conditions that may exist In the drift at 12,000 years after repository closure or later. The NRC 
analysis used StreamAnalyzer 2.0 and OLiAnalyzer 3.0 (Gerbino, 2006aa) thermodynamic 
software to simulate the evaporative evolution of seepage waters, using as input tht'!t..::-c;r,.---­
~~fositions of USGS pore water samples discussed in SE~Sectl()r12,2.1.3.3.3, 1 ,;(b)(5) 

Data and Model Justification 

This section addresses YMRP Section 2.2.1.3,3 Acceptance Criterion 2: 'Data for Model 
Justification are Sufficient." The NRC staff reviewed information DOE provided in SAR 
Section 2.3,5,5 (and relevant references) and in DOE (200900) to evaluate whether the data 
and model justification used to characterize the In-drift chemical enVITonment are adequate. 

'-------------- .. --~-.. -.-.--~~----,-------

As indicated in the preceding section, the lOPS model was implemented uSing the EQ316 
geochemical code and a Pitzer thermodynamiC database The parameters In the database 
were obtained from a variety of thermodynamic data and solubility measurements reported In 
the scientific literature and synthesized into an internally consistent data set. DOE evaluated 
the principal temperature-dependent Pitzer parameters In the synthesized data set for their 
aQiilly to reproduce the original source informatioflJ.,.(_b)_(5_) _____________ -i 
(b)(5) ' .. 
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DOE also used several chemical data sets to support its parameter values and to build 
confidence in the lOPS model. The data sets included (i) laboratory experiments designed to 
investigate the effects of evaporation on the chemical evolution of water compositions and 
environmental conditions relevant to the potential repository: (ii) a natural analog for evaporative 
concentration of seawater at the Morton Bahamas solar salt production facility on Great Inagua 
Island in the Bahamas; and (iIi) compilations of solubility measurements in single, binary, and 
temary salt systems from handbooks and published sources DOE compared these data with 
results from the lOPS model in SAR Section 2.3.5 5 3.3 and referenced documents. The NRC 
staff evaluated these comparisons of measured data and model reslJl!llbl(?l ______ --I 
{b){5j ... 

Data and Model Uncertainty 

This sedion addresses YMRP Section 2.2.1.3.3 Acceptance Criterion 3 and 4: 
"Data Uncertainty is Characterized and Propagated Through the Model Abstraction· and "Model 
Uncertainty is Characterized and Propagated Through the Model Abstraction.· The NRC staff 
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reviewed information DOE provided In SAR Section 2.3.5.5 (and relevant references) and in 
DOE (2009cw) to evaluate whether the data and model uncertainties used to characterize the 
in-drift chemical environment are adequate. This evaluation focused on (i) inclusion of 
uncertainty propagation in input data and (ii) uncertainty propagation throughout the lOPS 
model, because these specific topics are important to the DOE abstraction relevant to these 
acceptance criteria (DOE, 2008ab; NRC, 2003aa) 

DOE identified that uncertainties in the lOPS result in uncertainties in the TSPA code values 
of pH, ionic strength, concentrations of CI- and NO J-, N03-/Cr ratio, and deliquescence relative 
humidity. DOE evaluated these uncertainties using model-<:lata comparisons. Uncertainty in 
pH was given particular consideration due to variances in methods of measuring pH (whether 
true activity of the hydrogen ion IS taken into account) and because there is significant 
experimental error when measuring the pH of concentrated brines. For solutions with water 
activities approximately 0.75 or higher, pH uncertainty was determined indirectly through the 
uncertainty in total inorganic carbon concentration, which reasonably reflects uncertainty in 
pH for the near-neutral range. This carbon concentration was evaluated using data from 
evaporation experiments and on calcite or CO2 solubility. For more concentrated solutions 
with lower water activities. pH uncertainty was estimated on the basis of comparisons of 
calculated and measured pH in concentrated solutions. DOE evaluated the uncertainty in 
ionic strength by comparing values calculated using the lOPS model with those derived 
from evaporation experiments. Uncertamties in the cr and NO,' concentrations and In the 
NO~Cr ratio were evaluated by comparing lOPS model results With data from evaporation 
experiments and solubility measurements. DOE assessed the uncertainty in deliquescence 
relative humidity by comparing lOPS model results with deliquescence relative humidity values 
reported in the literature. 

~~====-=,-.=-:=-.t::.:..::r 'X~atjon of uncertainty in the in-drift 

Model Abstraction Support 

This section addresses YMRP Section 2.2.1.3.3 Acceptance Criterion 5: 'Model Abstraction 
Output is Supported by Objective Comparisons.' The NRC staff reviewed information DOE 
provided in SAR Section 2.3.5.5 (and relevant references) to evaluate whether the suppo\U2r 
the model abstraction used to characterize the !n-drift chemical environment is adequate .. F,;'RW":')(""S') ~"J 

I'b)(5) . . - i 
In SAR Section 2.3.5.5.4.2.2, DOE described the approach it used to build confidence In the 
in-drift water chemistry model abstraction For example, DOE abstracted the range of In-drift 
water chemistry in the form of lookup tables at discrete temperature and pe02 values. DOE 
supported the abstraction approach by demonstrating that the results derived by interpolation 
between lookup tables are within the stated model uncertainties for lOPS model simulations at 
the actual temperature and peoz conditions tested. DOE provided additional support to its 
in-dnft water chemistry model abstraction in DOE (2009cv). The NRC staff evaluated the DOE 

6-16 



informatioril(b )(5) 
(b)(5) 

(b)(5) 

Summary 

The NRC staff reviewed the in-drift Chemistry abstraction (including the description of the in-drift 
environment), the assumptions incorporated in the lOPS model abstractlon, the Pitzer database 
for the lOPS model, support! data and ex riments. and uncertain ro a ation throu h h 
lOPS model (b)(5) 
(b)(5) 

(b)(5) 
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2.2.1.3.3.3.3 Quantity of Water in Contact With the EBS 

The purpose of the Quantity of Water in Contact With the EBS flow abstraction is to 
(i) determine seepage flux4 rates through and around breached or intact waste packages and 
the drip shield and (ii) provide an estimate for partitioning of radionuclides exiting the EBS 
between unsaturated zone fractures and in the rock matrix. The EBS flow abstraction receives 
seepage flux approaching the drift wall from the drift seepage abstraction (BSC, 2004aa), 
condensation on the drift walls from the In-drift Natural Convection and Condensation model 
abstraction (BSC, 2004aw), capillary wicking (imbibition flux) Into the invert from the Multlscale 
Thermohydrologic model abstraction (MSTHM) (BSC, 2005ah), and the size and evaluation of 
corrosion openings on the waste packages from the WAPDEG Corrosion model abstraction 
(BSC,2004bs). Finally, SER Section 2.2.1.3.6 reviews the abstraction that addresses 
thermal-hydrologic processes affecting seepage, SER Section 22.1.3.1 reviews the abstraction 
that addresses corrosion processes affecting the drip shield and waste packages, and SER 
Section 2.2.1.3.4 reviews the abstraction that addresses the quantity and chemistry of water 
inside breached waste packages and the invert. 

(b)(5) 

The NRC staff reviewed the applicant's model for EBS Flow in SAR Section 2.3.7.12 (and 
relevant references). The NRC staffs review focused on evaluating whether (i) the conceptual 
model for flow paths and flux splitting throughout the intact and failed EBS components under 
both nominal and disruptive events is adequate; (il) model integration of the EBS flow 
abstraction with other abstractions in the TSPA model, as well as Information exchanges 
between the EBS flow abstraction and other abstractions, is transparent and adequately 
described; (iii) model parameters are adequately supported by available experimental data, and 
data uncertainties are adequately propagated within the EBS flow abstraction and into other 
abstractions in the TSPA code; and (iv) model uncertainties are adequately analyzed through 
alternatIVe model abstractions. 

Conceptual Model for the EBS Flow Paths and Flux Splitting 

This section addresses YMRP Section 221.3.3 Acceptance Criterion 1. 'System Descnption 
and Model Integration are Adequate." NRC staff reviewed the information provided 10 SAR 
Sections 2.3.7.12 and 2.2.1.2.1 (DOE, 2009av) (and relevant references) and in DOE (2009ab) 
to evaluate whether the conceptual model of the quantity of water in the EBS is adequate. 

'Flux is the amount of water associated With a flow path at a given pomt along a pathway, at a given time Flux rate 
is the amount of water per unit time. 
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This evaluation focused on (i) the continuity and integration of flow paths and (Ii) impacts of 
intact and breached EBS components on the EBS flow in the nominal case and disruptive 
events, because these specific topics are important to the DOE abstraction relevant to this 
acceptance criterion (DOE, 2008ab; NRC, 2003aa) 

SAR Table 2.2-1 contains the FEPs that DOE believes are potentially relevant to the quantity of 
water in contact with EBS. The applicant evaluated and included the following FEPs in this 
abstraction: (i) Capillary effects (wicking) in EBS (FEP 2.1.08.06.0A) and (ii) Unsaturated flow 
In the EBS (FEP 2.1.08.07.0A). The applicant evaluated and excluded, on the basis of low 
probability or low consequence, the following FEPs from this abstraction: (i) Advection of liquids 
and soUds through cracks in the waste package (FEP 2. 1.03.10.0A), (ii) Advection of liquids and 
solids through cracks In the drip shield (FEP 2.1.03.10.0B), (Hi) Saturated flow in the EBS 
(FEP 2.1.08.0e.0A), and (iv) Condensation on underside of drip shield (FEP 2.1.08.14.0A). 
Note that the adequacy of the rationale for excluding these specific FEPs from this abstraction 
is reviewed in SER Section 2.2.1.2.1.3.2. Furthermore, DOE's pre-10,OOO-year treatment of 
FEPs in this abstraction continues unchanged beyond the 10,OOO-year postdlsposal period 
through the period of geologic stability 

The applicant's EBS flow abstraction is based on a mass-conserving, flux-splitting algorithm 
involving eight potential unsaturated flow pathways in the EBS. The flow pathways and fluxes 
along these pathways are labeled F1 through F8 in SAR Figure 2.3.7-8 (DOE. 2009av) The 
upper wall of the drift forms the top boundary (along the F1 flow path), and the bottom part of 
the invert forms the lower boundary (along the F8 flow path) in the EBS abstraction. The 
abstraction calculates time-variant flux rates along unsaturated flow pathways across the EBS 
for the nominal case and disruptive events. 

The apphcant described the flow pathways and flux rates (F1-F8) in the EBS flow abstraction as 
follows (Figure 6-1): the F1 flow path accounts for the total dripping flux from a drift wall. The 
total dripping flux is the sum of the seepage flux arriving at the drift wall from above and the 
condensed water on drift walls (SER Section 2.2.1.3.6.3.4); these are direct Inputs to the EBS 
flow abstraction. The F2 flow path accounts for the flux through partially failed patches of the 
drip shield formed by general corrosion. Localized corrosion of the drip shield is excluded from 
the performance assessment (SER Section 2.2.12.1.3) The F3 flow path accounts for the 
diversion of flux around the drip shield (computed as F3 F1 F2). which will drain directly into 
the invert. Although the diversion of flux around the drip shield is included in the construction of 
the EBS flow mOdel, the applicant did not implement the flux-splitting algorithm for dnp shields 
in TSPA simulations, because the drip shields were modeled to be either all intact or failed. as 
described in SNL Section 6.1.1 (2007aj). The F4 flow path accounts for the flux through 
patches, formed as a result of general corrosion of the outer barrier of the waste packages. 
Localized corrosion of the outer barrier of waste packages is not considered important (SER 
Section 2.2.1.3.1.3.2.5). The F5 flow path accounts for the diversion of flux around waste 
packages (computed as F5::; F3 - F4), which Will drain directly into the invert The F6 flow path 
is the total flux entering the invert (computed as Fe::; F4 + F3 + F5). The F7 flow path accounts 
for the imbibition flux from the host rock matrix into the invert and is a direct input to the EBS 
Flow abstraction. The F8 flow path is the total flLlX from the invert to the unsaturated zone 
(computed as F8 ::; F6 + F7). Thus, the magnitude of fluxes in the EBS is determined by the flLlx 
rates at the drift wall, flow exchanges between the invert and the sLlrrounding unsaturated 
fractured domain, and the size of corrosion patches on the drip shield and waste packages, 
which are externally calculated The rest of the fluxes in the EBS are computed on the basis of 
the mass-conserving, f1ux-spIlWng algorithm. 
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Figure 6-1. Potential Flow Pathways in the EBS 
(SAR Figure 2.3.1-8; DOE, 200Bab) 

In addition to the nominal case. the applicant addressed both the igneous intrusion and the 
seismic ground motion cases. lihksL _____ ..... ___ . ___ . ________ _ 
!(b)(5) ...-" 
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(b){5) 

(b)(5) I For the igneous intrusion scenario, the drip shield and waste 
pSCI\ages integrity instantaneously at the time of the Intrusive event, and all 
seepage water approaching the drift wall flows through the waste package, as described in SNL 
Section 6.1.1 (2007aj). For the seismic ground motion scenario. after the drip shield fails, the 
water flow rate through a damaged waste package depends on the expected fraction of the 
waste package surface (which increases with time) that IS breached by corrosion patches, as 
shown in SNL Figures 8.3-11(a) and 8.3-12(a) (2008ag) and DOE (2009an) 

The NRC staff reviewed the model conceptualization, mass-balance equations. and underlying 
assumptions of the EBS flow model abstraction and other relevant abstractions with which the 
EBS flow model abstraction exchanges data and information to determine whether the applicant 
adequately described the EBSJlow model abstraction and the under! in 
flux-splittin al orithm. (b)(5) 
(b)(5) 

Modellntegratlon and Infonnatian Flow 

This section addresses YMRP Section 2.2.1.3.3 Acceptance Cntenon 1 "System Descnptlon 
and Model Integration are Adequate." NRC staff reviewed the information provided in 
SAR Section 2.3.7.12 (and relevant references) to evaluate whether the model integration 
and information exchange with the other abstractions are adequate. This evaluation 
focused on (i) integration and continuity of flow components in the ESS flow abstraction and 
(ii) transparency and adequacy of Information on input to and output from the EBS flow 
abstraction. because these specific topics are important to the DOE abstractIOn relevant to this 
acceptance criterion (DOE, 2008ab; NRC. 2003aa) 

Input to the ESS Flow abstraction Includes seepage flux Into the drift from the drift seepage 
abstraction (BSC, 2004aa); condensation on the drift walls from the In-drift Natural Convection 
and Condensation model abstraction (SSC, 2004aw). which makes up the F1 flow path; 
Imbibition flux into the invert; the F7 flow path from the MSTHM model abstraction (Sse. 
2005aa); and patch size and its evolution from the WAPDEG corrosion model (BSC, 2004bs), 
which is used for calculating the F4 flow path. The F4 flow path determines the seeping or 
nonseeplng condition in the waste package. Information on the seeping or nonseeping 
condition is used in the EBS radio nuclides and colloid abstraction for determining the rate 
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constant for irreversible attachment of plutonium and amencium onto mobile corrosion product 
colloids (DOE, 2009ay). 

DOE's SAR shows the EBS-Unsaturated Zone interface model (SNL, 2007aj) uses water fluxes 
along the F6 and F7 flow paths to calculate advective flow rates of radionuclides and colloid 
suspensions to be used in the unsaturated zone transport abstraction. The F6 flow path 
determines the water flux rate for radionuclides and colloid suspensions from the invert into the 
unsaturated zone fractures in a seeping environment. In a nonseeping environment, advective 
flux from the invert to unsaturated zone fractures IS zero unless drift wall condensation is greater 
than zero. The F7 flow path provides the water flux for advective transport of radionuclldes 
and colloid suspensions from the invert Into the unsaturated zone matrix. Imbibition along the 
F7 flow path could provide a small advective flux into the unsaturated zone matrix in both 
seeping and nonseeping environments (DOE, 2oo9am). 

The NRC staff reviewed the model conceptualization, the mass-balance equations, and the 
underlying assumptions of the EBS flow model abstraction and other relevant abstractions 
with which the EBS flow model abstraction exchanges data and information to determine 
whether the applicant adequately described the integration of the EBS flow model abstraction 
and the information exchanoe with other abstractions in the TSPA modell(b)(5) 

(b)(5) 

Data Support and Uncertainties 

This section addresses YMRP Section 2.2.1.3.3 Acceptance Criteria-2 and -3 'Data for Model 
Justification are Sufficient" and "Data Uncertainty is Characterized and Propagated through the 
Model Abstraction.· NRC staff reviewed the information provided in SAR Section 2.3.7.12 (and 
relevant references) to evaluate whether the supporting data and the characterization of 
uncertainties for the EBS flow abstraction are adequate. [b)(5)m--~-~ .... ___ m~ 
(b)(5) 

The applicant relied on experimental data from the breached drip shield experiments, as 
outlined in SNL Section 63.2.3 (2oo7aJ), and BSC (2oo3ag) to derive an equation to estimate 
flux through a breached drip shield (the F2 flow path). The equation IS a function of the lateral 
spread angle of the rivulet flow on the drip shield, the number of corrosion breaches on the dnp 
shield, the length of the breaches, and a sampled uncertainty factor. The uncertainty factor IS 

bounded using data from the Breached Drip Shield experiment The applicant adopted the 
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same equation to estimate the flux through a breached waste package (the F4 flow path). The 
applicant identified that the only difference in implementing the equation for the drip shield and 
waste forms is that (i) the radius of the curvature of the waste package is less than that of the 
drip shield and (ii) the nominal patch size the WAPDEG corrosion model (BSC, 2004bs) 
modeled is smaller for a waste package than for the drip shield. These differences affect the 
bounds for the uncertainty factor established for the drip shield and the waste package. The 
applicant supported the abstraction for the flow through a breached drip shield and waste 
packages on the basis of data from the Breached Drip Shield experiment However, In the 
TSPA code, the data support is used only for breaches on the waste package because the drip 
shields are modeled to be either all intact or failed, as detailed in SN L Section 6.1.1 (2007aj). 

Uncertainties associated with the seepage flow arriving at the drift walJ are propagated into the 
EBS abstraction through the F1 flow path. Uncertainties associated with unsaturated flow in the 
host rock matrix are propagated into the EBS flow abstraction through the F7 flow path. The 
applicant bounded the uncertainty factor, as described in SNL Sections 7.1 1.1 and 7.1.1.2 
(2003aj), used for the calculations of the F4 flow path on the basis of data from the breached 
drip shield experiments (BSC, 2003a9). The applicant assumed a uniform distribution for the 
uncertainty factors due to lack of supporting data for any statistical distribution. 

The NRC staff reviewed the Breached Drip Shield experiments to determine whether (i) the 
experiments were adequately designed to support the flux-splitting model conceptualization and 
(ii) the experimental data were adequately used to bound uncertainties in the EBS flow 
processes. i(b)(5) 
(b)(5) 
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(b)(5) 

Model Support and Uncertainties 

This SER section addresses YMRP Section 2.2.1.3.3 Acceptance Criterion 4 and 5. "Model 
Uncertainty is Characterized and propagated Through the Model Abstraction: and "Model 
Abstraction Output Is Supported by Objective Comparisons." NRC staff reviewed the 
information provided in SAR Section 2.3.7.12.3.5 (and relevant references) t evaluate whether 
model support and uncertainties for the EBS flow abstraction are adequate. (b)(5) -----

i(b)(5) 

The applicant presented two altemative conceptualizations relevant to the EBS flow abstraction 
to characterize and propagate uncertainty through the model abstraction. These alternative 
conceptualizations included the bathtub flow model and the dual-continuum invert flow model 
(SAR Section 2.3.712.3.5). 

The EBS flow abstraction is based on a flux-splitting algorithm that assumes a nonponding 
(no water accumulation) condition in the EBS. The applicant alternatively tested a ponding 
condition through a bathtub model that allows water retention and accumulation in the waste 
package before being released to the EBS. The applicant identified that the flow-through 
(nonponding) model is bounding for the bathtub (ponding) model in calculations of concentration 
and mass releases of radionuclides from the EBS, due to the delays in releases in the bathtub 
case, when (i) radionuclides are solubility rate limited or dissolution rate limited and the inflow 
rate is time invariant or (ii) radionuclides are dissolution rate limited and there is a step change 
in the inflow rate. The applicant identified that the flow-through model is not bounding tor the 
bathtub model when the inflow rate increases, because the flow-through model (with an 
increased volumetric water flow rate) would result in lower mass concentrations than the 
bathtub model (with a fixed, completely mixed bathtub storage volume). However, the total 
mass releases (unlike the mass concentrations) passed from the EBS model abstraction to the 
unsaturated transport abstraction would be identical for the flow-through and bathtub models 

The applicant discussed another alternative conceptualization in which the flow domain in the 
invert is characterized as a dual-continuum model, as opposed to the single-continuum model, 
in the EBS flow abstraction In this alternative model, the flow domain is divided into 
intergranular and intragranular flow domainS. As a result, the F8 flow path is redefined as the 
flux from the intragranular invert continuum to the unsaturated zone. The applicant introduced 
an additional flow path, F9, that accounts for flux from the Intergranular invert continuum to the 
unsaturated zone. The applicant did not include this conceptualization in the TSPA model due 
to insufficient experimental data to validate diffusion when, In transport simulations, the water 
content is very low. 

6-24 



The NRC staff reviewed the alternative model conceptualizations the applicant proposed to 
determine whether the rationale for ' , 

Further, the applicant demonstrated that the EBS flux-splitting algorithm tends to overestimate 
the fraction of drift flow that enters the breached mock-up drip shield (F2IF1) in the Breached 
Drip Shield experiments, as shown in SNl Table 6.5-2 and Figure 0-12 (2007aj). On the basis 
of experimental data, the applicant estimated that the fraction of drift flow that entered the 
breached drip Shield ranged from 0,013 to 0.275 with a median value of 0,049 The applicant 
also used the results from the Breached Drip Shield experiments to estimate the fraction of drift 
flow that enters breached waste packages. Using the flux-splitting model. the applicant 
calculated that when approximately 4 percent of the waste package surface area is breached by 
general corrosion, 10, 90. and 100 percent of the seepage flux approaching the (failed) drift 
shield from above enters into a breached waste package for the 5th

, 50th
, and 95!~ percentiles, 

respectively, In the TSPA model implementation. the average fraction of the breached waste 
package surface area in 1 million years is on the order of 10 3 for the nominal and disruptive 
modeling cases. The applicant estimated that 0-11 percent (with a mean/median value of 
5.5 percent) of the seepage flux above the (failed) drip shield entered Into a breached 
commercial spent nuclear fuel waste package for the nominal and seismic ground motion cases 
(DOE, 2009an). The NRC staff conducted similar calculations for a breached waste package 
for the nominal and seismic ground motion caseMmUSing the Information the applicant 
resented in SAR . - (DOE 2009ay) b IS) 

(b)(5) 

(b)(5) 

Summary 

The NRC staff reVIewed the model conceptualization, mass-balance equations, the underlYing 
assumptions of the EBS flow model abstraction and other relevant abstractions with which the 
EBS flow model abstraction exchanges data and Information. the Breached Drip Shield 
experiments the applicant used to bound data uncertainties, and the alternative model 

6-25 



conceptualizations the applicant used to analyze model uncertainties
i
(b)(5) 

~~ . -

(b)(5) 

(b)(5) i TSPA calculations indicated that at the end of 1 million years, on average 
5. percent of the seepage water approaching the (failed) dnft shield entered Into breached 
commercial spent nuclear fuel waste packages under nominal and seismic scenarios Similarly, 
at the end of 1 million years, on average 6 and 11 percent of the seepage water approaching 
the (failed) drift shield entered into a breached codisposal waste package under nominal and 
seismic scenarios, respectively. Thus, on average, only up to 11 percent of the seepage flux 
above the (failed) drip shield would be available for the advective transport of radlonuclides and 
colloids in the waste fonn and corrosion products domains In the EBS radionuclide transport 
abstraction. In this abstraction, a zero or nonzero value of the flux through a failed waste 
package detennines the type of the transport mechanism for the radionuclides and colloids in 
the waste form and corrosion products domains (diffusive transport if the flux is zero; advective 

] 

transport otherwise). Because, on average, not e than 11 percent of the seepage water can 
enter a waste package under any circumstances,-(b_)(_5_) __________ .,.--,~-----' 
l(b)(5)· ... However, 

as shown in Figure 6-1, this diverted flux around the failed waste package enters in 0 the invert 
and is used to calculate F6, which detennines the advective transport of radionuclides and 
colloids in the invert domain of the EBS radionuclide transport abstraction. 

2,2.1.3.3.4 Evaluation Findings 

The NRC staff reviewed the applicant's SAR and other infonnation submitted in support of the 
license and finds that. with respect to the requirements of 10 CFR 63.114 for 

chemistry of water contacting engineered barriers and waste 
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(b)(5) 

On the basis of its review, the NRC st (b)(5) 
(b)(5) 
(b)(5) . ] In arriving 
at this conclusion, the NRC staff fOllowed the guidance of the YMRP and the requirement of a 
risk-informed approach specified in the regulations 
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CHAPTER 7 

2.2.1.3.4 Radionuclide Release Rates and Solubility Limits 

2.2.1.3.4.1 Introduction 

This chapter addresses the U.S. Nuclear Regulatory Commission (NRC) staffs evaluation of the 
U,S, Department of Energy's (DOE or applicant) analytic models used in its Total System 
Performance Assessment (TSPA) computer program to evaluate the processes that could result 
in water transport of radionuclides out of the engineered barrier system (EBS). including the 
waste package and the invert, and into the unsaturated zone (UZl (the rock mass directly below 
the repository horizon and above the water table). [As used in this Safety Evaluation Report 
(SER), the term "abstraction' refers to the representation of site characterization data; 
process-level models for features, events, and processes (FEPs); uncertainty and vanability: 
and their overall integration (in a simplified manner) In the TSPA code] These abstractions 
were described in Safety Analysis Report (SARl Section 2.3.7 (DOE, 2009av) and in supporting 
documents. including applicant responses to the NRC staffs requests for additional tnformation 
(RAls). The obJectrve of this review is to evaluate whether or not DOE's models for radlonudlde 
release rates out of the EBS are appropriate. 

The EBS and the transport pathway within the drift (repOSitory tunnel) are the initial bamers to 
radionuclide release. If a waste package is breached and water enters the waste package. the 
radlonuclides contained in the package may be released from the EBS. The processes thaI 
could lead to radionuclide release are affected by the chemical charactenstics of the water, 
which in turn are affected by the materials that interact with the water. Therefore, the 
performance assessment analysis includes radionucfide release rates from the EBS among 
those model components that significantly affect the timing and magnitude of transport for any 
radionucllde released from the repository, as required by 10 CFR 63.113 and 63.114. 

The applicant identified five models it conSidered important for abstracting radionuclide releases 
from the EBS. The five models the applicant identified and the associated sections in thiS 
chapter that address them are 

1. The in-package chemical and phYSical environment model (SER Section 2.2 1.3.4.3.1) 
used to establish the conditions under which waste forms degrade and radlonuclides 
are mobilized 

2. The waste form degradation model (SER Section 2 21 343.2) used to calculate 
the rate at which the waste form degrades and the radlonuclides become available 
for release 

3. The concentration limits model (SER Section 2.2.1.3.4 3.3) used to apply chemically 
based upper limits on dissolved concentrations of some radionuclidss 

4. The availability and effectiveness of colloids model (SER Section 221.3 434) used to 
calculate the stabilities and concentrations of various types of collOids (small suspended 
particles that may mooilize radionuclides iO water) 
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5. The EBS radionuclide transport model (SER Section 2.2.1.3.4.3.5) used to 
simulate radionuclide transport from the waste form, through the waste package, 
and out of the EBS 

The FEPs that are relevant to radionuclide release rates and solubility limits are listed in the 
applicant's SM Section 2.3.7.2 and Table 2.3. 7 -1. NRC staff evaluates the rationales for 

fOOi,,!! ""ev.m FEP, from the J"'''''''''''''''' ."""me""",,'e' in SER Sect,on. 22.1.2. 1.3 J 
(b)(5) 

(b)(5) Evaluations of those FEPs included in the 
~pe-::CrfJorm=:-:a:-:n-::ce-::C:-:a-:-s-:-se:-:s:-:s-:-m::-:e-=n7t-:-a::-Cre-dJ.is-:-c::-:-u-:s-=-se-d=r-u-=-n::r=-::-=e".-ltve topIcal areas in this chapter 

This chapter relies on the fonowing information as inputs: (i) design details of the waste 
package, waste form, and internal components of the waste package; (ii) context for 
consideration of the barrier capabilities of the waste package and the drift; (iii) information on 
corrosion and mechanical failure of the drip shield and waste package, which may allow water 
into the waste package; and (iv) information on the rate of delivery of water to the waste 
package surface and the chemical characteristics of water that may enter the waste package. 

The output from the model of radionuclide release rates and Solubility limits IS used as Input to 
the model for radionuclide transport in the UZ. The information the UZ model requires for 
calculating the movement of the radionuclides includes the rates and magnitudes of 
radionuclide release from the drift, including the characteristics of dissolved and colloidal 
species. Information from this model is also used for evaluating the barrier capability of the 
waste package interior, the waste form, and the drift below the waste package (e.g., the Invert) 
and for supporting for the scenario analysIs for the EBS 

2.2.1.3.4.2 Regulatory Requirements 

Model abstractions used in the applicant'S postclosure perfomlance assessment must meet the 
regulatory requirements given In 10 CFR 63.114 (Requirements for Performance Assessment) 
and 63.342 (Limits on Performance Assessment), to support the predictions of compliance for 
63.113 (Performance Objectives for the Geologic Repository after Permanent Closure) 
Specific compliance with 63.113 is reviewed in SER Section 22.1.4.1. 

The requirements for performance assessment in 10 CFR 63'14 require the applicant to 

• Indude appropriate data related to the geology, hydrology, and geochemistry of the 
surface and subsurface from the site and the region surrounding Yucca Mountain 

• Account for uncertainty and variability in the parameter values used to model 
radlonuclide release rates and solubility limits 

• Consider alternative conceptual models for radionuclide release rates and 
solubility limits 
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• Provide technical bases for the inclusion of features, events, and processes affecting 
radionuclide release rates and solubility limits, including effects of degradatlOn, 
deterioration, Of alteration processes of engineered barners that would adversely affect 
performance of the natural barriers, consistent with the limits on performance 
assessment in 10 CFR 63,342 

• Provide technical basis for the models of radionuclide release rates and solubility limits 
that in turn provide input or otherwise affect other models and abstractions 

10 CFR 63, 114(a) considers performance assessment for the initial 10,000 years following 
permanent closure, 10 CFR 63, 114(b) and 63,342 consider the performance assessment 
methods for the time from 10,000 years through the period of geologic stability, defined in 
10 CFR 63,302 as 1 million years following disposal. These sections require that through the 
period of geologic stability, with specific limitations, the applicant: 

• Use performance assessment methods consistent with tne performance assessment 
methods used to demonstrate compliance for the initial 10,000 years follOWing 
permanent closure 

• Include in the performance assessment those FEPs used in the performance 
assessment for the initial 10,000 year period 

NRC staff review of the hcense application follows the guidance laid out in the Yucca Mountain 
Review Plan (YMRP). NUREG-1804, Section 2,2,1,3.4, Radionuclide Release Rates and 
Solubility Limits (NRC, 2003aa), as supplemented by additional guidance for the period beyond 
10,000 years after permanent closure (NRC. 2009ab), The acceptance criteria in the YMRP 
generically follow 10 CFR 63, 114(a), Following the guidance, the NRC staff review of the 
applicant's abstraction of radionuclide release rates and solubility limits considered five criteria 

• System description and model integration are adequate. 
• Data are sufficient for model justification. 
• Data uncertainty is characterized and propagated through the abstraction. 
• Model uncertainty is charactenzed and propagated through the abstraction 
• Model abstraction output IS supported by objective comparisons. 

Because 10 CFR Part 63 specifies the use of a risk-informed approach for the review of a 
license application, the guidance provided by the YMRP, as supplemented by NRC (2009ab), is 
followed to the extent reasonable for aspects of radionuclide release rates and solubility limits 
important to repOSitory performance, Whereas NRC staff considered all five critena in their 
review of information provided by DOE, only aspects that substantively affect results of the 
performance assessment as judged by NRC staff, are discussed in this chapter. NRC staff's 
judgment is based both on risk information provided by DOE, and staff's knowledge, 
experience, and independent analyses, 

The regulatory requirements for evaluating radionuc!ide release rates out of the EBS are 
addressed in 10 CFR 63,114 (Performance Assessment). In conducting its review, the NRC 
staff followed the guidelines in the YMRP Section 2.2.1,3.4, 
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2.2.1.3.4.3 Technical Review 

2.2.1.3.4.3.1 In-Package Chemical and Physical Environment 

This section details the NRC staff's review of the applicant's abstraction and the TSPA 
implementation of in-package chemistry. as described in SAR Section 2.3.7.5 and references 
cited therein. The in-package chemistry model estimates the water chemistry inside the 
breached waste packages and generates abstractions for pH, ionic strength, and fluoride 
concentration, Water chemistry inside the waste package (especially pH and ionic strength) is 
important to the repository performance because it controls waste form degradation, 
radionuclide solubilities, and the suspension stabilities of colloids. 

The NRC staffs review focused on aspects of the in-package chemistry model considered 
significant to risk, including conceptual design and implementation, data inputs, model 
limitations, sensitivity to environmental conditions, and model abstraction and support, Primary 
data inputs to the in-package chemistry model include (i) the compositions, surface areas, and 
degradation rates of waste forms and metal components in the waste package; (ii) incoming 
water chemistries; and (iii) the thermodynamic data used to calculate the stabilities of dissolved, 
aqueous, and gas phase species in the waste package. The applicant used the sensitivity of 
the model to variations in environmental conditions (e.g., liquid influx rate, pC02, and 
temperature) to determine the potential effects of disruptive events on model outputs. 

Conceptual Design and Implementation 

The applicant's in-package chemistry conceptual model consists of a batch reactor system 
composed of water, oxygen, carbon dioxide, waste forms, and metal alloys. The batch reactor 
system is in equilibrium with atmospherrc conditions, and reactants degrade In the presence of 
water according to a rate determined by the physical properties and exposed surface area of 
each reactant During the reactions, secondary mineral phases and metal (hydr)oxide corrosion 
products precipitate and water changes in composition and mass. The model simulates two 
water ingress conditions (i) vapor influx, under which water vapor (simulated as pure water) is 
assumed to condense and react with internal waste package components, and (Ii) liquid influx, 
under which seepage or "dripping" water (simulated as typical groundwater or drift wall 
condensate) enters a breached waste package, reacts with internal components, and then exits 
by advection, Vapor influx is included in the model because water films generated by vapor 
influx promote radionuclide diffusion, which is simulated in the EBS using a diffusion model 
(SER Section 2.2.1.3.4.3.5) 

The applicant's model considers both commercial spent nuclear fuel (SNF) and codisposal 
waste packages> Commercial SNF waste packages contain 21 pressurized water reactor fuel 
assemblies (21-PWR). Codisposal waste packages contain two DOE mutticanister overpacks 
(MCO) and two defense high-level waste (HLW) canisters (2-MCO/2-DHLW). The applicant's 
model divides the waste packages into two domains: the waste form domain (Celi 1) and the 
corrosion products domain (Cell 2). Cell 1 of the codisposal waste packages IS further divided 
mto Ce!l1a, represented by two HLW glass pour canisters (2-DHLW), and Cell 1b, represented 
by two MCO units containing N-Reactor fuel (2-MCO). Adsorption reactions are not simulated 
in the waste form cells, because the amount of iron corrosion products is low compared to Cell 2 
(I.e., the corrosion products domain). Adsorption reactions Within Cell 2 are simulated in 
the EBS flow and transport model (SER Section 2.2.1143.5) The applicant excluded 
other FEPs that could potentially impact in-package chemistry, such as in-package criticality, 
oxide-wedging, radiolysis, and microbial actiVity on the basis of low probability or low 
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The applicant used the geochemical reaction path equilibrium modeling code EQ6 to simulate 
interaction of water and materials in commercia! SNF Cell 1 and codisposal Cells 1a and 1 b 
(referred to collectively as waste form cells). For vapor influx, water is added to the waste 
form cells as one of the reactants at a rate corresponding to the maximum diffusion rate of 
vapor through openings in a breached waste package. For liquid influx, the solid-centered 
flow-through option of the EQ6 code is used to simulate the flow of source water into and 
through a constant-volume, well-mixed batch reactor. Under the flow-through option. an amount 
of source water is added to the reactor displacing an equal amount of water already equilibrated 
with the solid phases in the reactor. The water in the reactor then mixes completely, and the 
water, solids. and gases within the reactor reequilibrate. Kinetically controlled reactants are 
also added to the reactor prior to equilibrium to capture the case where the residence time 
within the reactor is sufficiently short that equilibrium cannot be reached with slowly degrading 
constituents (e.g .. metal degradation). The ratio of water to reactants, which depends on liquid 
influx rate, is treated as a variable in the EQ6 modeL At high liquid influx rates, the ratio IS such 
that the materials of the water package are in contact with a volume of water equal to that of the 
void space. This case is referred to as the "bathtub" model and has the highest ratio of water to 
waste package materials. At low liquid inftux rates, the ratio is such that the volume of water in 
contact with waste package materials is less than the void space. In BSC Section 6.6.1 [a] 
(2005ad). the applicant examined the impact of varying the water-to-reactants ratio in a 
sensitivity analysis to evaluate the effects of differing flow conditions on In-package water 
chemistry. The sensitivity analysis indicated a negligible effect on pH but a distinct effect on 
ionic strength (i.e., as the ratio of water to reactants is decreased to simulate low flow 
conditions, the ionic strength of the solution increases) 

NRC Staff Review 



Waste Fonn and Metal Alloy Compositions, Surface Areas, and Degradation Rates 

The applicant derived input data for the in-package chemistry model from existing government 
design documents, standard reference material specification documents, and open literature 
information, The sources of input data to the in-package chemistry model were justified and 
documented in asc Sections 4,1 and 4.1[aJ, Tables 4,1 and 4, 1 [a] (200Sad), The input data 
included the compositions, surface areas, and degradation rates of waste forms (e,g" 21-PWR 
fuel, HLW glass, and N-Reactor fuel) and material components of the waste form cells 
(e,g" stainless steels and aluminum alloys), 

NRC Staff Review 

The NRC staff evaluated the input data the applicant used to define the surfa~ areas and 
com ositions of waste forms and material components In the waste form cell~b )(5) 
(b)(5)" '" "'------\ 

The NRC staff also reviewed the applicant's degradation rates, With the exception of the 
N-Reactor fuel, the applicant selected degradation rates for waste forms and material 
components in t w ste form cells on the basis of experimental measurements (SSC, 
200486 ah ai ao, (b)(5) "" __ m I 
(6)(5) ~ 
l(b)(5) "" rFOr the N·Reactor 
fuel, the applicant assumed that the N-Reactor fuel degraded instantaneously upon waste 
package breac:h (SAR Section 2378)j(b)(5) m ~ __ "_ 

'(b)(5) 

Incoming Water Chemistry 

The applicant incorporated a range of Yucca Mountain pore water and basalt water chemistries 
in developing the in-package chemistry model abstractions, For seepage water Input for the 
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nominal and seismic scenarios, the applicant selected four Yucca Mountain pore water 
compositions (SAR Table 2.37-9) The applicant also included J-13 well water chemistry as a 
potentially releyant seepage water because its composition is generally representative of water 
compositions in the saturated and UZs in the vicinity of Yucca Mountam (Harrar, et at, 1990aa). 
For seepage water input for the igneous mtrusion case, the applicant selected three 
groundwaters from large, fractured basalt reservoirs (SAR Tables 2.3.7·10 and 2.3 7-11). 

NRC Staff Review 

Thennodynamlc Oatabase 

The applicant used the thermodynamiC database dataO.ympR5 to execute EQ6 simulations 
This database allows for the calculation of mineral and gas solubilities. the chemical state of 
dissolved species, and the dissolution rates of solids. Uncertainty In the dataO.ympR5 
thermodynamic database is implicit because it was constructed from the accumulation of a large 
number of experimental measurements or model estimations, each wtth its own associated 
uncertainty To minimize this uncertainty, the applicant evaluated experimental data and 
observations from natural analogs, as identified in sse Section 7.4.3[aJ (2005ad), and the 
results of sensitivity analyses, as detailed in sse Section 6.6 11 (2005ad), to select appropriate 
secondary phase formation for use in process-level model simulations 

NRC Staff Review 
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Model Limitations 

The applicant addressed mQd&llImltations associated with the accumulation of water inside the 
waste package end the evolution of material component surface area and void space due to 
corrosion product buildup by implementing the following assumptions in the process-level EQ6 
simulations: (i) once a waste package is breached, the entire contents of the waste package 
are instantly exposed to oxygen, carbon dioxide, and water and (ii) secondary mineral formation 
and buildup inside the waste package do not reduce available void space in the waste package 
and do not reduce exposure of waste package internals to atmospheric gases and water 
(I.e" void volume and internal component surface areas are fixed and do not vary with time) 

NRC Staff Review 

he a licant used to address model limitations (b){5) 

Environmental Conditions and Sensitivity Analyses 

The applicant developed the abstractions for in-package chemtstry by analyzing the results 
of process-level model simulations applied over the following range of environmental 
conditions: <i) a pe02 range of 10-4 to 10-15 bars; (ii) a liqUid influx rate of 0, 1 to 1,000 Uyr 
[0.026 to 260 gallyr]: (iii) a temperature range of 25 to 100·C [77 to 212 OF); and (iv) a relative 
humidity range for vapor influx of 95 to 100 percent The applicant performed sensitivity 
analyses to evaluate the effects of uncertain thermal-hydrologic-chemical input parameters on 
model outputs and approximate model uncertainty for propagation into the TSPA model. 
Parameters with significant effects on model outputs (e.g., pe02 for pH and liquid influx rate and 
relative humidity for ionic strength) were incorporated as independent variables in the model 
abstractions. Within the TSPA code, the values of these independent variables are provrded by 
other TSPA submodels (e.g., the EBS thermal-hydrologic environment submodel provides 
relative humidity, the EBS chemical environment submodel provIdes peo" and the EBS flow 
submodel provides liqUId influx rate) (SNL, 20083g). Parameters with smaller effects on model 
outputs (specifically, material degradation rates) were used to quantify model uncertainty for 
propagation to the TSPA model. 

NRC Staff Review 

The NRC staff reviewed and evaluated the range of environmental conditions that was 
applied to ss-level model simulations to develop the abstractions for in-package 
chem,s . (b'-'=5L-_________________________ --j 

(b )(5) 
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The NRC staff reviewed the sensitivity analyses used 10 evalualeJf1e effects of uncertain 
thermal-h drologic-chemical input parameters on model outputs I(b)(~ ~,_,,= ... ,",-=."' ... '--,-­

(b )(5) 

Abstractions for pH 

The applicant's in-package chemistry abstractions for pH provide parameter distributions in the 
form of lookup tables for the TSPA Lower and upper pH limits for liquid and vapor Influx in 
each waste form cell were quantified by simulated aCId and base titrations over a range of pCOl 

and ionic strength (SAR Figures 2.3.7-19 to 2,3.7-21). Abstracted pH ranges were defined by 
secondary oxides, the presence of whiCh limits the range of in-package pH through solubility 
reactions. The lower pH limit was set by dissolution of trevortte (NiFe20.), which accumUlates 
as the steel degrades. The upper pH limit was set by dissolution of schoepite, which 
precipitates as U02 fuel degrades and CO2 reaches equilibrium conditions. To capture the 
uncertainty, the pH values at any given pCO, and ionic strength were assumed to be uniformly 
distributed between the pH limits established by the titration calculations. The applicant 
supported estimated ranges for pH in the waste form cells by comparing predicted secondary 
mineral phases and pH ranges to observations from natural soils and groundwater, natural 
analogs, and/or laboratory experiments. 

NRC Staff Review 

The NRC staff evaluated the modehng approach and information the applicant used to generate 
and support the in-package chemistry abstractions for pH. @)(5) . = 

!(b)(5) 

I 

L_~ __ 
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(b)(5) 

(b)(5) 

~-:-:---:------:,---:--::----:------- .. ~.~-... --.. 

Abstractions for Ionic Strength 

As with pH, the applicant's in-package chemistry abstractions for ionic strength provide 
parameter distributions in the form of lookup tables for the TSPA code. However, the manner 
by which ionic strength is abstracted differs under liquid and vapor influx conditions. 

Under liquid influx conditions, the applicant derived abstractions for ionic strength from a series 
of time-dependent EQ6 simulations at different liquid influx rates, The applicant approximated 
uncertainty in ionic strength on the basIs of variation in ionic strength observed in material 
degradation rate sensitivity analyses. At low liquid influx rates, the model generates high ionic 
strengths in the waste form cells (SAR Figures 2,3 7 -22 to 2 3.7-24) because low flow rates 
provide sufficient residence time for the buildup in solution of waste form and metal alloy 
degradation products The applicant supported high iOniC strength predictions in the waste form 
cells by comparing predicted Ionic strengths to observations from natural groundwater and 
laboratory experiments, 

For vapor influx conditions, the applicant abstracted Ionic strength as a function of relative 
humidity, At ionic strengths of 1 molal or less (relative humtdlty above -98.5 percent), vapor 
influx was Simulated using EQ6 and the 8-dot equation to calculate activity coeffiCients to derive 
linear relationships between relative humidity and ionic strength (SAR Figure 2.3.7-25). When 
the ionic strength exceeded 1 molal (relative humidity at or below 98.5 percent), Pitzer 
calculations for simple salt solutions from the in-drift precipitates/salts model (SNL. 2007ao) 
were used to approximate the relationship between relative humidity and ionic strength. as 
described in BSC Section 6.10,2,2[a) (2005ad), Uncertainty in ionic strength was derived from 
tonic strength variations observed in the Pitzer calculations 

NRC Staff Review 

For liquid influx, the NRC staff evaluated the modeling approach and technical support the 
applicant used to generate ionic strength abstractions and makes the following findings~~ 
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(b )(5) 

(b)(5) • The sensitivity analyses 
resu ts 0 qUI i ux rate and material degradation rate on in-package ionic strength in B_S,-C __ _ 
Sections 6.6.4{a} and 6.6.Sla] (2005ad) were ravie 
(b)(5) 

For vapor influx, the NRC staff reviewed and evaluated the m{"\,rlAI'Inn appr:()ach used to generate 
the ionic stren th abstractions and makes the followln fiooln s. 
(b)(S) 

The NRC staff evaluated the applicant'sin-driftprecipitatesisalts model (SNL, 2007ao), 
redict chemical conditions at hi h ionic stren tho ~""'-~ 

Abstraction for Fluoride Concentration 

The applicant's fluoride abstraction provides maximum fluonde values for discrete ionic strength 
intervals for each waste form cell. Although waste glass may contain some fluoride, the major 
source of fluOride in breached waste packages is from liquid influx (I.e, incoming water). Under 
vapor influx condition~ (where water vapor, simulated as pure water, is assumed to condense 
inside the waste package), there IS no significant source of fluoride in the waste form cells and 
maximum fluoride concentration is set to zero. Therefore. the fluoride abstraction is only 
applicable under liquid mflux conditions. At high ionic strengths. maximum fluoride values 
were selected on the basis of relationships between fluoride concentration and ionic 
strength observed in material degradation rate sensitiVity analyses at various incoming 
water compositions. At low ionic strength, maximum fluoride concentration was set to the 
maximum concentration observed in pore waters from the Topopah Spong welded tuff: 
4.8 mg/L [0.00025 molal] (SNL, 2007ak). 
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NRC Staff Review 

Summary of Review of In·Package Chemical and Physical Environment 

The applicant's in-package chemistry model estimates the water chemistry inside breached 
waste packages and generates abstractions for pH, Ionic strength, and fluoride concentration. 
The in-package chemistry conceptual model consists of an equilibrium flow-through, well-mixed 
batch reactor composed of water, oxygen, carbon dioxide, waste forms, and metal alloys. The 
model simulates both vapor influx and liquid influx and considers both commercial SNF and 
codisposal waste packages. Inputs to the model included thermodynamic data, incoming water 
chemistries, and the compositions, surface areas, and degradation rates of waste forms and 
metal components in the waste package. The in-package chemistry abstractions are developed 
by analyzing the results of process-level model simulations applied over a range of pC02 • liquid 
influx rates. temperature, and relative humidities. The applicant performed sensitivity analyses 
to evaluate the effects of uncertain thermal-hydrologic-chemical parameters on model output 
and approximate model uncertainty. 

NRC Staff Review 
(b)(5) 

7-12 



(b)(5) 

2.2.1.3.4.3.2 Waste Form Degradation 

This section describes the NRC staffs review of the applicant's abstraction and TSPA 
implementation of radionuclide mobilization from waste form degradation. This radionuclide 
mobilization determines the quantity of radionuclides that may be transported by water from the 
solid waste form and eventually to the accessible environment The waste form types include 
commercial SNF, HLW glass. and DOE SNF, as described in SAR Section 1.5.1. Commercial 
SNF is composed of irradiated fuels from pressurized water reactors and boiling water reactors. 

HLW glass is made by melting high-level radioactive materials with silica and/or other 
glass-forming chemicals and then solidifying them. DOE SNF (including naval SNF) comes 
from a range of HLW generators, from noncommercial reactors, and from the use of radioactive 
material that encompasses a vanety of fuel types. On the basis of the significance to risk In the 
performance assessment calculations, the NRC staffs review focused on the inventory of 
radionuclides and radionuclide distribution in commercial SNF; degradation of commercial 
SNF; degradation of HLW glass; degradation of DOE SNF, naval SNF, and cladding; and 
associated modef and data uncertainties, including waste form degradation under disruptive 
scenarios and microbial effects. Each waste form has its speCific radionuclide inventory. 
In the nominal scenario, the waste form degrades as it dissolves after the cladding. if any, 
corrodes and falls in the aqueous environment. In the seismIC or igneous scenarios. 
mechanically or thermally assisted degradation could also occur. For waste form degradation 
abstractions in the TSPA code, the input information includes the design description of the 
waste package, the waste form, the waste package internals, and in-package water chemistry 
and temperature. The output from this section includes waste form mobilization rates to assess 
EBS radionuclide transport. 

SAR Sections 2.3.7.1-2.3.7.4, 2.3.7.6-23.7.9, 2.4, and associated references summarized the 
applicant's model abstractions and related FEPs related to the degradation of commercial SNF 
and cladding, HLW glass, and DOE SNF (including naval SNF) 

Inventory of Radionuclides and Radionuclide Distribution in Commercial SNF 

The NRC staffs review of the applicant's inventory data (SAR Section 1 5.1). in terms of weigh!. 
volume, and package design, for each waste form, is discussed in SER Sections 21.1234, 1, 
21.1.2.34.2, and 2.1.1.23.5.1. More than 100 radionuclides may be collectively present in the 
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waste package at the time of repository closure. Among them, a total of 32 isotopes of 
18 elements were selected as important radionuclides to potential dose for scenario classes 
involving groundwater transport. 

NRC Staff Review 

The NRC staffs evaluation of the radlonuclide Inventory incorporated the applicant's design 
features of the waste fonns in the waste package (SAR Section 1.5.1). The design features 
include thennalloading, structural characteristics, radionuclidemventory, chemical compOSition, 
and microstructural characteristics~.ll[iill,,-,},,-,(5,,-) ________ ~ __________ ~ 
(b)(5) 

(b)(5) 

Most radionuclides, and essentially all of the rare earth and actinide radionuclldes 
(e.g., plutonium isotopes), are retained in the U02 matrix. Transition metals and fission 
products (e.g., technetium) are partly partitioned into metallic phases embedded in the matrix, 
SNF grain boundaries, and gap region (ie, the interface between thE! pellets and the cladding) 

[(b)(5) 

Degradation of Commercial SNF 

The applicant reported that if the waste package and cladding are breached, oxidation and 
dissolution of the commercial SNF matrIx may occur. If the temperature exceeds approximately 
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100°C [212 OF]. solid-state oxidation or hydration will occur, depending on the relative humidity 
Commercial SNF dissolves by oxidative reaction of the UOz matrix in humid air or in solution at 
temperatures less than approximately 100°C [212 °F1, Oxidation and hydration occur faster 
than dissolution, Oxidation, hydration. and dissolution can be preferentially enhanced along 
grain boundaries. In the applicant's commercial SNF degradation evaluation (BSC. 2004ah). 
the high end of the dissolution rate range was obtained from tests in fast-flowing carbonate 
solutions. The low end of the dissolution rate range was obtained from commercial SNF rod 
segment tests under dripping groundwater conditions with precipitates deposited and failed 
cladding present Un-irradiated U02 was also tested because there is no significant difference 
between the dissolution rates of un-irradiated U02 and commercial SNF under air-saturated 
groundwater conditions. Data from long-term immersion and dripping water tests up to 
8.7 years in duration were included in the evaluation. 

On the basis of these data analyses, the applicant presented quantitative models and model 
parameter values for (i) the instantaneous release of radionuclides from the gap and grain 
boundaries and (ii) matrix dissolution inducing slow long-term radionuclide releases (SAR 
Sections 2.3.7.7,2.4.2.2, and 2.4.2.3). Mean fractional matrix dissolution rates were 5 " 10-4 to 
6)( 10-3 yearl at pH of 5.5-8.0 and a temperature range of 25-9O·C [77-194 OF] under wet 
conditions, according to DOE Enclosure 5 (2009an). FiSSion products and activation products 
were released with the matrix dissolution. Actmide releases may be controlled by solubility 
limits of dissolved radionuclides (SER Section 2.2> 1 3.4.33) and also may be affected by 
colloids (SER Section 2.2.13.4.3.4) The applicant addressed uncertainties of its models and 
parameter values. 

In the applicant's TSPA model, high-solubility fission products and activation products 
(e.g., 1-129 and Tc-99) are released from the waste form at rates controlled by (i) the decay 
of radionuclide inventory of each waste package and (ii) waste package failure rate (e.g .. SAR 
Section 2.4.2.2.3.2.1). The waste package failure rate is related in series to waste form 
dissolution rate and radionuclide diffusion rate> The slowest rate among the three controls the 
rate of release. The applicant supported its model by stating that the dissolution rates of waste 
forms, including commercial SNF, are sufficiently faster (e.g., hundreds to a few thousand 
years) than the time intervals of each waste package failure. Low-solubility radionuclides 
(e.g., plutonium isotopes) are released at rates controlled mainly by the concentration limits of 
dissolved or colloidal species 

NRC Staff Review ofthe Initial Condition of Spent Nuclear Fuel at Receipt 

7-15 



NRC Staff Review of Releases From the Matrix and From the Gap and Grain Boundaries 

The NRC staff evaluated the applicant's processes and mooelin fOf matrix dissolution and 
radjonuclide release from the aao and grain boul}d,...8 ... r ... ie",s,-" 1I.o:.;(b:.c:)(c=-S,-) __ .. ________ _ 

(b){5) 

(b)(S) 

I 
NRC Staff Review of Environmental Conditions Inside a Waste Package 
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NRC Staff Review of Alternative Models for Matrix Dissolution 

In BSC Section 6.4.2 (2004ah), the applicant presented an electrochemical model and a 
surface complexation model as alternative models for the dissolution of the commercial SNF. 
The electrochemical model describes the process of the matrix dissolution by electric current 
now under oxidizing conditions, and the surface com laxation model describes the dissolution 

carbonate :(b)(5) 

Degradation of HLW Glass 

The applicant conceptually modeled HLW glass as being congruently dissolved for glass 
constituent elements and radionuciides at relative humidity greater than or equal to 44 percent 
At lower relative humIdity, the glass dissolution rate is set to zero. Dissolution kinetics were 
considered to be chemically controlled by dissolved orthosiliclc acid (H 4Si04). As glass reacts 
with solution and reaches saturation with respect to minerai phases, precipitation occurs on the 
glass surface. The applicant's model was supported by dissolution studies conducted with a 
wide range of borosilicate glass compositions under various environmental conditions. On the 
basis of the data available from the applicant's tests, the applicant presented a quantitative 
model and model parameter values for the HLW glass dissolution process, 

NRC Staff Review 
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app lcant quantitative y mode the release 
ra lonu es as a n Ion 0 su ace area of glass contacted by water, intrinsic glass 
dissolution rate (Le., release rate of boron as an indicator), pH, activation energy for 
temperature dependence, and the extent of orthosilicic acid saturation in solution with the glass. 
The dissolution rates in acidic and alkaline regimes of pH were separately mOdeled. At 100-
250"C [212-482 OF], a fixed pH was used. The mean fractional dissolution rates are 2 " 10 5 to 
4 " 10 J yea(l at pH of 5.5-8.0 and temperature of 25-90"C [77-194 OF] under wet conditions, 
according to DOE Enclosure 5 (2009an). 

l(b)(5~) ________________ r.= ____ ~ __ ~7< __ "~ 
[(b)(5) J The equation used to calculate th'e-ar--e-a--o'Tf g-;I--as-s-s-u-rf'ac-e----' 

contacted by water as glass aissolves accounts for (i) an increase in surface area from thermal 
and mechanical cracking, water access and reactivity with water and (il) a loss in the surface 
area due to dissolution, as detailed in DOE Enclosure 2 (2009ax) and DOE Enclosure 2 
(2009cz). The increased surface area leads to increased release of radionuclides out of the 
waste package to the invert from HLW glass dissolution. In the model this ingreasirlg factorof 
surface area is ex ressed as"a osure factor1(b)(5) 
(b)(5) 

Some literature discussion on cracking (or pitting) of various glasses In more aggressive 
solutions (Pulvirenti, et al.. 2006aa; Morgenstein, at al.. 1999aa) did not show Significant 
increase in dissolution rates. The test solutions used ware aggressive, unlike those expected in 
the repository, and many glasses considered were not based on borosilicates used in the 
repository. The applicant also assessed the volume ocCupied by porosity in the altered layer 
during the glass hydration. The porosity may increase the glass volume in a confined canister, 
which may create stress that further fractures the glass. The calculated porosity volume was 
close to the elemental mass percentage of soluble elements in the glass. Therefore, the 
applicant considered that isovolumetric hydration would occur. For high-solubility radionuclides 
in TSPA, the release rate is controlled by the radionuclide inventory of each waste package and 
waste package failure rate because the dissolution rate is faster, as discussed for the 
degradation of commercial SNF. The increased dissolution (even with further cracking by any 
means) associated with data or model uncertainties would not be rate controlling in the release. 
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Degradation of DOE and Naval Spent Nuclear Fuel, and Cladding 

DOE divided its SNF into 34 distinct forms. Except for naval SNF, these DOE SNF types were 
modeled as degrading Instantaneously upon waste package breach. Commercial SNF waste 
packages were used to represent the naval SNF waste packages for all scenario classes, 
because radionuclide release rates from the naval SNF waste packages were predicted to be 
considerably lower than from commercial SNF waste packages (BSC, 2004ao) Data 
uncertainties were discussed with respect to the conservatisms used. 

NRC Staff Review 
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The applicant assumed that the zircaloy and stainless steel commercial SNF cladding tailed 
upon emplacement Therefore. degradation of commercial SNF cladding was not included In 
the TSPA analysis. The effect of the naval SNF structure on the release and transport of 
radionuclidas was treated separately from other DOE SNF types in the assessment DOE SNF 
was conservatively assumed to degrade instantaneously. The naval SNF degrades more slowly 
than the commercial SNF, and therefore the naval SNF can be represented by commercial SNF 
waste packages in the TSPA. The applicant documented the technical basis for cladding 
behavior in the repository briefly because the applicant conservatively assumed that the zircalo 
and stainless steel commercial SNF cladding failed at time of em lacement. (b)(5) 

,(b)(5) 
! 

Other Model and Data Uncertainties 

Waste Form Degradation Under Disruptive Scenarios 

The applicant stated that under the seismic scenario class, stress corrosion cracking of the 
waste package would occur earlier than waste package failure in the nominal case. SeismiC 
response (motion and rockfall) could damage the drip shield and waste package, resulting in 
earlier stress corrosion cracking. The waste form dissolves In the diffused-in water vapor 
through the stress corrosion cracks, as in the nominal case. The igneous scenario class 
includes eruptive and intrusive events. In the volcanic eruption case, the impacted waste form 
was transported to the surface; this case does not involve groundwater transport and is not 
discussed in this SER chapter. In the igneous intrusive case, the waste form was assumed to 
be rapidly altered at expected elevated temperatures and made available to groundwater 

NRC Staff Review 

The NRC staff reviewed the degradation models implemented in the TSPA code 
abstraction to confirm that they provide consistent results with the output from the detailed 
process-level models and/or empirical observations on the characteristics of commercial SNF 
and high-level-waste glass, as described in this SER section. The applicant presented the 
bounding assumption regarding radionuclide release from all waste forms under igneous 
intrUSive conditions in SAR Section 2.311.3.2.4. The a llcant assumed that all waste forms 
instantaneouslejegrade to be mobilized for releas~e.:J.(:...b;..:.)(5..:)_··_·· -------------1 
~~) -

.(b){5) For the nominal scenario case, the applicant presented concentrations of 
1.2 x 10 to 6.2 x 10 gil [1.2 x 10 "to 6.2 x 10 1 ppm] for irreversible colloids from 
commercial SNF, as detailed in DOE Enclosure 16 (2009ax), and 2.7 x 10 6 to 1.4 x 10 5 

2.7 x 10 3 10 1.4 x 10 2 for hi h-Ievel-waste lass colloids (SAR Section 2.3.7.11.3). 
~H~ -
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The applicant considered colloid formation durinQ the instantaneous deQradation and 
subseQuent alteration of the waste form.1(b)(5) 
(b)(5) 

Microbial Effects 

The applicant did not specifically address the microbial effects potentially affecting the 
dissolution of SNF and HLW glass. However, the applicant's models may indirectly incorporate 
the effects to the extent that the models are consistent with natural analog and field test results 
The analog data or field test results could have been affected by the potential presence of 
microbial effects, compared with the laboratory test results. 

NRC Staff Review 

(b)(S) l The applicant's models also include the characteristics of natural 
analogs of the waste form or.fi ... eld ... test results, No indication of mi~ effects (6 g, lowering 
pH) were reported from these literature data (SSe, 2004ah, 2oo4ai ,'(b)(5) 
l(b)(S) mmmm -~ ••••••• , ••• "'- ··------1 
Integration in the Engineered Barrier System Radionuclide Transport Abstraction 

The waste form mobilization abstraction provides radionuchde inventory, mobilized 
radionuclides, and waste form colloids to the EBS radionuclide transport modeL!"'(b'7)(",S') ----, 
(b)(5) 

Summary of Review of Waste Form Degradation 

l(b)(5) .~ .... ---~.. I The design 
features Indude thermal loading, structural characteristics, radlonuchde inventory, chemical 
composition, and microstructural characteristics. The NRC staff reviewed the applicant's rrrsr'" dj,,,,",,,on p""""' .... 0' wa'" ,,,,,,,,,(bj(51 --,-~ -~ ~~~. ~. ~,,~ 1 
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(b)(5) 

2.2.1.3.4.3.3 Concentration Limits 

This section discusses the NRC staffs review of the applicant's abstraction and TSPA 
implementation of dissolved radioactive element (radioelement) concentration limits, as 
described in SAR Section 2.3.7.10. For significant periods of time in the performance 
assessment model. concentration limits exert strong controls on the concentrations in water of 
dose-important radioelements-particularly neptunium and plutonium-and, thus, on the 
release rates of those elements' isotopes from the EBS. These limits are based on chemical 
equilibrium relationships between the dissolved element and solid substances containing the 
element. The abstraction calculates, on the basis of water chemistry, maximum concentrations 
that limit how much of the total mass of a radioelement may remain dissolved in solution in the 
waste form domain, the corrosion products domain, and the invert (the drift floor, consisting of 
crushed rock), In the waste form domain, the radionuclide concentration calculated from the 
waste form degradation abstraction is reduced if it, along with the concentrations of other 
isotopes of the same element, exceeds the calculated concentration limit The concentration 
limit comparison is also implemented for the radionuclide transport abstraction in the corrosion 
products domain and the invert. In each case, the remaining radionuclide mass is retained in 
the domain as a precipitated mass that is available for re-dissolution whenever the 
concentration is below the concentration limit. The Inputs to the concentration limits abstraction 
are geochemical characteristics in the domain of the water from the in-package chemistry 
abstraction (waste form domain; SER Section 2.2.1.3.4.3.1) or the EBS radionuclide transport 
abstraction (corrosion products domain and invert; SER Section 2.2,1,3.4.3,5), and gas from the 
EBS chemical environment abstraction (SER Section 2.2.1.3.3). The outputs from the TSPA 
abstraction are the concentration limits used in the EBS radionuclide transport abstraction (SER 
Section 2.2,1,3.4,3,5). The actual application of the concentration limits and retention of the 
precipitated mass is calculated in the GoldSim computer code, as outlined in GoldSim 
Technology Group, pp, 253-255 (2006aa), Radionuclide Solubility, Solubility Limits, and 
Speciation in the Waste Form and EBS is an included FEP encompassing the abstraction 
evaluated in this section. The related excluded FEPs are addressed in SER Section 
2,2.1.2,1,3.2. 

To evaluate the applicant's abstractions of radioelement concentration limits, the NRC staff 
reviewed SAR Section 2,3.7, the analysis model report on concentration limits (SNL, 2007ah), 
and the applicant's responses to the NRC staffs RAls (DOE, 2010aj; 2009ax,aY,cz,da,db,dc). 
The NRC staff also relied on the technical literature on solubility limits and the application of 
solubility limits in performance assessments, the NRC staffs independent solubility limit 
evaluations (e,g" Murphy and Codell, 1999aa; Mohanty, et aI, 2003aa), and the NRC staff's 
independent laboratory studies (e.g., Prikryl, 2008aa). 
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Overall Abstraction Approach 

The applicant's abstraction for concentration limits calClJlates concentration limits for plutonium, 
neptunium, uranium, thorium, americium, tin, and protactinium using lookup tables that define 
values (in mg/L. a unit that is approximately equivalent to parts per milhon, or ppm) as functions 
of pH and fCOl (i.e., CO2 fugacity). For radium, the value is specified as a constant that 
depends on the range in which the pH value falls. For technetium. carbon, iodine, cesium. 
strontium. selenium. and chlorine. no concentration limit IS applied: this abstraction, therefore. 
does not affect their release rates from the EBS 

For plutonium. neptunium. uranium, thorium. americium, tin. and protactinium. the applicant 
determined the concentration limit value from the lookup table for each timestep in a realization. 
Uncertainty is incorporated into the abstraction by sampling two uncertainty terms that are then 
added to (or subtracted from) the value derived from the lookup table. No further uncertainty is 
applied to the determined radium value. Concentration limits are treated the same for nominal 
and disruptive events. with the exception of the uranium abstraction in the igneous intrusive 
case (see uranium discussion in the Concentralion Limits Parameters section). 

NRC Staff Review 

Chemical Environment for Concentration Limits 

For the waste form domain, the applicant's In-package chemistry abstraction provides pH. ionic 
strength, and fluoride concentration to the concentration limits abstraction at each timestep. and 
fC02 is obtained from the EBS chemical environment abstraction. The same lomc strength and 
fC02 are used in the corrosion products domain. but pH is calculated from a formula that 
involves fC0 2 and the aqueous uranium concentration; this pH abstraction is based on the 
competitive surface complexation model diSCUSsed in SER Section 2.2 1.34.35. In the 
corrosion products domain. according to DOE Enclosure 3 (2009ay) and DOE Enclosure 2 
(2009da), the abundant mass of products of stainless steel corrosion controls pH to a relatively 
narrow range of 7.0 to 8.4. For the Invert, when there is no flow from the waste package, pH. 
ionic strength. and fCOz are obtained from the EBS chemical environment abstraction, when 
there is advective flow out of the waste package. according to DOE Enclosure 7 (2009ax). pH 
and ionic strength in the invert are the same as in the corrosion products domain 

NRC Staff Review 

(b)(5) 
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The applicant calculated concentratIOn limits for plutonium, neptunium, uranium, thonum, 
americium, tin, protactinium, and radium (using barium as an analog) assuming pure-phase 
solubility at equilibrium with solution using the geochemical modeling code EQ3NR The 
solubility models were conducted at a range of pH, fCOz, and fluoride values. For plutonium, 
neptunium, uranium, thorium, americium, tin, and protactinium, the pH and fCOz dependencies 
were incorporated into the lookup tables, and the fluonde sensitivity was applied through an 
uncertainty term. SAR Section 2.3.7.10 described the technical bases for the limiting minerals 
selected for the solubility models. For most of the modeled elements, equilibrium with 
atmospheric oxygen was assumed; this assumption was modified for plutOnium in the waste 
package. As mentioned previously, the applicant did not apply a concentration limit for 
technetium, carbon, iodine, cesium. strontium, selenium, and chlorine 

NRC Staff Review 
(bl(5) 

i(b)(5) 
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Ilb)ISI 

Plutonium 

On the basis of the applicant's TSPA code dose modeling results, plutonium is a risk-significant 
radioelement. The applicant's plutonium concentration limits abstraction is based on equilibrium 
geochemical modeling, but differs from other abstractions in that equilibrium with atmospheric 
oxygen was not assumed. Atmospheric oxygen would impose higher redox potentials that tend 
to lead to higher calculated dissolved plutonium concentrations. The NRC staff therefore 
focused on the applicant's adjusted-Eh model, which assumes lower Eh than would be imposed 
by atmospheric oxygen. (Eh is a measure of a solution's OXidation potential, which may be 
described as the tendency of the solution to convert dissolved elements to higher oxidation 
states.) The adopted Eh-pH relationship for plutonium solubility models is more oxidizing than 
the line bounding a compilation of data from waters in contact with atmosphere, as outlined in 
SNL (2007ah), DOE Enclosure 9 (2009ax), and DOE Enclosure 7 (2009cz). For the typical pH 
and CO2 conditions in the waste package (SAR Figures 2 3.7-1 9 to 2.3.7-21), the sampled 
plutOnium solubility limit In the TSPA model ranges approximately from 0.006 to 0.4 mg/L (SAR 
Figure 2.3.7-29); uncertainty tenms extend this range as much as ± two orders of magnitude 
(e.g., SAR Figure 23.7-38). 

NRC Staff Review 

(b)(5) 

Neptunium 

The applicant identified neptunium as an important risk contributor. In general, the applicant 
modeled neptunium SOlubility limits assuming eqUilibrium with atmospheric oxygen, but used 
two different solid phases depending on conditions. The controlling solid phase for the invert is 
the oxidized phase Np20s. The choice of the neptunium-controllmg mmeralln the waste 
package (waste fonm and corrosion products domains~Np02 or NP205-depends on the 
corrosion status of the steel components. The applicant argued that local reducing conditions 
during steel corrOSion would promote preCipitation of reduced NpOl over oxidized NP205 The 
applicant noted that the literature suggests that. in the presence of reducing materials, Np02 is 
an appropriate solubility-limiting solid phase under most modeled conditions. The applicant 
chose Np20S to limit neptunium concentration in the absence of reductants. A sodium 
neptunium carbonate is modeled at the high pH margin of the water chemistry range. 
For the typical pH and CO2 conditions in the waste package (SAR Figures 2.3.7-19 to 23.7-21), 
the sampled neptunium solubility limit in the TSPA analysis ranges approximately from 0.02 to 
11 mg/L for Np02 and from 0.3 to 180 mgfL for NPz05 (SAR Figure 2.3.7-30); uncertainty tenms 
extend this range to more than an order of magnitude above and below those ranges (e.g., SAR 
Figure 2.3.7-39) 
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NRC Staff Review 

The applicant produced two different lOOKup tables for uranIum, depending on the particular 
chemical environment. In most cases for commercial SNF packages, the hydrated uranyl oxide 
schoepite Is the solubility-limiting solid_ For the typical pH and CO2 conditions in a commercial 
SNF waste package (SAR Figure 2.37-19), the sampled uramum solubility limit in the TSPA 
code ranges approximately from 1 to 100 mg/L, as described In SNL Figure 6.7-1 (2007ah). 
The associated uncertainty terms extend this range as much as ± an order of magnitude; for 
example, as detailed in SNL Figure 7-6 (2007ah). For codisposal packages in all scenarios 
and all packages in the Igneous intrusion scenario, and for the invert in all scenarios, the 
uranyl silicate sodium-boltwoodite and Na~U02(C03h are Included in the solubility mOdels 
For the typical pH and CO2 conditions in a codisposal waste package (SAR Figures 2.3.7-20 
and 2.3.7-21), the sampled uranium solubility limit in the TSPA code ranges approximately 
from 1 to more than 10,000 mglL (SAR Figure 2.3.7-31). The associated uncertainty terms 
extend this range as much as ± an order of magnitude; for example, as illustrated in SNL 
Figure 7-6 (2007ah)_ 

NRC Staff Review 
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Thorium, Americium, Protactinium, Radium, and Tin 

In developing lookup tables for the other modeled actinides-thorium, americium, and 
protactinium-the applicant chose solubility-limiting phases on the basis of available data 
from the literature and the Yucca Mountain program (SNL, 2007ah), For thorium, the 
limiting solid was ThOz(am), the solubility model for which produced values more consistent 
with experimental measurements than models for the lower solubility, crystalline solid Th02, 

[In mineral formulas, "(am)" indicates that this ts an amorphous, rather than orderly crystalline, 
solid. Amorphous solids tend to have higher solubilities than the corresponding crystalline 
forms.] The americium model used AmOHC03• which was identified as the contrOlling solid in 
Yucca Mountain program studies conducted under appropriate conditions. Protactinium was 
treated by analogy with neptunium and thorium; that IS, the NpzOs model was adopted for 
protactinium, With wide uncertainty tenns accounting for the possibly lower concentrations if 
behavior was similar to thorium, The model for tin (addressed in SNl (2007ah) but not in the 
SAR] was also developed using available literature data and considerations of uncertainties; the 
controlling solid in the tin model was SnOz(am), on the basis of a literature review. The 
applicant used barium as a radium analog for solubility calculations due to their similar chemical 
properties. The applicant constructed a pH-dependent, stepwise radium solubility limit on the 
basis of the model results. 

NRC Staff Review 

(b)(5) 

(b)(5) 

Uncertainty 
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In the concentration limits abstraction, the applicant addressed uncertainty in (i) thermodynamic 
data supporting the solubility models and (ii) the effects of fluonde ion concentration. These 
uncertainties are applied as additional sampled terms added or subtracted to the lookup table 
values, With a pH-dependent coefficient applied to the sampled fluoride uncertainty term. These 
thermodynamic and fluoride uncertainty terms-with normal and tnangular distributions, 
respectively-are sampled once per realization for each element 

NRC Staff Review 

.(b)(5) 

Integration in the Engineered Barrier System Radionucllde Transport Abstraction 

The dissolved concentrabon limits abstraction provides maximum concentration values for each 
element to the EBS radionuclide transport model, with different values provided for the waste 
form domain. corrosion products domain, and the invert. 

NRC Staff Review 

Summary of Review of Concentration Limits 

(b)(5) 

2.2.1.3.4.3.4 Availability and Effectiveness of Colloids 

This section describes the NRC staffs review of the applicant's abstractJOn and TSPA computer 
code implementation of the type, stability, and mass concentration of colloid suspensions in the 
EBS. as described in SAR Section 2.3.7.11 and references cited therein. Colloid suspensions 
inside the EBS are important to repository peliormance. because if they are stable and exist at 
sufficiently high concentrations, they could enhance transport of radionuclides that are 
reversibly or irreverSibly associated with them. (In this chapter, the term "irreversible colloids· 
refers to colloids with radionuclides irreversibly. or permanently, attached to them, The term 
"reversible colloids" refers to colloids to which radionuclides may attach and detach reversibly) 
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The EBS colloid model calculates the mass concentrations of reversible and irreversible colloid 
suspensions in the waste package, corrosion products, and invert domains of the EBS on the 
basis of temporal variations in aqueous chemical characteristics (pH and ionic strength), How 
rates, and failure status of the EBS components under nominal and disruptive modeling cases. 

Inputs to the EBS colloid mass concentration abstraction, described in SNL Section 1 1 
(2008ak), include in-package ionic strength and pH from the in-package chemistry 
abstraction (SER SectJon 2.2.1.3.431) and in-drift Ionic strength and pH from the EBS physical 
and chemical environment abstraction (SER Section 2.2 1.3.3) Mass concentrations of 
colloidal suspensions are used to calculate colloid-assisted radionudide transport in the EBS 
radionuclide transport abstraction (SER Section 2 2 13435) 

Colloid Types and Radionuclldes Associated With Colloids In the Engineered 
Barrier System 

Colloids are 1 to 2-l.Im [4 to 8 )( 10-~-inl-sized particles: have the potential to facilitate transport 
of highly sorbing, low solubility radionudides; and may allow radionudide concentrations In 
water above their solubility limit. In the TSPA code, colloids in the EBS are fonmed by 
degradation of waste package internals and waste forms and also exist as groundwater colloids 
in seepage water. The applicant used the EBS colloid abstraction in the TSPA code to 
detenmine the stability and mass concentrations of reverSible and irreversible colloid 
suspensions in the waste fonm, corrosion products, and invert domains of the EBS (SAR 
Section 2 3,1 11) 

The EBS colloid model abstraction focuses on the follOWing five colloid suspension types 
(I) glass waste form colloids, (ii) plutonium-riCh zirconium oxide commercial SNF COllOIds, 
(iii) oxidized uranium collOids derived from the SNF, (iv) Iron OXide colloids, and (v) groundwater 
cofioids, The conceptual model identifies two types of radio nuclide attachment to collOIds 
(i) reversible (glass waste form colloids, oxidized uranium colloids, Iron oxide COllOids, and 
groundwater colloids), in which the radionuelides are reversibly (temporarily) sorbed onto colloid 
surfaces, and (ii) irreversible (glass waste fonm colloids, commercial SNF colloids, and iron 
oxide colloids), in which the radionuelides are penmanently attached to or embedded in the 
colloid structure, as detailed in SNL Section 6.3.1 (2008ak)ilnd SNL Section 6.3.4.4 (2007a]). 
Although glass waste fonm colloids, oxidized uranium collOids, iron oxide colloids, and 
groundwater colloids are considered in the waste fonm domain, iron oxide collOids are excluded 
from the waste form domain, as outlined in SNL Seelion 6.5.2.5 (2007aj) and DOE Enclosure 2 
(2009ay). As shown by the data in SNL Tables 6.3.7-62,6.3.7-63,6.3.7-64, and 6.3,7-66 
(2008ag). the sampled stable glass waste. commerCial SNF, oxidized uranium. and 



groundwater col/oid concentration ranges are 0.0004 to 2 mglL. 0.000015 to 0.6 mg/L. 0.001 to 
200 mg/L, and 0.001 to 200 mglL. respectively, in all the EBS domains. As shown in SNL 
Table 6.3.7-65 (2008a9), the sampled stable iron oxide colloid concentration range is 0.001 to 
30 mglL in the corrosion products and invert domains 

In the EBS colloid model abstraction. two radioelements (plutonium and americium) are 
modeled to permanently attach onto iron oxide colloids or be irreversibly embedded in glass 
waste form and commercial SNF colloids. As described in SNL Section 6.3.12.1 (2008ak), five 
radioelements (plutonium, americium. thorium. protactinium, and cesium) are modeled to 
reversibly sorb onto glass waste form colloids, eight radioelements (plutonium, americium, 
thorium, protactinium, cesium, tin, neptunium, and radium) reversibly sorb onto oxidized 
uranium colloids, three radioelements (plutonium, thorium, and neptunium) reversibly sorb onto 
iron oxide colloids, and four radioelements (uranium, neptunium, tin, and radium) reversibly sorb 
onto groundwater colloids. The irreversible colloids (and their associated masses of plutonium 
and americium) are modeled as independent species, separate from the dissolved plutonium 
and americium masses. 

NRC Staff Review 

!(b)(5) JThe applicant considered both reversible and 
irreverSible colloids in the abstraction ana noted the uncertainties associated with the mass 
concentrations, the stability of these colloid types, and their upscaling and applicabiltty to 
the Yucca Mountain site. The applicant constructed an empirical ionic strength threshold 
versus pH curve on the basis of eXisting experimental data in the open literature to account 
for uncertainties In the colloid stability. If the computed ionic strength for the in-package 
(or tn-drift) environment is below the ionic strell th threshold, then the colloids are stable in 
the corresPQndin environment (b)(5) 
(b)(5) 

(b)(5) I The applicant addressed the uncertainty 10 the mass concentration of 
colloids by random y sampling the mass concentration of stable colloids from the 
(~~~~s ondin uncertainty distributions. '(b)(5)-===~~ m~m~l 

Excluded Colloid Processes 

In the EBS colloid model abstraction, collOidal filtration, thin-film straining (retardation of colloid 
transport when colloid dimensions exceed the water film thickness), gravitational settling of 
colloids, and sorption of colloids on stationary surfaces and onto an air-water interface were 
excluded due to associated uncertainties, and exclusion of these processes was considered to 
be conservative. The abstraction did not include biocolloids. because of low microbial activity 
and negligible mass concentrations of such colloids in comparison to groundwater collOIds 

NRC Staff Review 
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(b)(5) 

Risk Importance of Colloids Under Disruptive Events 

The NRC staffs review in this section focused on disruptive scenarios of igneous intrusion and 
seismic ground motion modeling cases. The applicant demonstrated, through its analyses. that 
these two modeling cases contribute most to the total annual dose for 10,000 and 1 million 
years after repository closure (SAR Figure 2.4-18). Pu-242 is the most important contributor to 
the overall total mean dose at 1-million-year simulations (SAR Figure 2.4-20), Under the 
nominal scenario, the maximum Pu-242 activity due to irreversible colloids is aboU1 30 percent 
of the total Pu-242 activity leaving the EBS: under the seismic scenario, it is only about 
18 percent of the total Pu-242 activity leaving the EBS. The maximum Pu-242 release rate 
leaving the EBS due to irreversible colloids is 2.5 percent of the total release rate under the 
igneous intrusion modeling case, as described in SNL Section P18.3 (2008ag) and DOE 
Enclosure 5 (2009an). Hence, the applicant concluded that, in the EBS, colloid-facilitated 
radionuclide transport is less effective than for the dissolved phase radionuclide transport, as 
shown in SAR Figures 2.1-20 and 2.1-23 and SNL Table A-2 page A-130 (2008ad) 

For the igneous intrusion modeling case, the drip shield and waste packages entirely fall: 
hence there is no distinction between seep and no-seep cases, and water chemistries and 
colloid stability remain nearly constant once the temperature drops below the bOiling pOint 
and water flow to the waste form is established. For the Igneous Intrusion modeling case, 
smectite colloids (derived from HLW glass or from the tuff host rock) and oxidized uranium 
colloids (derived from SNF degradation) are stable in the EBS, but commercial SNF colloids 
are completely unstable in the corrosion products domain. Colloids are more stable in the 
codisposal waste packages than in the commercial SNF waste packages because of 
dissolution of the nickel molybdate corrosion products in the latter packages, leading to 
higher ionic strengths. 

For the igneous intrusion case, unstable and settled commercial SNF colloids in the corrosion 
products domain are as important as the stationary corrosion products for the retention of 
Pu-242, as described in DOE Figure 1.1-26 (2009dc), DOE Enclosure 1 (2009dd), and DOE 
Enclosure 3 Figure 1 (2009ay), due to a narrow range of pH, 7 to 8.4. The narrow pH range is 
illustrated in DOE Enclosure 3 (2009ay) and supported in DOE Enclosure 2 (2009da). The 
contribution of suspended iron oxide colloidS to Pu-242 mass in the corrosion products domain 
is about eight orders of magnitude smaller than the Pu-242 mass removed from Inventory by the 
settled unstable commercial SNF colloids at 200,000 years for the igneous intrusion modeling 
case, as shown in DOE Figure 1 1-26 (2009dc). Therefore, the applicant concluded that iron 
oxide colloids are insignificant dose contributors. Similarly, for a particular realization in which 
all commercial SNF colloids are unstable in the waste form domain, but iron oxide colloids are 
stable in the corrosion products domain, Pu-242 mass irreversibly aSSOCiated with iron oxide 
colloids is three orders of magnitude less than the Pu-242 mass in the dissolved phase and 
about seven orders of magnitude smaller than for the sorbed Pu-242 mass on stationary 
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corrosion products, as shown in DOE Enclosure 1 Figure 7 (2009da) This indicates insignificant 
effects of iron oxide colloids on Pu-242 releases. 

For the seismic ground motion case, the applicant assessed that damage on waste packages is 
mainly due to patch failures by general corrosion. Unlike the igneous intrusion modeling case, 
colloid concentrations are sensitive to seep versus no-seep environments after corrosion 
patches develop on the waste packages, and the ionic strengths of water and pH vary in time. 
Forthe seismic ground motion case, the ionic strength of waters in the EBS depends on the 
relative humidity when the water flux is less than 0.1 Uyr [0.026 galJyrl under the condition of 
complete filUng of the drift with rubble; otherwise, ionic strength depends on the chemistry of the 
advective flux through corrosion patches. The ioniC strengths of seep water also correlate with 
the rubble-filling status, as shown in DOE Enclosure 3 Figures 17, 18.23, and 24 (2009ay). 

F or the seismic ground motion modeling case, the applicant noted that diffusive transport 
(under no-seep conditions) through the EBS and the water chemistry (pH and ionic strength) 
could largely limit colloid-facilitated transport, as shown in SAR Section 2.4.2,2.3.2.2 and DOE 
Enclosure 3 (2009ay). 

The TSPA model results indicate that for the seismic ground motion case, initially high Ionic 
strength leads to unstable colloid suspensions. After the waste packages are breached 10 both 
seep and no-seep conditions, the ionic strength (which depends on the relative humidity dUring 
this stage) drops to a level where smectite and oxidized uranium colloids become stable in the 
codisposal packages and largely stable (in more than 95 percent of realizations) in the 
commercial SNF waste packages. These colloids are stable for the remainder of the simulation. 
As was the case for the igneous intrusion modeling case, commercial SNF colloids are unstable 
in the corrosion products and invert domains for the seismic ground motion modeling case, as 
shown in DOE Enclosure 3 Figures 6, 29, and 30 (2009ay). Stability of colloid suspensions, 
except for the iron oxide colloids, is similar for both the seep and no-seep cases. Iron oxide 
colloids are stable in the corrosion products domain only when seep water enters the waste 
package through corrosion patches at later times, whereas they are largely unstable (in more 
than 95 percent of realizations) under the no-seep conditions, as shown in DOE Enclosure 3 
Figures 15 and 16 (2009ay). 

NRC Staff Review 

The NRC staff reviewed the TSPA model results for the disruptive modeling cases (highly 
significant to risk) to evaluate processes and features that could limit availability and transport of 
colloid suspensions in the waste form, corrosion products, and invert domains of the EBS, as 
detailed in DOE Enclosure 3 (200""9"""a .... y-'-').J.:~-'b}..:..(S..:..) _____ _ 

l(b)(S) .----------:' 
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(b)(5) 

(b)(5) 

(b)(5) 

Data Support and Uncertainty Propagation for Colloid Transport Abstraction for the EBS 
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Mass Concentration of Colloids 

The applicant used experimental and scientific literature data to support its colloid mass 
concentrations model. Uncertainties associated with the mass concentrations and stability of 
glass waste form colloids in the TSPA model rely on results from drip and immersion tests for 
degradation of alkali borosilicate glasses, as detailed in SNL Section 6.3.2.2 (2008ak) 
Experimental data were used to bound plutonium mass concentrations associated with 
zirconium oxide colloids formed from commercial SNF, as described in SNL Section 6.3.2.4 
(2008ak). Uranophane colloids are used as representative colloids for oxidized uranium colloids 
formed from defense and commercial SNF. 

SNL Section 6.3.2.6 (2008ak) described an empirical cumulative distribution for the mass 
concentrations of groundwater colloids that was adopted for uranophane colloid suspensions, 
because both colloid suspensions display a similar stability profile The applicant relied on 
bench-scale experiments using a carbon-steel miniature waste package in bathtub and 
flow-through configurations. These experiments used water chemically similar to well water 
near Yucca Mountain to induce corrosion and subsequently to determine the geometric mean 
concentration of iron oxide colloids. Empirical cumulative dlstnbutions of colloid mass 
concentrations were constructed, on the basis of laboratory-scale experimental data, to address 
uncertainties in colloid mass concentrations, as detaIled in SNL Section 6.3 (2008ak). The 
applicant adopted colloid concentrations In groundwater at the Yucca Mountain site for colloid 
concentrations in seepage water entering breached waste packages. The applicant collected 
colloid data from nine different sources and fitted them to a cumulative mass distribution to 
address uncertainties. 

NRC Staff Review 

With regard to the applicant's colloidal mass concentration model, the NRC staff verified that the 
applicant relied on data from laboratory experiments published in peer-reviewed technical 
journals to determine the range for mass concentrations of reversible and irreverSible colloids. 
The NRC staff reviewed (i) how the applicant addressed uncertainlles associated with how 
closely geochemical and hydrogeological conditions were represented in these experiments 
and (ii) how the applicant upscaled laboratory findings to the field scale at the Yucca Mountain 
site. The applicant acknowledged uncertainties associated with the mass concentrations 
of colloid suspensions due to, among other things, measurements, experimental factors. 
and upscaling of experimental data and observations to repository scale and conditions 
(SAR Section 23.7.11.2). To be conservative, the applicant set the upper bound for mass 
concentrations of Iron OXide colloids to be I~r thannatural iron oxide collOId concentrations In 
groundwater (SAR Section 2.37.11.2). r(b)(5) -- .. - .. - .... ~. __ ·~_ .. __ ._n_h_._ HI 

i(b)(5) 

The NRC staffs review verified that the applicant addressed uncertainties In mass 
concentrations by sampling them from emDiri~1I constructed cumulative mass distributions 
obtained from ex rimental data. (b)(5) 

(b)(5) .... ='----~-----------------\ 
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In TSPA code calculations, in-package and in-drift stability of colloid suspensions is determined 
by the ionic strength of the seepage water and pH. The applicant constructed an empirical ionic 
strength threshold versus pH cuIVe using expenmental data specific to each colloid suspension 
type and using the De~aguin-landau-Verwey-Overbeek theory In-package and in-drift pH and 
ionic strengths and dissolved radionuclide concentrations are computed outside the EBS 
abstraction and then fed into the empirical ionic strength threshold versus pH curve in the EBS 
abstraction, as outlined in SNl Section 6.5 (2008ak). For stability calculations, the applicant 
modeled glass waste form colloids and groundwater colloids as smectite, plutonium-rich 
zirconium oxide colloids as zirconium oxide, oxidized uranium oxide colloids as uranophane, 
and iron oxide colloids as hematite, as described in SNl Section 6.3.1 (2008ak). If the colloid 
suspensions are stable, their mass concentrations are sampled from empirical distribution 
functions specific to the colloid type {constructed from experimental data}. If a colloid type is 
unstable, the mass concentration is set to a low nonzero value, selected such that the colloid 
mass is too low to have any impact on radionuclide release and transport. In the case of 
groundwater colloids In the waste package. the initial concentration is set to 0 mg/l until flow 
begins in the waste package (SNl. 2008ak). 

NRC Staff Review 

The NRC staffs review of the in-package and in-drift colloidal stability verified that the applicant 
constructed empirical relations (on the basis of experimental data in the literature) for each 
colloid suspension type that related the ionic strength threshold to pH to determine stability of 
colloidal suspension in the waste package and in the drift. These empirical relations were 
constructed on the basis of the Derjaguin-landau-Verwey-Overbeek model. The applicant 
acknowledged that these empirical relations were purely mathematical fits and had no physical 
meaning, as stated in SNl Section 632.4 (200Sak), although they are driven by experimental 
data. The EBS model abstraction computes the ionic strength of the in-package fluid (or In-drift 
seepage fluid) and compares it against the ionic strength threshold read from the ionic 
strength threshold versus pH cuIVe. If the in·drift (or in-package) fluid ionk: strength 
exceeds the ionic strength threshold. then the corresponding colloidal sus nSlons b 
unstable in the abstraction as detailed in SNl Section 6.3.2 2008ak. (b)(5) 
(b)(5) 

Radionuclide Mass Sorption on Colloid Suspension 

The applicant referred to previously published data to determine surface area for reverSible 
glass waste and groundwater colloids, uranophane colloids. and iron OXide collOids In SNl 
Sections 6.3.2,3 1, 6.32.7, and 6.3.12.2 (2008ak). respectively. ThiS Information IS used in 
calculating sorbed radionuclide mass on collOid suspensions 
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NRC Staff Review 

The NRC staffs review verified that the applicant determined the range of specific surface area 
for reversible colloid suspension based 0 0 n literature experimental data and sampled from 
this ra e to address data uncertainties. (b)(5) 

(b)(5) 

Kinetic Attachment Rates for Plutonium and Americium Onto I ron Oxide Colloids 

In the EBS abstraction, plutonium and americium are modeled to be irreversibly attached onto 
iron oxide colloids. As described in SNL Section 6.3.12.2 (2008ak), the applicant constructed 
an uncertainty distribution function for the attachment rate constant for iron OXide colloids on the 
basis of data from sorption experiments. The applicant noted that the attachment rate is 
sampled from an experimentally supported lognormal uncertainty distribution under a no-seep 
condition or a condition where colloid suspensions are unstable in the corrosion products 
domain. Otherwise, the maximum of the sampled rate constant from a lognormal uncertainty 
distribution and the computed rate constant using the target flux out ratio are used. as detailed 
in SNL Section 6.5.2.4.6 (2007aj). 

NRC Staff Review 

The NRC staff reviewed the basis of the applicant's descnptlon for the attachment rate 
calculations and finds that the applicant used attachment rates sampled from an experimentally 
supported uncertainty distribution for modeling irreversible attachments of plutOnium and 
americium onto iron oxide colloids. The model favors attachment onto iron oxide colloids by 
implementing the target flux out ratio if the computed attachment rate remains within the 
experimentally determined range for the attachment rate; ot ·S8, the sam led attachment 
rate is used and the tar et flux out ratio is not implemented. (b)(5) -

(b)(5) 

Alternative Conceptual Model Consideration 

The applicant considered two alternative conceptual models the first uses different 
mechanisms to generate glass colloids and the second focuses on air-water limitations on the 
releases of particles from weathered waste form surfaces under unsaturated conditions, as 
identified in SAR Section 237.11.3.2 and SNL Section 6.4 (2008ak) The applicant did not 
implement these alternative models In the TSPA. 

NRC Staff Review 

The NRC staffs review verified that the applicant used a conceptual model in the TSPA for 
irreversible and reversible colloidal tranSOQrt on the basis of a set of mass-balance equations 

l(b)(5) 
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(b)(5) 

The applicant considered the bathtub now model as an alternaTIve conceptual model to the 
flow-through model, which is implemented in TSPA. in simulating water flow and radionudide 
trans rt in a breached waste acka e, 

L-________ ............. _~ ..... . ".--... ----~---

Summary of Review of Availability and Effectiveness of Colloids 
----------~----~ 

(b)(5) 

2.2.1.3.4.3.5 
-~:--....---.---; ---=----;--;--.~---'--'----'-------------

Engineered Barrier System Radionuclide Transport 

This section details the NRC staff's review of the applicant's abstraction and TSPA 
implementation for radionudide transport In the EBS, as descnbed In SAR 
Section 2.3.7. 12,3.2 and references cited therein (particularly SNL, 2007aj) 
The abstraction estimates the rate of movement of radionuclldes from degraded waste 
forms to the UZ and provides radionuclide fluxes (rates of mass transfer) versus time to the 
UZ transport abstraction (SER Section 2.2.1.3 7) Major inputs to the abstraction include the 
flow conditions inside the EBS (SER Section 2 2.1 3.333), the chemical conditions Inside the 
EBS (SER Section 221.343.1), waste form degradation rates (SER Section 22.1.3.4.32), 
dissolved concentration limits (SER Section 221.3.43.3), and colloid parameters (SER 
Section 2,2.13434) 
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(b}(5) For example, in DOE (2009dc), the applicant 
provided results for a representative realization of the igneous IntruSion modeling case showing 
that approximately 8,000 kg [17,600 Ibl of Pu-242 is permanently immobilized in the EBS for 
one percolation subregion. In the same realization and subregion. approximately 30,000 kg 
[66,000 fb] of Np-237 is retained on the waste package corrosion products at 100,000 years; 
Np-237 is released from the EBS slowly enough that more than 1,000 kg [2.200 IbJ remained at 
1 million years. 

On the basis of the importance to the abstraction, the NRC staffs review focused on model 
framework and process conceptualization within the TSPA code implementation, representation 
of diffusion, sorption on stationary corrosion products, colloid-facilitated transport, and 
reasonableness and consistency of TSPA code results. The abstraction contains several 
included FEPs. Excluded FEPs are discussed in SER Section 2.2.1.2.1.3.2. 

Model Framework and Process Conceptualization 

Overall Conceptualization 

The applicant based the abstraction and TSPA implementation on one-dimensional mass 
transport through three computational domains: (i) waste form domain, (ii) corrosion products 
domain, and (iii) invert domain. The waste form domain contains a Single computational cell 
representing a porous rind of degraded waste form for the commerCial SNF packages. The 
waste form domain for codisposal packages comprises a computatIOnal cell representing HlW 
glass upstream of a cell representing DOE SNF. Corrosion products formed from the 
degradation of steel waste packages and package internals are represented in the corrosion 
products domain. The invert domain is assumed to be in close contact to the waste package 
and composed of crushed tuff materiaL A fourth domain. the invert-UZ Interface, faCilitates 
transfer of the radionuclide mass from the EBS transport model to the UZ transport model. 

The applicant conceptualized the transport pathway as a flow-through model in which water 
flows vertically through a degraded waste package. The applicant considered an alternative 
conceptual model in whICh the outlet for water is not on the underside of the waste package. 
In this bathtub model, water would fill the partially intact waste package until it reaches a spill 
pOint corresponding to a breach on the side of the waste package. In a variant of the bathtub 
model, the stored water and dissolved radionuclides would be suddenly released when a 
second breach develops on the underside of the waste package. 

NRC Staff Review 

(b)(5) 

(b)(5) 
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Transport Model Framework 

In the applicant's abstraction, dissolved radionuclides and radionuclides sorbed onto the five 
types of mobile colloids described in SER Section 2.2,13.4.3.4 are transported by diffusion and, 
it water is flowing in the EBS, advection. Advective velocities for colloids are identical to the 
water velocity, Advective transport of selected dissolved radionuclides is slowed by sorption 
onto stationary corrosion products, Solubility limits on the dissolved radionuclide concentrations 
are also imposed. 

NRC Staff Review 

Transport Under Disruptive Events 

The applicant's TSPA implementation of EBS transport is similar for the disruptive and nominal 
modeling cases, although conditions within the EBS (input for the abstraction) may be different 
following disruptive events, Most importantly, the applicant assumed instant degradation of the 
waste torms and advective conditions within the EBS follOWing an igneous intrusion event 

NRC Staff Review 
(b)(5) 

Model Abstraction and TSPA Model Results 

In response to NRC staff's questions regarding consistency between the model abstraction and 
the TSPA code calculated results, the applicant prOVided additJonal,nformation on the mass 
retained in and flux out of each computational domain for key representative radionuciides using 
single representative realizations at the igneous intrusion and nominal modeling cases (DOE, 
2009da,dc), The NRC staff used the results for commercial SNF and the igneous intrusion 
modeling case to evaluate consistency between the results of the TSPA analyses and the 
conceptual process models the applicant described For 1-129, 99.96 percent of the initial 
inven10ry is transported out of the EBS in the first TSPA timestep follOWing the intrUSion event 
Release of Np-237 is Significantly delayed but not eliminated by precipitation and sorption onto 
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stationary corrosion products. For example, about 14 percent of the initial Np-237 inventory is 
released from the EBS in the first 40,500 years following the igneous intrusion event; after 
1 million years the released fraction is 88 percent of the initial inventory (including ingrowth). 

For Pu-242, the applicant provided information for two realizations one with stable waste form 
colloids in the waste form domain, described in DOE (2009dc), and one with unstable waste 
form colloids in the waste form domain, described in DOE Enclosure 1 (2009da). For the 
realization with stable waste form colloids in the waste form domain, which according to DOE 
Enclosure 1 (2009dd) is representative of about 38 percent of realizations, about 11 percent of 
the initial inventory is released from the EBS in the first 204,000 years. Nearly all of the 
remaining Pu-242 mass is retained in the corrosion products domain irreversibly associated with 
permanently immobilized (settled) waste form cofloids in this realization. In the applicant's 
realization results with unstable waste form colloids in the waste form domain, which is 
representative of 62 percent of realizations, precipitation of plutonium-bearing minerals and 
sorption onto stationary corrosion products delay release but do not permanently sequester 
Pu-242, similar to Np-237 

NRC Staff Review 

Summary of Diffusion Models 

The various analytical models used to simulate diffusive transport In the TSPA computer code 
are summanzed next 

The applicant calculated diffusion coeffiCients for dissolved radionuclides as the product of 
tortUOSity (the effect of flow path shape in a porous medium) and species-dependent free-water 
diffusion coefficients. The diffusion coeffiCients were adjusted for temperature. The tortuosity 
was empirically related to porosity and liquid saturation using standard models The applicant 
based diffusion coefficients for colloids on the Stokes-Einstein equation, which accounts for 
temperature and particle size.l(b)(5) 

(b)(5) 

For the no-dripping situation, the applicant calculated liquid water content from relative humidity 
using empirical adsorption isotherms. This information is needed to establish diffUSion 
coefficients, which are dependent on water content The applicant developed a diffUSion model 
for these conditions and conducted an extensive literature review on data relevant to predicting 
water content on the basis of relative humidity, as described In SNL Section 6.3.4.3 (2007a)). 
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The applicant compared the output of the abstraction for adsorbed water content versus relative 
humidi with literature data for adsor tion on oethite hematite Cr 0 and NiO.(b}(5) 

(b)(5) 

licant also com ared 

The mass of steel corrosion products is needed to establish the liquid water content, which the 
applicant lculated as a function of time from the de radalion of steel internals of the waste 
package. (b)(5) 
(b)(5) 

situation the a icant assumed the oraus materials were saturated with Ii uid 

The applicant used data on diffusion in crushed tuff material to develop uncertainty distributions 
for invert diffusion coeffi~nts, Uncertainty in the diffusion coeffiCients and invert 

represented. (b)(5) 

The applicant compared the output of the invert diffusion coefficient model With two sets of 
experimental results. The applican' abstraction pr~icts larger diffUSion coefficients than the 
ex rimentall determined values. (b){5) 

(b){5) 

The applicant conSidered two alternative conceptual models related to diffusion in the invert 
One of t alternative conce tual models is based on a dual-continuum ra resentation of 
diffusion. (b)(5) 
(b)(5) 
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In the applicant's TSPA model, radionuclide mass enters the UZ after leaving the invert 
Because the mass flux out of the invert is partly the result of diffusion, radionuclide 
concentrations in the UZ are needed to obtain estimates of the mass flux The applicant 
modeled a portion of the UZ in the EBS/UZ interface to calculate the diffUSive fluxes into the UZ 
transport model. The EBS/UZ interface is a networK of computational cells representing a local 
region of the UZ just below a drift. Hydrological conditions In the EBSIUZ interface are 
established similarly to the UZ transport model (SER Section 2.21.3.7). A ro concentration 
boundary condition IS used at the tower boundary of the interface zone. j(b)(5) 
(b)(5) .... -------j 

Sorption on Corrosion Products 

In the applicant's abstraction, radionudides enter the corrosion products domain from the waste 
form domain both in solution and associated with montmorillonite, plutonium, zirconium, and 
uranophane colloids. The transport of selected radionuclides is Significantly retarded by 
sorption onto stationary corrosion products. The applicant treated the corrosion products 
domain as a single miXing cell containing a homogenous porous medium with no preferential 
flow paths, on the basis Qf ~ conceptualization of degraded waste form disseminated within a 
corrosion product mass.l(b)(5) ..._m ...... . 

I (bX') 

In the applicant's abstraction, corrosion product surface area IS used to calculate the volume 
of adsorbed water and the mass of radionuclides sorbed onto corrosion products. The 
applicant assumed a mixture of hydrous ferric oxide and goethite for calculating corrOSion 
product surface area without conSidering the aging of hydrous feme oxide to more crystalline 
iron oxides with lower surfa area. The a Ileant rovided additional sensitivity information 10 

D E Enclosure 6 20098 (bl(5) 
(b)(5) 

The abstraction calculates the corrosion product surface area as a function of time using an 
uncertainty distribution of stainless steel corrosion rates based on literature data On the basis 
of additional information the applicant provided in sse (2004ae) and DOE Enclosure 2 C' '''''.w'''''''' hterat",. re~ew,Iibl®::~· ~ .~.. ~-~ ........ ~~........ ~~.~. ~-~j 

__ ~ I 

The applicant modeled sorption on corroSion products for uranium, neptunium, thorium, 
americium, and plutonium using a surface complexation model to develop effective distnbution 
coefficients (~s) taking into account the chemical conditions A surface complexation model 
simulates equilibrium attachment of dissolved ions onto solid surfaces and incorporates 
the chemical comp!exity of the system. Other radioelements that are tracked in the UZ 
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transport abstraction (SER Section 2.2.1.3. 7)-such as cesium, protactinium, radium, 
selenium, strontium, tin, technetium, iodine, chlorine, and carbon-are assumed to not sorb 
onto stationary corrosion products. Nickel is included in the surface complexation model to 
represent competition for sorption sites, but the sorbed mass of nickel is not explicitly tracked for 
transport purposes. 

The surface complexation model is not directly incorporated in the applicant's TSPA model 
abstraction, but the distribution coefficients developed from the surface complexation model are 
directly applicable to the transport of uranium, neptunium, and thorium, which are assumed to 
undergo rapid and reversible sorption. Kinetic reversible sorption is modeled for ameriCium and 
plutonium sorption on stationary corrosion products. The forward sorption rate constant in thiS 
case is sampled from an uncertainty distribution. The desorption rate constants are then 
calculated from this forward rate and the I<qs calculated using the surface complexation modeL 

To develop the ~ distributions used in the TSPA model abstraction, the applicant carried 
out the surface complexation models uSing the PHREEOC geochemical software the 
U.S. Geological Survey developed. To represent parameter uncertainty in the surface 
complexation model, the applicant conducted about 5,000 PHREEOC simulations, each with a 
unique combination of surface properties and aqueous chemistry parameters as inputs. The 
applicant then analyzed the PHREEOC Simulation results using multiple regressions to produce 
functions that calculated actinide sorption as a function of key geochemical properties. These 
functions provide the K., values u§ed in the I~PAB...nlOOl!fulm5IDl.Clli:rutl...S!omtlill1JQc..Sl1illOnru'Y-_, 
corrosion products.l(b)(5) ______________________ -I 
(b)(5) 

The applicant compared the calculated surface complexation model results from almost 
5,000 simulations to recent U.S. Environmental Protection Agency (EPA) compilations of soil 
Kos obtained in the laboratory (SAR Section 23.7.12.3.4; SNL. 2007aj) Tea licant 
compared values over a pH ran e from 6 to 9 SAR Section 2.3.7123.4 (b)(5) 
(b )(5) 
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The applicant used several different approaches in developing its final TSPA abstraction for 
sorption to stationary corrosion products and considered and evaluated several different surface 
complexation model Clj:)PfPaches before selecting the diffuse-layer model, as outlined in DOE 
Enclosure 3 (2009dat I (b )(5) 
(b)(S) 

In SNL Section 6.5.2.4.2 (2007aj). the applicant stated that aqueous thermodynamic data were 
propagated through the surface complexation model. but did not explicitly conSider uncertainty 
in equilibrium constants for surface complexation constants used In the surface complexatton 
mocjel.L:..l(b...:.,)(:..;,.S):...-_______________________ --.l 

(b)(S) ~ 

The applicant's abstraction assumes a Single-rate. first-order kinetic model for plutonium and 
americium sorption. The forward rate constants for sorption of americium and plutonium onto 
corrosion roducts were estimated from tulonium sorption experiments in SNL (2008ak). 

(b)(S) 

Colloid-Facilitated Transport 

In the applicant's abstraction, the transport of selected radiOf).\!Q!I.·.des may be enhanced by 
I id described in SER Section 2.2.1.3.4.3.4J(b)(S.-'-' _________ ---' (b)(5) ............... ..~ 

The applicant's abstraction considers plutonium to be irreversibly associated with plutonium and 
zirconium colloids that originate from SNF and montmorillonite colloids originating from defense 
HLW glass waste. Uranium is irreversibly associated with the uranophane colloids that originate 
in SNF. These three colloid types and the associated radionuclides originate in the waste form. 
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Selected radionuclides (isotopes of americium, cesium. protactinium, plutonium, radium, tin, and 
thorium) are allowed to sorb reversibly and without kinetic limitations onto uranophane colloids 
and groundwater or waste-derived montmorillonite colloids. The empirical sorption model 
represents eqiJilibrium, site-limited sorption with corT1P<.ltjti()n for~lt~?",-(b--,-)-,---(5-,-) _______ -j 

(b)(5) 

In the applicant's abstraction, uranium, neptunium, and thorium sorb reversibly and without 
kinetic limitations to corrosion product colloids. The applicant calculated equilibrium distribution 
coefficients (K,s) for these elements using the same surface complexation modeling approach 
as for sorption on stationary corrosion products. As described in the previous subsection, the 
surface complexation model simulates equilibrium attachment of dissolved ions onto solid 
surfaces (in this case, the surfaces of mobile colloids). incorporating the chemical complexity of 
the system. The applicant's abstraction does not include corrosion product colloids in the waste 
form domain. Kinetic irreversible sorption onto corrosion product colloidS is modeled for 

domain (b)(5) 

In the applicant's abstraction, the forward rate constants for ameriCium and plutonium are not 
sampled directly. Instead, the fraction of total mobile radionuclide mass exiting the corrosion 
products domain that is associated with colloids (the target flux out ratio) is sampled from a 
uniform distribution with a range of 0.9 to 0.99. An analytical inverse solution is then used to 
calculate the forward rate corresponding to the sampled ratio The computed forward rate 
constant and other parameters computed from the inverse solution are further compared 
against phYSically allowed ranges. If any computed value is outSide its allowed range, the 
corresponding maximum or minimum is used in the forward mod I f r I' . 
trans rt in I ce of ::.;) _________________ -,1 
(b)(5) 

The applicant provided information suggesting that colloids will not significantly enhance 
transport of radlonuclides in the EBS, because commercial SNF-derived colloids are 
expected to be unstable in the corrosion products domain and because radionuclide 
concentrations associated with iron oxide a waste form colloids are ex ected to be 
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Reasonableness and Consistency of TSPA Results for Engineered Barrier System 
Radionuclide Releases 

The NRC staff performed simplified confirmatory analyses to assess whether the applicant's 
TSPA results for the EBS radionuclide releases are consistent with the applicant's abstractions. 
As detailed in the following paragraphs, the NRC staff used hand calculations (Painter, 2010aa) 
to estimate peak expected total-repository EBS release rates for Tc-99, Pu-242, and Np-237 
using apPlicant-provided information, and then compared these releases with applicant-provided 
values. The NRC staffs confirmatory calculations focused on the igneous intrusion and 
seismic ground motion modeling cases because these cases result in the largest release 
rates from the EBS. These estimates are based on advection and diffusion of dissolved 
radionuclides and neglect transport of radionuclides associated with colloids. As discussed in 
SER Section 2.2.1.3.4.3.4, transport in the EBS is not significantly enhanced by colloids, 
because of low colloid concentrations in the corrosion products domain. 

The applicant provided information showing that fractional EBS releases of low-solUbility, 
sorbing radio nuclides are mainly controlled by processes within the corrosion products domain 
because waste form dissolution and invert transport processes are fast relative to transport 
within the corrosion products domain. SpeCifically, fractional releases are controlled by 
advection modified by sorption and precipitation of radionuclide-bearing minerals in the igneous 
intrusion and seismic ground motion modeling cases, and by diffusion modified by sorptton and 
preCipitation in the nominal modeling case. 

(b)(5) 

'The NRC staff's calculations are estimates only, using parameters and probabilities the applicant provided in the 
SAR. supporting repol'iS. and associated RAI responses Because simplifications are in\lOlved. precise agreement 
between the NRC staff calculations and the applicant's results was not e)(pected. rather, general agreement with the 
magnitude of the releases was evaluated. 



(b)(5) 

Summary of Review of Engineered Barrier System Radionuclide Transport 
(b)(5) 

(b)(5) 

2.2.1.3.4.4 Evaluation Findings 

The NRC staff reviewed the applicant's SAR and other information submitted in support of the 
license application and finds that, with respect to the requirements of 10 CFR 630114 for 
consideration of the radionuclide release rates and solubility Iimits.l(b}(5} I 

(b}(5) 
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(b)(S) 
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CHAPTER 8 

2.2.1.3.5 Climate and Infiltration 

2.2.1.3.5.1 Introduction 

This chapter of the Safety Evaluation Report (SER) provides the U.S. Nuclear Regulatory 
Commission (NRC) staff's evaluation of the U.S. Department of Energy's (DOE) representation 
of climate and infiltration, as presented in the applicant's Safety Assessment Report (SAR) 
Section 2.3.1 (DOE. 2008ab). relevant references, and DOE responses to staff requests for 
additional information (RAls). DOE considers the reduction of water flux from precipitation to 
net infiltration to be a barrier capability for the Upper Natural Barrier. Because of the generally 
vertical movement of percolating water through the unsaturated zone in the DOE 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. 

DOE used the term 'net infiltration" to define the volumetric flux of water passing below the 
active plant root zone. but often refers to net infiltration Simply as "infiltration." DOE also 
used the term net Infiltration to refer both to the output of the net infiltration model (SAR 
Section 2.3.1) and to the top boundary condition of the unsaturated zone model (SAR 
Section 2.3,2). This distinction is important because the average values from the net infiltration 
model differ from those used as net infiltration at the top boundary of the site-scale unsaturated 
zone model. NRC staff evaluates the former in the present section and the latter in SER 
Section 2.2.1.3.6.3.2. 

Climate and infiltration are treated differently in DOE's performance assessment for the first 
10.000 years followtng permanent closure of the repository and the period from 10.000 to 
1 million years. For the first 10,000 years, DOE used paleoclimate records for the region to 
predict future climatic conditions and uses these predictlons as Input for estimating future net 
infiltration. In addition. DOE used the climate predictions to scale groundwater fluxes in the 
saturated zone portion of the performance assessment for thiS penod DOE described its 
approach for scaling the groundwater flux in SAR Section 2,3.8; NRC staff review is In SER 
Section 2.2.1,3.7. For the period from 10,000 years to 1 million years after permanent closure. 
10 CFR 63342(c)(2) allows the applicant to consider long-term-average deep percolation nux at 
the proposed repository horizon instead of explicitly predicting climate and Infiltration. DOE 
chose to use the prescribed deep percolation flux In its performance assessment for the 
post-10.000-year period, In SER Section 221.3.6.3.2, NRC staff evaluates the DOE 
implementation of 10 CFR 63.342 with respect to average deep percolation flux at the 
proposed repository horizon for post-1 O,OOO-year performance assessment calculations. 

This SER chapter provides the NRC staff evaluation of DOE's consideration of climate and 
infiltration in the first 10,000 years after closure in DOE's total system performance assessment 
calculations. NRC staff reviews the DOE technical bases, Input data. models, and net Infiltration 
results against the applicable regulations, The NRC staff uses its understanding of relatNe nsk 
within the system to inform its review. by focusing on those aspects that are most significant for 
repository performance Staff considered how the flux of water through the unsaturated zone 
affects seepage, release of radio nuclides from the engineered barrier system, and radlonucllde 
transport through the natural system (evaluated In SER Sections 221.3.6.3 4. 2.2 1.3.4 3.5, 
and 22.1.3.7, respectively) in determining the significant aspects of DOE's net Infiltration model 
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On the basis of the downstream uses of climate and infiitration calculations, staff focused its 
review most heavily on the DOE's estimates of the magnitude, spatial distribution, and 
uncertainty of net infiltration over the next 10,000 years. 

2,2.1.3.5.2 Regulatory Requirements 

Model abstractions used in the applicant's postclosure performance assessment must meet the 
regulatory requirements given in 10 CFR 63.114 (Requirements for Performance Assessment) 
and 63.342 (Limits on Performance Assessment), to support the predictions of compliance for 
63,113 (Performance Objectives for the GeologiC Repository after Permanent Closure). 
Specific compliance with 63.113 IS reviewed in SER Section 2.2.1 .4.1. 

The requirements for performance assessment in 10 CFR 63,114 require DOE to 

• 

• 

• 

• 

• 

Include appropriate data related to the geology, hydrology, and geochergistry of the 
surface and subsurface from the site and the region surrounding Yucca Mountain 

Account for uncertainty and variability in the parameter values used to model climate 
and infiltration 

Consider alternative conceptual models for climate and Infiltration 

Provide technical bases for the inclUSion of features, events, and processes (FEPs) 
affecting climate and infiltration, including effects of degradation, detenoration, or 
alteration processes of engineered barriers that would adversely affect 
performance of the natural barriers, consistent with the limits on performance 
assessment in 10 CFR 63.342 

Provide technical basis for the models of climate and infiltration that in turn provide input 
or otherwise affect other models and abstractions 

10 CFR 63.114(a) considers performance assessment for the initial 10,000 years following 
permanent closure. 10 CFR 63, 114(b) and 63.342 consider the performance assessment 
methods for the time from 10,000 years through the period of geologie stability, defined in 
10 CFR 63.302 as 1 million years following disposal. These sections require that through the 
period of geologie stability, with specific limitations, the applicant 

• Use performance assessment methods consistent with the performance assessment 
methods used to demonstrate compl iance for the initial 10, 000 years following 
permanent closure 

• Include in the performance assessment those FEPs used In the performance 
assessment for the initial 10,000 year period 

For this model abstractlon of climate and infiltration, 10 CFR 63.342(c)(2) further provides that 
DOE may consider climate change after 10,000 years by using a constant-in-time specification 
of the mean and uncertainty distribution for repository-average deep percolation rate for the 
period from 10,000 to 1 million years. DOE elected to use this representation in its SAR Thus, 
implementation of the specified representative percolation rate and its uncertainty distribution is 
reviewed for the post-10,000-year period. 
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NRC staff review of the license application follows the guidance laid out In the Yucca Mountain 
Review Plan (YMRP), NUREG-1804, Section 221.3.5, Climate and Infiltration (NRC, 2003aa). 
as supplemented by additional guidance for the period beyond 10,000 years after 
permanent closure (NRC, 2009ab). The acceptance criteria in the YMRP generically follow 
10 CFR 63.114(a). Following the guidance, the NRC staff review of the applicant's abstraction 
of climate and infiltration considered five critena 

• System description and model integration are adequate. 
• Data are sufficlent for model justificatIon 
• Data uncertainty is characterized and propagated through the abstraction. 
• Model uncertainty is characterized and propagated through the abstraction. 
• Model abstraction output is supported by objective comparisons. 

Because 10 CFR Part 63 specifies the use of a risk-informed approach for the review of a 
license application, the guidance provided by the YMRP, as supplemented by NRC (2009ab), 
is followed to the extent reasonable for aspects of climate and infiltration important to repository 
performance, Whereas NRC staff considered all five criteria in their review of information 
provided by DOE, only aspects that substantively affect results of the performance 
assessment, as judged by NRC staff, are discussed in this chapter. NRC staffs judgment 
is based both on risk information provided by DOE, and staffs knowledge. experience, and 
independent analyses 

2.2.1.3.5.3 Technical Review 

The review of the technical information DOE provided for climate and infiltration over the next 
10,000 years is divided Into three subsections within this SER section. The first subsection 
reviews the applicant's identification and description of features and processes for climate 
and infiltration. The second subsection focuses on the climate data, future-Climate model. 
and climate predictions. The third subsection addresses the applicant's description of net 
infiltration processes, models, and estimates of net infiltration at Yucca Mountain using the 
future climate predictions. 

2.2.1.3,5.3.1 Identification of Features and Processes 

In this section, NRC staff reviews the DOE identification and description of processes important 
for estimating climate and net mfiltration ThiS section addresses YMRP acceptance criteria 
related to system descnption and conceptual model Justification. DOE's overall screening of 
FEPs is reviewed in SER Section 2.2.1.2.1. 

DOE used regional and site characteristics to develop conceptual models for chmate and net 
infiltration at Yucca Mountain. The natural features of topography and surfiCial SOils of the 
Upper Natural Barrier were identified as important to waste Isolation in SAR Section 21.2.1. 
On the basis of field observations, synthesis of data, and modeling over more than two 
decades, DOE indicated (SAR Section 2.3.1.1) that the features and processes important to the 
capability of the Upper Natural Barrier are (i) climate change, (ii) climate modification increases 
recharge, (iii) precipitation, (iv) topography and morphology, (v) rock properties of host rock and 
other units, (vi) surface runoff and evapotranspiration, (Vii) infiltration and recharge. 
(viii) fractures, and (ix) fracture flow in the unsaturated zone. 
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The following summary is based on the information in SAR Section 2 3.1.1 and illustrates how 
DOE integrated these features and processes in its conceptual models of climate and 
infiltration. DOE described the present climate at Yucca Mountain as semi-arid, with low annual 
preCipitation. DOE expects the climate to change over the next 10,000 years, remainmg 
semi-arid but with changes in precipitation pattems and rates. DOE recognized that surface 
temperature and vegetation Will also vary With changes in climate. Evapotranspiration (the 
combination of evaporation and plant transpiration) removes a large portion of the annual 
precipitation that infiltrates into the soil. In this environment, evapotranspiration is strongly 
influenced by temperature and low atmospheric relative humidity. DOE conceptualized that net 
infiltration events, where water passes into the bedrock, occur in pulses during and for a short 
period following some of the larger or longer duration precipitation events. Evapotranspiration 
continually dries the soil between precipitation events. DOE considered snow as providing a 
source of delayed infiltration during snowmelt events. In DOE's conceptual model, runoff and 
the soil's water-holding capacity limit the magnitude of net infiltration pulses, but runoff from one 
area may subsequently infiltrate downstream. 

DOE conceived that soil, fractures, and bulk rock hydraulic properties affect the rate of water 
movement below the root zone, with a competition between downward flow and upward 
movement of water by evapotranspiration. In the DOE conceptual model, water flows quickly 
into the rock below shallow soil in areas where the bedrock is fractured or has a highly 
permeable matrix. Such rapid flow limits the effect of evapotranspiration. Surface water runoff, 
influenced by topography and surface morphology, spatially redistributes the flux of water. This 
process may reduce net infiltration in some areas (e.g., high on hillslopes) and Increase net 
infiltration in others {e.g., washes and channels} DOE recognized that lateral movement of 
water below the surface, termed interflow, is known to spatially redistribute water, but the DOE 
conceptual model does not consider interflow to be significant at Yucca Mountain. For the 
semi-arid climate of Yucca Mountain, the overall water balance In DOE's model is dominated by 
precipitation and evapotranspiration, with infiltration and runoff representing relatively small 
portions of the balance. 

DOE implemented its conceptualization in (i) a climate model that predicts future climatic 
states, (ii) climatic input data for each climate state, and (iii) an infiltration model linked to a 
surface-water-routing algorithm for runoff. The infiltration and routing algorithms are integrated 
into the Mass Accounting System for Soil Infiltration and Flow (MASSIF) modeL DOE described 

• A climate model for predicting climate over the next 10,000 years that uses Earth-orbital 
parameters and paleoclimatic data from the southwestern United States covering the 
past approximately 800,000 years 

• Climatic input data for each chmate state that uses recorded meteorological data from 
local. regional, and western U.S. stations 

• Submodels of the infiltration model that consider preCIpitation, evapotranspiration, 
snowmelt, runoff and run on, and tnfiltration 

DOE used site characterization data, as available, to develop inputs for the MASSIF model 
(SAR Section 2.3.1.3). Where sparse or no site observations are available, other information 
from scientific literature or other sites was used to develop inputs. 
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(b)(5) 

2.2.1.3.5.3.2 Climate 

This section contains NRC staffs review of the DOE approach and results for predicting 
climate states for the next 10,000 years, and for predicting climatic conditions within each of 
the climate states. In its performance-based review, NRC staff focused most heavily on 
identifying whether the data, models, and results adequately represent climate and the 
uncertainty of climate for the intended downstream use of providing input information for 
estimating net infiltration for performance assessment calculations representing the first 
10.000 years of repository performance. Because 10 CFR 63.342(c)(2) allows the use of a 
specified range and sampling distribution of average deep percolation across the repository for 
the period from 10,000 to 1 million years after closure, the applicant did not explicitly consider 
climate or meteorology during this period. NRC staff did not consider climate or meteorology for 
the post-10.00O-year period in its evaluation. The NRC staff evaluates the DOE approach to 
representing deep percolation during the period from 10,000 to 1 million years after closure in 
SER Section 2.2.1.36.3.2. 

The NRC staff evaluates DOE's approach to modeling clImate during the first 10,000 years by 
separately considering the applicant's approach to estimatmg long-term-average climate (SER 
Section 2.2.1.3.5.3.2.1) and the applicant's approach to estimating daily weather parameters 
given a long-term-average climate state (SER Section 2.2 1.3.5.3.2.2). These two sections 
separate climatic considerations into long and short time scales, respectively. 

2.2.1.3.5.3.2.1 Climate Change for the Next 10.000 Years 

This section addresses YMRP acceptance criteria related to data for model justification, and 
characterization and propagation of data uncertainty. for the applicant's climate prediction for 
the 10.000 years following repository closure. 

DOE predicted climate states covering the next 10,000 years lIsing paleoclimate proxies from 
regional records and the understanding of orbital variations as the prinCipal drivers of Earth 
climate over the past several million years, DOE's main paleoclimate proxies are layered 
mineral precipitates from Devils Hole and fossils preserved in continuously layered lake 
sediments from Owens Lake. Owens Lake, a present-day playa, and Devils Hole. a water-filled 
cave, are both within 140 km [87 mil of Yucca Mountain. Cores from both sites record past 
cyclic changes in regional climate, between glaCial and interglacial phases, and are generally 
consistent with other global climate proxy records, 

From these records, the applicant derived three representative states for future climate, DOE 
predicted these three climates and the timing of step changes by (I) identifying the past point in 
time in the Devils Hole record that IS eqUivalent to the present moment within the glacial cycle, 
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(ii) identifying the same equivalent point in the Owens Lake sediment sequence. (iii) identifying 
the sediment sequence corresponding to the 10.000 years following the equivalent point, and 
finally, (iv) attributing climate states to the sediment sequence (SAR Section 2.3.1.23 1.1). 

The climate-sequence timing DOE described is based on two Earth-orbital parameters, which 
are accepted as climate forcing functions operating over geologic time scales: orbital 
eccentricity, with a period of approximately 100.000 years, and precession of the equino)(es, 
with a period of approximately 23,000 years (SAR Section 2.3.1.2.1.2.3). Values for these 
orbital parameters can be calculated to high precision from astronomical relations. DOE used 
oxygen isotope ratio (0160) records in Devils Hole vein calcite, dated using uranium-series 
methods, to relate the orbital parameters to past glacial stages. In the SAR, DOE explained that 
obliquity, another recognized orbital forcing with a period of approximately 41,000 years, was 
not used in its model, because no consistent relationship was shown between obliquity and the 
Devils Hole olaO record. The SAR asserted that groups of 4 eccentricity cycles, totaling 
approximately 400,000 years, provide analogous repetitions of glacial cycles. DOE built 
confidence in the selection of the first 10,000 years of the cycle as an analog for the next 
10,000 years at Yucca Mountain by demonstrating that the last 400,OOO-year cycle was similar 
to the previous 400,OOO-year cycle (400,000 to 800,000 years ago). 

DOE constructed past climates for particular glacial stages (SAR Section 2.3.1.21,2.4) using 
the Forester, et al. (1999aa) analysis of ostracode occurrences in lake sediment obtained from 
compOSite core OL-92, drilled in 1992 at Owens Lake, California, together With observed flows 
in Owens River for wet years. Ostracodes are microfossils. with different speCies having 
different environmental preferences for salinity and temperature In DOE's analysiS, the 
ostracode-based salinity of the paleo-Owens Lake serves as a proxy for annual precipitation. 
DOE used the abundance of five different species to infer compatible climatiC parameters of 
temperature and seasonality and then developed future-climate parameters from meteorological 
stations with long records in locations where those species currently exist. DOE buitt 
confidence in the climate estimators uSing diatom records from the same core samples. 

DOE's procedure yielded three representative climates for the first 10.000 years after closure 
(i) modem (present-day) climate for the first 600 years, (ii) monsoonal climate for 1,400 years, 
and (iii) glacial transitional climate for the remaining 8,000 years. Relatively speaking, these 
three climates can be described as hot and dry, hot and wet, and cool and wet, although 
all are classified as arid to semi-arid climate, DOE calculated sample-average mean annual 
preCipitation (MAP) values for the monsoon and glacial tranSition climates that were 1.59 and 
1.63 times the sample-average MAP for the present-day climate (SAR Tables 2.3.1-2 through 
23.1-4), and nominal mean annual temperatures (MATs) for the monsoon and glacial 
transition climates were 0.9 "C [1.6 OF] warmer and 5.5·C [9.9 OF] cooler, respectively, than the 
nominal MAT for the present-day climate using values from SNL Tables F-22 through F-24 and 
Eq. F-47(a) (2007az). DOE's representation of a monsoonal climate also exhibited a shift in 
seasonality, with summer convection storms making up a larger fraction of ItS annual total 
preCipitation than for either the present-day or glacial-transit/on climates 

(b)(5) 

8-6 

http:2.3.1.23


DOE considered the two primary uncertainties In the data sets used to forecast future climate 
at Yucca Mountain to be the standard deviation associated with the Devils Hole ages and 
the uncertainty of the timing of climate change implied by the Devils Hole record (SAR 
Section 2.3.1.2.2.1.4). DOE also considered the two primary uncertainties in model forecasts 
of future climates to include (I) uncertainty in the location of the past-present equivalency 
point in the Owens Lake record, (ii) uncertainty arising from the chaotic nature of the climate 
system, and (iii) uncertainty in selecting a particular past climate sequence to forecast the 
future (SAR Section 2.3.1.2.3.2). 

Uncertainty in Timing and Duration of Climate States 

DOE used three climate states, each with a constant climate, to represent millennial-scale 
temporal variations found in the paleorecord. Uncertainty in the timing of transitions between 
the projected climate states could potentially impact estimates of future infiltration, which In turn, 

,J!!liY affect unsaturated-zone flow, seepaae rates thermal histories and radionudidA 
(b)(5) 

(b)(5) 

(b)(5) 
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(b)(5) 

The glacial-transition climate represents 8,000 years of constant climate In the DOE model 
Because millennial·scale fluctuations in climate are reflected in the paleo-records, NRC staff 
evaluated the acceptability of using a constant climate for 8,000 years Instead of an alternative 

j repre~ntation reflecting millennial-scale variations in cl"'im ... a ... te .... ,1.[W_b)..:o(5~)=========~ 
(b)(5) "'" 

(b}(5) 
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Uncertainty In Climatic Conditions During the Post·Thermal·Pulse Period 

The apphcant used the glacial-transition climate state to represent climate during the final 
80 percent of the first 10,000 years of repository perfor!!l,glnce Of the three climate states that 
DOE used within the first 10,000 years of perfQrmClnceHb)(5) mmm_mm 1 

l(b)(5) _J 
(b)(5) 

DOE first considered the presence and absence of Indicator speCies wlthm Owens Lake to infer 
changes in climatic conditions relative to present-day climate, then estimated compatible 
climatic conditions from present-day locations where the same indicator species currently exist 
DOE represented uncertainty regarding climatic condilions using upper and lower bounds for 
MAP and MAT for each climate state. To account for the uncertainties in translating 
paleoclimatic indicators into meteorological records. DOE selected several meteorological 
stations to represent each of the bounding climatic conditions at an elevation of 1.524 m 
[5,000 ftl at Yucca Mountain (SAR Section 2.3.1.2.3.1.2). The critena for selecting present-day 
meteorological stations, outlined in SAR Section 2.3.1.2.3.1.2, indude (i) presence of Owens 
Lake indicator species, (ii) MAT, (iii) rain-shadow effects, (iv) pOsition of the polar front, and 
(v) length of observational record Further, DOE selected meteorological stations such that 
0) the climate states have larger MAP values for upper bounds than for lower bounds and 
(ii) the upper-bound MAP values are larger than the present-day observations for both the 
monsoonal and glacial transition climate states 

DOE concluded that MAP is one of the two parameters that control uncertainty In MASSIF 
estimates of net infiltration for all climate states (SAR Section 2.313.322) Further, DOE 
based the selection of representative meteorological stations on the station record length and 
on observations that are sensitive to MAT and precipitation seasonality (i.e., ostracode species) 
without uSing criteria based on specific values of MAP. Uncertainty in MAP is a dominant 
source of uncertainty in the DOE net infiltration estimates. and the DOE procedUre tor selecting 
representative meteorological stations yields relatively large uncertainty in MAP 

The applicant selected meteorological stations for the glacial-tranSition climate with 
average observed annual precipitation between 207 and 241 mm/yr [8.1 and 9 5 in/yr] for 
the lower bound and between 419 and 455 mm/yr [16.5 and 179 in/yr] for the upper bound 
(SAR Table 2.3.1-6). For comparison, meteorological stations at Yucca Mountain have 
observed MAP between 183 and 213 mm/yr [7.2 and 8.4 InlyrJ. averaging 199 mm/yr [7.8 inlyr]. 
Accordingly, the mean upper- and lower-bound MAP estimates for the glacial-transition climate 
state are approximately 2.2 and 1.2 times the average observed present-day preCIpitation of 
199 mmlyr [7.8 ln/yrj at Yucca Mountain. 

DOE does not expect that a full glaCial climatic state would occur within the next 30,000 years, 
and the SAR did not estimate climatic conditions for a full glaCial climatic state. NRC staff has 
nonetheiess reviewed published estimates fur MAP during the last glacial maximum in the 

C~~~L(b_)(_5_) ____________ ~ 



region surrounding Yucca Mountain, as detailed in Stothoff and Walter, Section 2.2 (2007aa) 
These published estimates formed part of the regulatory basis used to develop the standard for 
constant-in-time deep percolation rate during the post· 1 O,OQO·year performance period specified 
in 10 CFR 63,342(c)(2). Several of the published estimates listed in Stothoff and Walter 
(2007aa) quantitatively considered the effects of MAP on a water balance. Such quantitative 
estimates inferred changes in MAP and MAT by conSidering elevation changes for plant species 
that have known environmental preferences, hydrologic balances for paleolakes, extent of 
glacial advances, and regional groundwater balances. Among these estimates, the largest 
estimated value for MAP at the lest glacial maximum suggests that MAP was 1.9 times larger 
than present-day MAP at Yucca Mountain. 

(b)(5) 

Vncertainty in Climatic Conditions From Anthropogenic Activities 

DOE stated that the predicted modern climate is based on "climate records that implicitly 
include effects of modern society over the duration of historical record" SNL, Section 6.2, 
FEPs 1.4.01 .QO.OA and 1 A.Ot02.0A (2008ab) and DOE, Enclosure 8 (2009cr) Uncertainty in 
the incorporation of anthropogenic effects on climate predictions used as input for net infiltration 
estimates is twofold. First, monsoonal and glacial-transition climate analog sites are derived 
from interpretation of the paleoclimatic record (e.g., Owens Lake ostracode and diatom 
observations). However, current levels of greenhouse gases (Le., dominantly CO2 but including 
other gases) are elevated beyond any levels indicated in paleoclimate records covering the past 
800,000 years. Second, the effect of the global climatic changes on Yucca Mountain climate is 
uncertain. To address these uncertainties, DOE described consequences to infiltration 
estimates caused by reasonable projections of climate change in the desert Southwest 
conSidering anthropogenic influences. 

In DOE Enclosure 8 (2009cr), DOE considered projected climate changes in the desert 
Southwest, descnbed by the International Panel on Climate Change (Christensen, at al. 
2oo7aa) to assess potential consequences of anthropogenic dimate change on repository 
performance PrOjected regional climate change estimates indicate the desert Southwest is 
likely to see temperature Increases that are higher than average global warming and annual 
precipitation that IS likely to decrease in the next century. DOE, Enclosure 8 (2009cr) deSCribed 
the prOjected regional climate changes as having potential consequences, including 

• Improved repository performance under warmer and drier conditions, because warmer 
temperatures and decreased precipitation lead to decreased net infiltration 

• Insignificant effects on repository performance under a warmer and wetter climate 
or early onset of monsoon conditions induced by anthropogenic climate change. 
because most of the repository would be above boiling during the first 600 years after 
closure [DOE considered climate changes Christensen, et al (2007aa) projected to be 
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• 

similar to but smaller than that represented by the shift from modern cUmate to the 
monsoonal state] 

rRn.nsilnrv performance if anthropogenic climate change caused a delay in the 
climate because net infiltration under the cool and wet 

Ql8,CI811-tram'IlI()n climate state is than would occur for earlier climate states. 

Summary of Conclusions R9,tuurliJllrJ Climate Change for the Next 10,000 Years 

2.2.1.3.5.3.2.2 Local Spatial and Temporal Variation of Meteorological Conditions 

In this section. NRC staff evaluates the DOE model for climatic and meteorological conditions 
during each climate state (I.e., climate conditions at short time scales). This section addresses 
YMRP acceptance criteria related to input data characterization and uncertainty 

DOE represented meteorological conditions for each climate state using sampled 1. OOO-year 
sequences of daily estimates for total precipitation and temperature extremes, representing 
conditions at a reference elevation of 1,524 m 15,000 ttJ. The MASSIF infiltration model 
subsequently estimates precipitation and temperature variability over each day using the daily 
values. DOE represented spatial variation by projecting the daily preCipitation and temperature 
values to the infiltration-model cells using elevation-dependent lapse rates. DOE com.ldered 
precipitation rates with up to a 1 ,OOO-year recurrence period in generallng the 1, DOO-year 
sequence. The applicant selected 10 representative 1-year sequences out of each 1.DOO-year 
sequence to estimate long-term-average net infiltration. DOE used a water year representation 
initiating each 1-year sequence on October 1 to capture the cycle of winter precipitation and 
large summer potential evapotranspiration, DOE ensured that the wettest years were sampled 
to capture the disproportionate influence of wet years on net infiltration and initiated each 
simulation with conditions representing extended summer evapotranspiration. 

NRC staff reviewed the adequacy of the applicant's representation of spatial and 
temporal variability in meteorological parameters for estimating net Infiltration in the two 
follOwing secitons. 
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Spatial Variability In Meteorological Parameters 

DOE considered the effect of elevation on meteorological parameters by adjusting the estimated 
daily values for precipitation and temperature extremes according to regional patterns in MAP 
and MAT, The dependency of meteorological tl$!rameters on elevation provides the only spatial 
variabilitv of those oarameters across the site,i(b}(5) 

(b)(5) 

(b)(5) 
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in Meteorological Parameters 

DOE represented temporal variability of meteorological conditions using sampled daily values 
for precipitation, temperature minimum and maximum. and wind speed On days with 
precipitation, the applicant subdivided the daity calculation into two parts, representing storm 
and non storm conditions, and used wet-day instead of dry-day temperature values. The 
applicant described the statistical parameters charactenzing these meteorological components 
as varying sinusoidally over the year. DOE considered the representation of temporal variability 
adequate because measured regional and Yucca Mountain site data were used to develop 
precipitation and temperature sequences 

(b)(5) 

b)(S) 
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2.2.1.3.5.3.3 Net Infiltration 

In this section, NRC staff considers the DOE's model for net infiltration dUring the 10.000 years 
following repository closure. The NRC staff considers the downstream uses of the net 
infiltration results and the effect of uncertainty in net infiltration on DOE performance 
assessment calculations to focus the review of those aspects of DOE's net infiltration model 
most Important for repository performance 

(b}(5) 

DOE also used the areal-average net infiltraflon results In performance assessment calculations 
related to the saturated zone, adjusting saturated zonEj groundwater fluxes for future, wetter 
eli ates us; net infiltration SAR Section 2.381'cJ..[@j:,;;.b:.:;)(5~)=.~~~=========~ 

(b)(5) 

I . 
(b){5) l-~-" _~_J !The following subsections give the NRC 
staff evaluation of the technical bases for DOE's mooels and Inputs used to estimate 
areal-average net infiltration. 

Submodels for Net Infiltration 

This subsection addresses YMRP acceptance Criteria related to model integration, Justification 

and uncertainty 
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DOE used a water balance approach to integrate processes and features acting at and near the 
ground surface, to a depth at the bottom of the root zone, A water balance approach requires 
that the supply of water (precipitation and run on) at any location is equal to the Slim of other 
components (e,g., evapotranspiration, change in water storage, runoff, and net infiltration), 
In the water balance, uncertainly in precipitation and evaporation, the largest components, can 
greatly affect estimation of the much smaller component of net infiltration DOE descnbed the 
development and integration of features and processes into conceptual and numerical models in 
SAR Sections 2.3.1.3,1 and 2,3,1.32 and SNL Sections 6.3 and 6.4 (2oo7az), DOE separates 
the water balance model Into the key MASSIF elements of 

• Climate and meteorology. using daily precipitation, temperature, and snowmelt 

• Subsurface water movement and storage, using a one-dimensional vertical soil 
water balance 

• Surface runoff and run on, using topography-based flow routing 

• Evapotranspiration, using the FAO-96 approach (Allen. et al.. 1998aa) modified for 
natural vegetation 

• Reference evapotranspiration, using the FAO Penman-Monteith method 
(Allen, et ai, 2oo5aa) 

MASSIF comprises linked submodels for the identified processes and routines to manipulate 
geographically distnbuted Input data into the formats required for the calculations. The 
geographically distributed input data, which are defined at each 30-m [98-ft] pixel across the 
Yucca Mountain area, include soil and rock hydrologic properties. topography, vegetation 
factors, and climate information {e.g" precipitation and temperature} 
In MASSIF, net infiltration is defined as the water that moves below the active zone where 
evaporation and plant uptake are significant processes. DOE assumed that the active zone 
does not penetrate the bedrock, so that water passing Into the bedrock becomes net infiltration, 
DOE considered this assumption to be conservative With respect to the magnitude of net 
infiltration, because plant roots, especially in areas with thin soil cover. develop in bedrock 
fractures and thus would reduce net infiltration by taking up water for transpiration. 

DOE described in SNl Section 62.3 (2oo7az) six criteria used for selecting the infiltration model 
components (i) the model and components should be consistent with the overall project 
purpose, (ii) the model component complexity should be consistent with the available input data, 
(iii) model components should be consistent with other model components, (IV) the model 
should be computationally efficient, (v) the model should be acceSSIble and open. and (vi) the 
model and model components should demonstrate reasonable predictive capability. The 
applicant descnbed cases in the literature where the algorithms and approaches in submodels 
have been utilized at other locations in semi-arid areas. DOE explained these cnteria as 
motivated by the large spatial and temporal scales being modeled, the limited objectives of the 
infiltration model, and the need for numerous simulations to assess senSitivities and address 
multiple climate scenarios. DOE further explained that the infiltration model is not intended to 
describe the detailed spatial and temporal character of water movement 
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{b )(5) 

To build confidence in the water balance approach farone-dimensional water storage and 
movement, DOE compared results with both measured data and results from an alternative 
model solving the Richards equation for unsaturated flow (SAR Sections 2.3.1.3.4.1 and 
23.1342) The Richards equation indudes capillary effects, unlike the water balance 
approach in MASSIF. The compansons focused on the MASSIF submodels for water storage, 
evapotranspiration, and one-dimensional vertical movement of water. The measured 
Iysimeter data were from two locations, the Reynolds Creek Experimental Watershed In 

New Mexico and the Nevada Test Site. DOE also compared MASSIF results with results 
from the Richards-equation-based models for one-dimensional, stylized problems with 
"arying soil and plant root depths.l(b)(5j--"·-~- - ..... --~-.~ .... ~- ... - ... -.-. ---- .... 

f(b)(S) . 

In another comparison with measured data, DOE contrasted MASSIF results against 
measurements from streamflow gauges in three subwatersheds at Yucca Mountain for 
several storm events, as outlined in SAR Section 2.3.1.3.4.1 and SNL Section 7.1.3 (2007az). 
SAR Figure 2.3.1-46 illustrated thai the timing and magnitude of measured and modeled runoff 
are reasonably well matched with a particular set of input properties that lie within the 
uncertainty range considered in the net infiltration modeL The input properties used to match 
streamflow observations represent the nominal properties with soil hydraulic conductivity 
dUIU:>li::IiJ to increase upland runoff and enhance channel infiltration. DOE indi that local 

ma have also been a factor in the compariso ...;,.;..5,:..) ___ -' 
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This subsection addresses YMRP acceptance criteria related to characterization of data and 
of data 

Available soil water storage during a precipitation event depends on SOIl depth, soil 
water-holding capacity, and the antecedent soil moisture content (I.e., how dry the soil 
column is prior to the event). Soil and bedrock hydraulic properties affect the rate of soil 
water movement toward and into the bedrock. In DOE's representation, water drains into the 
bedrock once the water storage capacity of the overlying soil layers is exceeded, thereby 
avoiding evapotranspiration. The drainage rate into the bedrock is controlled by the layer, soil 
or bedrock, with the smaller value bulk permeability. DOE analyses in SNL Section 7.1.4 
(2007az) suggest that net infiltration estimates are not sensitive to uncertainty in bulk bedrock 

. . because of the limited s atial extent where bedrock controls the draina e 

Areas with thin soil cover are particularly important because DOE identified infiltration as most 
readily occurring in shallow soil. Areas with shallow, or thin, soils comprise 70 percent of the 
unsaturated model domain (Soil Depth Class 4, SAR Section 2.3.1.3.2.1.3) and appear to cover 
an even larger fraction of the repository footprint (SAR Figure 2.3.1-19) In DOE Enclosure 5 
(2009cr), DOE identified soil depth in areas with shallow soil cover as the most important 
hydrologic property input for the infiltration model. with model results approximately as sensitive 
to uncertainty effective soil depth as uncertainty in precipitation. The effective soil depth is 
defined as the single soil depth value that. jf applied everywhere, yields the same areal-average 
net infiltration as the actual soil-depth distribution. 

Soil Depth Class 4 represents soil depths between 0 and 0.5 m [0 and 16 ftl and corresponds 
to eolian deposits with various mixtures of entrained rock on hillslopes and ridgetops. DOE 
sampled a single sampled effective soil depth value to characterize Soil Depth Class 4 for each 
realization and assigned the value to every grid cell representing that class for the 
corresponding simulation. DOE used two datasets to support its effective SOil depth distribution 
for this class; (i) 35 site observations recorded as point measurements ranging from depths of 
o to 3 m [0 to 9.8 ftl, with a recommended median of 0.25 m [0.82 ttl, as described in SNL 
Table 6.5.2.4-2(a) (2007az), and (ii) 8 site observations recorded as general site characteristics 
at locations such as drill pads. DOE described the measurements as approximately lognormally 
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distributed and, on the basis of geometric and arithmetic means of the two sets of observations, 
derived bounds on effective soil depth ranging from 0.1 to 0.5 m (0.33 to 1.6 ttl. DOE also 
analyzed 56 NRC soil depth measurements (Fedors, 2007aa) obtained from site Visits focusing 
on the thin soils of the east-trending upper washes over the southern half of the repository 
footprint DOE described the available NRC measurements as approximately following a 
lognormal distribution. 

For performance assessment calculations, DOE described the effective soil depth in Soil 
Class 4 as equally likely for any value between the upper and lower bounds. In selecting the 
uniform statistical distribution, DOE considered the difficulty in measuring soil depth, uncertainty 
in the mean of the observations, and uncertainty in how soil depth affects net infiltration, as 
detailed in DOE, Enclosure 5 (2009cr). In the same document. DOE stated that sensitivity 
results in SNL Appendix H (2007az) demonstrated that calculated areal-average net infiltration 
is approximately linearty dependent on effective soil depth for Soil Class 4. and that shallow soil 
depths are not underrepresented in the effective soil depth distribution for Soil Depth Class 4. 
From this, DOE concluded that use of a uniform distribution for effective soil depth does not 
underestimate average net infiltration. 

NRC staff considered the effect of uncertainty in the soil depth distribution for Soil Depth Class 4 
on the estimate of net infiltration. DOE used a uniform distribution, though the measured data 
may better fit a lognormal distribution, as described in SNL Table 6.5.2.4-2 a and 
Section 72.4(a) (2007az) and D~",E:.::nc""lo:::::s:::u.:.::re,-,5~2:.::.009:::.::::..::C::.1r.:.l.(_b;..;.)(5_) __________ ..., 
(b)(5) 

Water-holding capacity is. calculated from soil hydraulic properties; specifically, porosity and 
water retention characteristics and porosity. DOE utilized a pedotransfer function derived for 
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Hanford soils to relate Yucca Mountain soil texture to hydraulic properties for each soil group in 
the infiltration model domain. In the MASSIF model. larger water-holding capacity values result 
in smaller values of net infiltration, Because the hydrologic property relationship to soil texture 
may be different for soils from Hanford, Washington, compared to that for soils at Yucca 
Mountain, DOE. Enclosure 6 (2009cr) compared water-holding capacity used in MASSIF with 
two estimates made for local Yucca Mountain soils, The first set covers soils in Nye County, 
and the second set covers soils from the Yucca Mountain area but not used in the MASSIF 
model DOE, Enclosure 6 (2009cr) stated that the estimates of water-holding capacity used In 
MASSIF are smaller than those estimated for the other two sets()t~o""i",ls"".I(c:.b)w.:(5::L) ______ _ 
(b)(5) 

NRC staff considered the performance consequence of the DOE assumption that all geologic 
and geographic parameters in the infittration model remain the same over the transition from 
dryer to wetter climates during the next 10,000 years, Changes to soil depth. soil hydraulic 
properties, and bulk bedrock permeability under future climates may include (i) greater chemical 
soil profile development and enhanced weathering of bedrock at the interface with SOil. 
(ii) relatively larger soil depths and different soil depth distributions, and (iii) relatively smaller 
amounts of caliche filling bedrock fractures at the soil/bedrock interface, In DOE Enclosure 2 
(2009cr) , DOE described the potential consequences as either inconsequential or beneficial to 
repository performance: 

• ro erties would tend to r 

• Where bedrock permeability values are greater than SOIl permeability, DOE 
considered the effect of a change in modeled bedrock properties as either 
inconsequentIal to net infiltration (if bedrock permeability increased) or to reducing 
infiltration (if bedrock permeability became smaller than the so~1 permeability) For more 
than half the ambient site-scale unsaturated zone modeling domain, bedrock permeability 
is greater than soli permeability. 

• In the remaining area, DOE considered net infiltration as having a potential to increase 
only in the realizations where sampled bedrock permeability is smaller than SOil 
permeability in the present climate. and only if bedrock permeability Increases under a 
future climate, This potential exists in less than half of the modeling domain fOL. __ ........, 
approximately half the reallzations.l(b)(5) 
(b)(5) 
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(b)(5) 

Net Infiltration Results 

This subsection addresses YMRP acceptance criteria related to propagation of uncertainty and 
support of model output by objective comparisons for DOE's estimates of net infiltration and 
changes over time for its three climate states, Effects of net infiltration model results on 
repository performance are considered in how the infiltration model output is used in the 
unsaturated flow model, including seepage and unsaturated zone transport. NRC staff 
reviewed the net infiltration results 10 the context of average ratio of infiltration to precipitation, 
values of areal-average net infiltration, and spatial and temporal distribution of net infiltration. 

DOE represents uncertain inputs to the MASSIF model with Monte Carto sampling. using 
40 realizations of selected hydraulic properties andelimate characteristics to estimate net 
infiltration uncertainty for a climate state (SAR Section 2.3.1.3.3). For each realization, DOE 
calculated a process-level map of mean annual net infiltration by (I) creating a synthetic weather 
history representing 1,000 years, (ii) selecting 10 water years (a water year is October 1 through 
September SO of the following year) out of the 1,OOO-year history to represent the range of dry to 
wet years, (iii) calculating total net infiltration for each water year using MASSIF, and 
(iv) averaging the 10 water-year net infiltration maps. The applicant selected 4 of the 40 equally 
likely process-level mean annual net infiltration maps to represent the uncertainty in infiltration 
by (i) calculating areal-average net Infiltration for each map, (ii) ranking the average values from 
low to high. and (iii) selecting the 4!h. 12th

, 20111
, and 36111 ranked map to represent the 10th

, 30th
, 

50111
, and 90th percentile ranking. The 12 maps of net infiltration are output provided to the 

unsaturated zone model for use as to ~ boundary flux for the first 10,000 years.l(b)(5) 
(b)(5) 

The applicant adjusted 4 of the 12 upper.boundary net infiltration maps developed for the first 
10,000 years after closure to represent the probability distribution for deep percolation at the 
repository horizon for the post·10,000-year period, as specified by 10 CFR 63.342(c)(2). DOE 
selected the four upper-boundary net infiltration maps with the largest areal-average net 
infiltration within the repository footprint for the scaling procedure. The NRC staff reviews the 
procedure and technical basis for developing the post-10.000-year unsaturated zone model 
upper-boundary net infiltration maps in SER Section 2.2.1.3.6.3.2. 
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(b)(5) 

(b)(5) 

(b)(5) 

(b)(5) 

(b)(5) 

In support of its consideration of spatial vanabillty In DOE's net infiltration In the vIcinity of the 
proposed repository footprint, DOE provided an analysis in DOE Enclosure 4 (2009cr) that 
considers the consequences on performance from a variant property set that favors focused 
(channel) infiltration instead of distributed infiltration, The variant property set was based on 
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simulations of observations in Pagany Wash. DOE considered the consequences of both 
spatial and temporal aspects of the variant property set with the infiltration model from two 
washes, stating that the consequences of a focused IOfiltration pattern are insignificant to 
repoSitory performance calculations. The basecase and variant simulations yield similar 
calculated values of areal·average net infiltration, with somewhat less net infittratjon within the 
repository footprint for maps with larger total net Infiltration, as described in SNL, 
Table 7,1.3.2-1(a) (2007az). DOE explained that the Similarity in areal-average net infiltration 
arises from conservation of mass, in that the water infiltrating into channels in the variant case 
would have otherwise infiltrated into hillslopes without the enhanced runoff. In other words, 
redistributing water through overland flow does not appreciably increase areal-average net 
infiltration in DOE's IT\Qd""e",I",.I(c::b",)(5:J.)~~~_ 

(b)(5) 

(b )(5) 

!(b)(5) 

(b)(5) 

2.2.1.3.5.4 Evaluation Findings 
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" (b)(5) 
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(b)(5) 

[b)(5) 

The NRC staff reviewed the applicant's SAR and other information submitted in support of the 
license application and finds that. with r,aspect to the requirements of 10 CFR 63.114 for 
consideration of climate and in~I!~ti",on"ilc.:(b:.:.:)(::.:5),--_________________ -, 

(b)(5) 
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CHAPTER 9 

2.2.1.3.6 Unsaturated Zone Flow 

2.2.1.3.6.1 Introduction 

ThIS chapter of the Safety Evaluation Report (SER) addresses the U.S. Department of Energy's 
(DOE's) abstraction of groundwater flow In that portion of the repository system above the water 
table, DOE presented this informatton in its Safety Analysis Report (SAR) of June 3, 2008 
(DOE, 2008ab) and subsequent update of February 19,2009 (DOE, 2009av) Although 
information from other sections of the SAR is cited in the review of the unsaturated zone flow 
abstractions, the primary SAR Sections are 23.2 (Unsaturated Zone Flow), 2.3.3 (Water 
Seeping into Drifts), and 2.3.54 (In-Drift Thermohydrological Environment) 

The proposed Yucca Mountain repository site has up to 400 m [1,300 ftJ of variably saturated 
rock between the ground surface and the repository, and at least 200 m [650 ttJ between the 
repOSitory and the underlying water table (SAR Sections 2.1.1.1 and 2.1 13). Water percolaling 
through the unsaturated zone may enter the drifts, thereby prOViding the means to interact with 
and potentially corrode the waste packages Water percolating through the unsaturated zone 
below the repository also provides flow pathways for transporting radionuclides downward to the 
water table. Once radionuclides pass below the water table, tl'ley may move laterally WIthin the 
saturated zone to the accessible environment. In thiS chapter, the term "unsaturated zone flow' 
includes not only flow processes in the host rock under ambient and thermally perturbed 
conditions, but also In-drift hydrological processes related to flow through natural rubble and 
in-drift convection and condensation. Unsaturated flow both above and below the repository 
horizon is addressed in thiS chapter 

The unsaturated zone plays a role in two of the DOE-defined barriers: the Upper Natural Barrier 
and the Lower Natural Barrier (SAR Section 2.32) These barners are reviewed in SER 
Sections 2,2.1,1.3.2. Together with Climate and Infiltration (reviewed in SER Section 2.2.1,35), 
processes in the unsaturated zone above the repository comprise the Upper Natural Barrier. 
They mfluence system performance through the amount of water reaching the engineered 
barrier system (EBS) and their control on hydrological conditions in the drift, In DOE's model of 
the nominal scenario, the Quantity and Chemistry of Water Contacting Engineered Barriers and 
Waste Forms (reviewed in SER Section 2213.3), Degradation of Engineered Barriers 
(reviewed In SER Seclion 2.2 131), and Radlonuclide Release Rates and Solubility limits 
(reViewed in SER Section 22 1 34) abstractions use in·drift liquid water, relative humidity. and 
temperature to assess the potential for corrosion of waste paCkages, release of waste, and 
transport to the natural system. In the disruptive scenarios of seismiC and igneous intrUSion 
(reviewed in SER Sections 2,2.1.3.2 and 2.2.1 310), DOE's model uses the flux of water to 
assess the movement of radionuclides to the natural system below the repository. The portion 
of the unsaturated zone below the repository is part of the Lower Natural Bamer. The 
magnitude and distribution of flux In the unsaturated zone below the repository are used to 
determine the flow pathways for RadionucJide Transport in the Unsaturated Zone (reviewed in 
SER Section 2.2.1,37). The unsaturated zone below the repository Imks the repOSitory EBS to 
the Saturated Zone Flow and Transport System (reviewed In SER Sections 2.2.1.3.8 and 
221.39) and ultimately to the biosphere in the accessible environment (reviewed In SER 
Sections 2.2.1.312 to 2.21.3.14). 
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The purpose of this chapter is to evaluate repository performance with respect DOE estimates 
of the 

• Magnitude and distribution of the mass flux of water (percolation) moving through the 
unsaturated zone and reaching the drift 

• Amount and distribution of liquid water seeping Into the drift, contacting the engineered 
barriers (Le., drip shield). and becoming available to carry radionuclides out of the drift 
and into the natural environment 

• Environmental conditions inside the drift (Le., temperature, relative humidity, and 
moisture redistribution and condensation) 

• Magnitude and distribution of flux in the unsaturated zone below the repository as IS 

important for transport of radlonuchdes 

2.2.1.3.6.2 Regulatory Requirements 

Model abstractions used In the applicant's postclosure performance assessment must meet the 
regulatory requirements given in 10 CFR 63,114 (Requirements for Performance Assessment) 
and 63.342 (Umits on Performance Assessment), to support the predictions of compliance for 
63.113 (Performance Objectives for the Geologic RepOSitory after Permanent Closure). 
Specific compliance with 63.113 is reviewed in SER Section 2.2.1.4.1. 

The requirements for performance assessment in 10 CFR 63.114 require the applicant to 

• Include appropriate data related to the geology. hydrology. and geochemistry of the 
surface and subsurface from the site and the region surrounding Yucca Mountain 

• Account for uncertainty and variability in the parameter values used to model 
unsaturated zone flow 

• Consider alternative conceptual models for unsaturated zone flow 

• Provide technical bases for the inclUSIOn of features, events, and processes (FEPs) 
affecting unsaturated zone flow, Including effects of degradation, detenoration, or 
alteration processes of engineered barriers that would adversely affect performance 
of the natural barriers. consistent with the limits on performance assessment In 
10 CFR 63.342 

• Provide technical basis for the models of unsaturated zone flow that in turn prOVide input 
or otherwIse affect other models and abstractions 

10 CFR 63.114{a) considers performance assessment for the initial 10,000 years following 
permanent closure. 10 CFR 63.114(b) and 63.342 consider the performance assessment 
methods for the time from 10,000 years through the period of geologic stability, defined in 
10 CFR 63.302 as 1 million years following disposal These sections require that through the 
period of geologic stabthty, with specific limitations. the applicant 
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• Use performance assessment methods consistent with the performance assessment 
methods used to demonstrate compliance for the Initial 10.000 years following 
permanent closure 

• Include in the performance assessment those FEPs used in the performance 
assessment for the initial10,OOO-year period 

For this model abstraction of unsaturated zone flow, 10 CFR 63342(c)(1) further provides 
that DOE assess the effects of seismic and igneous activity on the repository performance, 
subject to the probability limits in 63,342(a) and 63,342(b), Specific constraints on the analysis 
required for seismic and igneous activity are given in 10 CFR 63.342(c}(1)(i) and 10 CFR 
63,342(c)(1)(ii), respectively, 

In addition, for this model abstraction of unsaturated zone flow, 10 CFR 63.342(c)(2) further 
provides that DOE may consider climate change after 10,000 years by using a constant-in-time 
specification of the mean and uncertainty distribution for repository-average deep percolation 
rate for the period from 10,000 to 1 million years. DOE elected to use this representation in its 
SAR Thus, implementation of the specified representative percolation rate and its uncertainty 
distribution is reviewed for the post-1 O,OOO-year period. 

The U,S. Nuclear Regulatory Commission (NRC) staff review of the license application 
follows the guidance laid out in the Yucca Mountain Review Plan (YMRP), NUREG-1804, 
Section 2,2,1.3.6, Flow Paths in the Unsaturated Zone (NRC, 2003aa), as supplemented by 
additional guidance for the period beyond 10.000 years after permanent closure (NRC, 2009ab) 
The acceptance criteria in the YMRP generically follow 10 CFR 63,114(a), Following the 
guidance, the NRC staff review of the applicant's abstraction of unsaturated zone flow 
considered five criteria 

• System description and model integration are adequate. 
• Data are sufficient for model justification. 
• Data uncertainty is characterized and propagated through the abstraction. 
• Model uncertainty is characterized and propagated through the abstraction, 
• Model abstraction output is supported by objective comparisons 

Because 10 CFR Part 63 specifies the use of a risk·informed approach for the review of a 
license application, the guidance provided by the YMRP, as supplemented by NRC (2009ab), 
Is followed to the extent reasonable for aspects of unsaturated zone How Important to 
repository performance. Whereas NRC staff considered all five criteria in their review of 
information provided by DOE, only aspects that substantively affect results of the performance 
assessment, as judged by NRC staff, are discussed In this chapter, NRC staffs Judgment is 
based both on nsk information provided by DOE, and staffs knowledge, experience, and 
independent analyses. 

2.2.1.3.6.3 Technical Review 

The review of the technical information DOE provided for unsaturated zone, seepage, and 
in-drift hydrological conditions in this section is divided into six subsections. The first subsection 
is an overview of the DOE description of processes and models, and a summary of results for 
the entire unsaturated zone flow area of review. The overview (SER Section 22,1,3.6.3.1) 
provides context for and reviews the integration between models and results separately 



evaluated in the remaining five subsections (SER Sections 2.2.1.3.6.3.2-2.2. 1.3.6.6) within the 
unsaturated zone. The remaining five subsections follow a natural flow through the unsaturated 
zone system: (i) ambient flow above the repository. (ii) thermohydrology, (iii) ambient and 
thermal seepage, (iv) in-drift hydrologic conditions, and (v) ambient flow below the repository. 

2.2.1.3.6.3.1 Integration Within the unsaturated Zone 

In this section, the NRC staff's review covers a range of processes and features occurring at 
widely disparate spatial and temporal scales within the Upper and lower Natural Bamers and, 
to a lesser extent, within the EBS. Within this area of review, the NRC staff evaluates aspects 
of repository performance pertaining to 

• Unsaturated zone flow fields (SAR Section 232) above and below the repository 

• Seepage into drifts (SAR Section 23.3) 

• Hydrological aspects of the in-drift environment (SAR Section 2.3.5); in particular, the 
Multiscale Thermohydrologic Model (MSTHM) (SAR Section 2.3.5.4.1), the In-Drift 
Condensation Model (SAR Section 2.3.5.4.2). and the thermohydrologic response to the 
range of design thermal loadings (SAR Section 2,35.43) 

The NRC staff evaluates the DOE treatment of interactions between liquid fluxes and 
engineered barriers inside drifts (Le., drip shields, waste packages, and inverts) in SER 
Sections 2.2.1,3.3 and 2.2.1.3.4 

DOE's unsaturated zone flow models receive input from and provide output to several areas of 
review, SAR Section 2.3,1 provided spatially distributed net infiltration rates for the different 
predicted future climates for use as the top boundary flux of models in the unsaturated zone. 
For outputs, in-drift liquid-phase water, relative humidity, and temperature were used for 
abstractions of chemistry for the in-drift environment (SAR Sections 2.3.5.3,2.3.5.5). 
corrosion of engineered components (SAR Section 2.3,6), waste form degradation and in-drift 
transport (SAR Section 2.3.7) in the Total System Performance Assessment (TSPA) In SAR 
Section 2.3.5, feedback from thermal-hydrological-chemical models in the host rock during the 
thermal period provided information on the perturbation of hydrological properties caused by 
emplaced waste. Output flow fields from the ambient unsaturated zone mountain-scale model 
(SAR Section 2.3,2), along with radlonuclide flux from the EBS (SAR Section 2.3.7), were then 
used by Radionuclide Transport in the Unsaturated Zone abstraction (SAR Section 2.3.8). 

This SER section focuses on higher level issues common to each of the unsaturated zone flow 
models. including (I) integration among those models, (ii) representative flow reduction through 
the mountain, and (iii) propagation of uncertainty in performance assessment calculations 

Integration of Unsaturated Zone Flow Models 

DOE represented water and heat transfer in the unsaturated zone using a variety of 
process-level models covering features and processes at a range of scales from mIllimeters to 
kilometers [fraction of inches to miles]. In addition to models that provide direct input, DOE 
used addItional models to support aspects of conceptual model assumptions and parameter 
input. The models require different computational grids, different data needs, and different 
model support Therefore, NRC considered integration among the models; specifically, spatial 
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continuity of percolation flux (consistent propagation of high and low flux patterns) and 
quantification of barrier capability through the mountain. 

The following list of models, inputs, and outputs used in performance assessment calculations 
provides context to the parts of SER SectIon 2.2.1.36 3. NRC staff evaluation in the 
remainder of SER Section 2.2.1.3.6.3 parallels this list which follows the flow of water 
through the mountain. 

Ambient Site-Scale Unsaturated Flow Model (SAR Section 23.2) 

• Receives top flux boundary condition from net infiltration model 

• Creates set of flow fields for TSPA 

Above-repository flux distribution to MSTHM 

Below-repository flow field for unsaturated zone transport (see last item in 
this fist) 

• Reviewed by NRC staff tn SER Sections 22.1.36.3.2 (Above RepOSitory Only) 

MSTHM (SAR Section 2.3.5.4) 

• Composed of a set of five linked process-level thermal and thermohydrology models 

• Creates a set of thermal response abstracttons that provides 

In-drift temperature and relative humidity for chemistry of seepage and corrosion 
of engineered barriers abstractions 

Deep percolation field for seepage and chemistry models 

Flux from host rock tnto invert for EBS transport 

• Reviewed by NRC staff in SER Section 22.1 36.3 3 

Ambient and Thermal Seepage Models (SAR Section 2.3.3) 

• Process-level models used to create seepage abstractions for TSPA that provide 

Seepage fraction (number of waste packages getting wet) to EBS transport 
Seepage flux to EBS transport 
Temperature threshold at drift wall, above which no seepage occurs 

• Reviewed by NRC staff in SER Section 2.2.1.3.6.3.4 

In-Drift Convection and Condensation Models (SAR Section 2 354) 

• Convection model provides dispersion coefficients to condensation model 
• Condensation model provides flu)( rate and distnbution to EBS transport 
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• Reviewed by NRC staff in SER Section 2,2,1.3,6,3,5 

Site-Scale Unsaturated Flow Below the Repository (see first item in this list) 

• Provides flow field to unsaturated zone transport model 
• Reviewed by NRC staff in SER Section 2,2,1,3,6,3,6 

The NRC staff reviews repository performance with respect to water and heat transfer within the 
unsaturated zone by separately evaluating the individual process models and their abstractions 
(SER Sections 2,2,1,3,6,3,2 through 22:136 3,6) and the overall integration among models 
1(~~lprese .. ~'ediO").(bX5I--···--"--"··---ii 

NRC staff reviewed the information assed between the unsaturated zone models, 
(b)(5) 

!(b)(5) DOE used five percolation bins to maintain continuity 0 ow a ova, t roug , 
and ~ ow_clrI........... r both amQiEmt and thefl!1al pe~Odl>,[{fi}{5[ --.. - .. -~--~ 

~ I Also. NRC "staff eval~::o~h~ 
adequacy of spatial variability, upscaling, downscaling, and other linkages be~n moqels, as 
appropriate, are included in SER Sections 2,2,1,3.6,3,2 through 2,2, 1.36,34.{b)(5) 

l(b)(5) 

Barrier Capabilities Focusing on Flow ThrQugh the Mountain 

NRC staff review also considered the DOE implementation of barrier capabilities, represented 
by changes to percolation flux rates as water moves through the mountain from the ground 
surface into the drifts and onto the water table, Table 9-1 illustrates the quantitative reduction in 
flux from the ground surface to water entering the drift using flux averages over the repOSitory 
footprint. Flux values in the table are from DOE Enclosure 1, Tables 1. 5. and 8 (201 Oai). and 
seepage fraction values are from SAR Tables 2.1-6 to 2,1-9, The table also provides the 
component of the Upper Natural Barrier. primary features or processes, and the relevant SAR 
section for each step of the nux reduction, 

DOE presented seepage flux values as volumetric nux over the area of a waste package 
calculated by multiplytng seepage flux values determined In units of volumetnc flux per Unit area 
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Table 9·1. Quantitative Reduction in Flux From the Ground Surface to Water Entering the 
Drift Using Flux Averages Over the Repository Footp.=:.;lri:,;.;n.;..,t --::------1 

I 

unsaturated Zone: _. Seepage 
Site-Scale Top Repository 

, Boundary Net, Deep Footprint 
Precipitation I' Net Infiltration . Infiltration i Percolation Flux Fraction 

f-____ -!_-=m=m:.::1':.L:1y1~ . m'!!!t!: ___ _ ~,_ mmlyr' i n:!.~Jlr: mmlyr* of Area 
Component of 
Upper Natural 
Barrier 

I
', Topography _ Unsaturated 

and Soils Zone Unsaturated Zone 

Evapo-
I Primary Feature Semiarid transpiration. Uncertainty in Net Capillary Diversion 
: or Processes Climate Runoff, Infiltration ' and Vapor Barrier 

Sublimation 
• Section of SAR 2.3,1 2.31 2,3.2 2,32 2.3.3 -
Thenmal Periodt - - I - - 0 a 
At 10,000 years,t ! 2.0 0.31 
Nominal {6.4}§ 

At 10,000 years.:\: 
296.7 38,88 21.37 21.74 

SeismiC 
Post-10,OOO 
Iyears, Nominal 3183 - - -
Posl·10,OOO 
Iyears, Seismic 
• Uniis: 254 mm/yr " 1 inlyr 
t Them181 period defined by drift wall temperature" l00'C [212 'FJ (SAR Section 2 3 3,3 4), 
:I: Values of precipitation and percolation for Initial 10,000 years are for glaCial tranSition climate 

I § AveragE! flux for seeping enVironment i$ in brackets 

23 0,31 {74}§ 

3.4 040 
{85}§ 

15 
0.69 

{22}§ I 

by a waste package footprint that is 5.1 m [17 ftj long and 5 5 m [18 ftJ wide (I.e., drift Width). 
To maintain consistent units of flux for this table, the NRC staff divided the DOE·provided 
seepage flux values by the same scaling factor. DOE Enclosure 1, Tables 5 and 8 (2010ai) 
used million-year simulation results to provide the seepage fiux and fraction values for the 
1 Q,OOO-year period, the latter of which may differ slightly from the slmuiatlOn results used in 
TSPA calculations for 1 Q,OOO-year dose estimates. Flux values of net infIltration through deep 
percolation retain the Significant figures DOE presented In Table 9·1, seepage fraction IS that 
portion of the drifts where dnpping is predicted to occur (also called the seepmg enVIronment). 

The table includes DOE values for its nominal case (no disruptive events) and seismiC ground 
motion scenario. In its igneous intrusion scenario (not included in the table), DOE 

(b)(5) : assumed that seepage processes at the drift wall do not act as a barrier. 
on ensa on rates are simila not included in Table 9-1 because these fI 

(b)(5) 

I _ 
(b)(5) i Representative thermal effects (peak 
waste paCkage temperature, dnft wall temperature, auration of drift wall temperatures at or 
above boiling) caused by waste package emplacement were summarized in SAR Tables 2.3.5-7 
and 2.3.5-8 and are not reflected in Table 9-1 
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F or the first 10, 000 years of performance 

• ears that is a small rtion 

• DOE compared subsurface observations with simulations based on the site-scale 
ambient unsaturated flow model to calibrate the uncertain in net infiltration, leadin to a 
further reduction of 45 percent in th~ c:.e::or-=.co=cl.:::atJ:::..;o:.=-n:...;fl.;.::u:;..:x-"-('-b;.C-)(S....c) __________ ---j (b){5) ........................ . 

• DOE calculated an average seepage flux that is approximately 10 percent of average 
oercolatjon and calculated that 31 rcent of waste acka e locations become wet. 

I''"'' -
s the seismic around motion and 
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(b)(5) 

Propagation of Uncertainty in Performance Assessment 

NRC staff evaluates propagation of uncertainty in DOE performance assessment calculations 
by examining (i) the technical basis for selecting parameters and uncertainties for sensitivity 
analyses and (ii) the DOE sensitivity analysis for the selected parameters with respect to TSPA 
intermediate results and calculated doses, 

DOE conducted a series of analyses to determine the sensitivity of mode! outputs to input 
parameter uncertainties In its performance assessment calculations (SAR Section 24.2,3,3.3). 
The applicant treated a subset of parameters in the unsaturated zone and EBS as uncertain in 
the analyses. These parameters relate to infiltration (linked to percolation), seepage into the 
drift, host rock thermal and hydrogeologie parameters, and in-drift thermal processes that affect 
the release of radionudides. In SER Sections 2.2,1,3.5,3.3 and 2,21.36,3.2-2.2.1.3.6,3.6, the 
NRC staff evaluated (i) the analyses used to identify uncertain parameters carned Into 
performance assessment calculations and (Ii) the technical basis for describin unce in 
parameters when evalus!in individual models and abstractions (b)(5) 
I (b )(5) mm 

(b)(5) 

(b)(5) IDOE evaluated the sensitivity of intermediate results and expected mean annual 
dose as calCUlated by TSPA with respect to the selected parameters In general, the DOE 
analyses identified key uncertain inputs associated with waste package failure as the dominant 
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factors affecting performance (SAR Table 2.4-12); saturated zone transport and net infiltration 
were also identified as key uncertain inputs under some scenarios. 

The DOE analyses consistently identified uncertainty in net infiltration, which is closely related to 
percolation fluxes within the unsaturated zone, as significantly affecting uncertainty in 
intermediate results (e.g., drift seepage, drift wall temperatures, radionuclide releases from the 
EBS, unsaturated zone radfonuclfde transport rates) and expected mean annual doses (SNL, 
2008a9). The DOE analyses also identified (i) relatively smaller contributions to uncertainly in 
seepage into drifts arising from uncertainty in host rock permeability and capillary strength and 
(ii) contributions to uncertainty in in-drift temperature and relative humidity from host rock 
thermal conductivity, as outlined in SNL Section K4 (2008ag). 

The NRC staff examined the DOE sensitivity analyses with respect to intermediate results and 
expected mean annual dose by comparing the sensitivity results with the DOE description of the 
physical processes govern!n barrier function as re resented in the models used for 

rformance assessment. (b)(5) 
(b)(5) 

(b){5) 

L-~ __ ~~ ______ ~~ __ ~ __ ~~ __ ~~~~ __ ~~ __ ~__________~ 
2.2.1.3.6.3.2 Ambient Mountain-Scale Flow Above the Repository 

DOE represented the unsaturated zone and EBS using a hierarchy of far·field, near-field, and 
within-drift models. DOE used its site-scale unsaturated zone flow model to represent far·field 
ambient mountain-scale flow from the ground surface to the water table (i.e., above, within, and 
below the proposed repository). In DOE documentation, site-scale and mountain-scale flow are 
interchangeable terms refernng to the large scale of the computational grid, and ambient flow is 
the percolation flux that occurs without the flow-diverting effects of drifts and waste-produced 
thermal boiling fronts. DOE used output from the site-scale unsaturated zone flow model to 
account for far-field effects. This SER section evaluates repOSitory performance with respect to 
ambient water flow within the upper unsaturated zone between the ground surface and the 
proposed repository horizon, fOCUSing on the site-scale unsaturated zone flow model and an 
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intermediate-scale model that links mountain-scale flow to seepage models. The NRC staff 
evaluates repository performance related to the effects of drift openings and thermal 
perturbation on flow patterns within and below the proposed repository horizon in SER 
Sections 2.2.1.3.6.3.3 through 22.1.3.6.3.6. 

In its review, NRC staff considered the site-scale unsaturated-zone flow model from two 
perspectives: (i) In the context of flow within the unsaturated zone as a whole and (ii) in the 
context of the applicant-defined upper and lower natural barriers. The NRC staff evaluation in 
this SER section focuses on aspects of repository performam:e primarily related to the upper 
natural barrier, in particular aspects of flow that affect seepage The evaluation presented in 
SER Section 2.2.13.6.36 addresses aspects of repOSitory periormance primarily related to the 
lower natural barrier; in particular, aspects of flow that affect transport However, to minimize 
repetitive discussion, the present section also considers some aspects of repository 
performance that apply to the entire unsaturated zone, such as model parameterization. This 
SER section also describes the NRC staff evaluation of aspects of the repository performance 
speciftcally related to DOE's implementation of 10 CFR 63.342(c}(2}, regarding percolation 
dunng the period from 10,000 to 1 mil1ion years after permanent closure. 

Conceptual Model 

The DOE conceptual model for flow In the unsaturated zone is based on the primary 
hydrogeologic units within a column (SAR Section 2.3.2.2.1). The uppermost, the Tiva Canyon 
welded unit, features vertical episodic and fracture-dommated flow strongly influenced by 
episodic infiltration pulses. The underlying Paintbrush Tuff nonwelded (PTn) unit exhibits 
essentially vertical matrix-dominated flow with a strong potential for dampening and smoothing 
fiows, thereby buffering tower units from episodic and localized infiltration pulses. The 
repository host horizon is within the Topopah Spring welded (TSw) unit, which features 
essentially vertical fracture-dominated flows in equilibrium with decadal-average net infiltration. 
In the TSw, mountain-scale flow patterns are controlled by mountain-scale Infiltration patterns 
and fine-scale flow patterns are controlled by the TSw rock properties. The DOE conceptual 
model for the units underlying the repository host horizon, Calico Hills nonwelded (CHn) and 
Crater Flat undifferentiated (CFu) units are discussed and evaluated in detail in SER 
Section 2.2,1.3.6.3.6. 

l(b)(5) 

----_ .. _----_ .. _ .. _---- -
Implementation of the Conceptual Model 

DOE used several models to represent various aspects of flow withm the upper unsaturated 
zone, each conSidering different processes and scales. Because several DOE abstractions 
consider flows in the upper unsaturated zone, and multiple downstream models depend on the 
calculated fiows, the NRC staff considered how the flow abstractions interact with the other 
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calculations affecting repository performance by (i) separately evaluating individual flow 
abstractions, (ii) evaluating downstream uses of the flow abstractions for consistency between 
abstractions, and (iii) evaluating the effects of the abstractions on performance assessment 
calculations as a whole, In this SER section, the NRC staff evaluates the ambient 
mountain-scale flow model, focusing on the linkages between the model and both upstream 
models (i.e., the infiltration model) and downstream models (e.g., the MSTHM and 
seepage models), 

In performing a risk-informed, performance-based review of the DOE's representation of 
ambient flow in the upper unsaturated zone, the NRC staff considered the DOE-defined function 
of the Jh;loer Natural Barrier to prevent or substantially reduce water seeping into emplacement 
drifts l(b)(5) , r(b)(5) ... . .. --~-.. -~.-~ .. --- .... ~ 

(b)(5) 

The following seetlons describe the NRC staff evaluation of these aspects of repository 
performance with respect to ambient flow in the upper unsaturated zone. 

Integration of Flow Models 

The NRC staff considered the DOE approach to integrating the site-scale unsaturated zone flow 
modal representation of ambient flow above the repository With (i) the MASSIF infiltration model 
(SAR Section 2.3,1). (ii) the MSTHM (SAR Section 2.3.5.4), (iii) seepage models, and 
(iv) ambient flow below the repository. The NRC staff identified the integration of ambient flow 
above the repository with seepage models as the most risk significant among these for the 
following reasons: 

• The MASSIF net infiltration model, site-scale unsaturated zone flow model. and 
MSTHM are decoupled models that are linked in only one direction (see SER 
Section 2.2.1.3.6.3.1); the site-scale unsaturated zone flow model seamlessly considers 
ambient flow above and below the repository, and the linkages locally conserve mass, 
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• Performance assessment calculations are sensitive to seepage, which is in turn 
sensitive to the representation of fluxes near emplacement drifts at scales smaller than 
represented the site-scale unsaturated zone flow model 

The NRC staff evaluates DOE's integration between flow at the mountain and seepage 
scales, also considering integration between infiltration and seepage, in the remainder of 
thiS SUbsection, The NRC staff evaluates the DOE approach to modeling seepage 10 SER 
Section 2,2.1.3.6.3.4. 

DOE used a hierarchical approach to link percolation fluxes within the repository horizon at the 
mountain scale to seepage, progressing Itom mountain-scale flow to the smaller scales of 
intermediate- or drift-scale flow and fine-scale flow (SAR Section 2,3.3,2). The site-scale 
unsaturated zone flow model, which calculates mountain-scale flow, represents flow averaged 
over an area approximately corresponding to the combined area of a dnft and the pillar between 
drifts. Intermediate-scale flow represents average flow over an area approximately 
corresponding to the width of a drift. Fine-scale flow represents flow at scales smaller than a 
drift wall. DOE considered all three scales in calculating average seepage Into drifts. 

DOE represented both intermediate-scale and fine-scale flow statistically, as described In SAR 
Section 2.3.3.2,3 and DOE Enclosure 4 (200900), DOE derived an abstraction for the statistical 
distribution of intermediate-scale fluxes from numerical model calculations considering 
hydraulic-property heterogeneity in the densely welded TSw unit above the proposed repository 
using model parameters based on field observations. DOE provided simulation results 
demonstrating that the statistical patterns of predominantly vertical unsaturated zone flow at the 
intermediate scale stabilize within a short vertical distance from the top boundary and geological 
unit changes, using several representations of the top boundary flux (SAR Section 2,3.3.2.3.5). 
DOE also performed sensitivity studies considerinQ alternative statistical representations of 
intermediate-scale variablli\Y.I(b)(5) 
!(b)(5) 

l(b)(5) 
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(b)(5) 

Mountajn-Scale/Site-Scale Flow Patterns 

The site-scale unsaturated zone flow model represents mountain-scale flow as steady state in 
equilibrium with climatic conditions, with.water flowing from the upper boundary to the water 
table without lateral inflow or outflow,j(b)(5) I 

\(b)(5l = 
(b)(5) IThe 
NRC staff evaluates the site-scale model separately for the Upper Natural Bamer portion of the 
unsaturated zone, above the proposed repository (this section), and the Lower Natural Barrier 
portion of the unsaturated zone, below the repository (SER Section 22.3,63,6). The NRC staff 
evaluates the DOE representation for the spatial patterns of percolation flux In this section and 
evaluates the DOE representation for the magnitude of areal-average percolation flux through 
the repository footprint, which is determined by net Infiltration, in a subsequent subsection 
(Infiltration Uncertainty). 

DOE represents spatial variability in percolation fluxes as dominated by intermediate- and fine­
scale variability in the seepage calculations for performance assessment In the 

tion of this cba ter Integration off . ..c:lo"-'w"-"-M:.;::o.::.de=.;I""s""("-b):.:..(S:..cl _____________ _ 
(b)(5) 
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DOE demonstrated that the site-scale unsaturated zone flow model calculates mountain-scale 
spatial patterns of percolation fluxes. combining matrix and fracture flows. that are essentially 
vertical from the ground surface through the repository horizon within the repository footprint, In 
accordance with the DOE conceptual model. as shown in SNL Figures 6.1-2 through 6.1-5 and 
6.6-1 through 6.6-4 (2007bf). DOE numerical analyses indicate that substantial lateral 
diversion (associated with the PTn unit) away from the repository footprint may occur, which 
would reduce the amount of water passing through the footprint at the repository horizon (SAR 
Section 2.3.2.2.1.1). 

(b)(5) 

Site-Scale Unsaturated Zone Model Parameters 

The NRC staffs risk-informed, performance-based review of the site-scale unsaturated zone 
model parameters includes consideratfon of (i) the technical bases for the parameters and 
(ii) the use of the parameters in the Site-scale unsaturated zone model and downstream models 
used for performance assessment calculations. DOE does not base input parameters for the 
downstream seepage models on site-scale unsaturated zone model parameters; the NRC staff 
evaluates the seepage model input to SER Section 2 2 1.3.6.3.4. 

DOE's site-scale unsaturated zone flow model represents the stratigraphy at Yucca Mountain 
using 32 homogeneous material property layers, with the same set of matenal properbes 
assigned to every grid cell in a property layer (SAR Section 2.3.2.4.1 22) The material 
property layers were developed from geologic layers deSCribed in the GeologiC Framework 
Model. DOE Justified the use of layelWise homogeneous material properties on numencal 
simulations by comparing outputs from simulations with different levels of heterogeneity, 
concluding that similarities in fracture flux patterns and tracer transport times demonstrate that 
heterogeneities within units have only a minor effect on site-scale flow processes (SAR 
Section 2.3.2.4.1.1.4). DOE developed some model parameters directly from site observations 
(e.g., porosity) and some from model calibration to field measurements of saturation, potential. 
pneumatic pressure, and perched water elevations. DOE used a set of in-situ obser\lations 
not used for model calibration (e.g., calcite, Carbon-14, and strontium) to buHd confidence in the 
flow model (SAR Section 2.3.2.51) DOE further used a set of in-situ observations not used for 
either model calibration or for building confidence in the flow model (i.e, chloride 
and temperature observations) to calibrate the uncertainty in Infiltration (SAR Section 
2.3.2.4.1.2.4.5) 
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The DOE performance assessment explicitly considered uncertainty in model parameters 
arising from uncertainty in infiltration flux, usmg a separate set of calibrated properties for the 
10"', 30lh

, SOth, and 90iII percentiles of the mfiltration map uncertamty distribution. DOE ensured 
that the flow fields resulting from each set of calibrated properties featured predominantly 
vertical flow from the ground surface through the repository horizon Within the repository 
footprint, in accordance with the DOE conceptual model. DOE did not propagate the full 
range of parameter uncertainties into the TSPA on the basis that sensitivity analyses 
demonstrating that the model results, including performance-affecting results such as flow 
pathways, are insensitive to the parameter values in the range that the applicant considered 
(SAR Section 2.3.2.4.2.2). 

Infiltration UncertainI'( 

The NRC staff evaluates infiltration uncertainty by considering (i) the technical bases for the 
DOE approach and (ii) consequences of the approach in performance assessment calculations. 
Whereas DOE addressed uncertainty in infiltration estimates derived from the net mfiltration 
model using input parameter uncertainty, DOE derived infiltration uncertainty evaluated in this 
section from deep subsurface observations. DOE also referred to the results from incorporating 
this uncertainty as the unsaturated zone top (upper) boundary net infiltration to distinguish it 
from results derived from the net infiltration model. 

For each climate state in the first 10,000 years after repository closure, DOE selected four 
infiltration maps calculated by the MASSIF infiltration model, out of the 40 equally likely 
realizations for the climate state (SNL, 2oo7az), to represent the uncertainty in infiltration. Inilial 
probabilities of 0.2,0.2,0.3, and 0.3 were assigned to the four selected maps under each 
climate state, on the basis of the percentile rankings for the infiltration maps. Because the 
site-scale unsaturated zone model uses larger grid cells than the MASSIF model. DOE created 
upper boundary net Infiltration maps for the site-scale unsaturated zone model gnd. DOE 
transferred the infiltration values for each site-scale unsaturated zone model grid cell by 
accumulating infiltration fluxes from nearby MASSIF grid cells. For the post· 1 0,000 year climate 
state, the applicant assigned weights to the upper boundary net infiltration maps to be 
consistent with the draft standard describing deep percolation in the post-1 0,000 year period 
The NRC staff evaluates DOE's treatment of net infiltration during the post· 1 O,QOO-year period 
in a subsequent subsection (Post-10,ooO-Year Approach). 
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DOE found that model predictions for temperature and chloride distributions in the unsaturated 
zone, using models based on the site~scale unsaturated flow model, did not reflect average 
measured quantities in the unsaturated zone. The applicant used a version of the Generalized 
Ukelihood Uncertainty Estimation (GLUE) methodology (Beven and Binley, 1992aa) to update 
the initial probability weights assigned to each flow field (SAR Section 2.3.2.4.1.2.4.5). The 
GLUE methodology revises initial probability weights on the basis of differences between field 
observations and numerical model predictions. DOE updated the probability weights using 
temperatura observations from 5 boreholes and chloride observations from 12 boreholes, the 
Exploratory Studies Facility, and the Enhanced Characterization for the RepoSitory Block 
Cross Drift. DOE used four different likelihood functions to compare the model predictions 
with observations. 

SAR Section 2.3.2.4.1.2.4.5.5 reported estimated final weighting factors of 0.619, 0.157. 0.165, 
and 0.0596 for the 10t

", 30th
, 50th

, and 90th percentile upper boundary net mfiltration maps, 
respectively, by combining the analyses conSidering temperature and chlonde data. These final 
weights, when applied to the average infiltration rates over the upper boundary condition 
infiltration maps (SAR Table 2.3.2-14), result in weighted-average Infiltration over the ambient 
flow model domain of 6.7, 13.1, and 17.1 mm/yrg>'26, 0,52, and 0.67 in/yr) under present-day, 
monsoon, and lacial transition climate state!l::..lI"-,,(b~)(,,,"5),---_____________ --, 
(b)(5) 

(b)(5) 

DOE identified several uncertainties in interpreting field observations using the temperature and 
chloride models (SAR Section 2.3.2.4.1.2.4.5.2). These uncertainties may affect the calculated 
weights for the assigned flow fields. DOE also demonstrated that there is uncertainty 
associated with the likelihood functions used to determine the weights, with the calculated 
weights differing between likelihood functions (SAR Tables 2.3.2-25 through 2.3 2-27) 

DOE considered expected doses in the first 10,000 years of performance for the seismic ground 
motion and igneous intrusion scenariOS, which collectively account for approXimately 97 percent 
of the calculated peak expected mean annual dose, as descnbed in DOE EnClosure 5 (2009bo). 
DOE compared the performance assessment dose calculations of expected doses with and 
without the GLUE weighting, finding that the original weighting scheme (Without the GLUE 
procedure) results in a 29 percent greater peak expected dose than the GLUE weights. DOE 
concluded that, because the calculated doses are so similar. adjusting the infiltration uncertainty 
with the GLUE procedure is inconsequential to the compliance determination. 

(b)(5) 
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[e!:r!l:lorarand.Spatiai Variability in the Upper Unsaturated golJft 

DOE described a primary role for the upper unsaturated zone (Le .. above the proposed 
repository) as strongly dampening and smoothing episodic infiltration pulses. to the extent that 
flows below the PTn within the proposed repository footprint are essentially steady. in 
equilibrium with the long-term climate. This is a screening argument for FEP 2.2.07.05.0A. Flow 
in the UZ (Unsaturated Zone) from Episodic Infiltration (SNL. 2008ab). DOE identified the 
con~uence of this dampening effect as reducmg time-averaged seepage rates into intact or 
degraded drifts. with the reduction effect becoming less Significant as the drift degrades In 
DOE Enclosure 2 (2009an). 

~~;':;-;:;;;j~;:;;t:;mt;~:-;::;;;;;:;;;;ti,;:;n~:Jv-tnro;;:cncuilrr:hP;rrn;ith~tT a finite 
storage capacity. expects that the increase in calculated average seepage would be small if 
decadal to centennial variability was explicitly included DOE demonstrated that fluctuations in 
percolation flux of 20 and 50 percent about the mean (I.e .. coefficients of vanatlon of 0.2 and 
0.5) yielded a systematic increase in GLUE.weighted seepage of approximately 2.7 and 
17 percent, respectively. under glacial transition conditions, as outlined in DOE Enclosure 1 
(2009cc). Using an analysis demonstrating that a systematic increase in GLUE-weighted 
seepage by a factor of approximately 2.5 has a negligible effect on the expected dose, as 
described in DOE Encfosure 5 (2009bo). DOE concluded by analogy that the smaller systematic 
increases in seepage induced by decadal to centennial climatic fluctuations also have a 
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nealklible effect on the demonstration of l(b)(5) 
(b)(5) 

(b)(5) 

(b)(S) 

~)(5) DOE considered 
e e on seepage or several alternative statistical relationships for the e ect of rock 

heterogeneity on flow focusing, as shown in SNL Section 6.8 2, Case 6 (2007bf), ranging from 
no intermediate-scale focusing (Case 6a) to flow focusing that is more extreme than used for 
performance assessment calculations (Case 6c). DOE characterized the Case 6c distribution, 
which has a maximum flow-focusing factor more than six times larger than the distribution used 
in performance assessment calculations, as unrealistically 12xtreme to represent rock 
heterogeneity, as described in POE Enclosure 4 12009boli7b)(5) _____ _ 
(b)(5) jDOE 

emons rate that incorporation of the Case Bc distnbution yields a minor increase in expected 
dose for the million-year seismic ground motion modeling case, as shown in DOE Enclosure 1 
(2009cx). DOE described the seismiC ground mgtion mQ(jE1I~a~~(jQrl'lll'lC:ll1t,--___ .. 
contributor to calculated exp~gted dose~ .. .._-.- _I 
IbX5) ~ 

l(b)(S) 

(b)(St I DOE represented the PTn unit as a barrier with a strong 
po·ential to dampen episodic pulses below the PTn. This conceptual model was supported by 
numerical modeling results interpreting chlonde, temperature, and radioisotope data obtained 
from within and below the PTn. DOE estimated that approximately 1 percent of the repository is 
affected by fast pathways, predominantly in faults (SAR Section 2.3.2.2.1,1). and argued that 
these fast pathways are not necessarily a consequence of e isodic flow, but instead would 
re resent s atial variabili . (b)(5) 
(b)(5) 
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I 
(b)(5) 

Post-1Q,QQO-Year Approach 

Consistent with the regulatory direction provided in 10 CFR 63.342(c)(2), the applicant chose 
not to model climate or infiltration for the post-10,ooO-year period. Instead, DOE (I) selected 
four of the upper boundary condition net infiltration maps used to represent specific climate 
states in the first 10,000 years of performance; (ii) modified these maps into four new maps to 
achieve areal-average deep percolation flux target values within the repository footpnnt 
consistent with the probability distribution the draft revision to 10 CFR 63.342 specified, at the 
infiltration-map probability values used in the first 10,000 years after closure; and (Iii) created 
four site-scale unsaturated zone model flow fields on the baSIS of these boundary conditions 
(SAR Section 23.2412,42) 

DOE used the percolation distribution from the draft rule (SAR Section 2.3.2,41.2,42) because 
the final rule was not promUlgated until a few months before DOE submitted the license 
application. Reflecting the difference between the draft and final percolation distributions, the 
mean percolation in the final rule (10 CFR 63.342(c)(2» is 16 percent larger than that in the 
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draft rule. In DOE Enclosure 6 (2009cb), DOE performed sensitivity analyses that showed no . 
significant affect on repository performance when using the distribution from the draft rule 
instead of that from the final rule. 

(b)(5) 

(b}(5} 

Summary 

The NRC staff reViewed the model conceptualization, the underlying assumptions of the 
ambient site-scale unsaturated zone flow model and olner relevant abstractions with which the 
ambient site-scale unsaturated zone flow model exchanges data and information, and th~e~,,--~ 
afternativP. modi'll • • ... 'izations the applicant used to analyze model uncertainties. ITe)(5) 

r(b)(5) I 

(b)(5) 
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2.2.1.3.6.3.3 Thermohydrologic Effects of Waste Emplacement 

DOE represented the unsaturated zone and EBS using a hierarchy of far-field. near-field. and 
within-drift models to account for thermal effects due to emplacement. DOE used a conceptual 
and numerical model, the MSTHM, to represent near-field and in-drift thermohydrologic 
conditions. DOE used input from the site-scale unsaturated zone flow model to account for 
far-field effects and output from MSTHM in downstream models that estimate the effects of 
in-drift thermohydrologic conditions on thermal seepage, quantity and chemistry of water 
contacting engineered barriers and waste forms, degradation of engineered barriers, and 
radionucJide release rates and solubility limits. This SER section describes the NRC staff 
evaluation of the effects of waste emplacement on near-field and in-drift thermohydrologic 
conditions. The NRC staff evaluated repository performance related to the effects of thermal 
load on (i) seepage, (Ii) quantity and chemistry of water contacting engineered barriers and 
waste forms, (iii) degradation of engineered barners and radionuclide release rates, and 
(iv) solubility limits in SER Sections 2.2.1.36.34. 2.2.1.3.3, 22.1.3.1, and 
2.2.1.3.4, respectively. 

DOE passed MSTHM output to several downstream models in its performance assessment 
calculations. DOE used drift-wall temperature to switch between two limitIng conditions for 
seepage, assuming that (i) no seepage occurs where drift-wail temperature is greater than 
100 ·C [212 OF] {the boiling temperature of water at the repository elevation IS approximately 
96 ·C [205 °FD and (Ii) seepage occurs at the ambient rate for lower drift-wall temperatures. 
DOE modeled waste-package corrosion rates as depending on waste-package temperature and 
relative humidity, and temperature-dependent chemistry of seeping water. DOE modeled a 
diffusive-release pathway forming within failed waste packages once a continuous liquid film 
forms at elevated waste-package relative humidity levels. DOE used invert saturation, invert 
temperature, and imbibition fluxes into the invert to estimate properties and fluxes affecting 
released radionuclide transport from the waste package to the host rock. 

The DOE repository design basis places limits on the (i) peak waste package temperature 
{300 'C [572 OF] for 500 years, followed by 200·C [392 'F] for 9,500 years} to reduce the 
potential for degradation of Alloy 22 waste packages; (ii) peak post-closure dnft wall 
temperature {200 ·C [392 OF]} to reduce thermal effects on drift stability: and (iii) peak mid-pillar 
temperature {96 'C [205 'Fll to facilitate drainage of percolatIon water between emplacement 
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drifts (SAR Section 2.3.5.4.3; SAR Table 1.3.1-2). DOE's design accomplished these peak 
temperature limits through prescribed thermal loading criteria for waste packages (SAR 
Section 1.3.1.2.5). DOE used MSTHM to demonstrate that these design basis temperature 
limits can be achieved using (i) a stylized postcJosure reference case based on expected waste 
package receipts over the emplacement period and (ii) two estimated limiting waste streams 
developed with different management options (SAR Section 131.25). 

In evaluating repository performance with respect to near-field and in-drift thermohydrologic 
conditions, the NRC staff reviewed (i) the DOE conceptual model, (ii) the process-level 
implementation of the DOE conceptual model, (iii) data support and propagation of uncertainty, 
(iv) abstraction of the process-level model into performance assessment calculations, and 
(v) use of the model outputs in downstream models. The NRC staff's review of these topics 
focuses on aspects of repository performance that affect (i) duration of above-boiling 
temperatures at the drift wall, (ii) waste-package temperatures, (Iii) In-drift humidity after onset of 
seepage, and (iv) seepage fluxes into inverts. These aspects of the MSTHM model are outputs 
that are used as input for downstream models that calculate seepage, corrosion of waste 
packages, and release pathways within the EBS. The NRC staff review also focused on the 
DOE representation of collapsed drifts, because burial of waste packages by an insulating 
rubble layer could result in elevated waste-package temperatures. 

Conceptual and Implemented Numerical MOdels 

(b)(5) 

DOE implemented the conceptual model into the four submodels of the MSTHM. The 
submodels were linked through the mathematical principle of superposition, representing 
different aspects of coupled thermohydrologic processes at different spatial scales (SAR 
Section 2.3.5.4.1,3.1). These submodels consider (i) three-dimensional mountain-scale 
conduction, (ii) two-dimensional drift-scale thermal-hydrology in cross-sections ("chimneys") 
perpendicular to the drift axis, (iii) links between the mountain-scale and chimney submodels 
and (iv) effects of discrete waste packages l(b)(5) 
(b)(5) 
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DOE used its Drift Scale Test to validate the conceptual model underlying the drift-scale 
thermal-hydrologic submodel, as described in SAR Section 2.3.5.4..1.3.3 and SNL Section 7.4 
(2008aj), and used its Large Block Test, shown in SNL Section 7.3 (2008aj), to build confidence 
in the ability of the MSTHM to predict thermal-hydrologic processes in the host rock. DOE 
0) simulated the thermohydrologic behaVIor observed in the Drift Scale Test and Large Block 
Test using the same modeling techniques Included in the thermohydrologic submodel of 
MSTHM; (iI) compared modeled and observed temperature, relative humIdity, and liquid-phase 
saturation values; and (iii) concluded that the differences were within the parametric uncertainty 
of MSTHM results.'(b)(5) 

(b)(5) 

DOE identified several assumptions and limitations associated with linldog the submodels (SAR 
Section 2.3.5,4,1.3.1), including restrictions related to mountain-scale and along-drift 
convection. DOE considered alternative conceptual models by comparing MSTHM results with 
those of (I) an east-west cross section from a smeared-heat-source mountain-scale model; (Ii) a 
three-dimensional, mountain-scale, nested-grid thermal-hydrologic model for a three-drift test 
case; and (iii) a three-dimensional, pillar-s I i h iffer n axial ,n-drift va or trans ort 
assumptions ($AR$~ction 2.3.5.4.1.3.3 . (b)(5) 
(b)(5) 

s 
DOE assumed that mobilized 
lacement drifts within the host 

The MSTHM calculates time-dependent thermal-hydrologic vanables for each of the 8 waste 
packages simulated for the 3,264 subdomains, each representing a 20-m ISS-ftl segment of an 
emplacement drift DOE referred to this as the comprehensive set of MSTHM outputs. DOE 
performed the calculations for 7 parameter uncertainty cases, representing 12 combinations of 
infiltration uncertainty and thermal conductivity uncertainty, as described in the next subsection 
DOE mapped each of the 3,264 subdomains to one of the five percolation bins abstracting the 
effects of seepage. 
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DOE provided the comprehensive set of MSTHM outputs for waste package temperature and 
relative humidity for different waste package types and drift-wall temperature, for all MSTHM 
subdomains in each percolation bin, as input to the Waste Package Degradation Model 
Component, the Drift Seepage Submodel, and the Drift Wall Condensation Submodel within the 
TSPA model, as shown in SNL Section 6.3,2,2 (2008ag), These downstream models use the 

1(~(~;rHM "u1!>"" !Q calculate waste _age failure rates I (b 1(51 = 
DOE also abstracted the MSTHM results by selecting a single representative codisposal waste 
package and commercial spent nuclear fuel waste package for each percolation bin DOE used 
the codisposal and commercial spent nuclear fuel waste packages with peak waste package 
temperature and drift-wall boiling duration closest to the median values to represent 
thermohydrologic conditions for all waste packages in the percolation bin, DOE provided the 
time-dependent output values of waste package surface temperature and relative humidity, drift 
wall temperature, invert temperature, invert saturation, and flux into the invert for the selected 
representative waste packages to the Waste Form Degradation and Mobilization Model 
Component, the EBS Flow and Transport Model Component, the EBS Chemical Environment 
Submodel, and the Drift Wall Condensation Submodel within the TSPA model, as outlined in 
SNL Section 6,3,2,2 (2008ag), These downstream models use the MSTHM outputs to calculate 
radionuchde release rates from failed waste packages and radlonuclide transport within the 
EBS, DOE provided analyses in SNL Section 7 3.4.3.1 (2008ag) companng estimates of 
cumulative radionuchde releases from a single failed waste package using the representative 
location with estimates calculated using the comprehensive set of MSTHM output These 
analyses demonstrated essentially identical cumulatlll.e release of representative radionuclides 
from the EBS after both 10,000 and 1 million years, l(b)(5) 
(b)(5) 

(b)(5) 

Data Support and Uncertainty Propagation in the MSTHM 

NRC staff reviewed the information provided in SAR Section 2.3,5.4.1.2 and selected 
references to evaluate the DOE supporting data and characterization of uncertainties in the 
MSTHM, Because of the importance in performance assessment calculations, the NRC staff 
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focuses its review on (i) input parameters that significantly affect MSTHM results, (Ii) data 
support for uncertainty bounds in input parameters, and (iii) uncertainty propagation in 
the MSTHM, 

MSTHM simulations require input to describe the EBS and natural barriers (SAR 
Section 2.3.5.4.1.2.2). DOE identified the design control parameters and associated design 
constraints in SAR Table 2.2-3. DOE derived EBS parameters from the design information. 
DOE based natural barrier parameters on the site-scale unsaturated zone flow model 
(evaluated in SER Section 2.2.1.3.6.3.3), including hydrologic properties of the unsaturated 
zone. natural system geometry, and percolation fiuxes below the PTn. 

DOE explicitly represented the dnft, drip shield. and invert components of the EBS {SNL, 
2008aj, Section 4[a]}. POE screened out representing the thermohydrologiebehavlor of other 
engineered components potentially affecting performance (e. g., rock bolts and associated 
boreoole$ used for ground su rtQn the basi~ of low consequence for performance 
~a~s~s~~~m~e~n~tca~~~u~la~t~io~n~s'L(~b)~(5~) _______________ ~ __________________________ ~I· 
(b)(5) I 

(b)(5) i DOE described the design information 
representmg engineered features In MSTHM as consistent with the design of subsurface 
structures. systems. and components (SAR Section 23541.21). In SNL Section 4.1 (2008aj), 
DOE described repository subsurface and waste package design information as obtained from 
controlled sources and based on the current repository deSign. 

DOE identified host rock thermal conductivity and percolation flux as the dominant parameters 
responsible for variability and uncertainty in Simulated thermal-hydrologic conditions (SAR 
Section 2.3.5.4.132). NRC staff evaluated the adequacy of percolation flux in SER 
Section 2.2.1.3.6.3.2; incorporation of uncertainty in percolation is described in the paragraphs 
that follow. DOE considered the uncertainty in thermal conductivity of the host rock using a 
geostatistical model supported by laboratory measurements and core samples to constrain and 
condition the geostatistical model (SSe, 2004bf). DOE extracted host rock thermal conductivity 
values from the geostatistical model, evaluated the influence of thermal conductivity on peak 
waste package temperatures and duration above boiling, and assigned weights for 
implementation in TSPA, as outlined in SNL Section 6.2.13.3[a] (2oo8aJ). DOE averaged the 
thermal properties of nonrepository units to facilitate computational efficiency, using a sensitiVity 
analysis to demonstrate that the averaging does not affect the MSTHM results, as shown in 
SNL Section 6.2.13.4[a] (2008aj). The percolation flux applied at the top boundary in the 
thermohydrologic subrnodel is the percolation flux at the base of the PTn unit calculated in the 
site-scale unsaturated zone flow model for the nominal 10th

, 301h
, 5O'h, and 90th percentile 

scenarios. The uncertainty in percolation flux in the site-scale tJDsaturated zone flow model at 
the mountain scale is propagated con~is::.te::.:n.:.::.tl:.Ly...:.:in~t:::..hc::.e...:.:M:.:.:S=-T:..:.H~M~.:...;( ... b",,)(-,5)~ ________ -" 
l(b)(5) 

9·26 



l(b)(5) 

DOE propagated uncertainty in host rock thermal conductivity and percolation flux into 
simulations using 7 of the 12 combinations of 10th

, 30th
, 50 th

, and 90th percentile flux scenarios 
with low, mean, and high thermal condUctivities as input (SAR Section 2.3.5.4.1.3.2). For each 
of the remaining five combinations, DOE used the results from one of the seven simulations as 
a surrogate based on similarity in boiling duration, as described in SAR Section 2.3.5.4.1.3.2 
an d SNL S 6 2 2 3[ )(2008 .) DOE ed h f II f 2 b' ectlon .1 . a aJ. propagat t e u set 0 1 com Inatlons mto 
performance assessment calculations. l(b)(5) 

(b)(5) 

(b)(5) 

Use of MSTHM Results in Downstream Models 

NRC staff evaluated predictions of thermo hydrologic conditions in part by considering how DOE 
used MSTHM results in downstream models. The downstream models using MSTHM results 
include (i) thermal seepage, (ii) quantity and chemistry of water contacting engineered 
barriers and waste forms, (Iii) degradation of engineered barriers, and (iv) radionuclide 
release rates and solubility limits, The NRC staft evaluates these downstream models in SER 
Sections 2.2.1.3.6.3.4, 2.2.1.3.3, 22.1.3.1, and 2.2.1.3.4. respectively 

(b)(5) 

Uncertainty in Thermal Loading 

DOE described the loading strategy implemented in the MSTHM as a stylized postclosure 
reference case based on expected waste package receipts over the emplacement period 
(SAR Section 1.3.1.2.5). DOE considered the actual future waste stream to be uncertain 
and considered flexibility in emplacement strategies necessary to manage acceptance of a 
wide spectrum of waste streams (SAR Section 1.3.1.25). For example, the design heat 
load DOE described in SNL (2008ai) updated the heat load used for MSTHM calculations 
(SAR Section 2,3.5.4.1). In SAR Section 2,3.5.4.3, DOE described how temperature estimates 
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using the design heat load compared with the temperature estimates from the MSTHM results. 
DOE committed to develop an emplacement drift plan (SAR Section 1.3.1.2.5; Enclosure 1 of 
DOE, 2009ct) for each drift, or set of drifts, that Will (i) prOVide specific information, such as 
waste characteristics, waste package emplacement locations, and ventilation duration, and 
(ii) describe how preclosure and postclosure performance requirements will be met uSing the 
selected emplacement strategy 

DOE demonstrated that management approaches using temperature index functions 
representing three- and seven-package segments are capable of achieving performance targets 
for mid-pillar, drift-wall, and waste-package peak temperatures (SAR Section 2.3.543) for the 
two estimated limiting waste streams. The management approaches utilize extended duration 
of ventilation beyond 50 years or different surface handling facilities and aging capaclltes. DOE 
concluded that (i) only minor modifications to the TSPA model inputs are needed to represent 
the anticipated range of thermal loading; (ii) the geomechanical. hydrogeologic, and 
geochemical system responses for the two estimated limiting waste streams are each within the 
range of applicability for the respective models, as shown in SNl Section 6.4 (2008ai): and 
(iii) the changes in system responses arising from future waste streams different than the 
reference case do not significantly affect the screening justifications for excluded FEPs Of the 
mQ(j(jling basis for included FEPs, as outlined In SNL Section 6.5 (2ooSei). (b)(S) 

[ 
DOE expects that, under bounding assumptions, peak waste package temperatures for some 
waste packages may exceed the deSign basis temperature by nearly 100·C [180 OF] if dnfts 
were to collapse within the first 90 years after closure (SAR Section 2.3.5.4.3, SAR 
Figure 2.3.5-37). DOE considered several mechanisms for drift collapse, including 
seismic-induced ground motion, thermally induced stresses, and gravitational stresses. DOE 
screened out all mechanisms for drift collapse other than seismic-induced ground motion 
FEP 2.1.07.02.0A, Drift Collapse) on the basis of low consequence (SNL, 2008ab).'""!(bS;:-j{:';;.s-) --~l 

(~)g) DOE screenedTn mech:nismsord~ff d~datI(5n-J 
om S6lsmIC-1 uce groun mo IOf). inC uaing in-drift temperature and relative humIdity 

consequences from seismic-induced drift collapse. DOE performed a bounding probabilistic risk 
analysis considering uncertainty in seismic events and the key thermohydrologic parameter 
(thermal conductivity). This risk analYSIS used methods and assumptions consistent with DOE's 
performance assessment calculations to calculate a probability of approximately 1 in 10,000 that 
the hottest waste package in the stylized postclosure reference case exceeded the 300 ·C 
[572 OF) waste package temperature design basis because of drift collapse during the first 
10,000 years after closure, as described in SAR Section 2.3.5.4.3, SNL Section 6.3.17[aJ 
(20OSaj), and SNL Section 6.4 2.5 (2008al). DOE screened out consideration of peak waste 
package temperatures exceeding the established temperature limits in performance 
assessment calculations on the basis of the probabilistic calculation and additiQnal information 
describing the nature of the bounding assul11..P!i2.ns (SAR Section 2.3.5.4.3).i(b)(5) 

l(bHS) 
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The NRC staff recognizes that actual waste sent to Yucca Mountain, flexible emplacement 
strategies, and natural system and modeling factors may increase or decrease estimated peak 
temperatures relative to the stylized reference case {e.g, SNL Figure 6.4.2-28 (2008ai)J, which 
may result in locally different thermal regimes compared to the performance assessment and 
screening calculations. DOE committed to developing an emplacement drift plan pnor to waste 
emplacement that specified for each drift. or set of drifts. the (I) waste characteristics, (ii) waste 
package emplacement locations, (iii) ventilation duration, and (iv) how preclosure and 
postclosure performance requirements will be met using the selectesLemplacement strategy, as 
described in SAR Section 1.3.1.2,5 and DOE Enclosure 1 {2009ct} l{b)(5) ,I 
(b)(5) 

Summary 

(b)(5) 

2.2.1.3.6.3.4 Ambient and Thermal Seepage Models 

This section contains the NRC staff review of DOE's mOdel and results for water seeping into 
drifts. Seepage into drifts encompasses a subset of processes in the unsaturated flow system 
that occurs in the vicinity of the dnft wall. DOE described seepage as a component of the 
second feature, the unsaturated zone above the repository, within the Upper Natural Barrier 
(SAR Section 2,1,2,1), DOE considered seepage (SAR Section 233) separately from 
unsaturated zone flow (SAR Section 2,32) because of the smaller scale of analysis needed for 
the processes important for seepage and. consequently. the need for a different set of data and 
models to produce results for use In the performance assessment 

DOE strictly defined seepage as liquid water that drips from the drift ceiling and thus could 
potentially contact engineered barrier components Two pnmary processes prOVide barrier 
capability in DOE's seepage model capillary diverSion of liquid water around large openings 
(drifts in this case) and vaporization in the host rock that creates a dry zone around the dnfts 
(SAR Section 2,1.2.1). Capillary forces may make drifts barriers to flow by induang water to 
laterally flow (divert) around the large opening. During the thermal period, the vaporization 
barrier refers to the boiling of water in the host rock and migration of the resultant vapor to 
locations away from the heat source, In the DOE abstraction, the resultant creation of a dryout 
zone surrounding a drift leads to liquid flu:x elimination at the drift wall. 
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Three inputs are provided to the seepage abstraction from other areas of the natural systems. 
First, MSTHM passes the distribution of percolation rates across the repository to the seepage 
abstraction (SAR Section 2.3.5.4.1). The values used are consistent with those from the 
ambient, site-scale unsaturated zone model (SAR Section 2.3.2). Second, MSTHM passes the 
temperature history for the drift wall to the seepage abstraction (SAR Section 2.3 5.4.1). Third, 
the thermaJ..mechanical model abstraction (SAR Section 2.3.4) passes the accumulated amount 
of rubble to the seepage abstraction, which uses it to reflect the degradation state of drift 
openings for seepage calculations. 

The DOE seepage abstraction passes two outputs to the EBS models: the seepage rate and 
the fraction of drift segments where liquid water seeps into drifts. Drift segments can be thought 
of as waste package locations The total dripping flux (SAR Section 2.3.3), which is the sum of 
the seepage and condensation flux (SAR Section 23.5.4.2), is the flux of liqUid water leaving 
the drift wall and contacting engineered components. NRC staff reviews DOE estimates of 
condensation flux in SER Section 2.2.1.363.5. 

In its review of the DOE seepage estimates, NRC staff considered how and to what extent 
seepage affects performance. The fraction of waste package locations getting wet and seepage 
flux in those wet areas are both passed directly from the DOE seepage abstraction model to the 
EBS models. (b)(5) 
(b)(5) When intact, drip shields prevent liquid water from contacting 

e waste pa ge. n IS case, seepage has no influence on the release of radionuclides, and 
transport rates out of failed waste packages are constrained to the slower diffusive rate of 
radio nuclide movement rather than the faster advective rate. When degraded, drip shields do 
not divert all water away from waste packages. In this case, the EBS models use seepage 
estimates, which may influence the (i) corrosion of engineered components; (ii) number of waste 
packages contacted by water; and (iii) dissolution, mobilization, and transport of radionuclides to 
the unsaturated zone below the drifts. NRC staff reviews these three areas, which Include 
processes and features from the drip shield to the invert/host rock interface, in SER 
Sections 2.2.1.3.1,2.2.1.3.3, and 2.2.1.3.4. 

FollOwing the risk-informed approach in 10 CFR Part 63 and related guidance (NRC, 2003aa), 
the remainder of this seepage section focuses on review of the information and bases 
DOE provided for the (I) development of the ambient seepage abstraction; (ii) capillary 
diversion for intact drifts; (iii) capillary diversion for degraded drifts: (iv) seepage fraction, which 
is the fraction of repository that is in the seeping environment; (v) spatial variability of flow: and 
(vi) thermal seepage. 

Development of Ambient Seepage 

This section reviews DOE's description of seepage processes, field tests, and measured data 
and how they are incorporated into the seepage abstraction. 

DOE stated that capillary diversion of liquid water around large openings is the dominant 
seepage process providing barrier capability dunng the ambient period (SAR Section 2.1.2.1). 
In the context of seepage, DOE defined the thermal period as the time when the drift wall 
temperature exceeds 1OO·C [212 OF]. Thus, DOE used the ambient seepage model to estimate 
water flux entering the drift from approximately the first few thousand years through a million 
years (SAR Section 2.3.3.1). 
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For ambient seepage, DOE described (i) the theoretical treatment of seepage inlo circular 
openings in porous media; (i1) its choice of a fracture-only, stochastic, porous-media continuum 
seepage model; and (iii) field tests at Yucca Mountain used to calibrate seepage models (SAR 
Section 2.3.3.1). Because drifts are approximately circular in cross section, DOE drew on the 
theoretical treatment derived from an analysis in Philip, et al. (1989aa) of water diversion around 
large circular openings in homogeneous porous media. Because water is more likely to drip 
from fractures than from matrix, and to simplify the numerical models, DOE developed seepage 
models that inClude only the fracture network as the porous media. DOE described field tests at 
Yucca Mountain and observations from analog sites that illustrated the capability to divert waler. 

DOEmodels solve the 
~-----c-~ 

Ie ar s equation ( ic ards, 1 31aa) or saturated-unsaturate flow through porous materials, 
with the van Genuchten-Mualem relations describing the capillary pressure and relative liquid 
permeabilit in the fracture continuum as a functi0i' ()f(iguid saturation (van Genuchten, 
1980aa).L.(b..:.;)(....:,5) _______________________ ..., 

l(b)(S) 

DOE used two separate numerical seepage models: one for calibration to field tests and the 
other to generate ambient seepage abstraction lookup tables for the performance assessment 
model. Injection tests at Yucca Mountain, as described in BSe Section 6.2 (2004av), form the 
basis of the DOE calibrated seepage model that was designed specifically for the injection test 
domains (SAR Section 2 3.3.2.3.3). The key parameter for estimating seepage is the 
unsaturated zone property of capillary strength, It is the inverse of the lIan Genuchten CL term 
(van Genuchten, 1980aa) and reflects the ability of the fracture continuum to offset gravity for 
water dripping into drifts. DOE conceptually separated percolating water reaching the drift 
ceiling into (i) water diverted by capillarity, which remains In the host rOCk, (Ii) water dnpping 
from ceiling, which is defined as the seepage flux; and (iii) water entermg the drift but not 
dripping, which inCludes along-wall flow and evaporation. Because the capillary strength 
parameter is calibrated from the injection tests, it implicitly indudes the effects of evaporation, 
along-wall flow, and capillary diversion. 

The seepage abstraction was developed using the second seepage model that kept the same 
grid characteristics as the seepage calibration model, but was deSigned for the geometry of 
emplacement drifts (SAR Section 2.3.3.2.3.4) DOE used the second seepage model to 
generate two tables: one for intact drifts and one for collapsed drifts for the seismic modeling 
cases. These tables covered a wide range of percolation rates, and permeability and 
capillary strength parameter values. To estimate seepage at any location using the 
abstraction, DOE sampled capIllary strength and permeability from uncertainty distributions 
(SAR Section 2.3.3.2.4.1) and used a spatially dependent local percolation rate. 
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The local percolation flux input for the seepage lookup table is the product of a sampled 
flow-focusing factor and the spatially corresponding percolation flux at the base of the PTn in 
the MSTHM (SAR Section 2.3.5.4.1). DOE used the spatially variable flow-focusing factor to 
incorporate intermediate-scale heterogeneity (e.g., nonvertical small faults) that might lead to 
convergence or divergence of flow in the rock layers immediately above drifts Spatially variable 
net infiltration and other large-scale heterogeneities from the ambient site-scale unsaturated 
flow model were propagated to the MSTHM and thus were automatically brought into the 
seepage abstraction. DOE described intermediate scale as falling between the grid scale of the 
ambient site-scale unsaturated flow model {approximately on the order of 100 m [330 ftl} and 
several drift diameters. Spatial variability driven by heterogeneity below the scale of several 
drift diameters was inherently incorporated into the seepage numerical models used to generate 
the seepage lookup tables. Flow-focusing factors increased local percolation in some areas 
and decreased it in other areas, but the flow-focusing factor did not modify the total flux over the 
entire area. 

For the seismiC ground motion, seismic fault displacement, and igneous intrusion modeling 
cases, DOE predicted changes to the drift opening that might lead to changes in seepage rate 
and distribution. To account for changes in the drift wall caused by seismic events that lead to 
changes in dripping, DOE utilized the second seepage table for collapsed drifts. The degree of 
drift degradation controls the switch from the intact to the collapsed seepage table. For 
lithophysal rocks only, values from both tables are obtained and some intermediate value IS 

calculated on the basis of scaling to the volume of rubble detached from the drift ceiling. For 
nonlithophysa! rocks, accumulated rockfall above a speCIfied threshold causes the seepage to 
be set equal to the percolation rate. The two seismic mOdeling cases are treated slightly 
differently. For the seismic ground motion modeling case, all drifts are shifted to a degraded 
state. For the seismic fault displacement, only a small number of drifts and waste package 
sedions are affected by the seismic event. As with the seismic scenario for nonlithophysal 
rocks, the DOE seepage abstraction for the igneous scenario is Simplified by neglecting the 
effect of diversion. 

Capillary Djve!1!!IQn around Intact Drifts' 

DOE described the effediveness of the unsaturated zone in the Upper Natural Barrier In terms 
of two metrics; seepage flux and seepage fraction (SAR Section 2.1.2.1.6). This subsedlon 
focuses on the seepage flux, which is calculated as the amount of water percolating through the 
host rock above the drift that the capillary diversion process does not divert around the drift by 
capillary diversion process. Capillary strength is the key parameter in the DOE seepage model 
for estimating the amount of water diverted around dntts, both because of the sensitivity of 
seepage estimates to this input parameter and beCause of the uncertainty in estimating 
representative values of this parameter. Percolating water (i) drips from the drift ceiling 
(seepage); (ii) flows laterally around the drift in the host rock; (iii) enters the drift, but flows along 
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the drift wall; or (iv) enters the drift in the gas phase (vapor flux). DOE defined seepage as only 
the water dripping from the drift ceiling. 

To evaluate seepage rates for performance assessment. NRC staff notes that the 10,000-year 
and million-year periods may be considered separately. NRC staff evaluates seepage rates for 
the .million-year perio<!Ln its review of the !>eepage for degraded drifts in the next subsection 

(b)(5) 

(b)(5) 

Capillary Diversion for Degraded Dnfts 

NRC staff reviewed the DOE approach and estimate of seepage flux that account for the 
disruptive modeling cases of seismic ground motion. seismic fault displacement. and igneous 
intrusion. tn the DOE model, capillary diversion remains the predominant barrier for seismically 
degraded drifts. This evaluation focuses on seepage in lithophysalunits reflecting seismically 
degraded drifts. 

To address drift collapse, DOE developed a collapsed drift seepage table similar to the intact 
drift seepage lookup table The table was developed using an enlarged drift opening, with an 
11-m [36-ft] Instead of 5.5-m [18-ft] diameter. DOE selected a perfectly Circular 11-m 
[36-ft)-diameter drift opening, as outlined in BSC Section 6.6.3 (200400), based on inspection 

simulation results from rock mechanics modelin as described in B n ix R 4 
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A tiered abstraction was used to account for the degree of drift degradation (SAR 
Section 2.3.3.4.1.1). For nonlithophysal rock, seepage estimates from the intact seepage table 
were used with estimated accumulated rubble less than 0.5 m3 per meter of drift length {54 ftl 

per foot of drift length]. Otherwise, seepage was set to the percolation rate, including 
adjustments from the sampled focusing factor. For lithophysal rock, the intact seepage table 
was used for accumulated rUbble less than 5 m3 per meter of drift length [54 tt3 per foot of drift 
length]. For accumulated rubble greater than 60 m3 per meter of drift length [650 ftl per foot of 
drift length]. the collapsed drift seepage table was used. Seepage was interpolated from the 
entries in both the intact and collapsed drift seepage tables for intermediate values of rubble 
accumulation {between 5 and 60 mJ per meter of drift length [54 and 650 fe per foot of drift 
length]} in lithophysal rock. 

(b)(5) 

For the million-year period. DOE's model determined disruption by seismiC ground motion to be 
the most important contributor to dose estimates. To evaluate DOE's estimates of seepage rate 
for the million-year period. NRC staff considered the follOWing 

(b)(5) 

DOE described the effectiveness of the unsaturated zone in the Upper Natural Barrier in terms 
of two metrics: seepage flux and seepage fraction (SAR Section 2.1.2 1.6). This subsection 
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focuses on the latter. DOE defined seepage fraction as the number of drift segments where 
seepage occurs, divided by the total number of drift segments (SAR S~_ction 2.3.3.1). In this 
context drift segments can be thought of as waste packaae locations.ilb)(5 

(b)(5) 

Conceptually, DOE defined seepage fracbon as the area portion of the repository where 
dripping is expected to occur, using the footprint of a waste package (drift diameter and waste 
package length) to define a seepage area. Thus, seepage fraction IS linked to the number of 
waste packages that would get wet if no drip shields were present. divided by the total number 
of waste packages. The remainder of the repository is thus the nonseeping environment, where 
the flux of liquid water potentially dripping in a waste package location is set to zero in the 
DOE abstraction. 

In the DOE abstraction, seepage fraction is important because releases of radionuclides in the 
seeping environment are transported by advection. In that portion of the repository where the 
liquid flux is zero, any released radionucHdes are transported by diffusive processes out of the 
waste package, which are slow compared to advective transport rates. Releases in the 
nonseeping environment rely on transport by diffusion along stagnant water films. Therefore, 
determination of the threshold at which seepage occurs can impact radionuclide transport. 

DOE used the seepage model to predict seepage at all locations. At locations where calculated 
seepage was less than some small rate, DOE set the value to zero in the performance 
assessment. Because the seepage fraction is senSitive to the selection of a value for the 
seepage threshold, DOE Enclosure 5 (2009ct) descrtbed sensitiVity analyses showing that 
reducing the seepage threshold value to zero led to a negligible change in performance 

In the abstraction, seepage fraction is fixed at a constant value for any particular TSPA 
realization. To determine the constant value, DOE selected the highest calculated seepage 
fraction that would occur at any time during the simulation period. This value of seepage 
fraction was then applied throughout the simulation. Separate TSPA realizations were run for 
the 10,OOO-year (using a 20.000-year simulation period) and million-year calculations. DOE 
provided average values for TSPA realizations in SAR Tables 2 1-6lhrough 2.1-9. DOE 
estimated an average seepage fraction of 0.10 for the first 10,000 years when seismic and 
Igneous scenarios do not influence seepage. Similarly. DOE estimated an average seepage 
fraction of 0.69 for the million-year penod when the seismiC ground modeling case is the 
dominant dose contributor. Igneous intrusion and seismic fault displacement scenarios do not 
influence the seepage fraction used in the million-year calculation, because (i) the abstraction 
for Igneous Intrusion sets seepage fraction to one, but probability is low for any particular 
realization and (ii) seismic fault displacement only affects a small number of dnfts. 

(b)(5) 
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Representation of Spatial Variability 

NRC reviewed the representation and propagation of spatial variability across the repository to 
determine whether DOE's model underestimated seepage. DOE incorporated spatial variability 
at several levels in developing its seepage results for performance assessment. including 
(i) integration of variability from upstream model results, (ii) variability of permeability and 
capillary strength in the seepage model, (iii) incorporation of a flow-focusing factor, and 
(iv) abstraction of spatial variability for performance assessment. The key aspect for NRC 
staffs evaluation of adequacy of spatial variability reflected in the performance assessment is 
the upscaling of results to five percolation bins for the entire repoSitory 

DOE incorporated spatial variability in the seepage by 

• Integrating aspects of spatial variablflty related to net infiltration and large-scale 
heterogeneities from the ambient site-scale unsaturated-flow model (and propagated 
to the MSTHM) directly into the seepage model through the input of percolation 
distribution across the repository. This aspect of variability is evaluated in SER 
Section 2.21.3.6.3.2. 
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• Incorporating spatial variability and uncertainty In permeability and capillary strength 
directly into the seepage model used to create the seepage lookup tables. This 
incorporated variability at the scale of several drift diameters. Permeability was 
stochastically varied across the seepage model grid Capillary strength was treated as 
an upscaled parameter for the model domain. 

• Incorporating a flow-focusing factor in the seepage abstraction that addressed the 
possibility of convergence or divergence of flow in the rock layers above drifts. The 
flow-focusing factor represents intermediate-scale heterogeneity, which DOE described 
as falling between the grid scale of the ambient site-scale unsaturated flow model 
{approximately on the order of 100 m [330 ttl} and several drift diameters (seepage 
model grid). Flow-focusing factors increased local percolation In some areas and 
decreased it in other areas, but the total flux over the entire area remained constant in 
the DOE performance assessment. The resulting values of flow-focusing factors reflect 
spatial variability and range from 0.116 to 5016, as outlined in SNL Section 66.5.2.3 
(2oo7bk). To provide confidence in estimates of the distribution of flow-focusing factors, 
DOE performed additional modeling exercises using different assumptions for 
calculating the focusing factor (SAR Section 23.3.23. 76). Results of alternative 
flow-focusing distributions led DOE to use a narrower range for the distribution of 
flow-focusing factors. 

• Using five percolation bins, and thus five seepage histories. to address spatial variability 
in the performance assessment. The use of average seepage histories for a percolation 
bin represents an upscaling of spatial variability. 

(b)(5) 

E used five percolation bins to separate the repository into areas 
o Simi ar perco alion rates. The areas of anyone bin are not necessarily contiguous. The 
binning of percolation rates roughly ensured spatial continuity of flow zones above and below 
the repository (Le , high percolation and thus high seepage zones correspond with high flow 
zones for transport below the repository). DOE Enclosure 2 (2009bo) compared calculated 
release results using the five percolation ffux bins with results uSing the 3,264 locations. The 
analysis demonstrated that the two approaches have Similar time histories of radionuclide 
release, but the bin approach tended to estimate larger repository-wide cumulative release of 
radionudide mass to the lower unsaturated zone b th endotr~Qulatorv periods of interest 
Le., 10,000 and 1 million ears. (b)(5) 

(b)(5) 
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DOE described two important features created by the thermal pulse that affect seepage into 
drifts: the dryout zone around a drift and a reflux zone at the outer edge of the dryout zone. 
DOE's abstraction for thermal seepage sets seepage to zero for drift wall temperatures 
exceeding 100 'C [212 OF]. This temperature threshold for seepage is the focus of NRC staff's 
evaluation of thermal seepage in the following paragraphs. NRC staff reviewed the description 
of features and processes incorporated into the conceptual and numerical models that DOE 
used to develop the seepage threshold of thermal seepage. Considering uncertainty denved 
from observations used to develop the thermal seepage abstraction, staff focused its evaluation 
on the impact to performance. 

DOE described the predominant seepage barrier capability for the thermal period as the 
elimination of liquid flux at the drift wall due to the dryout zone. The applicant referred to this as 
the vaporization barrier (SAR Section 2.1.2.16.2). Flow diversion due to capillary forces 
(capillary diversion) remains a relevant process at all temperatures. DOE indicated that this 
vapor barrier would eliminate liqUid water reaching the drift wall at temperatures exceeding 100 
·C [212 OF] (SAR Section 2.3.3.4). In the DOE thermohydrological characterization, two-phase 
flow (liquid and vapor) in the host rock occurs at the outer edge of the dryout zone. Referred to 
as the reflux zone or heat pipe, because of increased heat transfer, evaporated liquid water 
rises and condenses in a continuous cycle. This zone of elevated liquid saturation above the 
dryout zone can serve as a supply of water added to the local percolation that potentially may 
breach the dryout zone as focused flow in large fractures, possibly reaching the drift wall and 
dripping into the drift 

DOE separated the thermal evolution into three regimes: dryout, tranSition, and low temperature 
(SAR Section 2.3.5.4.1.1.3). DOE asserted that no water enters the drift during the dryout 
period, and seepage may occur during the transition period and continue into the lower 
temperature period transitioning to ambient temperature conditions. The applicant defined the 
dryout period as the time when drift wall temperatures are estimated to exceed 100 ·C [212 OF] 
Whereas DOE eliminated seepage into drifts at a threshold value of 100'C [212 OF] for Intact 
and partially degraded drifts, no threshold was implemented for fully collapsed dnfts in the 
seismic scenario. Drift wall temperature is provided to the thermal seepage abstraction from the 
MSTHM, which incorporates host rock heat transport, dryout, and rawetting (presented In SAR 
Section 2.3.5.4; reviewed by NRC staff in SER Section 2.2.1.3 6.33). 

DOE derived the seepage threshold value of 100·C [212 OF] from process-level 
thermohydrological modeling exercises to evaluate the POSSibility of preferential flow breaching 
the dryout zone under different realistic and bounding flow conditions. DOE described the 
thermal seepage model as a dual-continuum (matrix and fracture) representation with coupled 
heat and mass transport The model necessarily uses a different property sat than that used for 
the fracture-only continuum models for ambient seepage. DOE assumed that hydrologiC 
properties need not Incorporate the effect of thermal-mechanical and thermal-chemical 
processes. This assumption is based on results of DOE's thermal-mechanical and thermal­
hydrological-chemical modeling of the heated field tests, which suggest that changes to the ftow 
patterns are smaller than the vanabllity and uncertainty already conSidered for seepage. In 
addition, DOE indicated these changes may be transient and likely would disappear With the 
decay of the thermal pulse. Generally, the modeling exercises Included pulses of water applied 
to a single fracture and assessment of whether the pulse would evaporate before reaching the 
drift ceiling. Thermal aspects of the numerical model were supported by field and laboratory 

9-38 

Comment (b )(5) 
(b)(5) 



(b)(5) 

DOE stated that the value of 100 "C [212 OF) for the thermal seepage threshold temperature at 
the drift wall. being several degrees above the ambient boilmg pOint {96 3 ·C (205 "FD. accounts 
for modeling uncertainties and the ossibili of a heat I occurnn near the drift wall SAR 
Section 2,3,3.3.4. (b)(5) 

(b)(5) 

(b)(5) 

SummarY 
(b)(5) 
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2.2.1.3.6.3.5 In-Drift Convection and Moisture Redistribution 

This section contains NRC staff evaluation of DOE models, data. and results representing in­
drift convection and moisture redistribution. Condensation flux. which results from moisture 
redistribution via vapor movement. is added to the seepage flux to obtain the total flux of water 
that may reach the engineered barrier components. 

In SAR Section 2.3.5.4.2.1 and SNL Section 6.1 (2007bl). DOE described in-drift convection 
and moisture redistribution as driven by temperature differences between the waste package. 
drift wall. and other engineered components. In the DOE conceptual model. decay heat from 
emplaced waste will create large temperature differences. both radially and axially within a drift. 
The temperature differences will produce buoyancy-driven natural convective flow of air inside 
the drift opening that will increase heat transfer and redistribute moisture. Convective air flow 
will cause water evaporation at warmer locations in the host rock and subsequent transport by 
in-drift convection to cooler locations where it may condense on cooler surfaces. DOE 
described the ensemble of evaporation, convective moisture redistribution, and condensation on 
cooler surfaces inside the drift as the cold trap phenomenon. 

The in-drift convection and condensation models prOVide two outputs. First the convection 
model provides support for the effective thermal conductivity used in the thermohydrologlcal 
model, reviewed in SER Section 22.1.36.33. Second, the condensation model, using 
dispersion coefficients calculated from the convection model, provides probability and flux of 
condensation to performance assessment. Condensation is added to the dripping flux to obtain 
a total seepage flux entering drifts. Condensation is linked to DOE's abstraction for chemistry of 
liquid water contacting engineered barrier components (reviewed in SER Section 2.2.133) and 
to flux of water in the invert, which influences radionuclide transport (reviewed in SER 
Section 22.1.3.4) 

The NRC staff evaluation of the convection and condensation models and results are divided 
into two parts. The following two subsections contain NRC staff's evaluation of (i) in-drift heat 
transfer and convection and (ii) moisture redistribution and condensation. 

2.2.1.3.6.3.5 1 In-Drift Heat Transfer and Convection 

NRC staff reviews the DOE conceptual model for in·dnft heat transfer and implementation of the 
numerical model In this section The review considers the adequacy of the heat transfer model 
to estimate representative dispersion coefficients and effectIve thermal conductivity. 

In-drift heat exchange processes involve conduction, convection, radiation. and phase-change 
(latent) heat transfer (SAR Section 2.35.4 2.3.1). Heat transfer processes reduce temperature 
differences created by emplacing heated waste packages in a drift (SAR Section 2.3.5.4.2.3). 
Though the heat transfer model generally will be referred to here as the convection model, 
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radiative and conductive heat transfer processes are also included in the applicant's model 
and analyses. 

DOE implemented the convection model usi the commercial c mutational fluid dynamics 
solver FLUEN~ (b)(5) DOE set up FLUEN~ to 
solve the steady-5 ate form of the Navier- tokes equation over a hlg Iy discretized grid for 
selected times during the thermal pulse. DOE models incorporate. as appropriate, the complex 
arrangement of engineered components and take advantage of vertical aXial symmetry to 
reduce computational effort. Radiation and conduction are included, but latent heat transfer is 
excluded because DOE demonstrated in SNL Sections 6.3.7.2.4 and 6.3.5.1.2 (20071:>1) it does 
not significantly affect overall heat transfer and convection i(b)(5) 
(b)(5) 

1(b)(5) ____ ..... = ____ -,-,--..--.-.-.;-~='""""-__;_-___;____;_-' 
(b)(5) I DOE Sections 6.1 and 6.2 (2oo7bl) used numerical 
models at local and dnft scales to represent heat transfer at scales ranging from large-scale 
heat transfer along drifts (center to repository edge) to small-scale heat transfer across 
boundary layers at solid-air interfaces. The DOE local-scale model emphasizes cross-sectional 
patterns in its simulations of temperature gradients between the waste package, drip shield, and 
drift wall The DOE drift scale models address temperature gradients between the hot 
repository center and cooler edges. Model support was provided by DOE laboratory convection 
experiments and other expenments In the general literature using Similar geometnes (Kuehn 
and Goldstein, 1978aa) 

In its two- and three-dimenSIOnal convection models. DOE used dimenSions and phYSical 
properties of waste packages, drip shield, invert, and heat loads consistent with upstream 
models, as shown In SAR Sections 2.3.5.4.2.2 and 1.3.2 and SNL Section 4.1 (2007bl), and 
used values for physical properties of fluids and solids denved from standard thermal textbooks 
(i.e., Incropera and DeWitt, 1996aa: Kreith and Bohn, 2001aa). DOE assumed that convection 
is based on pure air (Le., without water vapor) and demonstrated that thiS assumption would 
slightly underestimate in-drift vapor transport. as outlined in SNL Section 6.1.3.2.1 (2007bl). 

(b)(5) 

(b)(5) On the basis of this assumption, DOE used a neutrally buoyant tracer gas in the 
simulations and calculated the dispersion coefficients using the resulting concentration 
gradients.(b)(5 ) 
l(b)(5) 
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l(b)(S) 

NRC staff considered DOE's use of the convection model results to estimate dispersion 
coefficients for the condensation model DOE stated that dispersion coefficients are dependent 
on a number. of factors, induding aXial drift wall temperature variation, convective flow pattern, 
presence of drip shields, and time, as outlined in SNL Section 6.2,7 (2007bl), DOE calculated 
dispersion coefficients at two locations in the simulated drift and at discrete timesteps during the 

erma I pulse, E addressed uncertainty in the dispersion coefficient using parametri.c-~ DO . 
l'thlrliAl't ::mrl boundina analvses as described in SNL Sections 6.1,7 and 6.2,7 (2007bl).1(b)(S) 

(b)(S) 

(b)(5) 

(b)(S) l DOE computed an effective ~e~al COnductivity 
from output of the convection model between (I) dnp shield and dnft wall and (II) dnp shield and 
waste package, as shown in SNL Table 6.4. 7-3 (2007bl). The calculated values supported the 
Francis, et al. {2003aaW<grrelations used in the MSTHM submodels, as described in SNL 
Aooendix Ira] (2007aj).i(b)(S) I 

(b)(5) 

(b)(5) 

2.2,1.3.6.3,5.2 Moisture Redistribution and Condensation 

NRC staff reviewed the information DOE presented to support estimates of condensation flux In 
drifts, DOE described the conceptual. numerical, and abstraction models for moisture transport 
and condensation in SAR Section 2.3.5.4 2. Treatment of data and model uncertainty was 
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described in SAR Sections 2.3.5.4.2.2 and 2.3.5.4.2.3.3. Considering the support DOE 
provided for models and results, NRC focused its evaluation on the consequence of 
condensation flux on repository performance. 

Condensation Approach 

This section reviews the DOE description of the conceptual, numerical, and abstracted models 
used to estimate condensate rate for the performance assessment model. 

Moisture redistribution and condensation inside the drift is also referred to as the cold trap 
process. The process involves water evaporation from hotter locations. convection to cooler 
locations, and the condensation of vapor on cooler surfaces DOE considered surface 
condensation, which reqUires direct contact of the convecting gas-phase with a cooler surface, 
but did not provide information on the potential effects of dust or volumetric condensatIOn 
(Cussler, 1995aa) in its conceptualization. DOE predicted that condensation will only occur on 
the drift wall because the drift wall will be cooler than the drip shield, waste package, or invert at 
each axial position along any drift. DOE added condensation flux to the dnpplng rate to obtain a 
total seepage rate contacting engineered barrier components and reaching the invert and, thus. 
affecting advective radionuclide transport rates to the natural system. 

DOE described the evolution of moisture transport and condensate formation using three stages 
controlled by drift wall temperature (SAR Section 2.3.5.4.2.1). In Stage 1, the initial cooling 
stage, the drift wall temperature exceeds boiling along the entire length of the emplacement 
drift. DOE stated that no condensate formation takes place during the initial stage In Stage 2, 
the intermediate cooling stage, the drift wall temperature exceeds boiting in most of the drift, but 
the end of the drift (repository edge) is below the boiling temperature For the intermediate 
stage, DOE performed a bounding analysis to calculate condensation flux occurring on 
codisposal waste packages at cooler locations. In Stage 3, the final cooling stage, the drift wall 
temperature is below boiling along the entire length of the drift In the DOE abstraction, 
condensation occurs at both codisposal and spent nuclear fuel waste package locations. but all 
condensation ceases at 2,000 years. Results for process-level models for the intermediate and 
final cooling stages provide the basis for the abstraction model used In the 
performance assessment 

For the intermediate cooling stage, DOE estimated condensation uSing a three-dimensional, 
pillar-scale thermal-hydrological model (SAR Section 2.35424). This is an alternative 
conceptual model supporting the thermohydrological results the MSTHM calculated (SAR 
Section 2.3.5.4.1.3.3; reviewed in SER Section 22136.3.3). Described as a bounding 
approach, DOE used a range of dispersion coefficients and percolation values in the tnree­
dimensional, pillar-scale model to determine that condensation occurs on codisposal waste 
packages, but not on spent nuclear fuel waste packages. 

For the final cooling stage, DOE used a one-dimensional analytical mOisture transfer model to 
estimate condensation occurrence and flux when drift wall temperatures along the entire length 
of the drift are below boiling. The DOE network model calculates quantity of condensate at a 
given location along the drift (SAR Section 2.3.5.4.2.31) for specified percolation rates and 
thermal input. The one-dimensional model is based on a diffusion-type equation and uses 
values of dispersion coefficients calculated by the convection model as an effective diffusion­
type parameter. Conductive heat transfer in host rock IS based on an analytical mountain-scale 
conduction model, as outlined in SNL Section 6.3.5.1.1 (20Q7bl), and in-drift heat transfer 
between components IS calculated based on correlations derived from Simple systems and 
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reported in open literature (Raithby and Hollands, 1985aa; Kuehn and Goldstein, 1976aa; 
Burmeister, 1993aa). DOE considered the supply of water for evaporation at drift walls to be 
bounded by the sum of capillary-pumping flow and local percolation fiux intercepted by the 
emplacement drift footprint An important design feature integrated into the condensation model 
is the control parameter that commits DOE to an unheated open length at the ends of drifts, 
which allows axial convection to convey a portion of the moisture beyond the last waste 
package before condensation would occur (SAR Section 1.9, Control Parameter Number 01-18. 
Table 1.9-9). 

DOE implements the abstraction of condensation in the performance assessment using a 
three-step process (SAR Section 2.35.4.2.4) First, DOE used the process-level condensation 
models to generate a set of results for different parametric variations that account for disperSion 
coeffident, percolation rates, invert assumptions, and temporal variation of heat load. Second, 
DOE developed a set of regression curves that establishes a functional relationship between 
percolation flux, probability of condensation. and condensate mass. Third, DOE used the 
regreSSion curves for each percolation subregion to determine the occurrence (fraction of area) 
and magnitude of condensation. DOE added condensate flux directly to dripping flux to obtain a 
total flux of water entering drifts. 

In DOE's model, condensation within emplacement drifts would be altered if a disruptive event 
occurs during the thermal period. The DOE abstraction sets condensation to zero once an 
igneous intrusion or drift collapse event occurs (SAR Section 2.4,2.3.2.1.12,3), because these 
processes would fill drifts with rock and substantially reduce air gaps. However, such events 
have low probability and DOE expects drifts to remain intact throughout the first 2.000 years, as 
described in DOE Enclosure 7 (2009ct). 

The DOE condensation model results can be summarized as follows: 

• During the intermediate cooling period, all codisposal waste package locations receive 
condensation dripping from the drift ceiling at rates 8 to 35 times greater than the mean 
seepage rate [calculated from SAR Table 2.1-11 and DOE Table 7 (2010ai)J Whereas 
DOE conservatively applied condensation to all codisposal waste package locations. no 
spent fuel waste package locations receive any condensation. 

• During the final cooling stage (after approximately 1,500 years). mean condensation 
rates are less than 1 percent of mean seepage rate, and condensation only occurs at a 
small fraction of locations for both codisposal and spent fuel waste packages, as shown 
in SAR Tables 21-10 and 2.1-11 and DOE Tables 6 and 7 (2010ai) 

The average condensation rate in a percolation bin is calculated by multiplying the fraction of 
waste package locations receiving condensation times the condensation flux rate, which is then 
added to the seepage rate (SAR Section 2.3.3) rate to obtain a total dripping rate. The 
presence of intact drip shields keeps water from contacting waste packages 
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NRC staff considered two types of information DOE provided to gain confidence in the 
condensation model and results used in the performance assessment One, in developing the 
conceptual model, DOE stated that observations of vapor movement and condensation in 
response to small thermal gradients in the East-West Cross-Drift infer the importance of the 
cold trap process in the repository (SAR Section 2.3.5.4 2\.:(b)(5) 
(b)(5) 

--

1("(5' 
(b)(5f··~ -----------:J---,--;D~u-n~· n-g-;Oth-e---;fi~rsf2,OOO years after permanent closure, 
the presence of the intact drip shield ensures that the condensate will not directly contact waste 
packages. During this period, DOE asserts that drip shields will be su rm that an 
condensation will occur on drift walls, above or awa from dri~sh~l~el~d~s.~= ______ --I 
(b)(5) 

(b)(5) 

(b){5) 

• Beyond 255,000 years, DOE predicts that drifts will 
and aXial convection alan drifts will no Ion 

(b)(5) 
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Summary 
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2.2.1.3.6.3.6 Ambient Mountain-8cale Flow-Below the Repository 

NRC staff's evaluation of the flow field in the unsaturated zone below the repository considers 
how the flow magnitudes and patterns affect radionuclide transport. Flow above the repository 
is evaluated in SER Section 2.2.1.3.6.3.2, and flow below the repository is evaluated in this 
section. The site-scale unsaturated flow model provides flow fields both above and below the 
repository for different climates (SAR Section 2.3.2.3). In SER Section 2.2.1.3.6.3.2, NRC staff 
evaluates the use of site characterization data, development of a conceptual model, calibration 
procedure, and confidence building exercise and validation for this model. The follOWing factors 
influence aspects of the ambient site-scale flow fields that are relevant to the flow fields below 
the repository: (I) the CHn influences flow in the southern and northern portions of the 
repository footprint, (ii) the active fracture model (AFM) influences the fracture-te-matrix flux, 
and (iii) the uncertainty of flow fields influences transport. Output of the ambient site-scale flow 
model (Le., flow patterns, water saturations, and flow rates) is dIrect input to the radionuclide 
transport abstraction, which NRC staff reviews in SER Section 2.2 1.3. 7 

Evaluation of the adequacy of flow fields below the repository is separated into three parts 
(i) NRC staff reviews the DOE description of the conceptual model for flow below the repOSitory, 
(ii) NRC staff evaluates information and observations supporting flow features in the southern 
vitric CHn zone and in the northern zeolitic CHn zone, and (iii) NRC staff evaluates how 
uncertainty in flow fields can affect repository performance regarding radionuclide transport. 

2.2.1.3.6.3.6.1 Flow Model Conceptualization 

DOE described aspects of the flow below the repository in SAR Section 2.3.2.2.1.4 and how 
these aspects are related to the hydrogeologic units (SAR Table 2.3.2-2) below the repOSitory. 
The hydrogeologic units include 

• TSw; welded tuff, dominantly fracture flow 
• CHn 

Calico Hills Formation: nonwelded vitric and zeolitic zones 
Prow Pass Tuff and top of Bullfrog Tuff; devitrified and zeolltic horizons 

• CFu; varied degree of welding 
• Fault zones crossing all hydrologic units 
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DOE described flow in the first layer underlying the repository. the TSw. as occurring dominantly 
through fractures (SAR Section 2.3.2.2.1.3). DOE assumed steady-state flow was based on 
dampening of episodic infiltration pulses by the overlying PTn unit (SAR Section 2.3.2.2.1.2: 
reviewed by NRC staff in SER Section 2.2.1.3.6.3.2) Percolating water moves approximately 
vertically from the ground surface through the proposed repository to the base of the TSw. 
Below the TSw. DOE described flow patterns in the CHn that differ markedly between the 
northern and southern portions of the repository footprint (SAR Section 2.3.2.2.1.4). The CHn Is 
the only unit where lateral variation has been incorporated Into the ambient site-scale 
unsaturated flow model. DOE descnbed portions of the originally vitric CHn layer as altered to 
zeolites, which strongly modifies hydraulic properties. The distribution of alteration is described 
as increaSing with depth and increaSing to the north and east across the repository footprint 
(SAR Section 2.3.2.2.1.4). Below the southern portion, DOE expects flow In the vitric CHn to be 
dominated by matrix flow, because matrix permeability is higher than percolation rates. DOE 
expects little fracture flow where the CHn is unaltered. Below the northern portion. where most 
of the CHn has been altered to zeolites, perched water occurs in overlYing units due to low 
permeability of the zeolitic tuff. DOE described that perched water affected performance by 
causing lateral flow to faults and fast vertical flow and transport down to the groundwater table 
(saturated zone). Because flow through the matrix of vitrle CHn units is much slower than flow 
through fractures and faults, DOE predicted travel times in the southern portion to be much 
longer than in the northern portion of the repository (SAR Section 2.3.8.1). 

(b)(5) 

(b)(5) 
of devltnfied, zeolitlc, welded, and nonweld 

E described these units as layers 
uff (SAR Table 232-2). In SAR 

2.2.1.3.6.36.2 Flow Features Below Southern and Northern Portions of RepoSitory 

NRC staff reviewed the support DOE provided for flow features below the repository that may 
affect performance. Flow patterns below the repository can be described in terms of water 
velodty, which together with water saturation is directly tied to transport travel times. Flow 
patterns can be separated into three horizons starting at the repository and proceeding 
downward (i) fracture flow In welded tuffs of the TSw, (ii) influence of nonwelded tuffs of the 
CHn. and (iii) flow in the variably welded tuffs below the CHn. DOE described flow through the 
TSw as primarily vertical and rapid because of the pervasive fracture network. but described 
rock alteration in the underlying CHn as causing different flow patterns in the southern and 
northern portions of the repository footprint (SAR Section 2.3.2.2 1.4 and supporting 
documents). In the southern portion, travel times are slow and sorption potential is high due to 
flow predominantly through the matrix of the unaltered. vitnc CHn. This is contrasted with fast 
travel times for transport in the northern portion of the repository where fracture and fault flows 
dominate, because the low permeability of the altered, zeolitic CHn led to the formation of 
perched water. Below the CHn, alternating layers of tuff With differing degrees of welding are 
host to the present-day and expected future water table. 
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(b)(5) 

Flow in Welded Topopah Spring Tuff 

NRC staff reviewed the basis provided for flow patterns through the fracture network of the 
welded tuffs of the TSw immediately below the repository. The review here focuses on support 
for the hydrologic properties of the fracture network, including support for the conceptualization 
and parameterization of the AFM 

DOE utilized air permeability and fracture data (SAR Section 2.3.233.2) as prior information for 
calibration of fracture hydrological properties. DOE assumed that fractures follow the van 
Genuchten-Mualem constitutive relations for saturation, water potential, and relative 
permeability, adjusted by the AFM. Support for the AFM parameter values is discussed later in 
this chapter. DOE based fault hydrological properties on air permeability measurements (SAR 
Section 2.3.2.3.3.3) and integrated these properties into the transition of one-dimenSional 
calibration values to three-dimensional values across the site. DOE did not include sorption on 
fracture surfaces {SAR Section 2.3.8. and flow welded-tuff fractures and 
faults as 
2~an '~~~~~--~~--~~~--~~--------------------~---, 

(b)(5) 

Parameterization of the AFM may affect performance because the AFM controls the flux of 
water from fractures into the surrounding matrix. Increasing the flux of water mOVing from 
fractures to matrix increases the movement of radionuclides Into the matrix, where slower travel 
times and increased sorption occurs relative to the fracture continuum. Therefore, NRC staff 
reviewed the basis and uncertainty of parameter values used for the AFM. 

DOE described and implemented the AFM of Liu, et al (1998aa) in the site-scale unsaturated 
flow model to capture the effects of gravity-driven fingering flow through a limited number of 
water-conducting or active fractures. In the site-scale unsaturated zone flow model. the 
applicant kept layerwise AFM parameters constant in TSPA realizations, but varied the values 
with infiltration uncertainty scenario, as shown in SAR Tables 2.3.2-8 through 2.3.2-11 and SNL 
Section 6.5.6 (2008an). DOE estimated the AFM parameters for the three-dimensional model 
by calibrating one-dimensional flow simulations with field data (SAR Section 2.3.2.4.1.2.3.2). 
The applicant adjusted the calibrated AFM parameter values to Induce perching for model 
layers with observed perched water, thereby forming a fast pathway for water to flow into faults 
and b ass the ufl<:lerlying low-permeability and high-sor:P . .::tio::.:n.:...::.:un:.::.it::::sCL(c-b:..:.)(5-'.) __________ -I 
(b)(5) 
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NRC evaluated the support DOE provided for feprese01Etrv~estimates of the AFM arameter 
values used In performance assessment calculations.(~}~(5~) _____ _ 

(b)(5) 

"'-'-"-7---;----",-1 DOE used different values and uncertainty distributions for the AFM parameter 
values for ow and transport simulations. DOE used fixed values of the gamma parameter in 
the AFM in flow simulations (SAR Tables 2.3.2-8 to 232-11, 232-13, and 2.3.2-21 to 2.32-24). 
The applicant however, treated the same parameter as uncertain in transport simulations by 
probabilistically sampling from a distribution of values (SAR Section 2.38452)I(b)(5) 

'(b)(5) . . .. '.J,;".,~===~ 

(b)(5) The effect of transport in small-scale fractures of a network is 
not exp IClt1y a resse In t e DE algorithm, as specifically shown in SNL Equation C-40 
(2008en), but the effect is incorporated in the sampling of for transport calculations. 
NRC staff reviews the -;.;:.:.;:;::.:.:;::.:.:..:::.:..!i1'=.:.:..::..:.::::1:.:::.=:.:.:..::..::.:.:..-.:..==:..:.::.:....::..:==..:..::...:...=.::::.:..:. ____ ---, 

1.3.7.3.2.3. 

Influence of CHn in Southern Portion of RepoSitory 

DOE described the CHn in the southem portion of the repository as unaltered, though 
some zeolitic alteration is present and increases with depth DOE identified the unaltered. 
or vitric, zones of the CHn as an important component of the Lower Natural Barner in tenms 
of water travel times and the unit's capability for delaying radlonuclide movement (SAR 
Section 2.123.1). Because the travel times through the matrix of the vitric CHn are longer 
than in other units above and below the CHn where fast fracture flOW may dominate, transport 
through the vitric CHn dominates the travel times of the entire sequence of hydrogeologic units 
below the southern portion of the repository to the water table. Therefore, NRC staff included 
the uncertainty of the hydrologic properties and the spatial dlstnbution of the vitric CHn in 
its review. 

The applicant characterized flow in the vitrle CHn unit as matrix How dominant (Le" little or 
no fracture flow) due to the unit's relatively high matrix penmeabihly and porosity tSAR 
Section 2.3.2.2.1.4 (b)(5) ..... 
~(b)(5) . m . __ •••• NRC staff reviewed observations. 
measurements, and model-calibrated values or hydrologic properties of the vltric CHn. DOE 
provided infonmation from boreholes near the repository and from the Busted Butte analog 
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site. The latter was an experiment DOE performed to support the importance of capillarity 
and matrix-dominated flow in the CHn vitric tuff using several injection tracer tests (SAR 
Section 2.3.2.3.2.4). Noting that the CHn at Busted Butte is a distal portion of the CHn found 
at Yucca Mountain, as described in BSC Appendix H (2004av), DOE provided a lithologic and 
mineralogic comparison of the CHn near the repository with the units at Busted Butte, but did 
not provide a hydrologic comparison. Additionally, DOE suggested that the test bed units at 
Busted Butte m e affected b surficial processes because of their dose proximity to the 
round surface. (b)(5) 

(b}(5) 
(b)(5) i Calibrated matrix permeabilitY values at Busted Butte vary trom one to tour 
orders of magnitude lower, as shown in SNL Tables 7-8,7-9,7-13, and 7-14 (2007bj), 
than those calibrated for the site-scale unsaturated flow model for the vitnc CHn umt (SAR 
Table 2.3.2-3}. Because the models for the field experiments are on a smaller scale than the 
unsatur the difference in calibrated values ma related to scale 
effects. (b)(5) Measured values 
of hydraulic conductivity from Busted Butte, as shown in SSC Tabla H-3 (2 av), are one to 
two orders of magnitude larger than the geometric mean of measured hydrol<>gic conductivities 

Mountain as shown in Flint Table 7 1998aa. {b)(sT 

DOE indicated there 
'--a-re--;-fe-w-a-v-a"ila-;b-;le--;d"""at"'a-;'to-co-n-s·tr ..... a~ln-:t.-he .......... spC-aC7t"C:la.,..."l"""st,-.rI,-u-=-lo-n~o~vl~r~lc-a~n~zeolitic zones below 

the repOSitory. As a result, uncertainty about spatial variability of the CHn units (ie., vitnc 
versus zeolitic) may increase with depth and distance from the repository footprint (SAR 
Section 2.3.2.3.5.3), In its analysis, DOE incorporated data from surface mapping and 23 
boreholes spread in and arouna Yucca Mountain, as described in SSC Section 6.2.3 (2004bt) 
Six of these boreholes lie within or near the edge of the repOSitory footprintl(b)(5) 
(b)(5) 

l(t)(5) 
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l(b)(S) 

Influence of CHn in Northern Portion of Repository 

DOE described released radionuclides in the northern portion of the repository as starting out in 
the welded units of the TSw; proceeding vertically, predominantly in the fracture system to 
perched water above the zeolitic zones of the CHn; predominantly bypassing the 
low-permeability, high-sorptivity zeolitic zones by rapidly moving laterally to faults in the perched 
water body; and finally rapidly moving vertically within faults to the water table (SAR 
Section 2,3.2.2.14). DOE did not include sorption on fracture surfaces (SAR Section 2.3.8.1) 
and represented flow through welded-tuff fractures and faults as fast (e.g., tens to hundreds 
of years; SAR Figure 2,3.8-49 and DOE Enclosure 6, 2009an) NRC reviewed the DOE 
treatment of model uncertainty for (i) perching of water and (iI) extent of the zeolitic unit that 
causes the perching to ensure that the DOE representations did not lead to underestimates of 
dose, 

DOE implemented a permeability-barrier conceptual model for perched water (SAR 
Section 2.3.2.4.1.2.4.4) in which sufficient local percolation flux, poorly interconnected and 
conductive fractures, and locally low vertical and horizontal permeabilities contribute to the 
occurrence of perched water, DOE incorporated the conceptual model for flow in the perched 
water by adjusting the catib ted model arameters for the la ers where rched water h 

rved in e fi I ,(b S 

DOE constrained the spatial extent zeolitic CHn, and thus perched water, In the site-scale 
unsaturated zone model using borehole data, Through hydraulic testing and interpretation of 
borehole observations, DOE suggested that the volume and extent of the perched-water bodies 
at Yucca Mountain may vary greatly (SAR Section 2.3.2.2.2.4), The extent of perched water is 
inversely related to the extent of vitric CHn which NRC staff reviews in the orevious "-, 
on the southern Dortion of the reDositorvl(b)(S) 

l(b)(S) 

l(b)(5) 
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Flow Patterns Below the CHn 

DOE provided sparse observations related to hydrologic properties and flow patterns below the 
CHn in the northern and southern repository areas traversing the Prow Pass, Bullfrog, and CFu 
Tuffs, In its review of flow patterns below the CHn unit, NRC staff considered uncertainty 
caused by the sparseness of observations and data, 

NRC staff reviewed the hydrologic characterization of layers below the CHn, To estimate the 
hydrologic properties of the lowermost layers to calibrate the site-scale unsaturated flow model, 
DOE supplemented the available I lion and observations with analog data from the PTn 

R 'on 2,3.2,35,3 (b)(5) ':J 

:(b)(S) ~Altemative interpo atlons 0 water ta e 
temperature were presented In the SAR Figure 2,3, -37, SNL Figure 6,3,1-7 (2008ag), and 
Sass, et al. (1988aa), Because the distribution of water table temperatures in any of the 
interpolations was not cunsistent with the large-scale spatial distribution of percolation in the 
DOE site-scale unsaturated zone flow model, DOE suggested that water table temperature was 
not a sensitive indicator to percolation rate, as outlined in DOE Endosure 1 (2009cy), DOE 
suggested that multiple factors make it difficult to interpret potential relationships between 
temperature and perculation. including (i) uncertainty in ground surface temperature, 
(ii) thickness of the unsaturated zone, (iii) uncertainty in thermal conductivity of unsaturated 
zone units, (iv) influence of vertical groundwater flow in the saturated zone, and (v) uncertainty 
in the deep subsurface heal flux, 

1 (b)(5) ~ 
[lb)(5) i DOE demonstrated Wltfi 

sensitivity analyses that the exact locations of radlonuchde re, from theunsaturated zone to 
the saturated zooe are Dot iITlpoJjant (SAR Section 23.2,3.5.4). (b)(5) I 

rb)(S) .. .~~-,.., .. 

...... ~ 
NRC staff reviewed water table position because of its effect on unsaturated zone transport 
length. Future, wetter climates affect flow below the repOSitory in two ways: increased flow 
rates and water lable rise, The increased percolation rates during future dimates are evaluated 
as part of the site-scale unsaturated flow model in SER Section 2.21.3 6,3.2. The present-day 
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water table is located in the dipping layers ofthe Prow Pass, Bullfrog. and Crater Flat Tuffs. 
Mineralogical and geochemical evidence suggests the water table occurred at higher elevations 
in the past DOE found no evidence su ortin hi her erche w t f I nderneath the 
repository (b)(S) DOE 
accounted or we er a nse un ef uture, wetter climate conditions by raising the location to a 
uniform 850-m [2,790-ft] elevation, which is approximately 120 m [394 ttl highsr than the 
present-day estimate for the water table position. DOE stated (SAR Section 2.3.2.5.2) this rise 
in the water table is significantly greater than indicated by geologic evidence, which includes 
mineralogic alteration and isotopic ratios in seconda minerals aDd flow mod Ii . 
with increased Preci itation and rechar (b)(S) 

l(b)(5) 

2.21.3.6.3.6.3 Adequacy Flow Fields for rr .... ,n",r'lt'lrt 

NRC staff reviewed the effect of uncertainty of flow fields on transport through the unsaturated 
zone. DOE passed the flow fields below the repository to the Unsaturated Zone Transport (SAR 
Section 2.3.8.5) portion of the DOE performance assessment. Overall, DOE considered 
advection to be the most important transport process in the unsaturated zone because the rate 
of water movement in the unsaturated zone largely controls radionuchde travel times, as 
outlined in SNL Section 6.1.2.1 (2007bj) and DOE Enclosure 6 (2oo9an). DOE also identified 
matrix diffusion and sorption as highly important for moderately to strongly sorbing 
radionuclides, particularly radionuclides with a short half-life that pass through a matrix unit, as 
described in DOE Enclosure 6 (2009an). DOE identified matrix diffUSion and sorption as more 
important in the southern half of the repository because of the control from matrix transport in 
the CHn vitric facies, and more important for the 10,OOO-year period than the million-year period, 
as outlined in DOE Enclosure 6 (2009an). On the basis of these DOE assessments, the NRC 
staff focuses its review on the flow fields with respect to transport for nonsorbing and 
moderately to strongly sorbing dissolved radionuciides. NRC staff evaluates the repository 
performance with respect to unsaturated zone transport. including colloidal transport, in SER 
Section 2.2.1.3.7.3,2.4. 

Flow path differences between the northern and southern portions of the repository influence 
the travel times of nonsomlng and sorbing radionuclides. DOE provided model results (SAR 
Figures 2.3.8-36 and 2.3.8-49 that exhibited the resence of three min 
trans rt athwa s (b 5 

(b)(5) ..... 

e am tent unsaturated zone model Includes perching 
ow e reposl ory horizon in the northern half of the repository In the DOE implementation. 

perching diverts fracture waters into faults and thereby creates a large difference in travel times 
for the northern and southern halves of the repository. 

NRC staff first considered nonsorbjn~ radionuclides. In DOE Enclosure 1 (2oo9am), several 
single-realization simulations with 30 and 50lh percentile Infiltration maps demonstrated 
transport properties for the unsaturated zone. Using DOE Enclosure 1, Table 4 (2009am). DOE 
calculated that total activity released from the unsaturated zone In the first 10,000 years after 
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closure is 73 percent of total activity released from the EBS for Tc-99 (a nonsorbing 
radionuclide) in the northern half of the proposed repository and 78 percent in the southern half 
under the seismic ground motion scenario. DOE calculated that total Tc-99 activity released 
from the unsaturated zone in the first million years after closure is at least 98 percent of that 
released from the EBS for the igneous intrusion and seismic ground motion scenarios. 
regardless of release location. 

The NRC staff next evaluates the extent to which the unsaturated zone flow fields affect the 
applicant's performance assessment with respect to moderately to strongly sorbing 
radionuclides. DOE classified the porous matrix as either zeolitic, davitrified, or vitric and 
assigned all three classifications with sorptive capability. DOE explained that sorbing 
radionuclides are preferentially released to the fracture system as a result of sorption within the 
invert, as outlined in DOE Enclosure 1, Section 1 (2009am). As a result of the DOE release and 
flow models, which route fracture waters through the perched zone and into faults draining to 
the water table in the northern half of the repository, sorbing radionudides predominantly 
bypass the matrix in the north. In the DOE flow model, both matrix and fracture waters pass 
into the matrix of the permeable and sorbing CHn unit In the south. 

22.1.3.6.3.6.4 

2.2.1.3.6.4 Evaluation Findings 
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CHAPTER 10 

2.2.1.3.7 Radionuclide Transport in the Unsaturated Zone 

2.2.1.3.7.1 Introduction 

This chapter provides the U.S. Nuclear Regulatory Commission (NRC) staffs evaluation of the 
U.S. Department of Energy's (DOE's) representatton of radionuclide transport in the unsaturated 
zone (UZ). This;s a key component in DOE's performance assessment for the proposed 
geologic repository at Yucca Mountain, Nevada, as identified in its Safety AnalysIs Report 
(SAR) Figure 2.3-2 (DOE 2008ab) DOE's performance assessment analysis included the flow 
of water from precipitation falling on Yucca Mountain, Its migration as groundwater through the 
UZ above and below the repository, and the flow of groundwater in the saturated zone to the 
accessible environment Exposure to radionuciides In groundwater extracted by pumping is one 
of the principal pathways for radiological exposures to the reasonably maximally exposed 
individual and for releases of radionuc/ides into the acceSSible enVIronment Therefore, the 
performance assessment analysis included radlonucllde transport in the UZ among those model 
components that significantly affect the timing and magnitude of transport for any radionuclides 
released from the repOSitory, as required by 10 CFR 63.113 and 63 114(a)(5), In SAR 
Sectton 2.3.8, DOE (i) described the features. events. and processes (FEPs) that DOE Included 
to model the transport of radlonuclides in groundwater In the UZ below the repository and 
(ii) provided the technical basis for DOE's implementation (or abstraction)1 of the UZ transport 
model in the Total System Performance Assessment (TSPA) modeL The NRC staffs 
evaluation focuses on the following processes, detailed In subsequent sections of this chapter, 
that DOE Included in its SAR Section 2.3.8 as Important for radlonuclide transport in the UZ 
(i) advection, because most of the radionuclide mass IS carried through the UZ 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 
UZ; (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 unimpeded through 
the UZ; and (v) radioactive decay and ingrowth, because these processes aHect the quantities 
of radlonuciides released from the UZ over time. The NRC staffs review of DOE's technical 
basis for excluding other FEPs is addressed In the Safety Evaluation Report (SER) 
Section 221.2.1 (Scenario Analysis). 

DOE's radionuclide transport abstraction for the UZ receives InformatIOn on the magnitude and 
patterns of groundwater flow in the UZ and the flux of radlonuclldes released from the waste 
forms and engineered barner systems (EBS) In turn. the UZ radlonuchde transport abstraction 
provides Information about the mass fiux of radionuclides released to the saturated zone 

2.2.1.3.7.2 Regulatory Requirements 

Model abstractions used in the applicant's postclosure performance assessment must meet the 
regulatory reqUIrements given in 10 CFR 63.114 (Requirements for Performance Assessment) 
and 63.342 (limits on Performance Assessment). to support the predictions of compliance for 

'The term 'abstraction' 1& defined as a representation of the essentlai components of a pro~ss mOdel Into a Suitable 
form for use In a total system performance assessment Model abstraction is Intended to maXimiZE! the use of hmned 
computational resources while allOWing a suffiCient range of sensitiVIty and Uncertainty analyses. 
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63.113 (Performance Objectives for the Geologic Repository after Permanent Closure). 
Specific compliance with 63.113 is reviewed in SER Section 22.1.4.1. 

The requirements for performance assessment in 10 CFR 63.114 require the applicant to 

• Include appropriate data related to the geology, hydrology, and geochemistry of the 
surface and subsurface from the site and the region surrounding Yucca Mountain 

• Account for uncertainty and variability in the parameter values used to model 
radionuClide transport in the UZ 

• Consider alternative conceptual models for radlonuclide transport In the UZ 

• Provide technical bases for the inclusion of FEPs affecting radionuclide transport in the 
UZ, including effects of degradation, deterioration, or alteration processes of engineered 
barriers that would adversely affect performance of the natural barriers, consistent with 
the limits on performance assessment in 10 CFR 63.342 

• Provide technical basis for the models of radionuclide transport in the UZ that in turn 
provide input or otherwise affect other models and abstractions 

10 CFR 63.114(a) considers performance assessment for the initial 10,000 years following 
permanent closure, 10 CFR 63.114(b) and 63.342 consider the performance assessment 
methods for the time from 10,000 years through the period of geologiC stability, defined in 
10 CFR 63.302 as 1 million years following disposal. These sections require that through the 
period of geologic stability, with specific limitations, the applicant 

• Use performance assessment methods consistent WIth the performance assessment 
methods used to demonstrate compliance for the initial 10,000 years following 
permanent closure 

• Include in the performance assessment those FEPs used In the performance 
assessment for the initial 10,000 year period 

NRC staff review of the license application fOllows the guidance laid out in the Yucca Mountain 
Review Plan (YMRP), NUREG-1804, Section 2.2.1.3.7, Radionuclide Transport in the 
Unsaturated Zone (NRC, 2oo3aa), as supplemented by additional guidance for the period 
beyond 10,000 years after permanent closure (NRC, 2oo9ab). The acceptance criteria in the 
Yucca Mountain Review Plan generically follow 10 CFR 63.114(a). Following the guidance, the 
NRC staff review of the applicant's abstraction of radio nuclide transport in the UZ considered 
five criteria 

• System description and model integration are adequate. 
• Data are sufficient for model justification. 
• Data uncertainty is characterized and propagated through the abstraction 
• Model uncertainty is characterized and propagated through the abstraction. 
• Model abstraction output is supported by objective comparisons 

Because 10 CFR Part 63 specifies the use of a nsk-informed approach for the review of a 
license application, the guidance provided by the YMPR, as supplemented by NRC (2009ab) is 
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followed to the extent reasonable for aspects of radionuclide transport in the UZ important to 
repository performance. Whereas NRC staff considered all five criteria in their review of 
information provided by DOE, only aspects that substantively affect results of the performance 
assessment, as judged by NRC staff, are discussed in this chapter NRC staff's judgment is 
based both on risk information provided by DOE. and staff's knowledge, experience, and 
independent analyses. 

2.2.1.3.7.3 Technical Review 

The NRC staff reviewed information in SAR Section 2.3.8 and references therein that described 
how DOE predicted the transport of radionuclides in the UZ below the repository. The NRC 
staff's technical review focused on how DOE (i) represented transport-related geological, 
hydrological. and geochemical features of Yucca Mountain in the UZ transport abstraction. 
(iI) Integrated the transport abstraction with other TSPA model components, and (iii) established 
the technical basis for modeling the major, risk-significant transport processes In DOE's 
process-level models and in the UZ radionuclide transport abstraction 

2.2.1.3.7.3.1 System Description and Model Framework 

DOE used the Yucca Mountain site data in analyzing the downward flow of water in the UZ, 
through fractures, major faults. and rock matrix from the repository drifts to the water table. 
DOE used the same analytical framework for its modeling of UZ transport of radionuclides as for 
its site-scale UZ flow model (SAR Section 2.3.2): a three-dimensional representation of layered 
volcanic tuff units with specified geological and hydrological properties. in which water and 
radionuclides move through fractures in the rock, through the rock matrix, and between 
fractures and matrix. Major faults, which DOE assumed to provide fast transport pathways 
through the UZ, are represented in the model framework separately by a model With limited 
fracture-matrix interaction, as documented in Sect.ion P21 of SNL (2008ag). 

DOE simulated the transport of radionuclides as (1) dissolved species and as (2) attached to 
mobile, colloid-sized particles. These two modes of transport are suoject 10 vanous physical 
and chemical processes that affect radionuclide transport rates. DOE's conceptual model 
addresses how each of the transport-affecting processes influences the rate at which 
radlonuclides travel through the UZ relative to the rate that water travels (SAR Section 238.2) 

NRC Staff's Review 
i(b)(5) 



2.2.1.3.7.3.1.1 Model Integration for the TSPA Code 

DOE represented Ul transport as a model abstractIon that simulates the transport of dissolved 
radionuclides and colloid-associated radionuclides through the Ul beneath the repository. This 
model generates breakthrough curves at the water table for the 27 aqueous species and 12 
colloidal species that DOE determined were the most representative and risk Significant (SAR 
Sections 2.3.8.6, 2.3.7.4.1.2, and 2.38.5.4). DOE simulated radionudide transport in the 
abstraction with a residence-time particle-tracking technique in an external process model, 
FEHM, as identified in Section 3.6 of SNL (2oo8ag). The partide-tracklng technique determines 
the amount of time that a particle spends in each cell of the model and determines, on the basis 
of flow field information, which cell (fracture or matrix) the particle travels to next 

DOE integrated the UZ radionuclide transport abstraction with three other TSPA model 
components (SAR Figure 23.8-2): the EBS radionuclide transport abstraction (SAR Section 
2.3.7.12), the site-scale UZ flow model (SAR Section 2.3.2.4.1), and the saturated zone 
radionucllde transport abstraction (SAR Section 2.393) USing flow conditions and 
concentration gradients at the boundary between the EBS and the unsaturated rock beneath the 
repository, the EBS transport abstracbon calculates the radionuclide mass flux that enters the 
UZ fractures and rock matrix (SAR Section 2.3.7.12.3.2) Because the radionuclides travel 
more slowly in the rock matrix than in fractures (SAR Figure 2 3.8-49). DOE identified release of 
radionuclides from the EBS into the rock matrix as being a significant barrier mechaOism (SAR 
Section 2,3.8.5.4). Accordingly, the NRC staff has evaluated DOE's technical basis for the 
flux-splitting submodel that calculates the release of radionuclides from the EBS into the rock 
matrix and into the fractures (SER Section 2.2.1.3.7.3.1.2) 

DOE's site-scale Ulliow model passes flow field information to the UZ transport abstraction, 
such that radionucUde transport through the fractures and rock matrix in the model grid depends 
on the percolation (downward flow) fluxes provided by the flow fields. In particular, the flow 
fields generated by the site-scale UZ flow model provide the transport abstraction with spatial 
distributions of fracture-to-fracture, matrix-to-matrix, fracture-to-matrix, and matrix-to-fracture 
flow rates and moisture contents in the three-dimensional model framework, as detailed in 
Section 6.3.9.2 of SNL (2008ag). During a calculated TSPA realization, the UZ transport 
abstraction receives flow field information from a sequence of up to four steady-state flow fields 
associated with different climate states (I.e., present-day, monsoon, glaClal-transition, and post~ 
10,Ooo-year period) to account for future changes in percolation flux at specified points in time 
(SAR Section 2.3.85.3) In DOE's UZ transport abstraction model, the elevation of the water 
table beneath Yucca Mountain increases at the transition from the present-day climate state to a 
future, wetter climate state. The water table remains at the higher elevation for the remamder of 
the realization, effectively shortening the modeled thickness of the UZ transport path (Section 
6.4.B, SNL, 200Ban; Seclion 6.3.9.3, SNL 20088g). All other features of the UZ transport 
model grid and the sampled values of model parameters for the Ul transport abstraction remain 
constant throughout a TSPA realization. 
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The output of the UZ transport abstraction calculation provides time-dependent radionudide 
mass flux as input to the saturated zone transport abstraction water table. The UZ transport 
abstraction groups the radionuclide mass fluxes into four collection regions and transfers the 
grouped mass fluxes to the saturated zone transport abstraction, which then initiates 
radionuclide transport in the saturated zone at an arbitrarily selected location for each of the four 
regions (SAR Section 23.8.5) 

NRC Staff's Review 

The NRC staff evaluated the information DOE provided in SAR Section 2.3.8 and In Sections 
6.3,6.4, and 6.5 of SNL (2008an) and references therein about the development of the UZ 
transport abstraction and its iote ration with related model abstractions in TSPA calculatiOns. 

(b)(5) .. 

The NRC staff compared DOE's integration of the UZ transport abstraction (SAR Section 
2.3.8.5 and references therein) and the site-scale UZ flow model (SAR Section 2.3.2 41 and 
references therein) l(b)(S) 
(b)(5) 

The NRC staff evaluated DOE's integration of the UZ transport abstraction (SAR Section 2.3.8.5 
and references therein and the saturated zone trans ort abstraction SAR Section 2.3.9 3 and 
references therein. (b)(S) 

221.3.7.3.1.2 EBS-UZ Boundary Condition 

DOE's EBS transport abstraction provides the UZ transport abstraction with the time-dependent 
radionuclide mass flux out of the EBS. In DOE's model for the EBS, radionuclides are 
transported out of breached waste packages by advection (flow) or by diffusIOn, travel through 
the crushed tuff invert, and exit into the unsaturated rock at the base of the repository drift (SAR 
Section 2.3.7.12.3.2). At the model exit boundary, the EBS transport abstraction uses a 
submodel, which DOE termed the EBS-UZ interface subrnodel (Section 6 5.2.6, SNL (2007a]), 
to distribute the radionuclides between the fractures and the rock matrix, according to modeled 
fiow conditions and concentration gradients at the boundary. As stated in DOE Endosure 6 
(2009an), the overall result of the flux-splitting calculations In the EBS-UZ interface submodel is 
that most radio nuclides released from waste packages in seeping dnfts are transferred by 
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advection into fractures, and most radionuclides released from non seeping drifts are transferred 
by diffusion into the rock matrix. 

In SAR Section 2.3.8.5.4 and DOE Enclosure 9 (2009am), DOE identified the initiation of 
transport in the low permeability rock matrix beneath the drifts as a mechanism that significantly 
delays the transport of radionuclides In the UZ. Accordingly, the NRC staff reviewed the 
technical basis for the flux-splitting submodel that DOE used to integrate the EBS transport 
abstraction and the UZ radionuclide transport abstraction in TSPA calculations. DOE provided 
information about the flux-splitting model in SAR Section 2.3.7.12.3.2; Sections 6.5.2,5 and 
6,5.2.6 of SNL (2007aj); Sections 6,3,8 and 7. 7.1[a) of SNL (2008ag); and DOE Enclosures 1,9, 
11, and 12 (2009am). The NRC staff has separately reviewed the technical basis and model 
properties for DOE's EBS transport abstraction and model properties in SER Section 
22.1.3.4.3.5. 

NRC Staffs Review 

In the EBS-UZ interface submodel. DOE represents the near-field UZ as a localized. 
two-dimensional vertical array of overlapping fractures and rock matrix beneath the repOSitory 
drift !dills) 

(b)(5) . 

2.2.1.3.7.3.2 UZ Radionuclide Transport Processes 

In DOE's UZ transport abstraction, the migration of radionuclldes through the UZ is influenced 
by the transport-affecting processes of advection and dispersion, sorption, matrix diffusion, and 
colloid-associated radionuclide transport, as well as radioactive decay and ingrowth (SAR 
Section 2.3.8.1). Four of these processes-advection, disperSion, matrix diffUSion, and colloidal 
transport-are transport mechanisms that move radionuclides from one location to another. In 
contrast, sorption may delay the transport of a radionuclide by attachment to stationary surfaces 
such as the rock matrrx. Radioactive decay removes a radionuclide permanently from the 
system. Ingrowth is the replacement of a decayed radionuclide with a newly formed (daughter) 
nuclide. which may have different radioactivity and transport properties than the parent. 
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2.2.1.3.7.3.2.1 Advection and Dispersion 

In DOE's UZ transport model and abstraction, advection refers to the transport of radionuchdes, 
as either dissolved or colloid-associated phases, by the bulk movement of water. Overall, DOE 
considered advection to be the most important transport process in the UZ because, as DOE 
stated in Section 6.1.2.1 of SNL (2007bj), the rate of water movement largely controls 
radionudide travel times in the UZ. DOE coupled the advective transport of radionudides with 
the bulk movement of water in fractures, in the rock matrix, and between fractures and matrix, 
using the groundwater flow rates and flow paths supplied by the site-scale UZ flow mode!, as 
detailed in SAR Section 2.3.8.5.2.1 and Section 6.3.9.2 of SNL (2008a9) Because the UZ flow 
model predicts that water flows through the UZ at different rates in different rock units, the 
advective radionucJide transport rates vary corresponaingly at different locations in the UZ. For 
example, in the fracture-dominated northern part of the repository area, DOE's UZ transport 
model predicts generally fast advective transport of radionuclides due to high modeled flow 
rates in fractures and faults. In the southern part of the repoSitory area, advective transport of 
radionudides in the UZ is slower due to low flow rates in the matrix-dominated flow system of 
the Calico Hills VltriC tuff units (SAR Section 23.8.54) 

DOE described dispersion as a spreading plume of dissolved radionuclides caused by localized 
differences in flow conditions, as identified in SAR Section 2.3.8.2.2.1 and Section 6.3.9.1 of 
SNL (2008ag). As stated in Section 4.1.6, AD01 of SNL (2008an), DOE did not identify 
dispersion as an important transport-affecting process at the scale of the UZ transport model. 
but DOE chose to include a Simple fixed-value longitudinal dispersion term in the transport 
model to support numerical analyses of breakthrough curves at the water table (SAR 
Section 2.3.8.5.2.2) To estimate a value for the dispersion term, DOE used results from 
saturated zone flow and transport tests at Yucca Mountain that were comparable In scale to 
site-scale UZ flow and transport paths (SAR Section 2.3.8.522) 

The NRC staff reviewed information DOE provided about advection in SAR Section 2.3.8 and 
references therein.t(b )(5) 
(b){5) 

The NRC staff reviewed the information DOE provided about disperSion In SAR Section 2.3.8 
and references therein. j(b)(5) ~~~~~~~~~~~~~~~~~~~~~---1 

(b)(5) 
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22.1.3. 7.3.2.2 Sorption 

Sorption is a general term for chemical and physical processes that transfer a fraction of 
dissolved species to the surface of a solid phase. Depending on specific properties of the 
dissolved species, solid, and liquid, some dissolved species will sorb more readily onto solids 
than others will, and some will not sorb at all. DOE modeled sorption of dissolved radionuclide 
species in the UZ rock matrix but assumed that there was no sorption on fracture surfaces, 
except for those portions of the model frameworX that are designated as fault zones, as 
Identified in SAR Section 2.3.8.5.2.3 and DOE Enclosure 2 (2009am). DOE also inclUded 
sorption in modeling colloid-associated radionuclide transport, as discussed separately (SER 
Section 2.2.1.3.7.3.2.4). 

In DOE's UZ transport model, sorption of radio nuclides onto immobile rock surfaces slows the 
transport rate of radlonuclides through the rock relative to the flow rate of water, a delaying 
effect that is called retardation (SAR Section 2.3.8.2.2.2). Sorption potentially can retard the 
transport of moderately or strongly sorbing radio nuclides in the UZ for thousands of years or 
longer, contnbuting more significantly to UZ barrier capability than any other retardation 
process, as identified in DOE Enclosure 6 (2009an). In contrast, sorption of radionuclldes 
onto mobile colloids. instead of onto immobile rock surfaces, may decrease the overall 
retardation effect 

DOE represented sorption in the UZ rock matrix with a sorption coefficient (KII). an empirically 
determined or modeled value that represents the ratio of the sorbed-phase radionuclide 
concentration to the dissolved-phase radionuclide concentration. Low or zero values of Kd 
indicate that little or no sorption occurs; higher values indicate moderate or strong sorption. and 
therefore retardation. Factors that influence Kd values include the radionuclide chemistry and 
dissolved-phase concentration; the solution pH and major ion water chemistry; the temperature 
of the system; and the physical and chemical properties of the solid phase. including its surface 
area. Retardation by sorption is expressed in transport calculations by a retardation factor that 
depends on the value of the sorption coefficient and the physical properties (porosity and 
density) of the solid medium through which the radionucllde is transported. Retardation 
calculations assume that Kd does not vary with changes in radionuclide concentration, sorption 
and desorption reactions are fast relative to the flow rate, and bulk chemical composition of the 
water is constant (Davis and Curtis, 2003aa; Langmuir, 1997aa; Davis and Kent, 1990aa). 
In the UZ transport model and abstraction, DOE assumed that four radioelements are 
nonsorbing (carbon, chlorine. iodine. and technetium} and aSSigned a fixed value of Kd = 0 for 
each. For the remaining 11 radioelements modeled in UZ transport calculations (americium. 
cesium, neptunium, plutonium, protactinium, radium, selenium, strontium, thorium. tin. and 
uranium). DOE developed ranges and statistical distributions of Kd values for each 
radioelement and for each modeled rock unit from a combination of empirical data. process 
modeling, and professional judgment, as summarized in SAR Table 2.3.8-2. DOE detailed the 
Kd selection process in SNL Appendices A. B. I. and J and Addendum 1 (2007bj) and In DOE 
Enclosure 3 (2009am). 

In terms of the barner capability of the lower UZ (SAR Section 2.1.2.3). DOE attributed a higher 
overall importance to sorption than to any other transport process. as identified in DOE 
Enclosure 6 (2009an). Accordingly. the NRC staff has conducted a detailed review of the 
information DOE provided about sorption in SAR Section 2.3.8 and references therein. with a 
particular focus on (I) how DOE obtained data for the sorption model, (ii) how DOE addressed 
data and model uncertainty. and (iii) how DOE supported the sorption model as implemented 10 

performance assessment calculations 
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To obtain estimates of Kd values for sorption modeling. DOE grouped the various rock units 
below the repository into three rock types that have different sorption characteristics-zeohtlzed 
tuff, devitrlfled tuff, and vitric tuff (SAR Section 2.3.8.3.1). DOE measured sorption data from 
batch experiments that used site-specific crushed tuff samples and saturated zone water 
samples from two wells (J-13 and UE-25 P#1). DOE chose these water chemistries to bracket 
the major ion chemistry observed in pore waters and perched zone waters in the UZ. as 
provided in SAR Section 2.3.8 31 and Section A4 of SNL (2007bj). DOE provided summaries 
of major ion chemistry (e.g .. calcium, sodium, bicarbonate) for UZ pore waters and perched 
waters and compared the reported ranges with the two waters used in the sor tion ex 
as identified in Section A4 of SNL 2007 .. (b)(5) ---------------1 
(b)(5) 

.In some cases. DOE supplemented the experimental and m slmg 
'-=s:-:::o=rp=o=-n-=a=-:'wt=:-=a:r::'a from peer-reviewed SCientifiC literature and reports prepared by other 
agencies {e.g., Section A1[a] of SNL (2oo7bj)}. In the TSPA model. DOE sampled Kovalues 
from the specified ranges to account for experimental uncertainty and vanability m geologic 
conditions, including water chemistry and rock type. as detailed in SAR Table 2.3.8-2. SNL 
Appendices A, B. I. and J and Addendum 1 (2007bj) and DOE Enciosure 3 (2009am) 

DOE identified mineral surface area and particle size as potential sources of data uncertainty 
related to the use of crushed tuff in experiments. The general DOE approach to addressing this 
uncertainty was to use batch experiments for a range of particle sizes and to bias the minimum 
and maximum limits for the K.t distributions toward lower (weaker sorption) values, as 
documented in DOE Enclosure 3, Table 1.12-1 (2009am). DOE referenced studies both 
from within and outside the DOE program in SectJon 6.1.3.1 of SNL (2007bj). These studies 
indicated the effects of particie size on so tiO" are typic:<:!lly small except for the very fine 

fraction. (b )(5) 

DOE addressed data uncertainty by obtaining empirical sorption data that assessed Ki 
variability as a function of time. radioelement concentration. atmospheric compOSition. water 
composition. particle size. and temperature. Although most of the data were gathered from 
batch sorption experiments, DOE also performed a limited number of confirmatory column 
tests on selected radionuclides that DOE had identified as Important contributors to mean 
annual dose in previous performance assessment calculations. This is addressed in SAR 
Section 2.3.8,3.1 and SNL Table 4-1 (2007ba). In some cases. DOE Indirectly addressed 
uncertainty related to radionuclide solubility by assigning low (conservative Kd values. In 

. tal data to inform the TSPA K distribution (b)(5) 
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I 

i(b)(S) SA DOE outlined this approach in SAR Section 2.3 8.3.1, SNL Appendix A 
'\2007bJ), and L (2007ah). 

(b)(S) 

[lb)15) 

(b)(5) l DOE addressed model uncertainty in its TSPA calculations by sampling 
Kd values stochastically from uncertainty distributions in which the distribution ranges were 
developed from expected system conditions. Rather than sample the ~ distribution 
independently for each radio nuclide, DOE developed a correlation matrix for the 11 sorbing 
radioelements on the basis of their ranked sensitivities to six variables (pH. Eh, water chemistry, 
rock composition, rock surface area. and radionuclide concentration). DOE used this approach 
to approximate similarities in sorption behavior among radioelements and to ensure that 
transport behaviors were represented consistently within a single realization of the model. as 
detailed in {SNL Appendix B, Section B-1 (2007bj)). In addressing model uncertainty. DOE did 
not take credit for sorption (i.e., Ka:: 0) in fractures (fast flow paths). except for fault zones, and 
DOE implemented K" uncertainty distributions for matrix sorption thatjn most cases predictErt9 
less so tign compared to measured dlstributi(:ms. [<&)(5) . -~ I 
~~ I 

DOE developed information from natural analogs to provide qualitative comparisons for sorption 
model confidence building at the field scale (SAR Section 2.3.8.4.4) DOE did not apply the UZ 
transport abstraction to sorption modeling for these analog sites. and DOE did not use results 
from nalural analog studies to inform the ~ distributions Instead. DOE used general 
observations of sorption-related transport behavior to support the conceptual models (eg .. SAR 
Section 2.3.8.4.4.6). DOE also used observations from field sites at Busted Butte south of 
Yucca Mountain and alcove tracer tests with nonradioactive chemical homologues in the 
Exploratory Studies Facility to provide limited quantitative evaluations of sorption in the 
radio nuclide transport model abstraction (SAR Section 2.3.8.33), 
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2.2.1.3.7.3.2.3 Matrix Diffusion 

Diffusion is a physical process in which dissolved species or suspended particles move from a 
region of high concentration to a region of low concentration in accordance with the 
concentration gradient DOE described matrix diffusion as a fracture-matrix interaction that 
uses diffusion to transfer radionuclides between fractures and the rock matrix. In DOE 
Enclosure 6 (2009an), DOE identified matrix diffusion as an Important transport mechanism in 
the UZ transport abstraction, especially for strongly sorbing radionuchdes, because it is the main 
process by which radionuclides can move from a fracture-dominated flow path Into the matrix. 

As DOE described in Section 6.1.2.4 of SNL (2007bj), radionuclide transport by matrix diffusion 
in the unsaturated zone depends on (i) the matrix diffusion rate (Le, the rate that a radionuclide 
can diffuse from water in a fracture into water in the pore spaces of the rock matrix) and (ii) the 
effective fracture-matrix interface, which is the area across which diffusion can occur. In turn, 
the matrix diffusion rate depends on (i) the radionuchde concentration gradient between fracture 
and matrix; (if) the calculated water saturation of the rock; and (iii) the value of the effective 
matrix diffusion coefficient, which is a measure of how readily a particular radioelement diffuses 
through a tortuous pathway of interconnected pores In the rock matrix To calculate the 
effective matrix diffusion coefficient, DOE estimated tortUOSities from empirical data 
obtained from representative Yucca Mountain tuff samples and developed standard normal 
cumulative probability distributions that were sampled stochastically in the TSPA analysis 
for each radioelement with respect to the individual model units (SAR Section 2.3.8.3.2; 
Reimus, et aI., 2007aa). 

DOE stated that not all connected fractures in unsaturated rocks actively conduct water (SAR 
Section 2.3.2.22.1), and, instead of uniform flow, individual fractures may have gravity-driven 
fingering flow that wets only a portion of a fracture surface (SAR Section 2.3.8.2.2.1) To adjust 
the size of the effective fracture-matrix interface area to account for the general observations of 
flow in the unsaturated fractures, DOE adopted the active fracture model (Liu, et ai, 1998aa) for 
fracture-matrix interactions (SAR Section 2.3.2.22.1). In particular, DOE used an active 
fracture model parameter, gamma, and the modeled effective water saturation (i.e, the average 
water saturation of the connected fractures, adjusted by the UZ flow model for reSidual fracture 
saturation) to increase the modeled distance between flowing fractures This reduced the size 
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of the effective (i.e., wetted) fracture-matrix interface area for the UZ fracture-matrix 
interactions, thereby decreasing the amount of matnx diffuSion and its capacity to retard 
radionuclide transport through the fractured rock. 

In applying the active fracture model for flow field calculations in the site-scale UZ flow model 
(SAR Section 2.3.2.2.2.1). DOE used fixed values of the gamma parameter for individual model 
layers, estimated by flow model calibration, as detailed in Section 6.3.2 of SNL (2007ad). In 
contrast. sensitivity analyses in Section 6.6.4 of SNL (200Ban) indicated that the radionuclide 
transport model calculations were more sensitive to gamma uncertainty values than the fluid 
flow model calculations. DOE reasoned that it would be inappropriate in the radionuclide 
transport calculations to assume that the gamma parameter was tightly constrained by the 
calibrated values from the fluid flow model. For radionucllde transport calculations, DOE 
instead sampled gamma values independently from an uncertainty distribution that was not 
limited to the calibrated flUid flow model values (SAR Section 2.38 52.4) 

DOE's conceptual model of matrix diffusion in Section C5 of SNL (2008an) assumes that matrix 
diffusion should be less effective in the unsaturated rocks than in the saturated rocks due to the 
reduced size of the wetted fracture-matrtx interface area in unsaturated fractures. DOE cited 
field observations and numerical simulations of tracer migration in several large-scale transport 
experiments in the Exploratory Studies Facility to support its conceptual model of matrix 
diffusion in fractured, unsaturated rocks and use of the active fracture model for matrix diffusion 
calculations in the TSPA model (SAR Sections 2.3.8.3.3.2.1 and 2.3.8.3.3.3). DOE provided 
empirical observations and sensitivity analyses from field-scale experiments and process-level 
model analyses to address matrix diffusion model uncertainty. These were addressed in 
Section 6.3.2 of SNl (2007ad); Sections 7.4.1 and 7.4.2 of SSC (2004ag); Section 6.12.24 of 
sse (2004av); Section 7.5 of SNl (2007bf); and liu, et al (2003aa). 

In developing and supporting the matrix diffusion model, DOE acknowledged the impracticality 
of conducting large-scale transport tests to observe and measure the effects of fracture-matrix 
interactions in unsaturated rocks under natural conditions (SAR Section 2.3 83), and DOE 
cited uncertainties about the potential significance of scale-dependent transport processes in 
fractured rocks ( Section 6.4.1 of sse, 2006aa; Uu, et al. 2004aa) Section 6.64 of SNL 
(2008an) identified that the size of the effective fracture-matrix interface area was the most 
uncertain term affecting radionuclide diffusion rates in the matrix diffusion model. To address 
model uncertainties about quantifying the effective fracture-matrix interface area for UZ 
transport calculations. DOE sampled the value of the active fracture model gamma parameter 
from a broad, uniform distribution that covered an intermediate range of 40 percent of all 
possible gamma values. The wide range of sampled gamma values produced a 
correspondingly wide range of results for radionuclide transport by matrix diffusion, as 
described in Section 6.6.4 of SNL (2008an). 

(b)(5) 
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(b)(S) 

(b)(5) 

(b )(5) . DOE addressed the uncertainty of the effects of 
ra ure coa ngs on matnx I sion y conducting diffusion experiments with paired core 
samples (ie .. samples with fracture coatings and without). In the tested sample pairs. mineral 
coatings on fracture surfaces did not Impede diffusion rates (Rslmus. et ai, 2007aa). In 
addition, in Section 5.2.1.1 of sse (2004bi), DOE Identified site characterization studies that 
showed secondary mineral coatings (e.g .. calcite. oxides, clay minerals) are not abundant on 
fracture surfaces in Yucca Mountain tuffs. limrtina their potential effects on matrix diffusion 

l(b)(5) 

(b)(5) 

DOE conducted no UZ field experiments for model support speCifically to evaluate DOE's matrix 
diffusion model under expected repOSitory conditions, but DOE observed in several large-scale 
experiments in the Exploratory Studies Facility that tracer transport In fractured rocks took 
significantly longer than predicted by matrix diffusion in DOE's proceSS-level models (SAR 
Sections 2.3.8.3.3.2.1. 2.3.8.3.3.2.2, and 2.38.3.3.3). DOE's numerical Simulations of these 
tracer tests included numerical analyses based on the same model assumptions and the same 
broad range of gamma parameter values as DOE u for matrix diffuSion In the unsaturated 
trans rt abstraction SAR Section 2.3.8.4.4.4.3. b 5 

(b)(5)m~-. . .. -=:J DOE also ~ 
proVIded the Total System Performance Assessment-License Application performance 
assessment results in SAR Section 2.4.2; Section 7.7.1 a of SNL (2008a9); and DOE 
Enclosure 6 2009an 
(b){5) 
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(b)(5) 

2.2.1.3.7.32.4 Colloid-Associated Transport 

Colloids are minute solid particles of any origin or composition that are suspended in a liquid. 
Colloids can form by many processes in natural or engineered systems-for example, by 
physical or chemical degradation of preexisting solid matenals or by precipitation from a 
solution-or they can be of biological or geological origin (e.g., microbes, clay minerals). 
COlloids influence radionuclide transport in the UZ because the transport path and transport rate 
of radionuclides associated with a colloid (e.g., radionuclides attached by sorption to the colloid 
surface) are determined by the transport behavior of the colloid instead of by processes that 
might otherwise affect the transport rate of the radtonuclide as a dissolved species (e.g., matrix 
diffusion, or sorption in the rock matrix). Compared to dissolved radionuciides, colloids migrate 
preferentially in fractures, where travel times tend to be fast, because the small size of matrix 
pore openings inhibits the transfer of colloidal particles from fractures to matrix. 

DOE's conceptual model in Section 6.3.9.1 of SNL (2008ag) defined two modes of 
colloid-associated radio nuclide transport reversible colloids, in which radionuclides are 
temporarily (reversibly) attached to colloids by sorption, and irreversible colloids, in which 
radionuclides are assumed to be permanently attached to or embedded In the colloid. 
According to Section 6.5.3 of SNL (2007bi), the effectiveness of radionuclide transport by 
colloidS depends on the transport characteristiCS of the colloids themselves; the concentration of 
colloids; and radionuclide sorption coefficients onto colloids and onto the Immobile rock matrix; 
but the overall effect of colloid-associated transport of reversible collOids is to facilitate the 
transport of radionuclides through the system 

DOE represented reversible col/Old transport by modeling reverSible sorption of dissolved 
radionuclides onto naturally occurring collOids in groundwater, using the same empirical Kd 
modeling approach that DOE used for reversible sorption in the rock matrix. DOE then applied 
an empirically determined colloid retardation factor, described in Section 6.4.3 of BSe (2004bc). 
to account for colloid attachment and detachment processes in fractures that can hinder conoid 
movement in fractures. For simplicity, DOE assumed that all reversible colloids in the UZ are 
represented by the smectite clay mineral montmorillonite, a colloid-forming mineral in Yucca 
Mountain tuffs that has a high sorption capacity. DOE, in Section 65.3 of SNL (2007bi), 
described how it modeled col/oid-associated reversible sorption for six radioelements 
(americium, cesium, plutonium, protactinium, thorium, and tin) on the basis of their strong 
affinity for sorption onto montmorillonite under expected conditions in the UZ. DOE estimated 
the concentration of colloids in groundwater from data collected in saturated zone field studies 
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from the Yucca Mountain area and from tabulated data for groundwater analyses elsewhere, as 
provided in SNL Table 6-21 (2oo8an) To address data uncertamty, DOE used the same 
estimated range of variability for groundwater colloid concentrations in the EBS, the UZ, and the 
saturated zone, but each transport abstraction sampled the range of values independently from 
the others in TSPA code simulations to account for the potential variability in groundwater 
colloid concentrations among the different environments, as identified in Section 6.5,12 of SNL 
(2008an). DOE further addressed data uncertainty for reversible colloids by selecting ranges of 
montmorillonite sorption coefficients that emphasized large K" values (i,e., strong sorption onto 
colloids), so as not to underestimate the effectiveness of radionucHde attachment to colloid 
surfaces, as described in DOE Enclosure 14 (2oo9am), 

For irreversible colloids, DOE's colloid-associated transport model assumes that all irreversible 
colloids are generated within the EBS by the degradation of metals or wasteform materials, and 
the only radionuclldes associated with irreversible colloids are isotopes of plutonium and 
americium (SAR Section 2,3.7,123,2), On the basis of field evidence for fast colloid transport in 
groundwater (e.g" Kersting, et ai, 1999aa), DOE deSignated a small fraction (less than 
0.2 percent) of the irreversible colloid flux as a "last fraction" that is transported from the EBS to 
the accessible environment without any retardation The rest of the irreversible colloid flux is 
subject to several potential retardatton processes, including (i) fracture-related colloid 
attachment and detachment processes, as DOE detailed in Section 6,5.13 of SNL (2oo8an), 
(ii) the direct release of irreversible collOids from the EBS into the low permeability rock matrix 
beneath the repOSitory drifts, as described in DOE Enclosure 9 (2009am): and (iii) the advective 
transfer of irreversible colloids laterally from fracture flow paths into the rock matrix, subject to 
flow field conditions (ie" matrix permeability large enough to accommodate the advective flux) 
and subject to colloid size exclusions at the fracture-matrix interface, as described in SAR 
Section 2.3.8.4,5,4 and Sections 6.3.9.1 and 6,3.9.2 of SNL (2008ag). In Section 6,3,9,1 of 
SNL (2008ag), and in Section 6.5,9 of SNL (2008an), DOE also described a fourth retardation 
process. the matrix filtration (straining) of irreversible colloids at the interface between the matnx 
of one rock unit and the matrix of the underlying rock unit. resulting in the permanent 
immobilization of colloids in the UZ, DOE compared UZ breakthrough curves for irreversible 
colloids with and without matrix filtration in SNL. ERD 02. Section III (2008an) and observed that 
including matrix filtration as a retardation process diminished the flux of irreversible colloids out 
of the UZ by as much as 80 percent in the southern half of the repository area, as illustrated in 
SNL, ERD 02. Figure 6,6.2-6(c] (2008an), However, DOE's final TSPA model conservatively 
did not implement matrix filtration in the TSPA simulations that DOE used to support compliance 
with 10 CFR 63.113. as explained In DOE Enclosure 11 (2009am), 

The NRC staff reviewed DOE's technical basis for the collOid-associated transport model in the 
context of the NRC staffs Independent understanding of colloid-associated transport modeling, 
colloid stability, and colloid transport properties in natural and engineered systems. As DOE 
noted in SAR Section 2,3.8.3, colloid transport mechanisms in unsaturated, fractured rocks are 
not well characterized by field stUdies. Accordingly, the NRC staffs review of DOE's technical 
baSIS for COlloid-aSSOCIated transport of radionuclides in the UZ focuses on how DOE addressed 
data and model uncertainty in developing parameter values and modeling colloid-associated 
transport processes. The NRC staff evaluated Information DOE provided in SAR Section 2.3.8 
and references therein, particularty Section 7.7.1 (aJ of SNL (2008ag) and SNL (2008an) The 
NRC staff also considered additional information that DOE provided to clarify details of the 
collOid-associated transport model in DOE Enclosures 9 through 14 (2oo9am), 
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(b)(S) 

(b)(5) 

DOE addressed model uncertainty for colloid-associated transport in the UZ by a~lL!,in~a~ __ 
number of simplifying assumptions about colloid-associated transport processes. (bItS) 
~~) -

(b)(S) 

(b)(S) 
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2 2.13.7.3.2 5 Radionuclide Decay and Ingrowth 

Radioactive decay is a general term for the processes by which unstable radionuctides 
spontaneously disintegrate to form a different nuclide that mayor may not also be radioactive. 
DOE's particle tracking model in the UZ transport abstraction includes the loss of radionuclides 
over time due to radioactive decay and, where applicable, the model calculates the 
corresponding increase (ingrowth) of daughter radio nuclides in decay chains, as described in 
Section 6AA of SNL (2oo8an). DOE assumed that upon radioactive decay of plutonium and 
americium in irreversible colloids. the decay chain daughters (e.g .. uranium. neptunium) would 
be released from the irreversible colloid to migrate as dissolved species, with the exception of 
plutonium-239 produced by radioactive decay of americium-243. which DOE assumed WOuld 
remain irreversibly attached to the colloid (SAR Section 2.3.82 2 3) 

2.2.1.3.7.4 Evaluation Findings 

The NRC staff reviewed the applicant's SAR and other information submitted in support of the 
license application and finds that. with 63.114 for 
consideration of radionuclide tr':lIr1~r .... rt 
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CHAPTER 11 

2.2.1.3.8 Flow Paths in the Saturated Zone 

2.2.1.3.8.1 Introduction 

This section of the Safety Evaluation Report (SER) provides the U.S. Nuclear Regulatory 
Commission (NRC) staffs review of the applicant's representation of flow paths in the saturated 
zone within the context of the applicant's performance assessment evaluation. The NRC based 
its review on information provided in the U.S. Department of Energy's (DOE) Safety Analysis 
Report (SAR) included with the license application SUbmitted on June 3, 2008 (DOE. 2008ab). 

Groundwater flow in the saturated zone is a key process in the applicant's performance 
assessment evaluation for the proposed geologic repository at Yucca Mountain, Nevada. 
The performance assessment analysis summarized in the SAR Includes the flow of water from 
precipitation falling on Yucca Mountain, Its migration as groundwater through the unsaturated 
zone above and below the repOSitory, and the flow of groundwater in the saturated zone through 
the controlled environment to the accessible environment. This groundwater is the pnnclpal 
means by which radionuclides released from the repository could be transported to the 
accessible environment. Exposure to extracted groundwater is one of the nsk-significant 
pathways to the reasonably maximally exposed individual (RMEI); therefore. the performance 
assessment must include those components that significantly affect the timmg and magnitude of 
transport for any radionuclides released from the repository. 

The applicant identified the saturated zone as a feature important to the capability of the lower 
natural barrier (SAR Section 21.13) Specifically. the applicant Indicated In Table 2.1-1 
Expanded (DOE, 2oo9an) that the function of the saturated zone is to substantially reduce the 
rate of movement of radionuc!ides to the RMEI location by a combination of slow advective flow. 
long transport distance, and geochemical retardation of radionuclides. Hence, groundwater flow 
in the saturated zone is both the pnncipal means for radionuclides to be transported to the 
location of the RMEI as well as an important functIon of the lower natural barrier to delay the 
movement of radionuclides along the path of travel to the location of the RMEI. Saturated zone 
groundwater flow, as described in SAR Section 2.3.9, includes the features, events, and 
processes (FEPs) that affect the movement of groundwater in the saturated zone to the 
accessible environment and their implementation (or abstraction)' in the Total System 
Performance Assessment (TSPA). 

The saturated zone groundwater flow abstraction receives mformatlon about the magnitude and 
patterns of groundwater flow downward through the unsaturated zone. In turn, the saturated 
zone flow abstraction prOVIdes mformation about the direction, distance (flow paths). and 
amount (speCific discharge) of groundwater flow to the saturated zone transport abstraction 

SER Section 2 2.1.1 prOVides the NRC staffs evaluation of the applicant's identification and 
description of barriers and their capabilities as well as the conSistency of these descriptions with 
the specific representations of these barriers In the TSPA and process·level models. The NRC 
staff's evaluation of those processes and characteristics most specific to radlonuclide transport 
in the saturated zone IS provided in SER Section 2213.9. The applicants analysis of the 

'As used in the SER. the term 'abstraction' refers to the representation of SHe characterization data. 
process.level models for FEPs. uncertainty and vanabihty. and their overall inlegra(IOf)!n a (SimplifIed) manner 
in the TSPA evaluation 
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effect of future climate change on water now in the saturated zone is evaluated in this section 
while the NRC staffs evaluation of the nature of future climate change is presented in SER 
Section 2.2.1.3.5. 

The other feature of the lower natural barrier the applicant identified is the unsaturated zone 
below the proposed repOSitory horizon (SAR Section 2.1.1.3). The NRC staff evaluates those 
features and processes related to the unsaturated zone below the proposed repOsitory horizon 
in SER Sections 2.2.1.3.6 and 2.2.1.3.7. 

2.2.1.3.8.2 Regulatory Requirements 

Model abstractions used in the applicant's postclosure performance assessment must meet the 
regulatory requirements given In 10 CF R 63.114 (Requirements for Performance Assessment) 
and 63.342 (Limits on Performance Assessment). to support the predictions of compliance for 
63.113 (Performance Objectives for the Geologic Repository after Permanent Closure). 
Specific compliance with 63.113 IS reviewed in SER Section 2.2.1.4.1. 

The requirements for performance assessment in 10 CFR 63.114 require the applicant to 

• Include appropriate data related to the geology, hydrology, and geochemistry of the 
surface and subsurface from the site and the region surrounding Yucca Mountain 

• Account for uncertainty and variability in the parameter values used to model flow paths 
in the saturated zone 

• ConSider alternative conceptual models for flow paths in the saturated zone 

• Provide technical bases for the inclusion of FEPs affecting flow paths in the saturated 
zone, including effects of degradation, deterioration, or alteration processes of 
engineered barriers that would adversely affect performance of the natural barn €Irs. 
consistent with the limits on performance assessment in 10 CF R 63 342 

• Provide technical basis for the models of flow paths in the saturated zone that in turn 
provide Input or otherwise affect other models and abstractions 

10 CFR 63.114(a) considers performance assessment for the initial 10,000 years following 
permanent closure. 10 CFR 63. 114(b) and 63.342 consider the performance assessment 
methods for the time from 10,000 years through the period of geologiC stability, defined in 
10 CFR 83.302 as 1 million years following disposal. These sections require that through the 
period of geologic stability, with specific limitations. the applicant 

• Use performance assessment methods consistent with the performance assessment 
methods used to demonstrate compliance for the initial 10.000 years follOWing 
permanent closure 

• Include in the performance assessment those FEPs used in the performance 
assessment for the initial 10,000 year period 

NRC staff review of the license application follows the guidance laid out in the Yucca Mountain 
Review Plan (YMRP). NUREG-1804. Section 2.2.1.3.8, Flow Paths in the Saturated Zone 
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(NRC, 2oo3aa), as supplemented by additional guidance for the period beyond 10,000 years 
after permanent closure (NRC, 2009ab) The acceptance criteria in the YMRP generically 
follow 10 CFR 63.114(a). Following the guidance, the NRC staff review of the applicant's 
abstraction of flow paths in the saturated zone considered five criteria 

• System description and model integration are adequate. 
• Data are sufficient for model Justification. 
• Data uncertainty is characterized and propagated through the abstraction, 
• Model uncertainty is characterized and propagated through the abstraction. 
• Model abstraction output is supported by objective comparisons 

Because 10 CFR Part 63 specifies the use of a risk-informed approach for the review of a 
license application. the guidance provided by the YMRP as supplemented by NRC (2009ab) IS 
followed to the extent reasonable for aspects of flow paths in the saturated zone Important to 
repository performance. Whereas NRC staff considered all five criteria in their review of 
information provided by DOE, only aspects that substantively affect results of the performance 
assessment, as Judged by NRC staff, are discussed in this chapter. NRC staff's judgment is 
based both on risk information provided by DOE. and staffs knowledge, experience. and 
independent analyses. 

2.2.1.3.8.3 Technical Review 

The applicant analyzed the groundwater flow system in the vicinity of the proposed repository at 
Yucca Mountain to establish the direction and magnitude of water movement The applicant 
delineated the direction of water flow (flow paths) and computationally estimated the magnitude 
(specific discharge) of water flow using multiple groundwater flow models at different scales and 
degree of simplification, Specific discharge, in tum, is used to determine the timing of 
radlonuclide transport. 

The objective of the NRC staffs technical evaluation in this section IS to determine the 
acceptability of the applicant's delineated flow paths and estimates of specific discharge 
(for both present and future conditions). The documents evaluated in this section come from 
SAR Section 2.3.9 and relevant supporting documents as cited in thiS section of the SER. 

SER Section 2.2.1.3,84 discusses the staffs conclUSion as to whether the requirements of 
10 CFR 63.114 are met with respect to flow paths in the saturated zone. 

2.2.1.3.8.3.1 System Description and Integration of Models Relevant to Flow 
Paths in the Saturated Zone 

The applicant used muttiple models at different scales to describe and quantify portions of the 
saturated zone groundwater flow system in the vicinity of the Yucca Mountain site. The NRC 
staff evaluates the roles of these models and their interdependencies in this section. 
The site of the proposed repository at Yucca Mountain is within the Death Valley regional 
groundwater flow system located in the southern part of the Great BaSIn, which in turn 
constitutes a subprovince of the larger Basin and Range physiographic province. At the 
regional scale, the Death Valley groundwater system reflects the and climatiC conditions and the 
complex geology of Basin and Range flow systems (SAR Section 2.3921). 
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Groundwater in the regional system generally flows from recharge areas at high altitudes to the 
regional hydrologic sink in the bottom of Death Valley (SAR Section 2.392.1). The regional 
groundwater flow pattern is also conceptualized as a series of shallow and localized flow paths 
superposed on deeper regional flow paths (SAR Section 23.9.2.1). 

In the Yucca Mountain region, groundwater flows from generally north to south, follOWing these 
regional flow patterns. A relatively small amount of recharge occurs in the immediate Vicinity of 
Yucca Mountain migrating downward through the unsaturated zone to the saturated zone. 
Once in the saturated zone, groundwater flows through a volcanic rock aquifer in the northern 
portions of the general flow system, trans/tioning into an alluvial aquifer system in the southern 
portions of the Yucca Mountain region. Beneath both the volcanic and alluvial aquifers is a 
carbonate rock aquifer (SAR Section 2.3.9.2.1). 

The applicant indicated that at the regional scale, a significant amount of groundwater flows 
through the relatively permeable, laterally continuous, and thick carbonate aquifer, below 
volcanic and alluvial aquifers. On the basis of the regional geological framework and 
observations obtained from several drilled boreholes, the applicant concluded that an upward 
hydraulic head gradient generally exists between the carbonate aquifer and the overlying 
volcanic and alluvial aquifers (SAR Section 2392.2.4i. Which indicates that vertical 
groundwater movement, to the extent it occurs. is upward rather than downward. 

The applicant conceptualizes that the upward hydraulic gradient restricts groundwater flow 
paths originating from the proposed repository location to the shallower volcanic and alluvial 
aquifers, precluding radionucJides from entering the regional carbonate aquifer. The applicant 
also believes the upward gradient will be sustained during future climates and water uses (SAR 
Section 2.3.9.2.2.4). 

At the site scale, the applicant stated that groundwater flow occurs from the recharge areas in 
the north, through the Tertiary volcanic aquifers Into the valley-fill aquifer, and continues south 
toward the compliance boundary. The applicant used various site-scale saturated zone flow 
and transport models to predict groundwater flow paths and calculate the transport of 
radionuclides from their introduction at the water table below the proposed repository to the 
accessible environment. The applicant summarized the interdependencies and information 
exchanges among these models (SAR Figure 2.3.9-1). The nominal case site-scale saturated 
zone flow model is conceptualized, and input parameters determined, on the basis of 
information derived from in-situ field tests, the U.S. Geological Survey Death Valley Regional 
Groundwater Flow System Model (DVRGFSM; which provides recharge and boundary 
conditions). the applicant's site-scale hydrogeologic framework model, the applicant's site-scale 
unsaturated zone flow model, and expert elicitation (SAR Section 2.3.9.1). 

The applicant's site-scale hydrogeologic framework model is a three-dimensional conceptual 
model of the spatial distribution of hydrogeologic units in the Yucca Mountain area. It covers an 
area of 1,350 km2 [521 mi2] and a thickness of about 6 km [37 mil (SNL. 2oo7an). Direct input 
to the site-scale hydrogeologic framework model consists of hydrogeologic information from the 
DVRGFSM; the applicant's site-scale geologic framework model, which was generated from the 
applicant's investigations; and lithostratigraphic interpretations and coordinates from the 
Nye County Early Warning Drilling Program (NC-EWDP)" boreholes (SNL. 2007an). Within the 

'The Nye County Early Warning Drilling Program is a DOE-funded Nye County·directed and -implemented 
hydrogeologIC investigation program. The applicant used information from this program to supplement Its 
own investigabons 

11-4 

http:2392.2.4i


site-scale hydrogeologic framework model, the applicant divided the Yucca Mountain geologic 
units into five basic saturated zone hydrogeologic units on the basis of similar hydrogeologic 
properties: upper volcanic aquifer, upper volcanic confining unit. lower volcanic aquifer, lower 
volcanic confining unit, and lower carbonate aquifer (SNL, 2007an). The applicant stated that 
certain characteristics affecting flow, primarily the porosity and permeability3 of the 
hydrogeologic units, are highly variable. To represent discrete features and regions having 
distinct hydrological properties within the model domain, the applicant identified and 
incorporated 10 hydrogeologic features into the flow model to represent such features as fault 
zones, hydrologic flow barriers, and zones of enhanced permeability (SNL, 2007ax). 

The applicant's site-scale saturated zone flow model is a three-dImensional finite-element 
numerical model that simulates groundwater flow in the area defined by the site-scale 
hydrogeologic framework model {I.e., 30 l( 45 )( 6 km [18.6 )( 28.0 )( 3.7 mil}. The applicant 
stated the flow model domain is sufficiently large to (i) assess groundwater flow and 
contaminant transport to the accessible environment, (ii) minimize boundary effects on flow 
magnitude and direction at Yucca Mountain, and (Iii) include wells in the Amargosa Desert at 
the southem end of the modeled area (SAR Secbon 23 9231) The site-scale saturated zone 
numerical flow model requires hydrogeologic information about the saturated zone flow system 
to predict flO'/If magnitude and direction. The applicant also provided this information. which 
includes groundwater flux from the system boundaries and physical attributes of the geologic 
media, in SAR Section 2.3.9, 

The applicant stated that the sources of surface recharge in the immediate vicinity of 
Yucca Mountain are precipitation and flood flows from Fortymile Wash and its tributaries 
(SAR Section 2,3.9.2.1). The site-scale saturated zone flow model obtains surface recharge 
information from the applicant's site-scale unsaturated zone flow model over the area that lies 
directly below the site-scale unsaturated zone flow model domain. The applicant used the 
2004 version of the site-scale unsaturated zone flow modeL However, the applicant stated that 
an updated site-scale unsaturated zone flow model has been developed and is used in other 
parts of the TSPA (SAR Section 2,3,9,2.2,3). The NRC staff evaluates the impact of using an 
older version of the site-scale unsaturated zone flow model to estimate surface recharge 
over the area directly below the site-scale unsaturated zone flow model domain in SER 
Section 2.21.3.B.3.2 

The applicant's three-dimensional site-scale saturated zone flow and transport abstraction 
model receives flow field information from the site-scale saturated zone flow model to 
generate 200 stochastic realizations of the flow field that reflect uncertainty in key parameters, 
The applicant prepared the input for each flow realization by scaling all permeability values 
in the site-scale saturated zone flow model using a scaling factor sampled stochastically 
from the probability distribution of a groundwater-specific discharge (GWSPD) multiplier. 
For permeability values within the volcanic aquifer hydrogeologiC units. the applicant also 
sampled stochastically the horizontal anisotropy ratio (the ratio in the permeability in one 
horizontal principal direction relative to the permeability in a different principal direction, usually 
vertical), The steady-state groundwater flow solution for each realization was established by 
running the site-scale saturated zone flow model (SAR Section 2.3.93.4.1). After completing 
the 200 realizations using the site-scale saturated zone flow model. the resulting 200 flow fields 
were input to the site-scale saturated zone flow and transport abstraction model. These flow 
fields provided the TSPA model with 200 radionuclide unit mass breakthrough curves at the 

'Permeability is one of the mo!>! Important characteristics of geologic media that affects the rate at which fluids can 
move through the medium. 
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compliance boundary for 4 source subregions and 12 radionuclide groups, resulting in 
9,600 breakthrough curves (SAR Figure 2,3,9-16), These breakthrough curves are evaluated 
in SER Section 2,2,1,3,9. 

The one-dimensional saturated zone transport abstraction model, which provides the transport 
simulation capability for radionuchde daughter products resulting from decay and ingrowth, uses 
a simplistic one-<iimensional representation of the three-dimensional saturated zone flows. The 
one-dimensional saturated zone transport abstraction model consists of three pipe segments, 
The first pipe segment is 5 km [3,1 mil long, The lengths of the second and third pipe segments 
are estimated from particle tracking results of the three-dimensional saturated zone flow and 
transport abstraction model. The variable lengths account for uncertainty in the location of the 
volcanic/alluvial aquifer contact. Average, homogeneous material properties and specific 
discharges are speclfied within each pipe. The average specific discharge along each pipe 
segment is calculated by dividing the flow path length by the 50'h percentile of particle travel 
times in Section 6,5,1 (BSe. 2005ak), 

The NRC staff has evaluated the applicant's description of the saturated zone groundwater flow 
system in the vicinity of the proposed repository and the applicant's approach to integrate the 
multiple models used to quantify groundwater flow paths from the location of th~---,ro-,,-po-,--s:..;:e-=.d __ ~ 

, repository to the comeliance boundary[!bR5T . 
l(b)(5) ! '-------~.~----______ ___.J 

(b)(5) 

The NRC staff's evaluation of the approach the applicant used to calibrate the site-scale 
saturated zone flow model is documented In SER Section 2.2.1,3.8.3,2, 

The NRC staff evaluated the applicant's descriptions of relevant included FEPs and the manner 
in which they are included in the saturated zone flow models presented in SAR Section 2.3,9. 
The capability of the saturated zone to function as a barrier to delay radionuclide migration by 
slow advective flow and/or long transport distance depends on a number of processes and 
characteristics. The applicant identified a number of general characteristics and processes 
important to the function of the saturated zone barrier Including stratigraphy, water-conducting 
features, faults, fractures, properties of host rock and other (alluvial) units. groundwater Mow in 
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the geosphere (magnitude and direction of groundwater flow). advection and dispersion. climate 
change. matrix diffusion. and sorption (SAR Sections 2.1 1.3 and 2.3 9.1). Additionally. the 
applicant stated these types of characteristics and processes of the saturated zone have been 
included in saturated zone flow and transport models presented in SAR Section 2.39 
(Saturated Zone Flow and Transport). 

2.2.1.3.8.3.2 Sufficiency of Baseline Data to Justify Models of Flow Paths In 
the Saturated Zone 

The applicant used site-specific data to develop and corroborate the conceptual model of 
groundwater flow in the saturated zone and to calibrate the site-scale saturated zone flow 
model. The site-specific data used include water-level measurements. m-sTtu hydrologic and 
tracer testing conducted in the vicinity of Yucca Mountain, regional hydrogeologic model 
predictions. and parameters from expert elicitation. The NRC staff evaluated the sufficiency of 
the applicant's baseline data used to develop predictions of flow paths and groundwater flow 
rates in the saturated zone in this section. 

The NRC staff evaluated the sufficiency of geological data that were relevant to the 
hydrogeologic framework used in the site-scale saturated flow model. The applicant updated its 
site-scale hydrogeologic ftamewo~rk~m\QoQde~IJtoQj[in~ch!lu!Qdeus1r.tra~t~1 [jr~t1.cJnfui[ffia1kru!lfe.IT.el1ftom_----, 
recentl'iddl (b)(5) 

(b)(5) 

(b){5) In the performance assessment model, 
the applicant stodlastica y vane t e ateral extent of an allUVium uncertainty zone to propagate 
uncertainty associated with the tuff and alluvium contact. The NRC staff evaluates the 
applicant's approach to treat uncertainty associated with the tuff/alluvium contact In SER 
Section 2.2.1.3.8.3.3. 

The NRC staff reviewed the test methods and results of the hydraulic and tracer tests the 
applicant conducted to corroborate its conceptualization of groundwater flow in the volcanic 
aquifers, These tests included several hydraulic and tracer tests (cross-hole tests) at the 
C-Wells Complex. consisting of boreholes UE-25 C#1, UE-25 C#2, and UE-25 C#3 (SAR 
Figure 2.3.9-7). The applicant concluded that flow in the volcanic rock units mainly occurs 
through a well-connected fracture network and that large-scale horizontal anisotropy of aquifer 
permeability exists in the saturated zone, which is preferentially oriented in a north-northeast 
direction, The open-hole surveys done at the C-Wells Complex also yielded information on 
stratigraphy, lithology. matrix porOSity. fracture density. and the major flowing intervals, 

(b){5) 
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The NRC staff reviewed the results of the hydraulic and tracer tests the applicant conducted to 
corroborate its conceptualization of groundwater flow in the alluvium. These tests included the 
hydraulic and tracer tests conducted at the Alluvial Testing Complex (centered at Nye County 
well NC-EWDP-19D), which is located along the simulated flow paths (SAR Section 
2.3.9.2.4.2), The appllcant indicated that the saturated alluvium significantly reduces the 
movement of radionuclides to the accessible environment. The aI/uvial aquifer is generally 
conceptualized as a homogeneous hydrogeologic Unit in the site-scale saturated zone flow 
model, except near the Fortymile Wash area, Testing results described in SNL Section 7.2.2,3 
(2007ax) from the Alluvial Testing Complex and Nye County well22S indicated that alluvium 
permeabilities vary over two orders of magnitude, The applicant added a high-permeability 
zone-the Lower Fortymile Wash alluvial zone-to take into account 'possible channelization' 
within the alluvium. as identified in SNL Section 643,7 (2007ba) and SAR Table 2,3 9-8 
Simitarly, the applicant accounted for the effect of alluvium spatial heterogeneity on radionu lide 
~soort by varvina the effective porosity parameter in its oerform (b)(5) 
(b)(5) 

I 

The NRC statt evaluated the sufficiency of water-level data the applicant used to calibrate its 
site-scale saturated zone flow model. The applicant used 161 time-averaged water-level 
measurements from 132 wells (multilevel measurements were obtained from some wells) within 
the model domain to (i) provide calibration targets for the site-scale saturated zone flow model. 
(ii) truncate the top of the flow model grid, and (iii) provide the boundary conditions around the 
perimeter of the modeL The applicant stated that water-level calibration targets represent 
steady-state values and reflect current water use~ wherever pumping tilkes place (SNL. 
_2QQ1~2 __ . . _____ ._. __ ... _______ _ 
i(b)(5) 

Water Flow Between the Lower and Upper Aquifers 

The applicant used water-level data from 17 wells to determine whether an upward gradient 
exists from the lower volcanic aquifer to the upper volcanic aquifer within the modeled 
domain (SAR Table 2,3,9-6), The applicant conduded that (i) a notable upward vertical 
gradient appears to exist between the lower and upper volcanic aquifer at locations nearest 
Yucca Mountain and (il) the direction of the vertical hydraulic gradient varies from location to 
location away from Yucca Mountain (SNL, 2007ax) 

The NRC staff evaluated the methodology and the sufficiency of data the applicant used to 
establish the boundary conditions of the site-scale saturated zone flow model. The applicant 
derived constant-head boundary conditions from water-level data. In Section 6.3.1.5 (SNL, 
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2007ax), the applicant stated that coverage of water-level measurements was insufficient to 
specify depth-dependent head boundaries. In SAR Section 2.3.9.2.3.1, the applicant indicated 
that vertical gradients develop internally in the model domam In response to geohydrologic 
conditions and the calibrated model is capable of representing the upward vertical gradients 
observed between the deeper regional carbonate aquifer and overlYing volcanic aquifers. The 
applicant supplemented the SAR with a contour map of vertical hydraulic gradient distributions 

..sJmulated by the site-scale saturated zone flow moosl as show In FI ur 1.1 
(b)(5) 

Recharge Data 

The NRC staff reviewed the sufficiency of recharge data used In the applicant's site-scale 
saturated zone flow model. The applicant used recha e derived from a now-obsolete version 

model. (b)(5) 

Vertical Anisotropy of Permeability 

Vertical anisotropy of permeability is fixed at a ratio of 10 1 on the basis of information the 
expert elicitation panel provided (CRWMS M8.0, 1998ac). In an alternative con tusl model, 

licant considered the effect of vertical anisotro on simulated flow b 5 ____ . __ _ 

Site-Scale Model Calibration 

The applicant calibrated the sne-scale saturated zone flow model uSing an Indust -standard 
parameter estimation r ram PEST) followed b manual ad ustments!(b)(5) 

(b)(5) 

er ca I rating t site-scaJe mode uSing the PEST program, manual adjustments were made 
to several zones to improve model match. The calibrated site-scale saturated zone flow model 
has a weighted root-mean-square (RMS) residual of 0.82 m [2.7 ftJ (calculated using differences 
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between observed and simulated heads) 2,3,9-13 shows locations of all water-
level measurements and calibration Jt!:>JUUd":> 'r,t:+.::T-'-'-::':"':===-::":":':':":::'::':":"::::":':=:":::';:;~:'="':::":::::":~-, 
water levels at the calibration 

The NRC staff notes that the purpose of model calibration is to provide parameter estimates 
for a given conceptual model and is not intended to resolve uncertainties in model 
conceptualization (e.g" uncertainty in stratigraphy). Thus, the applicant considered 
different altemative conceptual models to address model uncertainties. The staff evaluates 
the applicant's treatment of model uncertainty and alternative conceptual models in SER 
Sections 2.2,1.3,8.3.4 and 2.2.1,3,8,3.5, 

The NRC staff has evaluated the data the applicant used to develop and corroborate the 
conceptual model of groundwater flow in the saturated zone and to calibratE:" and validate the 
site-scale saturated zone flow mode,(b)(5) I 

(b)(5) ,--~-"" ""~ ___ ,,,..l--____ -, 

L~_,, ________ ~. 
2.2.1.3.8.3.3 Uncertainty in Data Used In Models of Flow Paths in the 

Saturated Zone 

Uncertainties in model input parameters may directly affect the advective flow rate of 
groundwater and lengths of groundwater flow paths predicted by the applicant's nommal case 
site-scale saturated zone flow model. In the performance assessment evaluation, the applicant 
incorporated the uncertainty in model parameter inputs by stochastically sampling values from 
probability distributions of the GWSPD multiplier, horizontal anisotropy in permeability, flowing 
interval spacing and fracture porosity in the volcanic units, effective porosity in the alluvium, and 
longitudinal dispersivity, as identified in Section 6.3 (SNL, 2007ax), This SER section focuses 
on reviewing the applicant's methodologies for developing probability distributions of the specific 
discharge multiplier and horizontal anisotropy in permeability. The NRC staff evaluates the 
other uncertain model parameter inputs relevant to radionuclide transport calculations in SER 
Section 22.1.3.9. 
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Specific Discharge Values and Multiplier 

To incorporate uncertainty in specific discharge in model abstractions. the applicant 
generated multiple realizations of the threEKtimensional saturated zone flow field (refer to SER 
Section 2.2.1.3.8.3.1 for additional discussion on the interdependencies of the different 
saturated zone abstraction models). For each realization. the applicant scaled (i) the values of 
recharge and all values of permeability simultaneously using a stochastically sampled specific 
discharge multiplier and (ii) the values of north-south and east-west permeability within the zone 
of volcanic rocks using a stochastically sampled horizontal anisotropy ratio. 

The applicant established a probability distribution for the GWSPD multiplier. whose function is 
to capture the range in variability and uncertainty in the parameters that generate the specific 
discharge calculations. In tum the specifIC discharge calculations provide the basis from which 
groundwater travel times and radionuclide mass breakthrough curves are generated (SAR 
Section 2.3.9.2.3.3). 

The uncertainty range and probability distribution for the GWSPD multiplier was originally 
obtained through an expert elicitation process (CRWMS M&O, 1998ac). The expert eHcitation 
panel suggested a truncated log-normal distribution ranging from 0.01 to 10. The median 
specific discharge derived from the expert elicitation process is 0.6 mJyr [2 ft/yrJ, as defined in 
Section 3.2 (CRWMS M&O. 1998ac). On the basis of recent tracer tests performed at the 
Alluvial Testing Complex and Nye County well cluster 225. the applicant reduced the range of 
uncertainty of the specific discharge multiplier using a Bayesian update procedure, where the 
range the expert elicitation panel supplied was assumed as a prior probability distribution and 
the estimated specific discharges from the Alluvial Testing Complex were used to estimate a 
log-normal likelihood function. 

The NRC staffrevlewed the Bavesian IJodate procedllre the aonhcant (b)t5) 

l(b)(5) mm __ 

l{b)(5) ~-----""'I:-n-----.J 

Figure 1-1 (DOE, 2009bc), the applicant provided additional information explaining e rationale 
for using the Bayesian statistical procedure, stating that (i) each combination of interpretation 
method and effective porosity value provides an independent and 

12 values follow a !I'\ll •. nr\rm,,! 
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The applicant used specific discharge estimates derived from alluvium testing to update the 
specific discharge multiplier that is subsequently applied to the entire flow model. The applicant 
conceptualized fluid flow in volcanic tuff aquifers differently from the alluvium. The former is 
dominated by flow in well-connected fractures, while the latter is a porous medium. The 
Bayesian prior distribution the expert elicitation panel provided was based on tests performed at 
the C-Wells Complex, Which were conducted in volcanic aqulfers;(b)(5) 

(b)(5) 

As a final result, the applicant obtained a truncated log-normal dis 
dischar e multi lier that ranges from 1/8.93 to 8,93 (BS~C:::.:,~2~005~a~k,!:,),~~=======~ 

(b)(5) 

l(b)(5) lin response to a request for additional information (RAI), the applicant 
(DOE. 200900) slit"ed that (I) variations in mean specific discharge along the flow paths have 
been captured in the baseline, three-dimensional site-scale flow model and (ii) it is inappropriate 
to directly use specific discharge data from alluvial testing to update the expert eliCitation 
estimates; instead, the update should be performed after normalization (ie., the specific 
discharge multiplier)i(b)(5) 

(b)(5) 

Horizontal Anisotropy 

The NRC staff reviewed the probability distribution the applicant established for the horizontal 
anisotropy of permeability. The applicant stated in Section 6,2.6 (SNL, 2007aw) that hydraulic 
testing at the C-Wells Complex indicated Significant flow anisotropy at larger scales in the 
fractured volcanic tuffs. In SAR Section 2,3.9,2.2.2.1, the applicant indicated the horizontal 
anisotropy ratio is estimated using different methods and the ratio ranges from 3.3 to 17. with 
directionality orienting flow paths more north-south than east-west. The cumulative distribution 
function for the horizontal anisotropy ratio. which has lower and upper bounds of 0.05 and 20, 
respectively, is specified through a tabulated form in the performance assessment model. 
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Potentially Undetected Fast Flow Paths 

(b)(5) iThe applicant 
s te t at t e suite 0 performance assessment transport simulations encompasses the range 
of behavior that would be obtained with a fault-based flow and transport model and other 
alternative conceptual models that explicitly model fast-flow paths (e g., channelmg in the 
alluvium) (SAR Section 2.3.9.2.3.5). The applicant stated that the potential impacts of 
undetected features on groundwater flow are incorporated in the site-scale saturated zone flow 
and transport abstraction model through parameter distributions. which ultimately propagate to 
the TSPA model through variation in radionudide breakthrough curves (Sse. 2005ak). The key 
parameters the applicant used to assess the effect of undetected features on radionuclide 
transport are (i) specific discharge, (ij) porosity, (iii) flowing interval spacing in the volcanic 
rocks. (iv) longitudinal dispersion, (v) horizontal anisotropy of permeability, (vi) alluvial bulk 
density. and (vii) sorption coefficients for th ine classes of radionuclides modeled in both the 
alluvium and volcanic units sse 2005ak. (b) 5 

l(b)(5) ~ 

Volcanic and Alluvial Aquifer Contact Zone 

The applicant introduces an alluvium uncertainty zone in TSPA model to treated uncertainty 
associated with the contact location between volcanic aqUifer and the alluvium. On the basis of 
drilling records. the applicant conceptualizes the uncertainty zone as a quadrilateral area in 
which the boundary between volcanic units and alluvium is randomly vaned among realizations. 
The boundaries of the alluvium uncertainty zone are determined for a particular realization by 
the parameters FPLAW (western boundary) and FPLAN (northem boundary) In the applicant's 
one..cfimensional saturated zone transport abstraction modeL These parameters have uniform 
distributions from 0.0 to 10, where a value of 0.0 corresponds to the minimum extent of the 
uncertainty zone and 1.0 corresponds to the maximum extent of the uncertainty zone in a 
westerly direction and northerly direction, respectively (SNL, 2007ax). Thus, in the 
one..cfimensional transport abstraction model. the flow path length of each pipe segment 
varies as a function of the horizontal anisotropy, the western boundary of the alluvial uncertainty 

~ne, and the region from which the radionudlde source Originates beneath the repoSitory. 
l(b)(5) 

L-________ .~ ___________ _ 
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An expert elicitation process was used to obtain a probability distribution for the 
discharge multiplier (now considered distribution) and 
staff reviewed the information the elicitation 

The NRC staff evaluates the applicant's consideration of model uncertainty and model support 
in SER Sections 2.2.1.3.8.3.4 and 2.2.1.3.8.3.5. 

2.2.1.3.8.3.4 Uncertainty in Flow Paths In the Saturated Zone Models 

In this section, the NRC staff evaluates the alternative conceptual models the applicant 
used to assess model uncertainties for the saturated zone flow paths, as presented in SAR 
Section 2.3.9.2.3.4 The applicant used five alternative conceptual models to assess the 
significance of model uncertainties of certain features and processes in the abstraction, 
including: (i) vertical antsotropy, (ii) horizontal anisotropy. (iii) permeability in the northern high­
gradient region of Yucca Mountain, (iv) increased vertical permeabillty of the Solitario Canyon 
Fault, and (v) climate-induced water table rise. 

The site-scale saturated zone flow model that the applicant used to develop the performance 
assessment abstraction uses a 10:1 anisotropy ratio for horizontal-to-vertical permeability in 
volcanic and valley-fill alluvium units. This vertical anisotropy ratio was Originally suggested 
from an expert eliCitation panel (CRWMS M&O, 1998ac) because reduced vertical permeability 
is inherent in any layered groundwater flow system. To test whether this assumption leads to 
any systematic bias, the applicant considered an alternative model with vertical permeability 
equal to the horizontal permeabIlity. This alternative model resulted in a 28 percent increase in 
calculated specific discharge at a location 5 km [3.1 mil downgradient from the proposed 
repository boundary and also resulted in a near doubling of the weighted RMS calibration error. 
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'(b)(5) 

The NRC staff reviewed the alternative model the applicant used to demonstrate the sensitivity 
of the nominal case site-scale saturated zone model to horizontal anisotropy, The applicant's 
analysis demonstrated that removal of horizontal anisotropy (i,e" assuming isotropic horizontal 
permeability) results in a 31 percent decrease in m 'fic discha e rates across the 

mi bounda and s the flow h ."L"_~"·~"""~""" _______ ---1 

On the basis of this analysis, the applicant 
~z-o-n-;-ta'l-a-n"is-otr'--op-y-ra-;Ctios---'f;-o-r s~aturated zone flow and trans rt model 

The NRC staff reviewed another alternative modeling analysis by the applicant in which the 
applicant removes the large hydraulic gradient north of the proposed repository area by 
increasing permeability in this region, ThiS alternative model results in a 15-fold increase in 
calculated specific discharge 5-km [3, 1-miJ downgradient from the proposed repository and an 
eightfold increase in RMS calibration error. On the basis of this result, the applicant concluded 
that, although the cause of the high radient is not certain, it is nevertheless to 
re resent this fe tUfe in the model. -

The NRC staff evaluated the applicant's alternative model used to examine the potential effects 
of vertical anisotropy in the permeabmty of the Solitario Canyon fault Such anisotropy could 
support alQl]9-fault flow or upward flow at the fault while acting as a barrier to cross-fault flow 

(b)(5) 

The site-scale saturated zone flow model the applicant used to develop the abstracted flow 
paths for the performance assessment does not consider explicitly the effect of an elevated 
water table under future, wetter climate conditions, Instead, the applicant incorporates the 
effect of long-term climate change by applying a scaling factor to instantly Increase the 
volumetric flow rate or specific discharge, The scaling factors for monsoonal and 
glacial-transition climatic conditions are 1.9 and 3,9, respectively. To demonstrate that this 
simplified approach for inCluding effect of climate change does not bias results, the applicant 
provided an alternative evaluation of the potential effects of water table rise on abstracted flow 
paths, On the basis of an estimated increase in specific discharge by a factor of 3.9 for the 
glacial-transition climate state, the applicant estimated the increased hydrauliC gradient 
necessary to drive this increased groundwater flow would result In a water table rise of 
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approximately 20 m [66 ttl at the southern end of the model area that gradually Increases to 
about 50 m [160 ftl in the area below the proposed repository location and as much as 
100 m [328 ftl in areas north of the repository. Projecting this Ilnear increase in water table 
elevation onto the hydrogeologic framework model indIcates that elevated flow paths could 
travel a greater proportion of distance through the lower penneability Calico Hills fonnation in 
the volcanic tuffs, which could result in longer travel tImes. The applicant. therefore, concluded 
that using present-day water table elevations combined with a scaling factor approach to 
increase specific discharge estimates for future climates sufficient! approximates the 
perfonnance-affecting aspects of future, wetter dimate cOnd __ iti_'o_n_s'L{b_l_(5_1 ---------1 

I{b )(5) 

In SAR Section 2.3.9.2.3.5, the applicant provided qualitative consideration of several additional 
model uncertainties that could affect estimates of specifiC discharge. These conSIderations and 
the NRC staff's review are summarized in the following paragraphs. 

The NRC staff evaluated the applicant's treatment of uncertainty in the hydrogeologic contact 
surfaces (as in the hydrogeologic framework model) represented in the model. The applicant 
explained that horizontal contact-surface uncertainty would have a lesser effect on speCific 
discharge compared to uncertainty of contact surfaces in the vertical direction The applicant 
concluded that the potential effect of this model uncertainty is within the bounds of uncertainty 
considered forJhe specific discharge uncert<linty multiplier parameter used in the perfonnance 
assessment.1(b )(5) . 

I 
The NRC staff evaluated the applicant's consideration of model uncertainty related to the 
potential for a fault-dnated flow system with specific discharge focused in flow paths along 
major fault systems. (b)(5) .... 

(b)(5) 
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(b)(S) 

2.2.1.3.8.3.5 Model Support Based on Comparison With Alternative Models or 
Other Information 

In SAR Section 2.3.9,2,4, the applicant presented its use of objective comparisons to build 
confidence in the saturated zone flow model abstraction. In this section, the NRC staff review 
focuses on support for the range of fiow paths and specific discharge estimates considered for 
the saturated zone flow and transport model abstraction on the basis of relative importance to 
overall system performance. 

The NRC staff reviewed information the applicant used to support model-simulated groundwater 
flow paths, This information includes a comparison of simulated water-level elevations to those 
observed in wells not used in the model calibration (e.g., NC-EWDP Phase V data) (SAR Table 
2.3.9-9), This comparison shows the largest differences between simulated and observed water 
levels generally occur in areas 01 steep hydraulic gradients near geologic features. such as the 
U.S. Highway 95 fault and the Solitario Canyon fault Residual errors between observed and 
simulated water levels are generally smaller in the areas of SImulated flow paths from the 
repository to the compliance boundary. The highest residual errors are generally in areas 
where water levels change by tens of meters {1 m '" (3.28 ttl) over short distances, and the 
overall range of residual errors is shown to be similar to the range of errors obtained during the 
site-scale saturated zone model calibration A Fi r ' 
calibration and confidence-build!n (b)(5) 

(b)(5) 

The applicant discussed analyses by Freifeld, et at (2006aa) of testing done in Nys County 
well 24PB that provides a range of estimates for speCific discharge at the top of the Crater Flat 

11-17 



tuff unit in the transition area from the volcanic aquifer to the valley-fill alluvial aquifer, On the 
basis of fluid electrical conductivity logging and distributed thermal perturbation sensor 
measurements, and assuming a porosity of 0,01, the estimated specific discharge in the flowing 
intervals ranged from 5-310 mJyr [16-1,018 ftJyrj, as identified in Section 3.3,3 and Table 4 
(Freifeld, et aI., 2006aa), The upper end of this range is significantly greater than the specific 
discharge rates considered in the performance assessment The applicant stated the high flow 
rate was observed in a relatively narrow interval of the borehole and that upscaling this estimate 
using an assumed median flow interval spacing of 25,8 m [84,6 ftJ (from the parameter 
uncertainty distribution) reduces the estimated speCific discharge to a range of 0,07-4,1 m/yr 

(b)(5) 
0.2-13,5 ftI~r ,-' ________________________ -----, 

The applicant also provided model support for estimates of potential future water table rise 
during future climates, This support included observations of mineralogical alteration and 
analYSis of the strontium isotope ratio in calcite veins in the saturated and unsaturated rocks 
beneath the proposed repository footprint This Information is interpreted to indicate a past 
water table rise of approximately 85 m [278 ftl above present-day conditions beneath the 
proposed repository. Modeling studies using different assumptions about future recharge 
(Czamecki, 1985aa; D'Agnese, et at, 1999aa) produce water-table-rise estimates from 130 to 
150 m [427 to 492 ttl above present conditions beneath the repository, On the basis of this 
supporting information, the applicant's performance assessment included a 120-m [394-ftJ water 
table rise for the unsaturated zone flow and transport model abstraction, In the saturated zone 
flow and transport model abstraction, however, future water table water rise is not explicitly 
considered, Rather, the applicant used an assumed rise of 85 m [278 ft] beneath the repository 
in an alternative conceptual model analysis to demonstrate the effect on saturated zone 
groundwater flow paths is not Significant (see SER Section 2.2,1.3.8.3,4 for NRC staff review of 
this model uncertainty). South of the proposed repository near the compliance boundary, the 
maximum extent of water tabla rise is constrained to approximately 30 m [98 ftJ by the ground 
surface elevalion and observed evaporite deposits at locations where springs flowed during past 
occurrences of elevated water table (SAR Section 2.3,9,2). 

Observations from well UE-25p#1 the applicant cited as model support show the hydraulic head 
is 21 m [69 ttl higher in the carbonate aquifer system compared to the overlying volcanic aquifer 
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system. The two aquifer systems are separated by a thick low-permeability aquitard. The 
calibrated site-scale saturated zone flow model reproduces thIs upward hydraulic gradient at 
well UE-25p#1, but with a lesser magnitude of a 6·m (20-ft] head difference across the aquitard 
unit. The NRC staff notes that, in addition to well UE·25p#1, the presence of this upward 
gradient along the area of model-simulated groundwater flow paths is also supported by 
observations in well NC-EWDP-2DB The applicant stated that these wells, which show an 
upward vertical gradient. are assigned a weight factor of 10 during model calibration to ensure 
the model will match the upward gradient However, this statement appeared to be inconsistent 
with other information in the SAR where the applicant apparently assigned a weight factor of 
20 to UE-25 p#1 and a weight factor of 1 to Nye County we1l2DB. In response to the staffs 
RAI, the applicant confirmed the actual weight factors used In the model calibration were 10 for 
both well locations. The applicant agreed to make changes in SAR Section 2.3.9.2.3.2 and the 
related supporting report (SNL, 2007ax) to reflect the actual values used. 

The NRC staff has evaluated the approaches the applicant used to compare~rformClnce~ ___ ., 
assessment output to process-level model outputs and/or empirical studies'Tb)(S-) - -

(b){5) . ~...... -----' 

(b)(S) 

2.2.1.3.8.4 Evaluation Findings 

The NRC staff reviewed the applicant's SAR and other information submitted in support of the 
license application and finds that, with respect to the requirements of to CFR 63.114 for 
consideration of flow paths in the saturated zone (b)(Sj ... __ .AI 

(b)(5) -'----------, 
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CHAPTER 12 

2.2.1.3.9 Radionuclide Transport in the Saturated Zone 

2.2.1.3.9.1 Introduction 

This Safety Evaluation Report (SER) chapter addresses the US. Department of Energys 
(DOE's) model abstraction' for transport of radlonuclides in the saturated zone (SZ). DOE 
presented its description of this abstraction in Safety Analysis Report (SAR) Section 2.3 9 of Its 
license application (DOE. 2008ab) RadlOnuclide transport in the SZ is a key process In the 
performance assessment for the proposed geologic repository at Yucca Mountain, Nevada. 
The performance assessment Includes the flow of water from preCipitation falling on Yucca 
Mountain, its migration as groundwater through the unsaturated zone (UZ) above and below the 
repository, and the flow of groundwater in the SZ through the controlled environment to the 
accessible environment ThiS groundwater flow IS the pnnclpal means by which radio nuclides 
released from the repository are transported to the accessible environment. Because exposure 
to groundwater contaminated with radionuclldes from the repository is one of the prinCipal 
contributors to dose to the reasonably maximally exposed individual (RMEI), the performance 
assessment must include those components that affect significantly the timing and magnitude of 
transport for any radio nuclides released from the repository. Radionuclide transport In the SZ, 
as described in SAR Section 239. includes the features, events, and processes (FEPs) that 
affect the movement of radionuclides from where they enter the SZ below the repository to the 
accessible environment boundary, approximately 18 km [11.18 mil south of the repository, and 
their implementation (or abstraction) 10 the Total System Periormance Assessment (TSPA) 

The SZ radionuclide transport abstraction receives information about the time·dependent flux of 
radio nuclides released from the UZ to the water table below the repository In turn the S2 
radionuclide transport abstraction proVides information about the mass flux and arrival or 
transport times of radionuclides moving through the SZ to the representative volume In the 
accessible enVIronment 

This chapter provides the U.S. Nuclear Regulatory Commission's (NRC's) evaluation of DOE's 
representation of radio nuclide transport 10 the SZ as part of Its performance assessment 
Because DOE represented the barriers to radionuc/ide migration In the SZ in terms of 
radionuclide transport processes and how the processes were influenced by the natural features 
of the S2, this chapter is organized by the major, risk.slgniflcant processes affecting transport. 

2.2.1.3.9.2 Regulatory Requirements 

Model abstractions used in the appllcant's postclosure performance assessment must meet the 
regulatory requirements given In 10 CFR 63.114 (Requirements for Perforrrance Assessment) 
and 63.342 (Limits on Performance Assessment), to support the predictions of compitance for 
63.113 (Performance Objectives for the GeologiC Reposl!ory after Permanent Closure) 
Specific compliance with 63 113 is reviewed In SER Section 2 2 1 4.1 

'The term 'sbslracUon' IS defined as a representation of the essen)",' components of a process modei !f11O a SUitablE' 

form for use In a tolal system performance assessment Mode: aOs(r3ctlOr 15 mtended to maXimize the use of "mllee 
computatlonai resources while allOWing a suffiCient range af senSitivity and uncertainty analyses 
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The requirements for performance assessment in 10 CFR 63.114 require the applicant to 

• Include appropriate data related to the geology, hydrOlogy, and geochemistry of the 
surface and subsurface from the site and the region surrounding Yucca Mountain 

• Account for uncertainty and variability in the parameter values used to model 
radionuclide transport in the SZ 

• Consider alternative conceptual models for radionuclide transport in the SZ 

• Provide technical bases for the inclusion of FEPs affecting radionuclide transport In the 
SZ, including effects of degradation, detenoration, or alteration processes of engineered 
barriers that would adversely affect performance of the natural barriers, consistent with 
the limits on performance assessment in 10 CFR 63.342 

• Provide technical basis for the models of radionuclide transport in the Sl that in turn 
provide input or otherwise affect other models and abstractions 

10 CFR 63.114(a) conSiders performance assessment for the initlal10,000 years folloWing 
permanent closure. 10 CFR 61114(b) and 63.342 consider the performance assessment 
methods for the time from 10,000 years through the penod of geologic stability, defined In 

10 CFR 63.302 as 1 million years following disposaL These sections require that through the 
period of geologic stability, with specific limitations, the applicant 

• Use performance assessment methods consistent With the performance assessment 
methods used to demonstrate compliance for the initial 10,000 years following 
permanent closure 

• Include in the performance assessment those FEPs used in the performance 
assessment for the initial 10,000 year period 

NRC staff review of the license application fOllows the guidance laid out in the Yucca Mountain 
Review Plan (YMRP), NUREG-1804, Section 2.2.1.3.9, Radionuclide Transport in the 
Saturated Zone (NRC. 2003aa), as supplemented by additional guidance for the period beyond 
10,000 years after permanent closure (NRC. 2009ab) The acceptance criteria in the YMRP 
generically follow 10 CFR 63.114{a). Following the guidance, the NRC staff review of the 
applicant's abstraction of radionuclide transport in the SZ considered five criteria 

• System description and model integration are adequate. 
• Data are sufficient for model justification. 
• Data uncertainty is characterized and propagated through the abstraction 
• Model uncertainty is characterized and propagated through the abstraction 
• Model abstraction output is supported by objective comparisons 

Because 10 CFR Part 63 specifies the use of a risk-Informed approach for the review of a 
license application, the guidance provided by YMRP, as supplemented by NRC (2009ab), IS 
followed to the extent reasonable for aspects of radionuclide transport in the SZ important to 
repository performance. Whereas NRC staff considered all five cntena in their review of 
information prOVided by DOE, only aspects that substantively affect results of the performance 
assessment, as judged by NRC staff, are discussed in this chapter NRC staffs Judgment IS 
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based both on risk information provided by DOE, and staff's knowledge, experience, and 
independent analyses. 

2.2.1.3.9.3 Technical Review 

DOE provided mformation in SAR Section 2.39, relevant references, and responses to 
NRC staff requests for additional information, that It uses to predict the transport of 
radionudides in the SZ, from below the repository to the accessible environment. The NRC 
staffs technical review focuses on (i) how DOE represented the geological, hydrological, and 
geochemical features of the SZ in a framework for modeling the transport processes: (II) how 
DOE integrated the SZ transport abstraction with other Total System Performance 
Assessment (TSPA) abstractions for performance assessment calculations. and (iii) how DOE 
included and supported important transport processes in process-level transport models and 
in the SZ radionuclide transport abstraction. 

2.2.1.3.9.3.1 Conceptual Model and Model Framework 

DOE related Yucca Mountain site characteristiCS to a conceptual model of the SZ from beneath 
the repository to the accessible environment boundary in which the flow of water would 
transport released radionucltdes through fractures, major faults, and porous allUVium. DOE 
used the same three-dimensional model grid for SZ transport modeling as for the site-scale SZ 
fiow model (SAR Section 23.92, SER Section 2.2.1.38) There are two primary geological 
units through which water flows in the SZ: fractured volcaniC tuff and allUVium. Unlike the UZ, 
where flow in the volcanic tuff occurs in fractures, faults, and matrix, the applcant models flow in 
volcanic tuff of the SZ to occur only through fractures and faults. Water in the volcaniC tuff 
matnx is connected to water in the fractures but is considered stagnant (flow velocities in the 
matrix are extremely low relative to the fast-flowing fractures) 

DOE simulated the transport of radionudides as dissolved species and as species sorbed 
to mobile, colloid-sized particles. These two modes of transport are subject to various 
physical and chemical processes that affect their transport In groundwater. DOE identified 
advection, dispersion, sorption and matrix diffusion, colloidal transport, and radlonuclide 
decay and ingrowth as important transport-affecting processes. and Incorporated these 
processes in the numerical models of radionuclide transport (SAR Table 23 9-1) DOE's 
conceptual model described how each of the transport-affecting processes influences the 
rate at which radionuclides travel through the SZ model relative to the rate that water travels 
(SAR Section 2.3.9.2). DOE used sensitivity analyses and single-realization analyses of TSPA 
simulations to demonstrate how the SZ transport abstraction integrated specific processes with 
the natural features of the SZ to slow the migration of radionuclides through the SZ, as detailed 
In SAR Section 2.1.2.3.6 and Section 6.3.10 of SNL (2oo8ag) 
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On the basis of field and modeling evidence. DOE determined groundwater flow and migration 
of radionuclides in the 5Z would begin In fractured volcanic rock beneath the repository and 
travel southeasterly toward Fortymile Wash before turning in a southerly direction beneath the 
wash to the accessible environment. approximately 18 km [11.18 mil south ofthe repOSitory. 
About 10 km [6.21 mil south of the repository along this path, the water and radionuclides are 
expected to flow from the volcanic rock and enter the alluvium. The location of the tranSition 
from volcanic rock to alluvium is a key geologic data uncertainty In DOE's transport abstraction 
(BSC. 2005ak). This uncertainty was incorporated in DOE's model as an alluvium uncertainty 
zone, which was constrained by geologic data from Nye County Early Warning Drilling Program 
(EWDP) wells. The length of travel of radionuclides in the volcanic rock or alluvium is 
dependent on the source zone (location of release from the repository), the value of horizontal 
anisotropy In permeability, and the size of the alluvium uncertainty zone. 

In DOE's model, the two geologic media encountered In the SZ, fractured volcanic rock and 
alluvium, are expected to have very different effects on water flow and radionuclide transport. 
The fractured volcanic rock has low porosity (void space) and sparsely distributed fractures that 
control flow and transport. Consequently, the water and radionuclides move relatively quickly 
through fractures in the volcanic rock. The sparse distribution of fractures limits Interactions 
between the radionuclides and the rock that could slow radionuclide transport. In contrast, the 
alluvium behaves and was modeled as a porous medium, with significantly higher porosity than 
the volcanic rock, Consequently, water moves more slowly through the alluvium. Because of 
the way in which the alluvium was depOSited, some preferential flow paths could exist in buried 
gravel depOSits. DOE accounted for these potential higher velocity flow paths by including 
effective porosity as an uncertain parameter. with a range of values 10 accommodate these 
features in the model abstraction (BSe, 2005ak). Consistent With results from field·based 
transport testing (SNl, 2007aw), DOE did not take credit for one of the retardation processes. 
matrix diffusion. that might result from the dual porosity aspect of the alluvial system 

DOE modeled radionuclide release from the UZ into the SZ as occurring at one to four point 
sources near the water table. The point source locallons were randomly sampled from within 
each of the four corresponding UZ source regions that generally represented preferential flow 
pathways in the UZ flow model 

In the applicant's TSPA model, two model abstractions of SZ flow and transport were 
implemented. The primary model of radionuclide transport in the SZ was a site-scale, 
three-dimensional. single (effectivercontlnuum, dual-porosity, particle-tracking transport model. 
The dual-porosity aspect allowed for consideration of matrix diffusion in fractured volcanic tuff 
The two porosities refer to those of the fractures and of the matrix, while the effective continuum 
aspect of the approach allowed the applicant to assign average values to flow and transport 
parameters applied to cells of the numerical model representing the system. Radionuclides 
were subdivided into 12 groups on the basis of their similar transport characteristics. The 
three-dimenSional model abstraction used flow fields and other hydrologic characteristics 
defined by the three-dimensional SZ flow model and calculated unit breakthrough curves for 
each of the 12 radionuclide groups transported in the 5Z. The three·dimensional model was 
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run, and the unit breakthrough curves were developed and stored external to the TSPA model, 
as outlined in Section 6.3.10 of SNL (2008ag). 

The second SZ model abstraction was a one-dimensional transport model. The main purpose 
of the one-dimensional model was to calculate the radioactive decay, mgrowth, and transport for 
second-generation radionuclide daughters for four decay chains-the actinium, uranium, 
thorium, and neptunium series. The one-dimensional transport model was implemented as four 
groups of GoldSim (GoldSim Technology Group, 2006aa) pipe elements. One group was used 
for each of the four repository source regions. Each group of pipe elements consisted of three 
segments. representing the volcanic tuffs (the first two segments) and the alluvium (the last 
segment). The lengths of the last two segments were considered uncertain and were derived 
from particle-tracking results of the three-dimensional S2 model. Groundwater-specific 
discharge values in each pipe segment were also estimated from the three-dimensional model 
(SNL, 2oo8ag, Section 6.3.10). Where possible, the one-dimensional model used the same 
transport parameters, such as sorption coefficients, as the three-dimensional model, DOE 
adjusted other features of the one-dimensional model, such as dlspersivlty and flow tube 
diameters, 

The SZ radionuclide transport abstraction was coupled to Input from the UZ and output to 
the biosphere using the convolution integral method In thiS method. a unit saturated-zone 
radionuclide mass breakthrough curve was computed (by the three-dimensional model) for 
a step-function mass flux source; this breakthrough curve was then combined with the 
radlonuclide mass flux history from the UZ to produce a radlonuclide mass flux history that 
was output to the biosphere. Within TSPA, the convolution integral technique was implemented 
by a module called SZ_Convo/ute. SZ_Convolute was also used to apply changes in specific 
discharge due to climate change and to correct radio nuclide releases from the three­
dimensional model for the effects of radioactive decay. The convolution integral method rests 
on the key assumptions of linear behavior and steady-state SZ flow conditions. The SZ output 
mass that crosses the accessible boundary in a year was assumed dissolved In 3700467 mJ 

[3,000 acre-ftJ of water. 

DOE considered three climate states in modeling the initial 10,000-year performance 
period (i) current, (Ii) monsoonal, and (iii) glaCial transition conditions. For evaluating 
repOSitory performance after 10,000 years following repository closure, the applicant 
used "constant-in-time" climate with a prescribed deep percolation rate. as allowed in 
10 CFR 63.342(c)(2). The SZ transport model abstraction assumed steady-state flow 
conditions under each specified climate state and assumed the steady-state conditions 
were achieved instantaneously for each climate transition. Although potential water table 
elevation changes and flow path changes could occur for different climate conditions, DOE did 
not implement these changes explicitly in the SZ transport abstraction. Instead, DOE used 
specific discharge multipliers to increase flux for the wetter future climates. Also, the potential 
change in water table elevation near the repository was simulated by shortening the flow path 
length through the UZ dunng wetter climates, and releaSing Instantaneously to the SZ any 
radionuclides that are present in the portion of the UZ that is inundated at the time of climate 
change. NRC evaluates the use of specific discharge multipliers in SER Section 2.2 1.3.8.3.3. 

12-5 



The specific discharge multipliers affect radionuclide transport. Doubling the specific discharge 

( 
doubles the radionu<:lide tJux across the acce~sibl .. environmef1t bourn:l=-ary:L1j\""·b""'H5:./.) _____ ---l 

( DOE evaluated the effects of changes In water table elevations and 
flow due to climate change by usmg the three-dimensional site-scale transport model to 
generate particle tracks, as described in SNL Appendix E (2007ba) DOE stated that the 
simulation results showed that the path lengths and travel times for radio nuclides increased 
relative to the model formulation used in performance assessment, and thus, exclusion of these 
changes in the SZ abstraction model did not result in an underestimation ot dose, as outlined In 
SNL Appendix E (2007ba) In its response to an NRC staff request for additional information 
concerning geochemical assumptions of the SZ transport models under different climatic 
conditions (DOE, 2009df), DOE described how elevated water-table flow paths would pass 
through rocks containing higher percentages of zeolites. In general, water movement and 
transport of certain radlonuclides is slower through rocks containing zeolites compared to 
non-zeolitic rocks. Instead of expliCitly consldenng these different pathways, DOE chose to 
simplify its climate change m mel by employing only the specific discharge mLJltlpli~rs (s~~ 

(b~~)R Section 221.3.8.3.3 . (b)(~) ____ .. ~ ___ . ___ ._m ... __ ._m __ ---= 

2.21.393.1.1 Model Integration for TSPA 

DOE's SZ transport abstraction simulated the transport of dissolved radionuclides and 
colloid-associated radionuclldes through the Sl from beneath the repository, generating 
breakthrough curves at the accessible environment boundary for 27 radionuclides that 
DOE determined were risk significant. For TSPA calculations, DOE If1tegrated the SZ 
radionuclide transport abstraction with three other model components the UZ transport 
abstraction model (SAR Section 2.3.8), the site-scale SZ flow model (SAR Section 2.39), 
and the biosphere model (SAR Section 2.310) 

22.1.3.9.3.1.2 UZISl Boundary Condition 

In the UZ transport abstraction (SAR Section 23.8), radionuclides released from waste 
packages migrated through the fractures and rock matrix at rates affected by flow fields 
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generated from the site-scale UZ flow model. The boundary through which radionuclides from 
the UZ passed to the SZ was divided into four regions (or subareas). Releases of radionuclides 
that occurred within any portion of each of the subareas were collected for release into the SZ at 
one point (also within the same subarea). Each point source mass of radiO nuclides was 
transferred to the three-dimensional (via SZ_Convolute) and the one-dimensional SZ transport 
model abstractions, The three-dimensional model breakthrough curves were generated by 
randomly sampling different locations within each of the four subareas to create a starting 
point for the SZ flow path(s). In contrast, the one-dimensional model uses a fixed, centroid 
location within each subarea as a starting point for each of its four flow tubes. As a result of the 
different starting pOints for the three-dimensional and one-dimenSional simulations. the path 
lengths were not necessarily the same for both methods. DOE described the comparison of the 
three-dimensional and one-dimensional simulations as not consistently overestimating or 
underestimating the travel time to the accessible enVlror1mentl(bj(5l_~_ ...... -----__ .J 

l(b)(5) 

DOE sensitivity analyses of the effects of releasing radionuclide mass from the UZ as point 
sources indicated that the point source releases generally produced faster breakthroughs, 
as described in Section 6.8.4 of SNL (2oo7ba) DOE also noted that the release of 
radionuclides as a point source generally produced a plume With less dispersion. 

SZ-Accessible Environment Boundary Condition 

The SZ transport model passes the time-varying mass of radlonuclldes that cross the 
compliance boundary to the biosphere model. The SZ transport model explicitly simulates 
the transport of 27 radionuclides These radlonuclides are carried In the groundwater in 
the dissolved state and as temporarily and/or permanently associated with collOids. 
Parameters affecling the transport in the SZ (see SER Sections 2.2,13.9.3.2.2 and 
22.1.3.9.3.2.4) were assigned to the 27 radionuclides. In the TSPA model four additional 
radionuclides-Ac-227. Ra-228. Th-228, and Pb-210-were assumed to be in secular 
equilibnum and were released to the biosphere at the same actiVity concentration as their 
longer lived parents. Pa-231. Th-232, U-232. and Ra-22B, respectively. In response to a 
request for additional information that asked for justification for setting the released act.ivity 
concentration of daughters equal to that of their released parents, DOE (2oo9de) 
acknowledged that the actiVities of these daughters are affected by differences in the sorption 
characteristics of the parents and daughters. DOE (2009de) analyses tndlcated that mean 
activities for the daughters of Th-232/Ra-228. Pa-231/Ac-227. Ra-226/Rn-222. and Ra-
226/Pb-210 parent-daughter pairs could range from 1 (e.g .. Ra-226/Pb-210) to more than 
1,400 (e.g" Ra-2261Rn-222) times greater than the respective activities of the parents DOE 
defined the sorption enhancement factor (SEF) as the ratio of the daughter actiVity relative to 
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its parent in groundwater, resulting from the differences in sorption coefficients of the parent 
and daughter. DOE concluded that explicitly including the increased daughter activities In the 
dose calculation of the four parent/daughter pairs would increase the calculated maximum 
total mean annual dose from 2.0 to 2.4 mrem [0.02 to 0024 mSv], which would be a small 
change relative to the 100 mrem [1mSvllndividual pwtectLon standgrd for tt1~J.Q,QOO-.!9.J.:. __ . 

. rnilliml"vear oostclosure performance oeriod J (b)( 5) 
(b)(5)'~-----~~-"""--" 

The 27 radionuclides that are explicitly transported through the SZ plus the 4 that 
are assumed to be in secular equilibrium with their transported parents comprise the 
31 radio nuclides that DOE's biosphere model terms the primary radionuclides. The outputs 
of the biosphere model Include the biosphere dose conversion factors for the groundwater 
exposure scenario, equivalent to the annual dose from all potential exposure pathways 
that the RMEI would experience as a result of the release of a unit concentration 1 Bqlm3 

[0.227 dpm/gal] of the primary radlonuclide In groundwater at the accessible environment 
boundary. The biosphere model considers 75 radionuclides composed of the 31 pnmary 
radionuclides and their relatively short-lived daughters, which are assumed to be in secular 
equilibrium (i.e., have the same activity concentrations as those of their parents). Of the 
75 radio nucl ides, 20 do not contribute to dose via ingestton and inhalation, leaVing 55 that do 
For the exposure to contaminated soil, 66 of the 75 radionuclides contribute to dose. 

2.2.1.3.9.3.2 SZ Transport Processes 

In DOE's SZ transport abstraction, the migration of radionuclides through the SZ IS influenced 
by the transport-affecting processes of advection and dispersIon, sorption matrix dIffUSion, and 
colloid-facilitated transport, as well as radioactive decay and ingrowth (SAR Section 2.3 91). 
NRC staff review of these processes focuses on the YMRP acceptance criteria of system 
description and integration, data support, data uncertainty, and model uncertainty and support. 

22.1.3.9.3.2.1 Advection and Dispersion 

Advection IS the process by which radionuclides, both dissolved and associated with colloids, 
are carried in flowing water. Overall, DOE considered advection to be the most important 
transport process in the SZ because, as DOE stated, advection IS the primary mechanism 
driving the migration of radionuclides in the SZ, as outlined In Section 6.3.1 of BSC (2005ak) 
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l(b)(5) 

Unlike DOE's model framework for UZ radionucli<:le transport, which allows radionuclides to 
travel advectively in both fractures and the matrix, in the SZ, radionuclides in the fractured 
volcanic tuff move advectively only in the fractures and fault zones, Radionuclides can, 
however, move into and out of the matrix by diffusion, driven by concentration gradients 
(see SER Section 2,2,13,9,32,3). HydrologiC testing in boreholes in the volcanic aquifer 
revealed that flow through fractures was generally spaced at intervals significantly greater 
than the spacing of the fractures themselves as determined in drill core logging, ThiS site 
characteristic was included In the model abstraction as the uncertain parameter flowing interval 
spacing in volcanic units. Along with this parameter, the applicant coupled an uncertain 
parameter, termed Fracture porosity in volcanic units (SAR p, 2.3 9-132), or flowing interval 
porosity in the fractured tuffs (SAR Section 2,3,9,12,1), Values for this parameter were 
estimated using various conservative tracers and reactive tracers in C-Wells Complex testing 
(SNL, 2007aw). DOE used a combination of the spacing and the poroSity parameters to 
describe the characteristic of preferential pathways through the fracture volcamc aqUIfer 

(b)(5) 

l(b)(5) 

Advection in alluvium, like advection in the volcanic aquifer, involves preferential pathways. 
In the alluvium, DOE used an effective porosity parameter to compensate for the potentially 
reduced volume of the alluvium through which flow might occur. A smaller effective porosity 
results in higher average linear velocity (i.e, the distance water moves through porous matenal 

J>er unit time) The ape!~canLmode~edlhe allu\l~rn_as a ~n~~Of1Qr1_u_urT1_rnegilJ.rT1_u ~ ______ ."., 
(0)(5) 
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The applicant provided supporting information about advective transport processes from 
SZ tracer experiments in densely welded, fractured tuffs (fracture-fiow dommated systems) 

C-Wells Comolex and in the porous alluvium (SAR Section 2 3. 9 3 2 l' SNL 2007aw) 
(b)(5) 

Dispersion describes the transverse spreading, perpendicular to flow, both horizontal 
and vertical, and longitudinal spreading, parallel to flow, of dissolved radionuclides in 
response to localized differences in flow conditions. At the large scale of the SZ 
transport model grid framewoli<, DOE considered the effect of dispersion to be minimal 
(SAR Section 2.3.9.3.2.1), However, to allow transport calculations to provide an analysis 
of radionuclide travel time distributions, DOE included a longitudinal dispersion term in the 
transport model to capture the arrival of a dispersed solute front at the accessible environment 
boundary (SAR Section 2.3.9.3.2.1). Inclusion of longitudinal dispersion is supported by the 
field evidence of preferential pathways in the SZ in the vicinity of Yucca Mountain.i(b)(S) ___ _ 

i(b)(S) ..... . ... 

2.2.1.3.9.3.2.2 Sorption 

As discussed previously in SER Section 221.3.7.3.2.2, sorption is a general term for chemical 
and phYSical processes that transfer a fraction of dissolved species to the surface of a sohd 
phase. Depending on specific properties of the dissolved species, the solid, and the liquid, 
some radionuclides will sorb to the solid, some will sorb more onto solids than others, and some 
will not sorb at all. Specific sorption processes DOE considered include ion exchange 
reaCtions, in which ions of one element replace ions of another element within a mineral 
structure, and surface complexation, which involves reactions that form bound speCies at the 
mineral-water interface. As modeled in the DOE TSPA, sorption of radionuclides onto the 
fractured volcanic tuff matrix or alluvium results In retardation, or slowing, of transport relative to 
rates of water flow through the SZ. In contrast, radlonuclide sorption onto mobile collOids may 
enhance the transport rate relative to radionuclides that attach onto a stationary solid (see SER 
SeCtion 2.2.1.3.9,3.2.4). Sorption is an important process contributmg to the barrier capability of 
the SZ (SAR Section 2.3.9). In particular. sorption Within the allUVium effectively delays the 
transport of moderately and strongly sorbing radionuclides for thousands of years or longer 
(SAR Sections 2.3.9 and 2.1.2.3.6). Sorption of dissolved thorium, americium, and protactinium 
is so effective at slowing their movement. that on entering the SZ, these radionuclides cannot 
reach the accessible environment within the regulatory period of 1 million years. To be present 
at the accessible environment boundary, these radlonuclides either are transported through the 
SZ as colloids or are ingrown as decay products of mobile parents. DOE noted that the primary 
controls on sorption are (i) characteristics of the minerals surfaces onto which sorption occurs, 
(ii) chemistry of groundwater in the SZ. and (iii) sorption characteristics of each element (SAR 
Section 2.39322) 

DOE represented sorption in the SZ with a sorption coefficient (Ko). an empirically determined or 
mOdeled value that represents the ratio of the sorbed-phase radionuclide concentration to the 
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dissolved-phase radionuplide concentration. Low values of Ka indicate that little or no sorption 
(I.e., Kd = 0) occurs; higher values indicate moderate or strong sorption, and therefore 
retardation. Retardation by sorption is expressed in transport calculations by a retardation 
factor (Rt) that depends on the Ka value and the physical properties (porosity and density) of the 
solid medium through which the radionuclide is transported. Thus, a retardation factor (Rf) 

equal to one indicates the solute is transported at the velocity of groundwf,lter, while an R/?:1 
indicates the solute tran~ort is delayed relative to groundw"terJ(b)(5) ~ 

(b)(5) ~ 

(b)(5) ~~~- -- foc e""mple, DOE ""Oed the J 
concen r Ion 0 fa 10nuC I es In sorption expenmerlts to determine the effect on Kd. DOE 
varied the duration of sorption/desorption experiments to determine the rate of these reactions. 
By using groundwaters of different compositions, DOE demonstrated the effect of bulk 
chemistry on KaS. 

DOE assumed that sorption of dissolved radionuclides would occur only in the matrix of the 
volcanic tuff or in the alluvium; dissolved radionuclides transported in fractures do not sorb to 
fracture surfaces in the DOE model (SAR Section 2.39.3.2.2) DOE excluded sorption onto 
fracture surfaces because of high uncertainties In the nature of fracture coatings (BSe, 2005ak). 
However, solutes transported through designated fault or fracture zones could undergo sorption 
depending on the characteristics of the fault or fracture zone (BSe, 2005ak). In fracture zones, 
a small portion of the rock matrix within the fracture zone was conceptualized as having rapid 
diffusion and a retardation factor was calculated accordingly (BSe, 2005ak). In contrast to 
dissolved radionucliQes, mobile colloids were retarded Within fractures of the volcarHc tuff tSAR 
Sect jon 2.393 3)i(b)(S) mmm mmm Umm __ " . • ._J 

iTb)(S) I 

In the S2 transport model and abstraction, DOE assumed that four radioelements (carbon, 
chlonne, iodine, and technetium) were nonsorbing and assigned a fixed value of Kd = 0 
(corresponding to R, = 1) for each. While results of field-based testmg In the allUVium Indicated 
that the transport of the important radioelements, technetium and iodine, may be retarded, 
laboratory-based sorption tests indicated a Ka = 0 was warranted, as deSCribed in SNL 
Appendix G (2007ba). For the remaining radioelements modeled in SZ transport calculations 
(americium, cesium. neptunium, plutonium, protactinium, radium, selenium. strontium, thorium, 
tin, and uranium), DOE developed ranges and statistical distributions of Ka values for each 
radioelement and for each modeled rock unit from a combination of empirical data, process 
modeling, statistical analyses, and e rtJ.Llc:l.gment. as shown In SAR Table 2.3 9-4 and SNL 

~e[lQiceSA, e, G, andJj2007ba .(b)(S)m=~=~~.J .. _~ 

For sorption modeling, DOE grouped the various stratigraphic umts in the SZ into two geologiC 
media that have different sorption characteristics fractured volcanic tuff and alluvium (SAR 
Section 2.3.9.3.2.2). DOE measured sorption data from batch and column experiments that 
used site-specific crushed tuff samples and alluvium and used SZ water samples from wells in 
the saturated volcanic tuff (UE-25 J-13), carbonate aquifer (UE-25 P#1), and alluvium (various 
EWDP wells). Water from wells UE-25 J-13 and UE-25 p#1 were used for batch experiments 
with volcanic tuff samples, while experiments with alluvium utilized water from the alluvial 
aquifer, as described in SNL Appendix G (2007ba). DOE argued that these water chemistries 
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bracket the major ion chemistry observed in the SZ, as outiined In BSe Appendix A (2005ak) 
For the long-lived actinides (americIum, neptunium, plutonium, and uranium), DOE further 
characterized ttle effects of variability in geochemistry and mineral surface area using a non­
electrostatic surface complexation modeling approaCh, supported by Davis, et al. (1998aa) and 
sse Appendix A (2005ak). In some cases, DOE supplemented the experimental and modeling 
sorption data with data from the open literature (SSe, 2005ak) In TSPA, DOE sampled Kd 
values from the specified ranges to account for experimental uncertainty and variability in 
geologic conditions, including water chemistry and rock type, as shown in SAR Table 2.3.9-4, 
sse Appendices A, e, G, and J (2005ak); and DOE Enclosure 3 (2009am) 

DOE identified mineral surface area and particle size as potential sources of data uncertamty 
related to the use of crushed tuff and alluvium In experiments. DOE referenced studies both 
from within and outside the DOE program that mdicate the effects of particle size on sorption 
are typically small except for the very fine (e.g, day-sized) fraction (BSe, 2005ak) The smallest 
partlde size results in higher KctS The general DOE approach to addressing this uncertainty 
was to use batch experiments for a range of particle sizes and to bias the minimum and 
maximum limits f.O. r the Kd disrloward loweriwe.aker sorptionLvalues, as shown in 

(b,?5?E Table 11 H1200laml 1'1(5) ____ - ] 

_m ) ISNL AppendiX A (2007ba) gave the range ofKctS usecfifltne-----
TSPA. In SNl Appendix J (2b07ba), however, DOE described how batch sorption experiments 
may underestimate the ~ that should be applied to transport in the field The experiments 
described in SNL Appendix J (2007ba) involved sorptionidesorption of uranium and neptunium 
The effective KctS for these radionuchdes were up to two orders of magnitude greater than those 
used in ttle TSPA. DOE stated that the higher KctS are likely due to multiple sorption sites of 
different strengths. There are strongly sorbing sites and weakly sorbing sites on the solids In 

the SZ Batch sorption experiments are of short duration and preferentially measure the weak 
sites. Desorption experiments of longer duration measure the reactions with the stronger sites. 
DOE chose not to use the effective KctS from SNL Appendix J (2007ba) for uranium and 
neptunium, because they would be mconsistent with the K,;a of the other radionuclides 
determined by the batch sorption method. 

In selecting experimental data to inform the TSPA Kd distributions, DOE excluded data from 
experiments where the final radionuelide concentration indicates that the solubility limit of the 
radionudide may have been exceeded, as described in SAR Section 2.3 93.2. 8Se Appendix A 
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(b)(5) 

(b)(5) DOE also addressed data uncertainty by obtaining 
sorp Ion a a t at assess d variability as a function of time, radioelement concentration, 
atmospheric composition, water composition, particle size, and temperature. Although most of 
the data were gathered from batch sorption experiments, DOE also performed a limited number 
of confirmatory column tests on selected radionuclides that DOE had identified as important 
contributors to mean annual dose in previous performance assessments, as outlined in SAR 
Section 2.3.9,3,2.2 and SNL Table 4-1 (2007ba), 

(b)(5) 

(b)(5) IThis aspect of 
biasing Kd distributions is described and evaluated later in this section when radioactive decay 
of parents and ingrowth of daughters is considered. 

(b)(5) 

(b~:~ressed model uncertainty In TspAcalculatlons by sampTingf(,-valUes-sfoChastii~I~~rom 
uncertainty distributions in which the distribution ranges were developed from expected system 
conditions and conducted additional analyses to evaluate the effects of model scale and 
heterogeneity, as outlined in SNL Appendices C and D (2007ba) Rathel' than sample the Kd 
distribution independently for each radionudide, DOE developed a correlation matrix for the 
11 sorbing radioelements on the basis of their ranked sensitivities to six variables (pH, Eh, water 
chemistry, rock composition, rock surface area, and radionuclide concentration) DOE used this 
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approach to approximate similarities In sorption behavior among radioelements and to ensure 
that transport behaviors were represented consistently within a single realization of the model, 
as outlined in SNL Appendix A (2007ba) In addressing model uncertainty, DOE neglected 
sorption (Le" K<I = 0) in fractures (fast flow for fault zones, and implemented Kd 

distributions for matrix 

DOE developed information from natural analogs and field testing to provide qualitative 
comparisons for sorption model confidence building at the field scale (SAR Section 
2,3,9.3.4.13) DOE did not apply the SZ transport abstraction to sorption modeling for the 
analog sites, nor did DOE use results from natural analog studies to inform the Kd distributions, 
However. DOE used general observations of sorption-related transport behavior to support the 
conceptual models (e.g" SAR Section 2.3.9.3.4.14). DOE also used observations from field 
tests at Busted Butte south of Yucca Mountain, from the G-Wells location, and from two alluvium 
tracer tests to provide qualitative and limited quantitative evaluations of sorption in the 
radionuclide transport model abstraction 

(b)(5) DOE (2009de) acknowledged 
concentrations, DOE (2009de). howevel!!r ",!,u""s~ed= .. .:::..th,.=e--,d"-is=-:.tr-,ib,---u-,-ti-=--on_s,---o,---f_--,,,,--~ ... -,---=---,-.c_~==-.. ~~ .... , 
described in BSG A endix A (2005ak). (b)(5) 

(b)(5) 
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The NRC staff noted that the pipe elements representing the alluvium were between 
6.5 and 8.5 km [4.04 and 5.28 mi, respectively] long. For each realization, a single Kq 
tor each radionuchde is assigned to the full extent of the allUVium This is compared to the 
three-dimeI1SiQI'li:l1 model. which contains cells 500 m~:¥i'idl on a sideJ(b)(5) 

(b)(5) 

(b)(5) 

(b)(5) 

Diffusion is a physical process in which dissolved radlonuchdes move from a region of high 
concentration to a region of low concentration without advective flow. DOE described matnx 
diffusion as a fracture-matMx interaction that uses diffusion to transfer radionuclides between 
the water in fractures and the water in the rock matrix. DOE Identified matrix diffusion as a 
moderately important transport mechanism in the SZ transport abstractlon, especially for 
strongly sorbing radionuelides, because it is the main process by which radionuclides can move 
from a fracture-dominated flow path into the matrix. The modeled effectiveness of matrix 
diffusion depends on (i) the matrix diffusion rate (i e, the rate that a radionucllde can diffuse 
from the water in a fracture into water in the pore spaces of the rock matrix) and (ii) the area of 
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the fracture-matrix Interface across which diffusion occurs, as outlined In Section 6 1.2.4 of SNL 
(2007bj), In turn. the matrix diffusion rate depends on the concentration gradient of the 
radionuclide between fracture and matrix, and the value of the effective matrix diffusion 
coefficient. which is a measure of how readily a particular radioelement diffuses through a 
tortuous pathway of interconnected pores in the rock matrix. DOE estimated tortuosities from 
empirical data for representative Yucca Mountain tuff samples and developed standard normal 
cumulative probability distributions for effective matnx diffusion coefficients that were sampled 
stochastically in TSPA for each radioelement with respect to the individual model units (SAR 
Section 2.3.9.3.2; Reimus, et ai, 2007aa). 

In contrast to fractures in the UZ, where not all connected fractures in unsaturated rocks 
are water-bearing at the same time, all fractures in the SZ are, by definition, water bearing 
However, as described in SER Section 2.2.1.3.9.3.2.1, not all fractures of the SZ aquifer 
participate In the flowing system The flowing interval spacing reduces the number of 
fractures contributing to flow. This IS a site characteristic measured in the field. Drill core 
logging yields spacing between fractures. Downhole spinner tests at packed locations yield 
spacing of flowing intervals. In the Yucca Mountain vicinity, the flowing Interval spaCJng is 
greater that that of the fractures. 

The NRC staff's evaluation of the information DOE provided about matrix diffusion in SAR 
Section 2.3.9.3.2.1 and relevant references considers staff's independent understanding of 
matrix diffusion models, the hydrogeologie characteristics of the SZ at the Yucca Mountain site, 
and field and laboratory studies of fracture-matrix interactions In saturated fractured rocks at 
Yucca Mountain and elsewhere. l(b)(5)mm-~~. __ ~. 'mm_ .m ___ .mm 

(b)(5) ". - m~~mmm mmm __ '~. 

DOE accounted for SZ transport-related model uncertainties by sampling values for the 
flowing interval spacing, the fracture porosity, and the effective diffusion coefficient in 
volcaniC units. DOE's field experiments at the C-Wells Complex included cross hole tests 
where tracers with distinct diffusion coeffiCients were simultaneously injected into one well and 
the breakthrough curves of the different tracers were measured in a pumped well 30 m [32.8 yd] 
from the first. The differences in the breakthrough curves for the various tracers were used to 

~strate matrix diffusion was affectjna tracer migration. (b)(5) 
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2.21.3.9.3.2.4 Colloid-Associated Transport 

As described in SER Section 2.2.1.3.7.3.2.4, colloids are minute solid particles of any origin 
or composition that become suspended in a liquid. Because colloids are mobile In water, 
a radionuclide that is attached to a colloid (e.g., by sorption to the colloid surface) will be 
transported by the processes that move the colloid Instead of by processes that would otherwise 
delay transport of the radionuc!lde as a dissolved species. Moreover, radlonuclides attached to 
colloids tend to be transported preferentially in fast flow zones such as fractures or large pore 
throats because the size of colloids, compared to dissolved species. inhibits the transfer of 
collOids into fine-grained matrix, as described in Section 6.8.2 of SNL (2008an). 

retardation factor applied specifically to the fractured volcanic tuff and aquifers to 
simulate the effects of nonpermanent filtration (BSC, 2005ak); DOE assumed that the size of 
irreversible colloids could exceed that of the pores of the volcanic matrix. Consequently, 
matrix diffusion of Irreversible colloids in the SZ was n lected In the trans ort abstraction 
SSC 2005ak . (b)(5) 

(b)(5) 

(b)(5) Reversible colloidal transport was modeled 
using the Kc factor, which represented equilibrium sorption of aqueous radionuclides onto 
natural system colloids (BSC, 2005ak) Radionuclides associated With reversible colloid 
transport comprised 4 of the 12 radionucJide groups modeled in the SZ flow and transport 
abstraction (BSC, 2005ak). These four groups included (i) plutonium, (ii) cesium, (iii) tin, and 
(iv) americium, protactinium, and thonum (BSC, 2005ak) Application of the Kc factor and 
inclusion of reversible sorption to colloids lowered the effective diffUSion coefficient and the 

tion coefficient K for the radionucJldes BS 20 ak nh 
(b)(5) 

DOE included colloid-associated transport in both the three-dimensional Sl flow and transport 
abstraction and the one-dimensional SZ transport model (BSC, 2005ak). {(bl(5) 

(b)(5) 

, In the TSPA model abstraction, radionuclide mass exitu1gfhe UZ was partitioned inWsolution 
and onto colloids for transport in the SZ, as outlined in Section 6,1.4.9 of SN L (2oo8ag). 
Irreversible colloids leaving the UZ were passed to the SZ transport abstraction as a single, 
irreversible colloid flux. For SZ transport calculations, the irreversible collOid flux was divided 
into a "slow irreversible colloid fraction that is subject to modeled retardation processes 
during transport and a much smaller "fast" irreversible collOid fraction that was assumed to 
travel unretarded throughout the Sz. Colloid-associated transport of radionuclides is 
affected by filtration, the rate of desorption from the collOid, and the colloid concentrations 
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in the groundwater (SAR Section 2.3.93). Each of these factors was Included in the SZ 
colloid-associated transport modeL 

The DOE colloid-associated transport model treats radioactive decay in irreversible collOids by 
assuming that if a decay product was also one of the two radioelements associated with an 
irreversible colloid in the model (Le., isotopes of plutonium and americlum), then the decay 
product remained irreversibly associated with the colloid (SAR Section 2.3.93.23). Otherwise, 
the decay product enters the aqueous phase as a dissolved species (SAR Section 2.3.9.3.2 3) 
In the model abstraction there was no permanent filtration of irreversible colloids due to size 
exclusion in the tuff matrix, at the transition from tuff to alluvium, or in the alluvium, so no colloid 
size parameter was required in the SZ transport models (SAR Section 2.3.9.3.2.3). The 
nonpermanent filtration of irreversible colloids was ImpliCitly included as part of the basis and 
development of the irreversible colloid retardation factor for both the tuff and the alluvium SAR 
Section 2.3.9 323: esc 2005ak 2Q04~~--.. -·· . 

'(bItS) 

DOE's conceptual model assumed that reverSible colloids could be represenJ~d by particles 
with the com ositi()n anc! charl3cteri§tics qf the~®'.l11iner(lL!!l0l')tmonllonlt~llb)(5) . 

(b)(5) 

DOE developed the uncertainty distributions for the concentration of groundwater colloids from 
data collected in SZ field studies from the Yucca Mountain region and from groundwater 

"A+~~m~em..LB.S.c..J!QQl2ak.·'sNL 2007aw bjtlil~~'---'==~_-________ -\ 
(b)(5) 

The only radioelements irreversibly associated with colloids in DOE's model are plutonium and 
americium. After the general corrosion failure of waste containers In TSPA simulations, up to 30 
percent of the Pu-242 flux transported to the acceSSible enVIronment is by Irreversible colloids 
(e.g., SAR Section 2.42.2.3.2.2 and Figure 2.4-108). On the baSIS of eVidence from field 
experiments that some colloids travel with little or no retardation (Kersting. et ai, 1999aa; SNL, 
2007aw), DOE deSignated a small fraction (less than 02 percent) of the irreversible colloid flux 
as a completely unretarded 'fast fraction." 

On the basis of the NRC staffs independent experience with collOid-associated transport 
processes and models, the NRC staff is familiar with the uncertainties involved in characterizing 
collOidal transport processes in heterogeneous natural systems such as the SZ at Yucca 
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Mountain. In reviewing DOE's technical basis for colloid-associated transport in the SZ, the 
NRC staff evaluated information DOE provided in SAR Section 2.3.9 and references therein 
(BSC, 2004bc; SNL, 2008ag,an, 2007bi). The NRC staff also considered additional information 
In DOE Enclosures 9-14 (2009am). 

'(bj(5j-~ ----~- -

(b)(5) 

2.2.1.3.9.3.2.5 Radlonuclide Decay and Ingrowth 

Radioactive decay is a general term for the processes by which unstable radionuchdes 
spontaneously disintegrate to form a different nuclide that mayor may not be radioactive. 
Loss of radionucJides over time due to radioactive decay and, where applicable, the potential 
Ingrowth (increase) of radionuclide daughters were included In the DOE SZ transport 
abstraction. Several heavy radionuclides are parents to decay chains of multiple radioactive 
daughters. In the absence of chemical fractionation, the radionudldes In the chain reach 
secular equilibrium, where parents and daughters have equal activity. Disequilibrium of 
naturally occurring decay chainS is observed In many groundwater systems, due to geocherrucal 
processes in the aqUifers (e.g., Faure, 1986aa). 

Unlike its UZ transport abstraction, DOE did not directly calculate radioactive decay and 
ingrowth processes in its three-dimensional site-scale SZ transport model. Instead. 
decay was included in the convolution integral model during the calculation of mass 
breakthrough. Moreover, the three-dimensional SZ transport model as formulated did 
not explicitly indude the ingrowth of decay progeny. The mass releases of the radlonuclldes 
C-14, Cs-135, Cs-137, 1-129, Sr-90, Tc-99, Am-243, Pu-239, Am-241, Pu-240, Pu-242, Pu-238, 
CI-36, Se-79, Sn-126, Np-237, U-234, U-232. U-236, and U-238 were determined from the 
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results of the three-dimensional transport model. DOE used two mechamsms to account for 
daughter ingrowth. 

First, at the transition from the UZ to the SZ, the masses of first-generation daughters, Np-237, 
U-234. U-236, U-238, and Pu-239, were boosted by the amount their parents were expected 
to decay during the remainder of the simulated performance time period, as outlined in Section 
6,3,10,3 of SNL (2008ag), The parent and boosted daughter pairs are Am-241/Np-237, 
U-238JU-234, Pu-238/U-234, Am-2431Pu-239, Pu-240fU-236, and Pu-2421U-238, 

DOE used its one-dimenslonal SZ transport model to calculate the ingrowth of 
second-generation daughter radionuchdes in selected decay chains (SAR Section 2,3,9.34.2 
sse, 2005ak) The mass of secondary daughters the one-dimensional model transported 
through the SZ was added to the mass of radionuchdes the three-dimensional model 
transported to determine the total mass of radionuclides transported through the SZ The mass 
releases of the radionuclides U-235, U-233, Th-230, Pa-231, Th-229, Th-232, and Ra-226 were 
determined from the results of the one-dimensional transport model. The DOE model assumed 
that Ac-227. Ra-228, and Pb-21 ° were in secular equilibrium with their parents, Secular 
equilibrium occurs when the activity a short-lived daughler is equal to that of a longer lived 
parent due to radioactive ingrowth:.:.;".;....;.,,_):...-_________________ ~ 

l(b){5) ,m 

The applicant further analyzed this effect in DOE (2009de), DOE's analysis showed that the Kd 
of the parent divided by the Kd of the daughter times the activity of the parent in groundwater 
can be lIsed to determine the activity of the daughter in groundwater, In DOE (2009de), DOE 
calculated that the activity of Ra-228 in groundwater IS on average 14 times greater than that of 
its parent Th-232, and the activity of Ac-227 in groundwater IS on average 6,8 times greater than 
that of its parent Pa-231 The activity of Pb-210 in groundwater is approximately the same as 
its distant parent, Ra-226, due to their comparable Kd distributions. An extreme example 
showing the effect of K~ on activities of parent and daughter IS the Ra-226/Rn-222 pair. 
Radon, an inert gas, is assumed not to sorb, whereas radium strongly sorbs, as indicated by a 
uniform Kd distributlOn from 100 to 1,000 mLlg (1533 to 15338 Ibm OlJ, DOE calculated the 
activity of Rn-222 to be, on average, 1.400 times that of Ra-226 in groundwater. DOE (2009de) 
showed that these corrections to activity concentrations of these daughters were not enough to 
significantly increase dose {an increase from 2.0 to 2.4 mrem [0 02 to 0,024 mSv] for the 
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maximum total mean annual dosEll relative to the regulatory hmitsl(b)(5) 
(b)(5) 

The groundwater exposure scenario in the biosphere model assumes that short-lived daughters 
(half·life less than 180 days) are in seeular equilibrium with their parent primary radionuclide 
The biosphere model calculates biosphere dose conversion factors when the receptor uses 
water containing a nominal specific activity of the primary radionucHde That ~is __ ---, 
assumed to contain the same s ific act!vl of each of the short-lived dau hters. ( 
(b)(5) 

Evaluations of biosphere pathways are describedln SER Section 221 314 

An important aspect of the contribution of short-lived daughters to dose IS that generally the 
calculated dose for a activity decreases down the decay chain, Consequently, 
increasing activities when the SEF are often compensated for 
decreased dose ~~~lLfYJw~~Q[J~~!liliLill~~e1fi{:jen~ gHLd.!~fibl~~!.EEL_ 

Radioactive decay and ingrowth processes were modeled for dissolved, reversible COlloids 
and irreversible colloid radionuclide s cies all of the s Included in the 

j n.(b)(5) 
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2.2.1.3.9.4 Evaluation Findings 

The NRC staff reviewed the applicant's SAR and other information submitted in support of the 
license application and finds that, with respect toj/lit fWuiremer]ts f 10 CFR 63.114 for 
consideration of radionuclide transport In the S2 '(b )(5) 

(b)(5) 
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CHAPTER 13 

2.2.1.3.10 Igneous Disruption of Waste Packages 

2.2.1.3.10.1 Introduction 

This Safety Evaluation Report (SER) chapter evaluates the U.S Department of Energy's (DOE) 
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, Safety Analysis Report (SAR) Section 2.3.11 3 (DOE 
2009av)] or enters a drift and later erupts to the surface through one or more conduits (DOE's 
volcanic eruption modeling case, SAR Section 2.3.11.4). 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 )( 10 6 per year (SAR Section 2.2.12.2; CRWMS M&O, 1996aa) 
DOE therefore included igneous activity as one of three scenario classes In its performance 
assessment Because basalt is the only type of magma that has been erupted In the past 
8 million years in the Yucca Mountain region, the applicants performance assessment 
considers only basaltlc igneous actiVity. As discussed in SER Section 2.2.2.1, the probability of 
more silicic (explosive) igneous activity, of the type that produced extensive pyroclasllc deposits 
in the area more than 10 million years ago, is well below 1 in 10,000 over 10,000 years; DOE 
screened this out as a potential disruptive event. 

This chapter evaluates the subsurface igneous processes DOE described (i.e., Intrusion of 
magma Into repository drifts, damage to waste packages and other engineered barriers, and 
formation of condUIts to the surface, which involves entrainment of waste into the conduit and 
toward the surface). The applicant's models for volcanic ejection and dispersal of waste 
material into the surface environment are reviewed In SER Section 2.2.1.3.13. Together, SE R 
Sections 2.2,1.3.10 and 2.2.1.3.13 evaluate DOE Information and output that IS used in the 
Total System Performance Assessment (TSPA) under the Igneous Scenario Class (see SER 
Sections 2.21.2 1, 2.2.12.2. and 2.2.14.1). 

The applicant examined the consequences of igneous disruption of the repOSitory (Igneous 
Scenario Class) using the results of TSPA calculations through the two linked modeling cases, 
igneous intrusion and volcanIC eruption (intrUSion always precedes eruption). DOE's igneous 
intrusion modeling case provides TSPA parameter va'ues for the number of waste packages 
failed (mass of waste) during an Intrusive event, the temperature In the Invaded drifts in the 
period after intrusion, and chemical changes to groundwater that may react with the basalt filling 
the drifts. The Igneous dlsrLIption of waste packages abstraction integrates with other TSPA 
model components, such as the unsaturated zone radionucJide transport abstraction, and 
provides information about the flux of radionuclides released from the waste form Into water 
entering the unsaturated zone after an Intrusive event (SER Section 2.2.1 ;3,7) Exposure to 
radionuclides in groundwater extracted by pumping is one of the prinCipal pathways for 
radiological exposure to the reasonably maximally exposed indiVidual (RMEI) 

In the DOE volcanic eruption modeling case, a key parameter affecting the overall dose 
calculation is the number of directly affected waste packages and thus the amount of waste 
entrained in a volcanic eruption. DOE's model of the airborne transport and redistribution of 
radionuclides into soil includes the amount of waste erupted into the atmosphere, the amount 
deposited on the ground, and the redistribution of the waste-contaminated volcanic ash. This 
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airborne transport and redistribution model is evaluated in SER Section 2.2.1.3.13 and provides 
information for the Volcanic Ash Exposure Scenario described in DOE's Biosphere Model (SAR 
Section 2.3.10). DOE's estimate of the annual probability of igneous events intersecting the 
repository (1.7 )( 10 8 per year; SAR Table 2.3.11-4) is reviewed in SER Section 2.2.1.2.2 and 
briefly discussed later in this chapter. For these abstractions and the TSPA, the applicant 
calculates probability-weighted results for both an intrusive-only dose and a total dose (intrusive 
plus volcanic) to the RMEI, which are detailed in SER Section 2.2.1.4.1 and outlined in the Risk 
Perspectives subsection in SER Section 2.2.1.3.10.3.1. 

Igneous disruption models evaluated in this chapter are the first in a sequence of models 
that track radionuclides released from the repository to the RMEI as a result of possible 
future igneous activity. Accordingly. the model abstractions evaluated in this SER chapter 
serve as input to those reviewed in other chapters. including those that examine the effects of 
potential igneous disruption of natural and engineered barriers in the subsurface repOSitory 
(SER Section 2.2.1.3.2). DOE recognized that igneous events potentially have large 
consequences but a low likelihood (probability) of occurring in the future (SAR Section 2.3 11.1) 
Thus. DOE provided only a qualitative description of igneous effects on engineered system 
barrier capabilities in its demonstration of multiple barriers (SAR Section 2.1.1). Because DOE 
did not rely on an evaluation of igneous events in its demonstration of multiple barners, staff did 
not indude a discussion of igneous events In SER Section 2.2.1.1. Nevertheless, basaltic 
igneous activity represents a disruptive event that significantly d rades most of the ca abilities 
oftheengineered barrier system (e:aS SAR Section 2.1.2.2.5 (b)(5) 

(b){5) 

o represent igneous events in the performance assessment, DOE removes 
e ar er capabilities of the waste package and drip shield and degrades the waste form, 

consistent with information provided in SAR Section 2.3.11. DOE further concluded in 
SAR Section 2.1.1 that igneous events Will have negligible effects on the upper and lower 
natural barrier systems because the possible igneous intrusive rock bodies have very small 
dimensions compared with the large volume of rock through which groundwate is fiowin and 
the zone of influence around the intrusions IS limited SAR Section 2.1.2.3"' .... 5Ll:(c.:.b!.'-)(S"") _____ -1 (b)(5) ..... -.~ 

2.2.1.3.10.2 . RegUlatory Requirements 

Model abstractions used in the applicant's postclosure performance assessment must meet the 
regulatory reqUIrements given in 10 CFR 63.114 (ReqUirements for Petiormance Assessment) 
and 63.342 (Limits on Performance Assessment), to support the predictions of compliance for 
63.113 {Performance Objectives for the Geologic RepOSitory after Permanent Closure}. 
Specific compliance with 63.113 IS reviewed in SER Section 2,2.1.4. 1. 

The requirements for performance assessment in 10 CFR 63.114 require the applicant to 

• lndude appropriate data related to the geology, hydrology. and geochemistry of the 
surface and subsurface from the site and the region surrounding Yucca Mountain 

• Account for uncertainty and vanabllity in the parameter values used to model igneous 
disruption of waste packages 
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• Consider alternative conceptual models for igneous disruption of waste packages 

• Provide technical bases for the inclusion of features, events, and processes (FEPs) 
affecting Igneous disruption of waste packages, including effects of degradation, 
deterioration. or alteration processes of engineered barriers that would adversely affect 
performance of the natural barriers, consistent with the limits on performance 
assessment in 10 CFR 63.342 

• Provide technical basis for the models of igneous disruption of waste packages that in 
turn provide input or otherwise affect other models and abstractions 

10 CFR 63.114{a) considers performance assessment for the initial 10,000 years following 
permanent closure. 10 CFR 63.114{b) and 63.342 consider the performance assessment 
methods for the time from 10,000 years through the period of geologic stabilrty, defined in 
10 CFR 63.302 as 1 million years following disposaL These sections require that through the 
period of geologic stability, with specific limitations. the applicant 

• Use performance assessment methods consistent with the performance assessment 
methods used to demonstrate compliance for the initial 10,000 years following 
permanent closure 

• Include in the performance assessment those FEPs used in the performance 
assessment for the initial 10,000 year penod 

For thiS model abstraction of igneous disruption of waste packages, 10 CFR 63.342(c)(1) further 
provides that DOE assess the effects of seismic and igneous activity on the repository 
performance, subject to the probability limits in 63.342(a) and 63342(b) SpecifIC constraints on 
the analysis required for seismic and igneous activity are given In 10 CFR 63.342(c)(1){i) and 
10 CFR 63. 342(c){1 )(ii), respectively. 

NRC staff review of the license application follows the guidance laid out in the Yucca Mountain 
Review Plan (YMRP). NUREG-1804, Section 2.2.1.3.10, Volcanic Disruption of Waste 
Packages, {NRC, 2003aa}, as supplemented by additlonal guidance for the period beyond 
10,000 years after permanent closure (NRC, 2009ab). The acceptance criteria in the YMRP 
generically follow 10 CFR 63.114(a). Following the guidance. the NRC staff review of the 
applicant's abstraction of igneous disruption of waste packages considered five criteria 

• System description and model integration are adequate. 
• Data are sufficient for model justification. 
• Data uncertainty is characterized and propagated through the abstraction. 
• Model uncertainty is characterized and propagated through the abstraction 
• Model abstraction output is supported by objective comparisons. 

Because 10 CFR Part 63 specifies the use of a risk· informed approach for the review of a 
license application, the guidance provided by the YMRP, as supplemented by NRC (2009ab), is 
followed to the extent reasonable for aspects of igneous disruption of waste packages important 
to repository performance. Whereas NRC staff considered all five criteria in their review of 
information provided by DOE, only aspects that substantively affect results of the performance 
assessment. as judged by NRC staff, are discussed in this chapter. NRC staff's jUdgment is 

13-3 

http:2.2.1.3.10


based both on risk information provided by DOE, and staff's knowledge, experience. and 
independent analyses. 

2.2.1.3.10.3 Technical Review 

The applicant's analysis of potentially disruptive FEPs considered ways that igneous activity 
could affect the proposed repository site, NRC staff evaluation of the applicant's FEP screening 
is given in SER Section 2.2,1.2.1. The applicant induded the following FEPs and defined the 
igneous scenarios for the performance assessment (SAR Table 2.3.11-1): 1.2,04.03.0A, 
Igneous Intrusion into Repository; 1.2.04.04.0A, Igneous Intrusion Interacts with EBS 
Components; 1.2.04.00.0A, Eruptive Conduit to Surface Intersects Repository; and 
1.2.04.04.08, Chemical Effects of Magma and Magmatic Volatiles (SAR Table 2.2-5). This 
chapter evaluates repOSitory performance as affected by these FEPs. Other included FEPs 
related to potential igneous activity are reviewed in SER Sections 2.2.1.3.2 and 2,2,1.3.13, 

This review is based on information presented in SAR Section 2.3.11 and relevant analysis and 
model reports (AMRs), on material in other publidy available DOE and NRC reports, and on 
relevant information published in peer-reviewed literature. The applicant also described and 
evaluated background information used to assess the likelihood and style of future igneous 
activity in the Yucca Mountain region in SAR Volume 1, General Information, and Volume 2, 
Section 1,1,2, That material is reviewed in SER Section 2,1,1 1,3.6 as part of NRC's evaluation 
of site characterization. 

2.2.1.3.10.3.1 General Approach by DOE 

Igneous activity can be solely intrusive (i.e., magma mtruded into rocks below the Earth's 
surface) or extrusive (Le" volcanic, in which, following intrusion, magma breaks through to the 
surface and an eruption ensues), NRC staff notes that the terms 'volcanic' and 'intrusive' have 
sometimes been used interchangeably in the DOE license application and supporting 
documents, To avoid confusion, staff will refer to igneous activity that occurs beneath the 
Earth's surface as 'intrusive" and activity above surface as "extrusive" or ·volcanic.' All 
subsurface igneous processes beneath a possible future active volcano that could disrupt the 
repository are considered intrusive and are reviewed in this chapter, whereas the above-surface 
volcanic processes are discussed and reviewed in SER Section 2.2.1.3.13. 

To evaluate the potential effect of future igneous activity on dose to the RMEI, DOE adopted a 
conceptual model in which rising basalt magma entering a repository drift (or drifts) could cause 
release of radionudides via two pathways (SAR Section 23,11.1). DUring IntruSive Igneous 
events, magma rising toward the surface as a dike, or set of dikes, enters drifts but stays 
beneath the surface. [DOE also considers the other type of small Igneous intrusion, sills, but 
due to their rarity in the Yucca Mountain region, does not include them in the igneous disruption 
scenario for the repository (see discussion in SER Section 2.2.1.2.2)]. In the igneous intrusive 
scenario, DOE assumes that all drifts in the repoSitory are intersected by the dike{s), magma 
fills all drifts, and all waste packages in the repository are damaged but remain in the drifts. No 
waste is released directly into the accessible environment In an Intrusive Igneous event, but 
radionuclides are released to the accessible environment through subsequent groundwater 
transport. DOE models this transport to occur through the same pathways represented in the 
nominal, seismic and early failure scenario dasses. which are evaluated in SER chapters on 
unsaturated zone flow and transport (Sections 2.2.13.S, 2.2.1.3. 7,2.2.1,3.8, and 2.2.1.3.9). 
During an extrusive, or volcanic, igneous event, DOE considered that magma continues to rise 
to the surface as a dike after possibly intersecting repository drifts and, on the basis of the 
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behavior of basaltic eruptions in general, that surface activity along the resulting initial fissure 
would rapidly localize, or focus, to a single, or few, points of effusion (SNL, 2007ae; SAR 
Section 2.3.11.4.1). A wider volcanic conduit would be expected to develop at that focus 
somewhere along the dike by excavation from the surface vent downwards. This conduit can 
potentially intersect a drift(s) or develop in the area between the drifts. Magma flow up a 
drift-intersecting condUit entrains waste from disrupted packages, thereby prOVIding a direct 
pathway for waste material to be released to the accessible surface environment during a 
volcanic eruption. 

DOE explained that the volcanic (extrusive) part of the igneous scenario is an extension of the 
intrusive part (SAR Section 2.3.11.1) and concluded that every intrUSive event that mIght 
intersect the repository is likely to have a conduit develop somewhere along one of the dikes, as 
described in SAR Section 2.3.11.2.1.2 and SNL Table 7-1 (2007a8). The conduit (or conduits) 
may, however, fonm outside the repository footprint or may not intersect a dnft, and in that 
case, no waste material would be entrained into the magma that rises to feed the eruption. 
In effect, this would be equivalent to the intrusive-only case. In addition, DOE delenmined that 
conduits that might feed surface volcanoes may only develop along specific parts of dikes (SAR 
Section 2.3.11.4.21) and thus concluded that the probability of a volcanic event occurring at the 
repository is expected to be lower than the probability of an intrusive event. DOE also 
concluded that if an eruption that entrained waste material and transported it into the surface 
environment did occur at the repository, the potential doses to the RMEI location from 
radionuclides released through the intrusive and extrusive pathways would be additive. Further 
details of conduit development are evaluated in the review of the volcanic eruption modeling 
case (SER Section 2.2,1.3.1033) 

Risk Perspective 

Staff has assessed the risks caused by an igneous event at the proposed repository on the 
basis of the applicant's infonmation. As stated previously, while the probability of an igneous 
event is low, the consequences could be potentially high. The Igneous intruSion modeling case 
would constitute most of the calculated dose for the first 1,000 years following permanent 
closure, as shown in SAR Figure 2.4-18(a), and is approximately half the calculated dose for 
the seismic ground motion modeling case in the ensuing 9,000 years. However, for the first 
10,000 years, SAR Figure 2.4-18(a} indicates that the mean annual dose from igneous intrusion 
is at least approximately 100 times lower than the dose limit. Moreover, DOE indicated that 
for the post-10,OOO-year period, the igneous intrusion modeling case and seismic ground motion 
modeling case provide approximately equal contributions to the total mean annual dose to the 
RMEI for the last 300,000 years of the time period, and that each modeling case is about 
100 times lower than the dose limit SAR Figure 24-18{b) results supported this statement 
(in SAR Section 2.1) 

In SAR Section 2.42.2.1.2.3, DOE provided the probability-weighted consequences of 
igneous activity (intrUSive and extrusive) using the probability distnbution from its expert 
elicitation for a Probabilfstic Volcanic Hazard Assessment (PVHA) DOE identified that 
the probability-weighted igneous intrusive dose is estimated to be less than 0.1 mrem for 
the 10,000-year period and less than 0,5 mrem for the post-10,000-year time penod 
(SAR Section 2.4.2.2.1.2.3.1). The DOE estimates for the probability-weighted Igneous 
extrusive (volcanic eruptive) dose alone are about 10 • mrem for the 10,000-year period and 

_less than 6 l( 10 5 mrem for the post·10,000·year time period (SAR Section 2 4.2.21232) 
i'b)(5) 
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2.2.1.3.10.3.2 NRC Review of DOE Igneous Intrusion Modeling Case 

The DOE model for igneous intrusion and its effect on repository performance rely on four 
key conclusions: 

• Magma rising as a dike beneath repository drifts will intersect and flow into the drifts 

• Any dike intersection into the repository footprint floods all drifts with magma, causing 
engineered barrier system (EBS) components, including all waste packages and drip 
shields, to fail while magma and waste remain in the drift 

• Ignecus intrusion does not alter the ambient hydrologic flow and transport regime 
significantly (ie, the natural barriers above and below the dnfts are not affected) 

• Subsurface conduits that develop beneath volcanoes can be represented by cylinders 
and only entrain waste within the part of the cylinder that intersects the drift 

Conclusions 1-3 solely concern the intrusive model case, while Conclusion 4 is also applicable 
to the volcanic model case, Staffs review focuses on the fISk-significant aspects of these 
conclusions, which are evaluated under the following subsections 

Effects of Igneous Intrusion on Perfonnance of Natural Barriers 

DOE screened out of its performance assessment the effect of igneous dikes and sills on 
groundwater flow and transport pathways surrounding drifts in the upper and lower natural 
barriers, as described in SNL (2008ac) (FEP 1,2,04,02,OA), At the drift wall, however, DOE 
included the effect of igneous Intrusions, by assuming the drifts become degraded and the 
seepage barrier IS eliminated, For this case in the performance assessment. seepage is 
set equal to percolation. Igneous activity near repository drifts may alter hydrologic 
properties of the host rock or cause perching of water in the unsaturated lone, DOE's 
sensitivity analyses indicate that these effects on unsaturated zone flow in repository 
performance are small (FEP 1 ,2.04.02.0A; SNL, 2008ac). In particular, the potential effect of 
increased fracturing in and around a dike providing preferred water pathways has relatively little 
impact, given the predominance of fracture flow in the existing, undisturbed unsaturated zone 
beneath much of the repository footprint (see NRC staff review of unsaturated zone flow to SER 
Section 2.2.13.6), Farther into the far field, igneous dikes and Sills may modify saturated zone 
flow and plume pathways, but again, DOE suggested these effects to be minor for performance 
(FEP 1.2.04.02.0A; SNL, 2008ac). 

(b)(5) 
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(b)(5) 

Behavior of Intruding Magma in Drifts and Effects on EBS 

In developing the model for subsurface igneous processes. DOE concluded that basaltic 
magmas in the Yucca Mountain region would contain appreciable amounts of dissolved 
volatiles. primarily water. This dissolved water would form a gas phase as pressure on the 
magma becomes lower due either to normal ascent toward the surface or by intersection with 
a repOSitory drift (SAR Section 2.3.11.2.1.2). Significant amounts of gas expansion in the upper 
300 m of rise [above -1.000-ft depth J would cause magma in potential igneous events to flow 
more rapidly. and perhaps more extensively. than would be expected for magmas with little 
gas-driven expansion. In part because of the relatively high dIssolved water contents expected 
for Yucca Mountain basaltic magmas. DOE concluded that all repOSitory drifts would be rapidly 
filled by magma flow if a future intrusive igneous event occurred within the repository footprint 
(SAR Section 2.3.11.2.1.2) 

Staff reviewed the information DOE presented to support the concll,Jsion that basaltic ml'-gmas 
are expected to have relatively high dissolved water contents.@K5) r -'-'-'-'--'-------' 

L ..... ~ ...... ~=--_-:--:-____ --:-_. 
In the DOE Intrusive igneous case, the applicant assumes that if a Single riSing dike intersects 
any part oftha repository footprint where drifts containing waste packages are located. then 
all drifts in the repository are rapidly filled with magma. DOE developed this approach to 
account for the uncertainties in determining the physical characteristICS of dikes at 
repository depths and for uncertainties in magma flow processes in drifts intersected by 
dikes (SAR Section 2.3.11.3.1). For the ascending magma entering the drifts. the applicant 
recognized that there are two end member possibilities for flow behavior, conSidering how 
rapidly and violently magma could enter a drift. The less rapid end-member is termed effusive. 
as in a lava-like flow. while the other is more explosive. resulting In a fragmental. or pyroclastic. 
flow (SAR SectioQ 2.3.11.2.1.2' SNL. 2Q0780' Woods at al. 2002aa D<lOeyelle and Valentine 
2005a<l 2009aa)!(b)(5). . ... _____ ---1 

!(b)(5) 
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According to calculations the applicant reported, after intersection and intrusion by 
magma drift temperatures are modeled at or near magmatic temperatures of 1,046-1,169'C 
[1.915-2.136 'Fl, at which point plastic deformation of the waste packages begins. Additional 
DOE analysis showed waste packages could also be damaged by magmatic pressures as low 
as 4 MPa (580 Ib In 2]. DOE concluded waste package failure could result in waste forms that 
are exposed to high temperatures and that undergo chemical reactions with magma and its 
constituents. The applicant assumed that the packages would encounter additional mechanical 
loads from the cooling and solidification of enveloping magma. Already weakened by the 
thermal effects of the magma, the mechamcalloads associated with the magma would result in 
deformation of the waste package. DOE proposed that similar effects would occur for drip 
shields exposed to magmatic conditions Thus DOE concluded that uncertainties associated 
with the potential effects of magma on waste package and drip shield performance are sufficient 
to warrant the assumption that all waste package and drip shield barrier capabilities are 
removed in models for igneous intrusive events (SAR Section 2.3.11.3.2.4). DOE also 
concluded that exposure to magmatic conditions will result in unprotected waste forms that are, 
effectively, instantaneously degraded, such that radionuclides are assumed to be immediately 
available for hydrologic transport, as soon as the intrusion is cool enough to allow water to 
contact waste (SAR Section 2.3.11.3.2.4). As discussed in the next section, the cooling time of 
the intrusion is not long relative to the time scale of groundwater percolation and flow and 
relative to the regulatory period for postclosure repoSitory performance. DOE further concluded 
that although the waste package no longer serves as a barrier to water flow after an igneous 
event, corrosion products from degradation of waste package materials will be present and will 
strongly retard release of certain radionuclides into the unsaturated zone. in the same manner 
as in the nominal scenario NRC staff evaluates the role of corrosion products in radionucUde 
release in SER Section 2.2.1.3.4. 

Staff reviewed the information DOE provided in SAR Section 2.3.11.3.2 to support the 
representation of en Ineered barrier and waste form responses to potential igneous intrusive 
eventsl(bj(5)' --

I'b)("--
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Magma Cooling and Heat Flow to Host Rock 

The temperature in the drifts after magma intrusion is an output parameter to TSPA (SAR 
Section 2.3.11.67). This subsection evaluates the DOE estimates of centerline and wall 
temperature in the Invaded drifts in the period after intrusion and the timing of the intrusive event 
with respect to the repOSitory life cycle, reHecting the temperature of the host rocks during the 
period of heating by radlonuclide decay. The applicant included these for consideration of the 
postintrusion environment In the damaged drifts and the penod of time after which groundwater 
seepage through the drifts could return. 

The temperature in the drifts after magma intrusion prOVides an estimate of the cooling time 
of the basalt inside the drift The cooling of the basalt inside the drift and the drift centerline 
temperature, as well as drift-wall temperature. also influence the spent fuel dissolution 
model and the calculation of diffusion coeffiCIents. Diffusion coefficients are used to calculate 
near-field contaminant transport in the unsaturated zone rock. 

DOE concluded that a short-lived (hours to days) intrusive event as in SNL Figure F-1 
(2007ab), would fill every drift in the proposed repository with basaltic magma at a temperature 
of approximately 1.100 'c [2,012 'Fl Following the intrusive event. the magma in the drifts 
begins to cool DOE performed numerical simulations to model the magma cooling and heat 
flow in the rock between drifts, via non-steady-state heat conduction, with radial flow of heat 
from the magma-filled drifts into the host rock. DOE's model considers a Single basalt-fined 
drift. recognizing that the heat from one 5-m I 16-ft]-diameter magma-filled drift will not influence 
the next drift approximately 80 m [262 ftJ away (SNL, 2007ag). The calculated temperature 
decreases with time and distance from the centerline of the drift. The thermal diffusivity of the 
rock is calculated using the rock volumetric heat capacity and the thermal conductiVity of the 
welded tuff at the repository horizon. The host rOCK in the heat-flow calculation is assumed to 
be either completely dry or completely wet Thermal diffusivity of the welded tuff and the 
basaltic magma are assumed to be the same. The drift wall temperature pnor to magma 
intrusion in the DOE model runs was between 25 and 200'C [77 and 392 'Fl DOE concluded 
that thiS range suitably represents temperatures at different times for the intrusive event 
(reflecting elevated repository temperatures for several thousand years after closure; eg .. see 
SAR Figure 2.3.5-33 for calculated repository drift-temperature decay curves). These 
temperature distributions provided the DOE estimate of the cooling rate and thermal history of 
the repository and the drifts following an intrusive event 

The applicant identified that the model does not include the effects of latent heat of magma 
crystallization or the property contrasts between the magma and the tuff. Without latent heat 
effects, the one-dimensional model results underestimated peak temperatures and time needed 
for cooling. Therefore, the applicant considered alternative models, including an analytical 
solution that approximated the effects of latent heat and numerical solutions in two dimensions 
that included both latent and radioactive heat Noting that latent heat would be liberated during 
magma crystallization and that its effects would be most pronounced at very early times while 
the magma is still partially liquid, the applicant accounted for the effect of latent heat by 
increasing the Initial temperature of the magma. 
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~~=,",-,-,wh::..=en,",-,-,-m:.::cod=eling magma cooling and solidification to be the 

lOther uncertainties the applicaniconsideredlncluded thermal conductivity, 
L-,g"'ra"'I0"""e"'n"'s""/ "",,!specific heat capacity, matrix porosity, saturation, and the lithophysal porosity of 

the host tuff. Heat loss was modeled as purely conductive, as the applicant did not expect 
convection to occur in stagnant magma within drifts. For an igneous intrusion event occurring 
after about 1.000 years into the preclosure period, DOE concluded that the repository drift walls 
would attain a temperature of 100 ·C [212 'FJ about 100 years after the Intrusive event occurs, 
as in SNL Figure 2.3.5-33 (2008ag). 

(b)(5) 

l(b)(S) i DOE used the final 
temperature of the drift and the cooled bas tem m (ature as an input to calculate the spent fuel 
dissolution model and diffusion coefficients. (b)(5) 

(b)(S) 

Percolation Flux Through Cooled Basalt 

Chemical changes, expressed as the pH and ionic strength, to groundwater that may react 
with the new basalt rock filtlng repository drifts after a future intrusIve magmatic event is an 
output parameter to TSPA (SAR Section 23.1167: SNL, 2005ae). This subsection 
evaluates DOE estimates of possible chemical changes that might occur to groundwater as it 
begins to seep through and possibly react with cooling, and cooled, basaltic material filling the 
drifts (SER Section 2.2.1.3.3). 

In considering percolation of groundwater through the drift after an igneous intrusion into the 
repository, the applicant assumed that solidified basalt rock in the drift has the same fracture, 
porosity, and permeability characteristics as the surrounding tuff. DOE also concluded that the 
newly introduced basalt rock could affect the chemistry of water that seeps into the drift in 
particular, pH and ionic strength. To examine possible changes in these two chemical 
parameters of the seepage water, DOE selected for numerical analysis three groundwater 
samples from large, fractured basalt-hosted reservoirs and conducted an extensive literature 
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review of the chemistry of basalt-hosted waters to provide a range of pH and ionic strength 
values, as described in SAR Sections 2,3.7,5,3,1 and 2,3,11,3.2 and SNL Section 4.1.2 
(2007ae). Temperature can affect the pH of incoming fluids, so to avoid underestimating 
radionuclide solubilities, DOE calculated the parameter values at 25 "C [77 'Fl rather than at 
higher temperatures that would have resulted in lower solubility limits (radionuclides of concem 
show retrograde solubility in this pH range) and therefore smaller mass releases. 

As discussed in the previous subsection, for an igneous intrusion event occurring approximately 
1,000 years into the postclosure period, water seepage and flow through the host rock mass is 
estimated to resume about 100 years after an intrusion occurs: the time when the basalt in the 
drifts would reach -100 'c [212 F] along the drift centerline (SAR Section 2.3.11,3,3.8; SNL, 
2008ag). This time also corresponds to when the repository dnfts walls are assumed to cool 
below the local boiling temperature, as shown in SNL Figure 2,35·33 (2008ag). DOE modeled 
reestablishment of groundwater percolation through the invaded repository dnfts and failed 
engineered barriers. DOE did not model release of radionuclides In gaseous form from the 
waste packages, because DOE's analyses indicate that this does not influence the final dose at 
the receptor (SNl, 2008ag). Hence, grOUndwateTGThrCOlatJon was the only pathway the 
applicant considered for release of radionuciides,llb) 51 

(5)(5) 

(b)(S) 

(b)(5) 

(b)(5) IThe NRC staff review of release and transport of 
radionuclides toliowlO a ossible i 9 P 9 neous intrusion is further detailed In SER Section 2.2.1.3.4 
(specifically, Sections 2.2.1.3.4.3.2 on waste form degradation and 2.2.1.3.4.3.4 on collOid 
formation and stability), 
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Summary and Findings on Igneous Intrusion Modeling Case 

(b)(5) 

2.2.1.3.10.3.3 NRC Review of DOE Volcanic Eruption Modeling Scenario 

DOE concluded that in all potential Igneous intrusive events that intersect the repository 
footprint, a rising dike would reach the surface and develop a conduit at some location along the 
intrusion and magma would be extruded. If a conduit is located wholly or partially in a repository 
drift, waste from disrupted waste packages could be entrained by magma flow up the conduit 
and erupted from a volcano at the surtace. Compared with the intrusion scenario, in which the 
contents of all waste packages in the repository are made available for hydrologic transport, 
DOE concluded that. for the volcanic scenario, only a limited amount of high-level waste could 
be entrained directly Into a conduit or conduits (SAR Section 2.3.11.4). 

In the type of basaltic volcanic activity the applicant predicted for the case of a future 
eruption through tha repository, a dike reaches the surface and activity begins along a 
fissure (an elongated system of vents, which is the surface expression of the dike; see SAR 
Sections 2,3.11.2.1 and 2.3.11.4.1.1 and SAR Figure 2.3.11.5). In DOE's model, magma flow 
to the surface in the dike usually localizes to a single, or a few, points over a period of hours 
to a few days, as observed at past basaltic eruptions and previously discussed in SER 
Section 2.2.1.3.10.3.2. Such behavior was seen in analog historic events [e.g., the 1943--1952 
eruption of Paricutfn, Mexico; the 1973 Heimaey eruption in Iceland; and the 1975 Tolbachik 
eruption in Kamchatka (Thorarinsson, et ai, 1973aa; Doubik and Hill, 19998a; Pioh, at aI, 
2008aa)]. DOE studies of igneous products exposed in the rock record also inferred a similar 
style for soma prehistOriC basaltic eruptions (e.g., SAR Section 2.311.4; SNL 2007ae; 
Valentine. et ai, 2006aa; Keating, et al., 2008aa). At this point in the modeled eruption, a 
conduit is considered to develop below the point of localization, with the main vent at the 
surface This conduit feeds an explosive and lava-flow-forming Strombolian-style eruption. 
DOE adopted a violent Strombolian style for the entire model eruption considered, on the basis 
of the characteristics of the young Lathrop Wells scoria cone near Yucca Mountain (see SER 
Section 2.2.1.2.2). The applicant recognized that condUIts grow (widen) downwards from the 
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surface in the plane of the dike. as detailed in SAR Section 2.3.11.4.2.1 2 and SNL p. 6-46 
(2007ae), and thus, in DOE's reposItory-disruption scenario, Intersect a drift through the roof. 

DOE characterized subsurface volcanic conduits as flaring inward down from the top of 
the surface vent. such that conduit diameters at repository depths will be smaller than 
those observed near the surface. DOE characterized the size and shape of conduits using 
studies at exposed analog volcanoes (e.g., SAR Section 2.3.11.4 and Figure 2.3.11-6; SNL, 
2007ee; Valentine, et al .. 2006aa; Keating. et at. 2oo8aa) and theoretical considerations 
and model studies (e.g., Wilson and Head, 1981aa; Valentine, et at, 2007aa). In the 
performance assessment, DOE represents subvolcanic conduits as simple cylinders (SAR 
Section 2.3.11.4.1) DOE used the area of the conduit that intersects a drift to calculate the 
mass of waste the conduit entrains. DOE conduded that entrained waste is mixed uniformly in 
the volume of magma that is subsequently erupted at the surface. 

From a risk-perspective, the DOE performance assessment calculates that the expected annual 
dose from the igneous VOlcanic modeling case alone is approximately 0.1 percent of the dose 
calculated for the intrusive scenario (SNL, 2007ag). This difference between the volcanic and 
intrusive scenarios arises, in part. because DOE concluded that the volcanic scenario entrains 
and erupts approximately 0.1 percent of the amount of high-level waste that is disrupted during 
the intrusive case. Thus, staffs review of tlhe subsurface processes associated with the 
volcanic case focuses on tlhe DOE basis for concluding that a volcamc conduit. or condUits, 
would entrain a limited amount of waste. 

Development of ConduIts and Likelihood of Ejecting Waste in a Volcanic Eruption 

In the DOE...cfeveloped model, one to three eruptive condUits may occur along the thickest dike. 
DOE treats tlhe predicted location of a single conduit along a dike, the most likely occurrence, as 
random (SAR Section 2.3.11.4.2.1). In SAR Section 2.3 11.2.2, DOE developed a baSIS to 
determine the likelihood that at least one conduit will form through the repository footprint and, 
more specifically for risk significance, through an emplacement drift containing waste packages 
if a dike intersected the repository. The DOE model for conduit formation is based on 
observations at basaltic volcanoes and supported by calculations constrained by information 
obtained from studies of analog eroded volcanoes (SNL. 2oo7ae). 

On the basis of observations of Quaternary volcanoes In the Yucca Mountain region, where 
mostly only one volcano develops along a dike (Keating, et al. 2008aa). DOE heavily weighted 
the distribution of the likely number of conduits that might develop along a dike toward one 
conduit per eruption (SAR Section 2.3.11 2.1 . .2; SNl. 2007ae), and in this way treated 
uncertainty. DOE determined that the presence of repository drifts would not affect the rise 
of a dike, nor subsequent eruptive processes, becal.lse the drifts would be n~gligible in volume 
compared to the volume of rock the dike transeclsj(b)(5) "V'S 1--___ -----------! 

(b)(5) DE 
determined that 85 percent of past eruptive events have formed a single con uit. 10 percent 

_-.fuIIned2 conduits and 5 oe~ntJQ[med 3 conduitshb)(5) ...... ___ . ___ -=-:::-:::---:-_--' 
(b){5) DOE also -........ . ... -~---,-.,J 

considered five alternative conceptual models to represent the location of a condUIt along a 
dike. On the baSis of field analogs, models, and studies presented in SNL (2007ae, 2007ag). 
DOE concluded that a model for random location of a conduit along an existing dike is the only 
supportable approach. 
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To calculate the likelihood that at least one volcanic conduit will form through an emplacement 
drift and entrain waste, DOE used numerical models to simulate the number of dikes that could 
penetrate the repository footprint, using dike characteristics from CRWMS M&O (1996aa). 
For each simulation, DOE calculated the length ofthe dike, or dikes, located inside and outside 
the repository footprint and found there was a 60 percent chance that more than one dike 
would form in an event. For the widest dike in each simulation, DOE constrained its model to 
form one to three conduits at random locations along that dike and determined whether this 
location coincided with the repository footprint (SER Section 2.3.11.4.2.1.3; SNL, 2007ar) 
Using this approach, DOE estimated that there was a 20 to 35 percent chance, with a mean 
of 28 percent. that at least one conduit would form within the repository footprint. This value 
reflects the relatively small size of the repository footprint in comparison with the total area 
that dikes could impact (SAR Section 2.3.11.2.2). On the baSis of alternative volcanic event 
characteristics and behavior, the applicant acknowledged that the conditional likelihood 
of at least one eruptive center (conduit) within the repository footprint might range from 43 to 
78 percent (SAR Section 2.3.11.2.2.6). However, the applicant concluded that. on the basis 
of features of Yucca Mountain repository volcanoes, a mean conditional eruption probability of 
0.28 (28 percent) times the probability of dike intersection with the repository footprint was 
most consistent with basaltic volcanic events that are expected to include multiple dikes and 
in which conduit(s) form on the widest dike. On this basis, the mean conditional probability of 
a conduit forming within the repoSitory, using the mean intrusive probability from the PVHA 
expert elicitation of 1.7 l( 10 6 per year (SAR Section 2.3.11.4.2.1; SER Section 2.2.1.1.3). 
is 4.8 " 10 9 per year. 

The 28 percent conditional factor DOE provided is for a conduit that develops within the 
repository footprint. but which may not necessarily eject waste. DOE then developed a 
second conditional probability. given as 0.296 (NRC staff rounded this to 0.3, or 30 percent), 
to represent the fraction of conduits within the repository footprint that may actually intersect 
a drift containing waste packages and eject the waste contents through a volcanic vent (SAR 
Section 2.3.11.4.2.1). This factor accounts for the spatial distribution of waste emplacement 
drifts within the repository footprint area and the likely orientation of dikes. 

Staff reviewed DOE information regarding the likelihood for conduit development at repository 
drifts. i(b}(5) 

(b)(5) 

!(b)(5) I Staff reviewed the DOE 
methodology that developed the 28 percent factor for CO~lt development in the repOSitory and 
the 30 percent factor for conduit intersection with a drift·l(b)(5)- .~ 

l(b)(5) 
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Eruptive Conduit Growth and Size, and Impact on Waste Packages and Waste 

According to the applicant's scenario presented in SAR Section 2.3.11.4.2.1, one or more 
conduits may intersect repository drifts, all the waste packages within the area of the conduits 
are assumed to be destroyed, and all the waste is assumed to be incorporated into the erupting 
magma (SNL, 2007ag). The waste is assumed to mix with magma and be carried up the 
conduit toward the surface, where the magma-waste mixture would be explosively ejected into 
the atmosphere or flow as lava along the ground. 

The applicant considered the failed waste packages directly intersected by a conduit to provide 
no protection against waste release, so in the DOE model, the condUit sile at repository depth 
directly determines the number of waste packages disrupted. More speCifically, DOE calculated 
the number of waste packages intersected by conduits as a cumulative distribution functIOn that 
is based on a distribution for the number of conduits, a distribution for conduit diameters, and 
the likelihood factors for location of the condUits on the dikes, which includes the design 
configuration of the subsurface repository. Accordingly, DOE conSidered additional parameters 
including waste package size and spacing, drift localton and dimensions, and distributtons for 
dike length, orientation, thickness, and number of dikes in an intrusive event The applicant 
concluded that rising magma in a dike that enters a drift will slow relative to that In solid rock 
pillars between drifts; thus the dike segment above drifts will lag slightly in breaching the 
surface. From that conclusion, DOE proposed that vents and conduits are more likely to form 
between drifts than above them. In most realizations the applicant tested, this led to a condition 
where the volcanic conduit forms along the dike in the rock pillars between drifts and not the 
drift itself; thus the most likely value for the number of disrupted waste packages in the model is 
zero. From zero to seven waste packages were modeled in the TSPA as intersected by a 
conduit during an eruption. 

In DOE's model, uncertainty in conduit size is bounded by a size distributIOn based on observed 
host-rock fragments in violent-Strombolian deposits at Lathrop Wells volcano (Doublk and Hill, 
1999aa) and in SNL Section 6.4 and Appendix C (2007ae) and on field stUdies al analog 
sites, which DOE interpreted as suggesting that the diameter is largest at the surface 
and decreases with depth. The applicant gave a distribution for conduit dIameters from 
approximately 4 m [13 ftl (bounded by dike width) to a mean value of 15 m [50 ttl and a 
95!h percentile value of 21 m [69 ftl for an expected conduit diameter at repository depth (SAR 
Section 2 3,11,4,2.1.1), with DOE's volcanic scenario analysis conduits developed only where 
the trend of a dike intersected a drift (SAR Section 23,11,4, 1.1.1) The applicant concluded 
that it is highly unlikely that a secondary conduit will form at some point along the drift away 
from the dike intersection. This conclusion was based on DOE's view that magma will solidify 
quickly and pressures will be insufficient to allow the formation (or maintain the opening) of a 
secondary dike, fed from the magma in the drift. In the analysis involving pyroclastic flow of 
magma inside a drift (an alternative conceptual model mentioned preViously with respect to the 
intrusive case), DOE assessed one situation where it assumed that a secondary fracture had 
already formed and a secondary opening was created on the drift-top wail (BSe, 2oo5aO. DOE 
applied a multiphase Huid dynamiCS analysis to this scenario. Simulated results exhibited 
mtermediate behavior with a down-drift multi phase flow on the roof and a return flow on the 
floor. The whole system with these two openings formed a clearly defined recirculation pattern 
in the drift with some materials leaving the system and some materials recychng back IOtO the 
drjft along the roof. SImulations also showed that this scenario leads to relatively high dynamic 
pressures compared with a single-conduit situation. Other Simulations indicated that blockage 
of the volcanic conduit might also create secondary breakouts at a point away from the location 
of imtial dike intersection (SAR Section 2.3.11.32.2) Although DOE acknowledged that the 
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chance of these scenarios occurring was unlikely, it concluded that such scenarios could lead to 
a one to two order-of-magnitude increase in the amount of waste released during a volcanic 
igneous event (essentially equivalent to the waste content of a single drift, -70-100 waste 
packages), which would cause no more than a one to two order-ot-magnitude increase In 

expected annual dose (SAR Section 2.3.11.32.2). 
(b)(5) 

Evaluation of Magma-Waste Interaction and Mixing in a Drift and Conduit 

In DOE's TSPA, the amount of waste incorporated into a volcanic conduit is determined by the 
area of a drift intersected by a stylized cylindrical conduit. This model assumes that waste from 
disrupted packages located outside the boundary of the conduit will not be entrained into the 
upward-flowing magma in the conduit. Additional DOE analyses (SAR Section 2.3.11.3.4.4) 
described how circulation of magma and gas might occur between a conduit and other parts of 
the intersected drift.l(b)(5) ..... 

(b)(5) 

(b)(5) 
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Further, staff reviewed the information DOE provided in SAR Section 2.3.11.322 to 
evaluate the potential effects 0 seconda conduits develo in awa from the location of 

~ike intersection with the dLl.!' ",.~(b~)(,-5,-) __ ...... ~ ... _______ ~ ........ ______ ... ___ --I 
(b)(5) 

In the DOE volcanic eruption modeling scenario, the number of waste packages intersected 
becomes input in TSPA for calculating the amount of waste erupted. along with the probability 
that a conduit will develop in a drift containing waste packages. DOE used a Monte Carlo 
technique to account for parameter uncertainties such as the future time at which an eruption 
might occur and the possibility that more than one eruption could happen in the future of the 
repository. DOE calculates a magma partitioning factor (SAR Section 2.3.11.4.2.2.2; SNL. 
2007ab) to determine the amount of the waste partitioned into a potential volcanic tephra fall 
deposit, the only volcanic product that is Significant to dose (SER Section 2.21.3 13.3.1). The 
applicant determined that 10 to 50 percent of the total amount of waste entrained In an eruption 
will be in the resulting tephra fall deposit. The magma partitioning factor and the expected style 
of eruption (violent Strombolian) from the volcanic conduit(s) is evaluated as part of the 
abstraction for airborne volcanic transport in SER Section 221.3.13. 

DOE proposed that the amount of waste particles incorporated into the erupting magma would 
only constitute a minor amount (trace phase) in the magma in all the applicant's scenarios and 
that its presence would not be~xpected to influence the eru bve behaVlor of the ma ma SNL. 
2 7 . (b 

(b)(5) 
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Summary and Findings on the Volcanic Eruption Modeling Case 
(b){5) 

2.2.1.3.10.4 Evaluation Findings 

...... _-------, 

The NRC staff reviewed the applicant's SAR and other information submitted in support of the 
license application and finds that, with respect to the r~ents of 10 CFR 63,114 for 
consideration of igneous disruption of waste package~ I ---'L____ ----\ 
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CHAPTER 14 

2.2.1.3.12 Concentration of Radionuclides in Groundwater 

2.2.1.3.12.1 Introduction 

This section of the Safety Evaluation Report (SER) provides the U$ Nuclear Regulatory 
Commission (NRC) staffs review of information the applicant provided in the Safety Analysis 
Report (SAR) (DOE. 2008ab) on the concentration of radionudides in groundwater extracted by 
pumping and used in the annual water demand. The NRC staff (staff) considered the methods 
and assumptions the applicant used to estimate groundwater radionuclide concentrations. The 
staff's review focused on SAR Sections 2.3.9 and 2.4.4. 

2.2.1.3.12.2 Regulatory Requirements 

10 CFR 63.312(c) states that the reasonably maximally exposed individual (RMEI) uses well 
water with average concentrations of radionudides. that is based on an annual water demand of 
3,000 acre-ft [3.7 " 109 L]. In performing its review. the staff fOllowed the guidance provided in 
the Yucca Mountain Review Plan (YMRP). Section 2.21.3.12 (NRC. 2oo3aa). Consistent Wlth 
the YMRP, the staff considered risk information to determine how to evaluate the concentration 
of radionuclides. 

2.2.1.3.12.3 Assessment of Well Water Concentration Estimates 
(b)(5) 
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2.2.1.3.12.4 Evaluation Findings 
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CHAPTER 15 

2.2.1.3.13 Airborne Transport and Redistribution of Radlonuclides 

2.2.1.3.13.1 Introduction 

This chapter evaluates the U.S. Department of Energy's (DOE) information on airborne 
transport and deposition of radionuclides expelled by a potential future volcanic eruption 
following igneous disruption of waste packages. It also evaluates DOE information on the 
redistribution of those radionuclldes in soiL This evaluation of DOE's performance assessment 
for the volcanic eruption modeling case is a sequel to the evaluation of possible igneous 
disruption of the proposed repository [DOE's igneous intrusion modeling case: see Safety 
Evaluation Report (SER) Section 2.2.1.3.10]. This chapter also evaluates redistribution of 
radionudides in soil in the accessible environment. which in DOE's model arrives in the 
accessible environment via groundwater transport. The U.S. Nuclear Regulatory Commission 
(NRC) staff's evaluation is based on information in the DOE Safety Analysis Report (SAR) 
(DOE, 2009av). as supplemented by DOE's responses (DOE, 2009bk-bm) to the staffs 
requests for additional information (RAls). 

This chapter addresses 2 of the 14 model abstraction sections indicated in the Yucca Mountain 
Review Plan (YMRP) (NRC, 2003aa), namely airborne transport of radio nuclides (YMRP 
Section 2.21.3.11) and redistribution of radionuclides in soil (Section 2.2.1.3.13). The NRC 
staff's assessment of information In DOE's SAR for these two abstraction sections used the 
guidance in the YMRP to conduct a risk-informed review Together, airborne transport of 
radionudides during a potential future explOSive volcanic eruption that generates tephra (ash) 
and redistribution of radionuclldes deposited on the landscape by that eruption constitute DOE's 
volcanic ash exposure scenario in its biosphere model for the Total System Performance 
Assessment (TSPA) (SAR Section 2.3.10.2.6), As part of the review of redistribution of 
radionuclides, the staff evaluated DOE's performance assessment for the exposure scenario 
where radionuclide-contaminated groundwater may cause the reasonably maximally exposed 
individual (RMEI) to be exposed to a dose (SAR Section 2.3.102.3). SAR Figure 2.3.10-1 
displayed a separate flow of information for the volcanic ash exposure scenario compared to the 
groundwater exposure scenarios in the DOE performance assessment. This chapter reflects 
this separation of information and presents the staff's review and evaluation, first for the 
volcanic ash exposure scenario and second for the groundwater exposure scenario. 

For the volcanic ash exposure scenario, the staff evaluated the following three abstracted 
models addressed in DOE's SAR: 

• Airborne transport. dispersion. and depOSition of tephra and high-level waste 

• Redistribution by fluvial (running water or stream) transport of contaminated tephra 
within the Fortymile Wash catchment basin, miXing and dilution with noncontamlnated 
sediment, and deposition of the tephra-sediment mixture on the Fortymile Wash allLlvlal 
fan at the RMEllocation 

• The downward migration of radionuclides in the soil at the alluvial fan in the 
accessible environment 
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The latter two abstracted models comprise DOE's performance assessment appropriate for 
redistribution of radionuclides in soil (YMRP Section 2.2.1.3.13), while the first abstracted model 
constitutes DOE's performance assessment for airborne transport of radionuclides (YMRP 
Section 2.2.1.3.11). 

For the groundwater exposure scenario, this chapter presents the staffs evaluation of DOE's 
surface soil submodel, which is also part of the performance assessment for redistribution of 
radionuelides in soiL For both exposure scenarios, the final outputs of the abstractions 
evaluated in this chapter are radionuclide concentrations in soU, which are direct inputs to the 
DOE biosphere model for calculating annual doses to the RMEI (reviewed by the staff in SER 
Section 2.2.1.3.14). Associated with this, SER Section 22.13.4 presents the staffs evaluation 
of the radionuclide inventory, which is an input to the volcanic ash exposure scenario (SAR 
Figure 2.3.10.3). Last, to complete the staffs evaluation of the performance of DOE's volcanic 
eruption modeling case, SER Section 2.2.1.4 assesses the demonstration of compliance with 
the postclosure public health and environmental standards. 

2.2.1.3.13.2 Regulatory Requirements 

Model abstractions used in the applicant's postclosure performance assessment must meet the 
regulatory requirements given in 10 CFR 63.114 (Requirements for Performance Assessment) 
and 63.342 (Limits on Performance Assessment), to support the predictions of compliance for 
63.113 (Performance Objectives for the Geologic Repository after Permanent Closure). 
Specific compliance with 63.113 is reviewed in SER Section 2.2 1.4.1. 

The requirements for performance assessment in 10 CFR 63.114 require the applicant to 

• Include appropnate data related to the geology, hydrology, and geochemistry of the 
surface and subsurface from the site and the region surrounding Yucca Mountain 

• Account for uncertainty and variability in the parameter values used to model airborne 
transport and redistribution of radlonuclides 

• Consider alternallve conceptual models for airborne transport and redistribution 
of radionudides 

• Provide technical bases for the inclusion of features, events, and processes (FEPs) 
affecting airborne transport and redistribution of radionuclides, including effects of 
degradation, deterioration, or alteration processes of engineered barners that would 
adversely affect performance of the natural barriers, consistent with the limits on 
performance assessment in 10 CFR 63.342 

• Provide technical basis for the models of airborne transport and redistribution of 
radionudides that in turn provide input or otherwise affect other models and abstractions 

10 CFR 63.114{a) considers performance assessment for the Initial 10,000 years following 
permanent closure, 10 CFR 63.114{b) and 63.342 consider the performance assessment 
methods for the time from 10,000 years through the period of geologiC stability, defined in 
10 CFR 63.302 as 1 million years fol/owing disposal These sections require that through the 
period of geologic stability, with specific limitations. the applicant 

15-2 

http:2.2.1.3.14
http:2.2.1.3.11
http:2.2.1.3.13


• Use performance assessment methods consistent with the performance assessment 
methods used to demonstrate compliance for the initial 10,000 years following 
permanent closure 

• Include in the performance assessment those FEPs used in the performance 
assessment for the initial 10,000 year period 

For this model abstraction of airborne transport and redistribution of radionuclides, 
10 CFR 63,342(c)(1) further provides that DOE assess the effects of seismic and igneous 
activity on the repository pertormance, subject to the probability limits in 63.342(a) and 
63,342(b). Specific constraints on the analysis required for seismic and igneous activity are 
given in 10 CFR 63.342(c)(1)(i) and 10 CFR 63.342(c)(1)(ii), respectively 

In addition,10 CFR 63.305 provides the following requirements for characteristics of the 
reference biosphere, as used in this abstraction for redistribution of radionuclides in soil 

• FEPs that describe the reference biosphere must be consistent with present knowledge 
of the conditions in the region surrounding the Yucca Mountain site, 

• DOE should not project changes in society, the biosphere (other than climate), or human 
biology or increases or decreases of human knowledge and technology; in all analyses 
done to demonstrate compliance with this part, DOE must assume that all of those 
factors are constant as they are at the time of submission of the license application. 

• DOE must vary factors related to the geology, hydrology, and climate based upon 
cautious but reasonable assumptions of the changes in these factors that could affect 
the Yucca Mountain disposal system during the period of geologic stability, consistent 
with the requirements for performance assessments specified at 10 CFR 63.342. 

• Biosphere pathways must be consistent with arid or semi-arid conditions 

NRC staff review of the license application follows the guidance laid out in the YMRP 
Sections 2.2.1.3.11, Airborne Transport of Radionuclides, and 2.2.1.3.13, Redistribution 
of Radionuciides in Soil, as supplemented by additional guidance tor the period beyond 
10,000 years after permanent closure (NRC. 2009ab). The acceptance criteria in the 
YMRP generically follow 10 CFR 63.114(a). Following the guidance, the NRC staff review of 
the applicant's abstraction of airborne transport and redistribution of radionuclides considered 
five criteria 

• System description and model integration are adequate. 
• Data are sufficient for model justification. 
• Data uncertamty is characterized and propagated through the abstraction, 
• Model uncertainty is characterized and propagated through the abstraction, 
• Model abstraction output is supported by objective comparisons 

Because 10 CFR Part 63 speCifies the use of a risk-informed approach for the review of a 
license application, the guidance provided by the YMRP, as supplemented by NRC (2009ab), 
is followed to the extent reasonable for aspects of airborne transport and redistribution of 
radionuclides important to repository performance. Whereas NRC staff considered all five 
criteria in their review of information provided by DOE, only aspects that substantively affect 
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results of the performance assessment, as judged by NRC staff, are discussed in this chapter. 
NRC staffs judgment is based both on risk information provided by DOE, and staffs knOWledge, 
experience, and independent analyses, 

2.2.1.3.13.3 Technical Review 

In SAR Figure 2,3.11-1, DOE presented the information flow for the volcanic eruption modeling 
case, As stated previously, DOE's abstracted model on atmospheric dispersal and deposition 
of tephra constitutes its performance assessment of airborne transport of radionuclides, DOE's 
abstracted models for tephra redistribution and vertical radionuclide migration in soil together 
comprise the performance assessment of redistribution of radionuclides in soil. 

Airborne transport of radio nuclides pertains to the volcanic ash exposure scenariO, which 
involves a possible disruption of the Yucca Mountain repository by a future volcanic eruption, 
In this scenario, high-level radioactive waste is mixed With magma and ejected into the 
atmosphere incorporated within the volcanic tephra {fragments of cooled magma that are 
transported through the air, including ash particles that have diameters less than 2 mm 
[O,OB in]}. The airborne transport abstracted model accepts the number of waste packages 
intersected by volcaniC conduits, provided in SAR Section 2.3.11.4.2.1 and evaluated in SER 
Section 2.2.1,3,10, and estimates the concentration and thickness of radionuclide-contaminated 
tephra that could be deposited on the ground surface of the Yucca Mountain region (SAR 
Figure 2.3,11-1), As depicted in SAR Figure 2,3,11-1, DOE then uses this information as input 
to the volcanic ash exposure scenario (SAR Section 2.3,1 O) for estimating the dose to the RMEI 
via surface redistribution of contaminated tephra and by migration of radionuclides from tephra 
particles into the soil, as described next 

Redistribution abstracted models together calculate the time-dependent profite of radionuclide 
concentration in the contaminated soil horizon at the RMEllocatlon. The airborne transport 
abstracted model (described previously) provides input on the tephra deposit for the tephra 
redistribution calculations of waste concentrations in redistributed tephra, Another 
redistribution-related abstracted model uses this information to estimate the downward 
migration of radionuclides from tephra into soil at the alluvial fan of Fortymile Wash and 
calculate the concentration of waste in redistributed tephra at the RMEllocatlon (SAR 
Figure 2.3.11-1) Waste concentration information from redistribution models IS coupled with 
information on the radionuclide inventory (radionuclide activities per unit mass of waste) to yield 
radionuclide concentration profiles in soil. The fraction of tephra that can be resuspended and 
inhaled by the RMEI during activities such as tillage is also important, this is the dominant 
exposure pathway for the first 10,000 years after repository closure 

In this section, the staff also evaluates the DOE surface soil submodel for the groundwater 
exposure scenario, described in SAR Section 2.3.10. In this model, radionuclides are 
considered to be added to the surface soil from irrigation with contaminated groundwater. 
The surface soil submode/ accepts the concentration of radionuclides In groundwater in 
the accessible enVIronment (as provided in SAR Section 2.4.4 and reviewed in SER 
Section 2.2.1,3,12) and calculates loss of radionuclides from the surface soil via mechanisms 
such as radioactive decay, leaching into deeper zones, erosion of SOil particles, and gaseous 
releases to the atmosphere. As depicted in SAR Flgtlres 2.3.10-1 and 2.3.10-10, the output 
from the surface soil model is used by the rest of biosphere model, which is reviewed in SER 
Section 2,2.1.3.14 
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Risk Perspective 

The volcanic ash exposure scenario and groundwater exposure scenario provide different 
contributions to repository performance, The volcanic ash exposure scenario (volcanic 
eruption modeling case) does not significantly influence repository performance, because its 
mean dose contribution is more than a factor of 1,000 smaller than the overall peak dose 
within 10,000 years and more than a factor of 10,000 smaller than the overall peak dose after 
10,000 years (SAR Figure 2,4.18). The remaining modeling cases depicted in SAR 
Figure 2.4-18 constitute the groundwater exposure scenario. The groundwater exposure 
scenario dominates the overall peak dose within 10,000 years and after 10,000 years (SAR 
Figure 2.4-18). Although this risk information suggests that the staff should focus more 
attention on the surface soil submodel in the groundwater exposure scenario and only conduct a 
simplified review of the volcanic ash exposure focusing on the bounding assumptions, the staff 
also used DOE's multiple barrier information, consistent with YMRP Section 2,2,1.3, to inform 
its review, 

SER Section 2.2.1.1 describes the staff's evaluation of multiple barriersj7b)(5) 
(b)(5) 

(b)(5) OE did identify that a volcanic event could adversely a eet the engineer arner 
system's ability to prevent the release or reduce the release rate of radionuclides from the 
waste, and to prevent or reduce the movement of radionuelides away from the repository (SAR 
Section 2.3.11.1) by destroying the waste packa as and the contained radionuclides 
in the erupting material (SAR Section 21.2,2.5:.o,""(b"")(c:..5)'---____________ --1 

! (b )(5) 

Finally, in determining the scope of its risk-Informed review for both the volcanic ash exposure 
scenario and groundwater exposure scenarro, the staff considered those results from the 
abstracted models reviewed in this chapter that factor into the staff's evaluation of DOE's 
performance assessment used to determine compliance with the requirements of the 
postclosure individual protection standard. The staff's individual protection evaluation is 
presented in SER Section 2,2.1.4.1. One part of the individual protection evaluation focuses on 
whether the TSPA code provides a credible representation of repository performance 

For the volcanic ash exposure scenario, the staffs evaluation of DOE's performance 
assessment is presented in SER Section 2.2.1.4.1.3,2. The four input quantities identified for 
that evaluation (fraction entrained in ash, tephra volume, tephra density, and ash areal 

c,£:Oncentration directly relate to the airborne transport abstracted model reviewed in this chapter. 
(b)(5) 
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SAR Table 2..3.10-15 identified the average percentage exposure pathway contributions to the 
annual dose for the volcanic ash exposure scenario. On the baSis of this information, at early 
times (i.e., before 500 years). the overall dose is dominated by six radionuclides. Sr-90, 
CS-137, Pu-238, Pu-239, Pu-240, and Am-241. At longer times (Le., after 5,000 years), the 
dose is dominated by Pu-239 and Pu-240, and at very long times (i.e, after 100,000 years), the 
dose is dominated by Ra-226 (SAR Figure 2.4-32). On the basis of the identification of the 
dominant dose contributors and information in SAR Table 2.3.10-15, Inhalation of particulates 
from the resuspension of contaminated tephra deposits is the dominant dose pathway for 
10,000 years. After about 100,000 years, r Ra-;!26, the doml";;nt ex sure a wa i 
external exposure SAR Table 2.3.10-15). (~~)(5_) ___________ ~~ ___ ---1 

(b)(5) 

For the groundwater exposure scenario, the surface so,1 submodel reviewed In thiS chapter is 
one component of the abstracted model for the biosphere that calculates biosphere dose 
conversion factors. For the radionucHdes Tc-99, 1·129, Np-237, and Pu-242 discussed In SER 
Section 2.2.1.4.1.3 in the table on groundwater biosphere dose conversion factors and SER 
Section 2.2.1.4.1.3.3, the pathways linked to the surface soil submodel account for up to 50 
percent of the radionuclide biosphere dose conversion factor. as identified in SNL Tables 6.13-1 
and 6.13-2 (2007ac). 

On the basis of these risk considerations, the staff conducted a risk-informed review of airborne 
transport of radlonuclides and redistributlon of radio nuclides in the SOil by evaluating the DOE 
information relative to the acceptance criteria in YMRP Sections 2.2.1.3.11.3 and 2.2.1.3.13.3. 
The staff focused on those aspects of these model abstractions that impact individual protection 
compliance. To assess the effect that the combined uncertainties could have on calculated 
dose, the staff also focused on those aspects that could cause at least a factor of two effect on 
intermediate model outputs over the range of an individual parameter value 

As identified previously, SAR Figure 2.310-1 displayed a separate flow of information for the 
volcanic ash exposure scenario compared to the groundwater exposure scenarios 10 the DOE 
performance assessment. The staff's evaluations of the DOE information on the volcanic ash 
exposure scenario and the surface soil submodel for the groundwater exposure scenario are 
documented in SER Sections 2.2.1.3.13.3 1 and 2 2.1.3 132, respectively 

2.2.1.3.13.3.1 Assessment and Review of the Volcanic Ash Eltposure Scenario 

The NRC staffs evaluations of DOE's abstracted models on (I) airborne transport, dispersion, 
and depOSition of tephra and high-level waste, (ii) redistribution of tephra, and (Iii) the vertical 
movement of radionuclides in the soil at the alluvial fan in the accessible environment are 
presented separately in three subsections. Each subsection first identifies those important 
aspects of DOE's abstracted model that were the focus of the staff's review. The staff then 
summarizes the DOE license application for the abstracted model, followed by its review and 
evaluation. After the staff's evaluation of vertical movement of radionuclides in the soil, a final 
subsection presents the overall evaluation findings for the volcanic ash exposure scenario 
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In addition to reviewing the individual abstracted models, the NRC staff also reviewed how DOE 
implemented these models into the Total System Performance Assessment-License Application 
(TSPA-LA). Because the acceptability of ~OE's implementation of the abstracted models in the 
TSPA-LA is dependent on the staff's findings for the individual model abstractions, the staff's 
evaluation of ~OE's implementation of the abstracted models in the TSPA-LA is presented in 
the overall evaluation findings for the volcanic ash exposure scenario. To place the individual 
model abstractions into the framework of the TSPA-LA, the staff summarizes DOE's 
implementation of the volcanic eruption modeling case next 

The applicant integrated abstracted modelS of TSPA-LA for the volcanic eruption modeling case 
(volcanic interaction with the repository, atmospheriC transport, tephra redistribution, volcanic 
ash exposure) in a GoldSim modeling environment The applicant used the initial radionuclide 
inventory from a "blended' waste package to calculate radionuclide transport, as described in 
the review of the previously mentioned submodels. A blended waste package inventory was 
calculated by using a weighted average of commercial spent nuclear fuel and codisposal waste 
packages and inventories. Following a conditional future eruptive event, tephra transport and 
redistribution are abstracted to occur instantaneously (i.e., radionuclide waste transport to the 
RMEI is instantaneous) (SAR Section 2.3.11.4.2.3.1). The time dependence of radionuclide 
diffusion (downward migration) IOtO the soil at the RMEllocation was accounted for in the tephra 
redistribution model. The radionuclide concentration in the soil at the RMEllocation, in gJcm2

, 

was modified by a "decay factor" to account for radionuciide decay and ingrowth. The resultant 
source term was provided to the volcanic ash exposure submodel to calculate dose. 

2.2.1.3.13.31.1 Airborne Transport Modeling 

The NRC staff conducted a risk-informed review of airborne transport of radionuclides, 
concentrating on aspects important to the volcanic ash exposure scenario in the DOE 
performance assessment. 

Important Asooclls of Airborne Transport 

The abstracted model for atmospheric transport of radionuclides determines the charactenstics 
of contaminated tephra depOSited on the surrounding landscape. The applicant's analysis 
results indicated that the following parameters for airborne transport were influential to the 
volcanic ash exposure scenario: magma partitioning factor, tephra volume, eruptive power and 
duration, and mean ash particle diameter. wind direction, and wind speed. The magma 
partitioning factor is a fraction between zero and one and acts as a direct multiplier on the 
eruption source term and eruptive dose, Similar to the number of waste packages entrained into 
the erupting magma that pertains to the review in SER Section 22.1,3,10, DOE's analysis 
results [e.g" SNL Figures C-1 and C-2 (2007ab)] showed that waste concentration in tephra is 
sensitive to tephra volume, eruptive power, and mean ash particle diameter. DOE's senSItivity 
analyses concluded that the initial tephra thickness at the RMEllocation (near the Fortymile 
Wash alluvial fan apex) is strongly dependent on wind direction, wind speed, and mean ash 
particle diameter, and moderately dependent on eruptive power and eruptive duration, as 
identified in SNL Appendix C (2007ab). Other parameters of the airborne transport abstracted 
model applicant investigated were less influential on tephra thickness, 
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Summary ot'tnformation in DOE License Apphcation on Airborne Transport 

The volcanic eruption modeling case was described in SAR Section 2.3.114 In SAR 
Table 2.3.11-1, DOE identified the FEPs included in the TSPA. 

For a repository-drift-penetrating basaltic eruption, DOE modeled the contamination of tephra 
with waste and the amount of radionuclides contained within the tephra-fall deposit On the 
basis of studies of analog volcanoes, DOE apportioned contaminated magma Into three 
volcanic products; namely, lava. scoria cone-forming deposits (selectively composed of the 
largest tephra fragments), and more widespread tephra-fall depOSits To account for waste that 
is incorporated in volcanic ejecta that form scoria cones and lava flows, the applicant applied a 
magma partitioning factor for the fraction of waste incorporated With tephra to the total waste 
erupted. In the DOE model for the extrusive event. only waste incorporated with tephra 
contributes radiological dose to the RMEI; waste apportioned into lava flows and scoria cones 
does not contribute to dose. The amount of waste Incorporated in tephra scales with the 
magma partitioning factor. 

In its igneous eruption modeling, the applicant identified that all the explosive phases of the 
most likely future eruption, on the basis of the interpreted behavior of the youngest volcano 
near the repository site (Lathrop Wells), are considered to be violent Strombolian (SAR 
Section 2.3.11.4.1). The eruption would produce plumes of tephra in the atmosphere that could 
transport particulates, including high-level radioactive waste, downwind from the vent This 
process could deposit radionuclides at the RMEI location, either from direct sedimentation of 
contaminated ash particles from the volcaniC plume or from the remobilization by Wind or 
surface water of the radio nuclide-contaminated volcanic ash after Initial deposition. DOE's 
approach to determining waste concentration in the tephra is sensitive to the tephra volume. 
F or example, smaller tephra volumes result in higher waste concentration in tephra (i.e., waste 
mass per unit mass of tephra) for the same number of waste packages entrained In SNL 
(2oo8a9), DOE evaluated exposure to airbome concentrations of radionuclides that are 
captured in the tephra during the eruption (direct tephra-fall exposure) and found that it did not 
increase expected annual dose significantly due to the extremely short exposure duration, In 
the following review, "tephra" refers to airbome magmatic fragments of all sizes, whereas 'ash" 
refers specifically to particles less than 2 mm [0.08 in) in diameter. 

A violent Strombolian-type eruption is characterized by the development of a sustained, buoyant 
plume of hot air and volcanic tephra that commonly rises several kilometers la few miles] above 
the volcano. DOE modeled the dispersal processes as turbulent advection diffusion using the 
Suzuki (1983aa) modeL The Ashplume conceptual model and the ASHPLUME code 
(Jarzemba, et aI., 1997aa), as used by the applicant, implement the Suzuki approach to model 
the dispersal of tephra on the basis of the diffusion of particles from an eruption column, 
horizontal diffusion of particles by atmospheric turbulence, horizontal advection by atmospheric 
circulation, and settling of particles by gravity. ASH PLUME accounts for incorporation and 
entrainment of waste particles into magma during a potential volcanic eruption through the 
repository and estimates the concentration (expressed as g/cm2) and thickness of radio nuclide­
contaminated tephra deposited on the ground surface Following a conditional eruptive event, 
tephra transport is abstracted to occur instantaneously (i.e., radionuclide waste transport to the 
RMEI is instantaneous). 

In DOE's approach, wind direction significantly affects tephra dispersal and deposit location. 
Tephra depOSits that might fall at the RMEI location are strongly dependent on the presence of 
northerly winds that would transport the tephra plume to the south from a vol came vent within 
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the repository area (SAR Figure 2.3 11-13). The tephra deposit at the RMEI location becomes 
negligible for winds without a strong northerly component (north, north-northwest, or north­
northeast), as identified in SNL Figure C-7 and Table 0-5 (2007ab). The majority of the wind 
vectors at the site result in tephra being depOSited to the east of Yucca Mountain (SAR 
Figure 2.3.11-15). According to SNL Appendix K (2007ab), this wind direction provides a 
source of material for remobitization within the Fortymile Wash catchment basin. Applicant­
performed sensitivity analyses indicated that wind direction produced a greater contribution to 
dose than plume spread and divergence. as outlined in SNL Figure K-4c (2007ab). These 
sensitivity analyses also demonstrated that increasing the wind speed causes the tephra 
deposit center mass to shift downwind. 

Staffs Evaluation of Airborne Transport 

The staff reviewed SAR Section 2.3.11 on the volcanic eruption modeling case, additional 
information provided in response to the staffs RAls (DOE, 2009bk-bm), the supporting DOE 
information on atmospheric transport of contaminated tephra presented in SNL (2007ab). and 
information published in peer-reviewed literature (e.g .. Suzuki, 1983aa; Hurst and Turner, 
1999aa; Andronico, et aI., 2008aa) 

Model Integration 

Potentially relevant FEPs in DOE's TSPA-LA were listed in SAR Table 2.2-1. Model 
abstractions comprise FEPs that have been screened in from the applicant-conducted scenario 
analysis. SER Section 2.2.1.2.1 documents the staff's evaluation of the DOE scenario analYSIS 
and FEPs screening. As part of the review of the volcaniC modeling case, the staff examined 
DOE's information on igneous-related FEPs. In SER Section 2.2.1.2.1.3.1, the staff determines 
that DOE identified a complete list of FEPs for the volcanic ex osure scenario, includin 
airborne transp()rt(b)(5) . .. 

!(b)(5) DOE 
exclUded a related FEP from conSideration due to low consequence (FEP 1.2.04.0708) That 
FEP is concerned with leaching of radionuclides from tephra on the surface into the subsurface 
and into roundwater, lIIIhe!~by radionuclides could be dispersed via the groundwater transport 
athwa . (b)(5) 

(b)(S) 
(b)(5) The staff's review of the airborne transport 
abstracted model eva uates t e ap icant S Implementation of the only included FEP 
(FEP 12.04,07,OA) associated with airborne transport modeling. 

FEP 1.2.04.07,OA describes finely divided waste particles that may be erupted from a volcanic 
vent and deposited on the land surface from a waste-particle-contaminated ash (tephra) cloud 
or plume. This FEP is mcluded in the performance assessment through the modeling of an 
eruption that includes airborne transport and tephra deposition (SNL, 2008ab) 

The NRC staff evaluated modeling assumptions and integration in the DOE airborne transport 
abstracted modeL DOE assumed that the tephra in a future eruption would be djs~eJLb~ 
violent Strombolian eruption column, characterized by heating of entramedair.j(b)(5) I 
~ I 
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In its tephra-fall modeling, DOE assumed violent Strombolian activity for the entire duration of 
the tephra-forming activity. f{b')( 5) 
~~~~--------------------------------~ 

DOE calculated tephra and waste deposited at the RMEllocation for a point located 18 km 
[11 mil south ofthe volcanic vent. as outlined in SNL Section 6.52.117 and Table 8-2 
(2007ab).I(b)(5) 

(b)(5) 

.)(5) 

Data Sufficiency and Data Uncertainty 

.-~--...... ---.-------' 
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Magma Partitioning Factor 

The applicant accounted for a proportion of disrupted and erupted waste that is partitioned into 
erosion-resistant products (scoria cone and lava flows) by using a magma partitioning factor 
with a uniform distribution from 0.1 to 0.5 (also discussed In SER Section 2.2.1.3.10). This 
range is based on volumetric proportions of cones and lava flows to total erupted volume 
estimated from field measurements at analog volcanoes, as identified in SNL Section 6.5.2.22 
(2007ab). DOE identified in SAR Section 2.3.11.4.1.1.3 that very little erosional modification of 
lava fields of -350,OOO-year-old volcanoes (Lrttle Black Peak and Hidden Cone) has occurred. 
The applicant also indicated that little jf any cone scoria has yet been remobilized to the base of 
the cone where it would be available for fluvial trans rt for the 80,OOO-year-old Lathrop Wells 
(SAR Section 2.3.11.4.1.1.3) (b)(5) 

(b)(5) 
(b)(S) 
ranae of 0.1 to 05 f r 

l(b)(Sl , 

, J 
~. jThe applicant used analog data to support the parameter range tor the 
magma partitioning factor, including the lower part of the range with values less than 0.3, as 
discussed in DOE Enclosure 8. Table 1 (2009bk). DOE Enclos~8(2009b&stated the tephra 
component is small in many of these basaltic analog eruptions,i(b)(S) __ ~ (b)(5) . . ..... ------, 

Magma Volume 

The NRC staff reviewed the data synthesis and documentation on likely magma volumes for .... 
future eruptions the applicant provided In SNL (2007ab) and SNL Section 6.3.4.4 (2007ae)Vb)(5) "J 
l(b)(S) - ... . ---
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In the Ashplume model, DOE used the relationship among eruption 
c...-,.p""'owe:-'=r", "eru ...... p"'o""'n"'v ... o"'u"'m..:e (rather than tephra volume), and eruption duration to constrain the 

range of total mass of tephra. As discussed in SNL Section 6 5.2.1 (2007ab), DOE constrained 
eruptive power on the basis of a few observed violent Strombolian eruptions. DOE showed that 
the tephra-fall volume in the DOE TSPA ranged from 0.004 to 0.14 km 3 fO.001 to 0.03 misl with 

mean value of 0.038 km3 0.01 mi3 as identlfiedjn DOE Enclosure 3, Figure 1 (2009bl) 
(b)(5) 

Ash Particle Diameter 

EruPtive Power and Duration 

The applicant analyzed the eruptive parameters of analog volcanoes to develop the range and 
parameter distribution for eru:..:::J:.p.:c.tiv,-,e,-,poc:..::...:.we.:...::.-r._(_b)_(5_)_~ ______________ -i 

l(b)(5) ..... 

The upper part of the applicant's eruptive power range for possible future basaltic eruptions at 
Yucca M tain leads to modeled eru tion column heights of up to 8.2 km [5.0 mi.w](""S"-,N-,,,L.~_---, 

b (5 

o UI confidence In the ASH PLUME model. the applicant 
exercls IS exten upper range for column height to model tephra dispersal for a volcano 
in New Zealand with a different eruptio.n type, as identifi.ed in.SNL .. APP .• "~X J c J-23 (2007ab) I 
and compare it with published results on tephra dispersal for that volcano.(~ 

~: -_ .... _--.. - ... - IThe applicant 

clarified that column heights in the ASH PLUME realizations ranged from lowervalues of about 
2 km [1.2 mil up to a maximum value of 8.2 km [5.0 mil In the ODE TSPA. as Identified in DOE 
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Wind Direction and Speed 

The applicant developed distribution functions for wind speed and wind direction from data 
provided in National Oceanic and Atmospheric Administration (NOAA) (2004aa) The full range 
of wind speeds from near zero to the maximum winds observed at the higher altitudes was 
represented in the wind-speed distribution used in TSPA analyses (SNL, 2007ab). The 
applicant accounted for uncertainty by stochastically sampling wind speed and direction for 
each eruption realization. DOE Enclosure 1 (2009bk) provided a technical basis by 
demonstrating that wind speed and wind direction are not correlated at different altitudes in the 
Ashplume model. DOE: assigned the same win(j speed for the top and l(lINer hei hts within the 
column. (b)(5) ~ 
(b)(5) 

EruRtion Column Parameter 

Although the column diffusion constant (~) was not determined to be an Influential parameter, 
the NRC staff reviewed the DOE application of this parameter in the Ashplume model, which 
determines the vertical distribution of the mass of tephra particles within the eruption column 
and helps determine the height at which particles exit the column and enter downwind 
atmospheric transport. The parameter range for ~ DOE used is 0.01 to 0.5, and values at the 
lower end of the distribution lead to more of the tephra mass diffusing (falling) from the eruption 
column at relatively low altitudes In the modeled eruption (SNL, 2007ab). The applicant 
modeled (DOE, 2009bk) small tephra particle diameters {e,g .• 0.005 em (0,002 inJ), relatively 
high initial rise velocities {e.g., 9,000 cm/s [3.543 in/s)}. and column diffusion coefficient values 
(13) less than 0.3 to support upward-concenlration article distributions at realistic heights for 
violent StrornbQtian e,ruptioncolum'--ns=:.,.L:{-cb)c:..(5..:..) _________________ ----J 

(b)(5) 

'---,-_-,-____ --' OE (2009bk) estimated that from 0.01 to 0.5 reduces the 
estimated waste concentration by less than 30 percent ~,-;~,:sL!=-'---=':':":-=':':::"':'-":~:":::"':'-==-=::::"::":'="'~ 
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Model Output: Waste Concentration in Tephra 

NRC evaluated the outputs from the DOE abstracted model. descnbed in SNl p. 6-10 (2007ab). 
on airborne transport for the waste concentration in tephra and its spatial variation with distance 

1!tJo_·I(b'5L~! 

l(b)(5) lin DOE Enclosure 2 (2009bk) and DOE Enclosures 2 and 3 
(2009bm). the applicant provided information on the spatial variation of waste concentration in 
tephra, which demonstrates how much calculated concentrations varied within the same 
realization (a,9 .. how the concentration at downwind distances differed from waste 
concentrations in tephra closer to the vent). On a per-mass basis, waste constitutes a very 
small fraction of the mass in tephra deposits. Specifically, the applicant showed the mass of 
waste per unit mass of tephra was between 10-5 and 10"6 in deposits for two representative 
realizations in DOE Enclosure 2, Figure 1 (2009bk) and DOE Enclosure 3, Supplemental 
Figure 1 (2009bm). In DOE Enclosures 2 and 3 (2009001), the applicant clarified that these 
values correspond to a single waste package and do not account for the partitioning of waste 
into scoria cone and lava flows, ITb)(5) "'" , l 
(b)(5) 1 

Model Uncertainty 

The NRC staff evaluated model uncertainty in the DOE abstracted model for airborne transport. 
DOE addressed model uncertainty by conSidering alternative models such as a Gaussian plume 
model, PUFF; a gas--thrust coda, ASHFALL; and TEPHRA in SNl (2007ab). The applicant also 
evaluated the alternatrve igneous source term model the NRC staff developed (Codell, 2003aa) 
to investigate the processes of waste fragmentation and Incorporation into the tephra and 
concluded that this alternatIVe model was not significantl different from Ashplume (SNL. 
2007ab),[i§S) ... ..m .. The applicant specifically chose the 
Ashplume mOdel because It tncorporate.il>0thlephi1f Ispersal and waste incorporation reqUIred 
for performance assessment analyseS.(b)(5)m~ I .... ~.-~ 
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Model Support 

The applicant supported its model results with (i) an independent techntcal review, SNL 
Appendix E (2007ab); (ii) a comparison to field observations from an analog eruption; and (Iii) a 
comparison to another airborne transport code, With regard to the latter, the ASHFALL code 
(Hurst and Turner, 1999aa) represents sophisticated models incorporating the physics of tephra 
transport and deposition but does not include radio nuclide transport, ASH FALL uses the same 
advective-diffusive relationships as Ashplume, but employs time- and altitude-dependent wind 
conditions for tephra dispersal and more explicitly treats tephra particle settling velocities. The 
ASH PLUME code was used in two sets of model runs to reproduce published output from the 
ASH FALL code for constant wind conditions and a variable wind field, SNl Appendix J 
(2007ab). the applicant's comparison of ASH PLUME and ASHFALL model computations, 
indicated that ASHPlUME calculates tephra thicknesses that are within a factor of two of 
ASHFALL results, The applicant also supported its abstracted model with a comparison to field 
measurements of tephra thickness for the 1995 eruption at Cerro Negro. Nicaragua. outlined in 
SNL Appendix l (2007ablJ(b)(5) - m~m_1 

(b)(5) 

Evaluation Findings for Airborne Transport 
(b)(5) 

In SER Section 2.2.1.4.13.2, the staff evaluates the applicant's demonstratlon of compliance 
with the postclosure public health and environmental standards for the volcanic ash exposure 
scenario. In that evaluation, four input quantities (fraction entrained in ash, tephra volume, 
tephra density, and ash areal concentration) relate to the representation of the performance 
assessment for atmospheric transport and are evaluated next. 

In the DOE model for an extrusive volcanic event, the amount of waste incorporated in tephra 
scales with the magma parttioning factor (SNl, 2007ab). On the basis of the relative 
proportions of eruptive products at analog volcanoes, the applicant selected a range between 
o 1 and 0.5 for this parameter, which acts as a direct multiplier on the eruption source term and 
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The applicant analyzed tephra-fall volumes for Quaternary Penod (approximately last 
2 million years) volcanoes in the Yucca Mountain region by comparison with fall:co,n.c.e"'-"'a"-!nd><--__ -. 
cone:lava volume ratios for welf- reserved 0 n .basaltic volcanoes l(b)(5) 

(b)(5) 

(b)(5j 

The ash areal concentration was derived from an assumed 1-cm [0. 54-in] thickness of 
deposited tephra. In SNL Appendix G (2007ac). DOE calculated an arithmetic mean of 0.97 cm 
0.54 in forte hra thickness at the RMEllacatian far a wind direction fixed h (b 5 

(b)(5) 

2.2.13.13.31.2 Tephra Redistribution in Fortymile Wash 

The NRC staff conducted a risk-informed review of tephra redistribution. concentrating on those 
aspects important to the volcanic ash exposure scenario in the DOE performance assessment, 
as given next 

Important Aspects of Tephra Redistribution 

DOE modeling of redistribution of tephra includes fluvial (running water or stream) transport of 
contaminated tephra within the Fortymile Wash catchment basin, mixing and dilution with 
noncontaminated sediment, and deposition of the tephra-sediment mixture on the Fortymile 
Wash alluvial fan at the RMEllocation These processes are modeled to occur instantaneously, 
thus not allowing for any radioactive decay of contaminated tephra before Its deposition at the 
RMEI. In DOE's model, on the alluvial fan. tephra IS deposited In distributary channels by 
redistribution processes and on interchannel diVides from airborne transport. 

DOE performance assessment results for the volcanic ash exposure scenario are influenced by 
radionuclide concentrations in soil from both distributary channels and interchannel divides, as 
described in DOE Enclosure 5, Figure 1 (2009bk). Radionuclldes in distributary channels 
contribute dose to the volcanic ash exposure scenario from the large number of realizations that 
result in an initial tephra deposit in the Fortymile Wash catchment basin. Fluvial sediment in 
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distributary channels contributes more (two thirds, on average, in the DOE model) to the 
airborne particle concentration at the RMEllocation than soils on interchannel divides 
(one third), 

The NRC staff reviewed auxiliary Monte Carlo simulations by Pelletier, et al. (2008aa) that 
indicated the fluvial transport abstracted model reduced the concentration of tephra in sediment 
deposited in distributary channels by a factor of about 100 (arithmetic mean of 20 simulations), 
compared to the tephra concentration in the original tephra deposit. DOE expects any waste 
attached to tephra particles to remain attached during fluvial transport, Thus, any reduction in 
tephra concentration from fluvial transport should reduce waste concentration by the same 
amount, as outlined in SNL Section 5,2,5 (2007av), On the basis of sensitivity analyses the 
applicant performed, identrfied in SNL Section 6,6,1, Figures 6,6,1-1 to 6,6,1·3 (2007av), 
realizations with the largest waste concentrations were most sensitive to critical slope and scour 
depth, in that order, and slightly sensitive to drainage density, Because DOE took credit for 
waste dilution during fluvial transport in the FAR model, the NRC staff also focused its revIew on 
modeling assumptions and model support, 

Summary of Information in DQE License ApQlication on Tephra Redistribution 

The applicant's model of radlonuclide redistribution in Fortymile Wash for the volcanic ash 
exposure scenario was described in SAR Section 2,3,11 In SAR Table 2,3,11-1. DOE 
identified the FEPs included in the TPSA, 

Following deposition of contaminated tephra (SER Section 2,21,313,2) from a potential 
eruption where a volcanic conduit intersects wasta packages. the tephra redistribution model 
accounts for the mobilization of contaminated tephra in the Fortymile Wash catchment basin, 
dilution of contaminated tephra with noncontaminated sediments in fluvial (stream) channels, 
and fluvial deposition at the location of the RMEI. Fortymile Wash lies east of the repository, 
which DOE showed to be the most likely direction for tephra dispersal at typical heights for 
violent Strombolian eruption columns (SAR Figure 2.3.11-15). DOE developed the FAR 
Version 1,2 code, referred to hereafter as the FAR model, and incorporated this code into its 
TSPA as a dynamically linked library. The tephra redistribution is abstracted to occur 
instantaneously (I.e., radionuclide waste transport to the RMEI is instantaneous) (SAR 
Section 2,3,11.4.2,3.1). Eolian (wind-induced) processes are not included in the tephra 
redistribution model. 

In the DOE model described in SNL (2007av), tephra is mobilized and transported downstream 
If it is initially deposited either on slopes steeper than a critical slope angle or in active channels 
with stream power exceeding a threshold value, Critical slope parameter values were 
determined from field measurements at analog sites, DOE determined active channel networks 
from digital elevation model data and drainage density estimates, on the basis of calibrations to 
field observations, Channel geomorphology in the Fortymile Wash catchment basin was based 
on recent observations and is modeled as time invariant. Effects on surface slope, elevation, 
stream power, and drainage density due to the presence of an initial tephra deposit and its 
weathering over time were not modeled, DOE considered these effects within the context of 
existing parametric values and propagated uncertainty, and exclusion of these effects from the 
model was not expected to significantly change the model results, as described in DOE 
Enclosure 10, Section 1 (2009bk). 

DOE used scour depth estimates to determine the mixing and dilution of tephra With 
noncontaminated channel sediments. After the 1995 flood event. DOE measured scour depth 
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in Fortymile Wash and estimated a total scour depth to account for the cumulative effect of flood 
events over time in the DOE TSPA. Nevertheless, sediment transport ttme is not explicitly 
accounted for in the model for fluvial remobilization and tephra dilution Instead, a simplification 
is made that remobilized tephra is instantaneously diluted in fluvial sediments and directly 
deposited at the alluvial fan (Le .. fluvial remobilization, dilution, and deposition occur at the 
same simulation timestep as initial tephra-fall depositiOn). 

The Fortymile Wash alluvial fan is located at the southern end of the drainage system; DOE 
modeled It as active (distributary) stream channels and areas between channels (interchannel 
divides). In the DOE tephra redistribution model, the whole alluvial fan IS assumed to be an 
RMEI-occupied area (SAR Figure 2.3.11-13). Parameter values for the area of the Fortymile 
Wash alluvial fan and the fraction of that area associated with channels were determined from 
field measurements and soil geomorphic mapping. In the event of a future model volcanic 
eruption. initial radlonucljde concentrations on interchannel divides arise from original tephra-fall 
deposits across the fan. Redistributed tephra mixed with ambient sediment from the Fortymile 
Wash drainage system is depOSited in distributary channels and not on interchannel divides. 
Radionuclide concentrations in distributary channels therefore include a mixture of redistributed 
tephra from the Fortymile Wash drainage system and any original tephra-fall depOSits. DOE 
assumed redistributed tephra is transported as bedload material, which neglects the potential 
for silt-sized material to be transported in the suspended (streamflow-borne) load past the RMEI 
location and into the Amargosa River Valley. DOE considered alternative modeling approaches 
during the development and validation of the scour-dilution-mixing approach in its tephra 
redistribution abstracted model (SNl, 2oo7av). DOE also referred to model-confidence 
building. supporting comparisons, and sensitivity analyses documented In SNL (2007av) and a 
published application of the scour-dilution-mlxlng model to the area around the Lathrop Wells 
Volcano (Pelletier, et ai, 2008aa). 

Time-dependent radio nuclide concentrations with soil depth in stream channels and on 
channel divide surfaces are the ultimate outputs of the tephra redistribution modeL SER 
Section 221.3.13,3.1.3 evaluates the time-dependent vertical migration of radionuchdes In soil 
for the volcanic ash exposure scenario. In the biosphere model, reviewed in SER 
Section 2.2.13.14.3, the FAR model outputs are combined with biosphere dose conversion 
factors in the DOE TSPA to estimate annual doses to the RMEt (SAR Figure 2.3.10-10). 

Staff's Evaluation of Tephra Redistribution 

The staff reviewed SAR Section 2.3.11 on the volcanic eruption modeling case, additional 
Information provided In response to the staff's RAls (DOE. 2009bk-bm), the supporting DOE 
Information on tephra redistribution presented in SNL (2007av). and information published in 
peer-reviewed literature (e.g., Pelletier et aI., 2008aa). 

Model Integration 

Model abstractions c~rise FEPs that have been screened In from the scenario analysts the 
applicant conducted. (b)(5) mm_~.-----------C 

l{b)(5) ... 

I 
l(b)(5) IDOE did not exclude any FEPs 

aSSOCIated With this abstracted model. The staff's review of the tephra redistribution aDstracted 
model evaluates the applicant's implementation of the Included FEP 12.04 07.0C. 
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FEP 1.2.04,07.0C accounts for the surfaW transport proc~1SSes that redistribute radionuclidl;ls 
followiogJhe initial tephra-fall deposition. (b)(5) --, 

l(b)(5) 

The following addresses the staffs evaluation of DOE's modeling assumptions used for the 
fluvial transport in the FAR model, 

The applicant determined that wetter future climates would increase vegetationQn hill slopes 
and reduce the Eimount of remobilized tephra from hill slopes into channels[{ER5) =l 

'(b)(5) ",,~, • 

he NRC staff evaluated the implementation 0 t cannel area traction 
~~'''::-l'''Al''r:;:;:~::r:e::T,-:w:-:d!ch also conSidered its coupling with the biosphere model in the DOE 

TSPA. The applicant assessed (i) the relative susceptibility of the two surfaces, interchannel 
dIvides and active fluvial channels, to airborne resuspension and {til the assumption that dose 
contributions from these two surfaces are proportional to their respective fractions of the total 
area of the alluvial fan. DOE concluded that differences In these two surfaces were accounted 
for in the DOE TSPA estimates for airborne particle concentration The applicant also showed 
in DOE Enclosure 5, Figure 1 (2009bk) that dose contnbutlons for the volcanic ash exposure 

;nt<"~"~n..., ... 1 divides than channels for thousands of 

Although the applicant acknowledged that a future eruption could atter the channel 
geomorphology to some degree by deposition of fresh tephra, it assumed that eruption-induced 
changes would have little effect on the overall holo of the Fo mile Wash catchment 

(b)(5) 
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Rather than accounting for significant rainfall and flooding events individually and tracking the 
movement of redistributed tephra from each event over time, the FAR model applies a 
representative deposit for long-term redistribution and dilution of tephra in the same simulation 
time step. Because FAR model results are integrated with biosphere modeling in the DOE 
TSPA, the NRC staff considered the coupling of the FAR and biosphere models in the 
evaluation of FAR model assumptions concerning time dependency. The applicant assessed 
the replenishment of contaminated fluvial deposits over time With respect to time-dependent 
estimates of resuspended airborne particle concentrations in the DOE TSPA, according to DOE 
Enclosure 4 (2009bk) DOE clarified that the active outdoor category for RMEI activities 
includes time spent walking outdoors on uncompacted soil or tephra. The applicant also 
acknowledged that airbome particle concentrations would be higher in the DOE TSPA for 
walking on uncompacted tept1r(j deposits following an eruption than during preeruption 
condition. b 5 ...... . 

(b)(5) 

app lcan c an In n osure 12, Section 1.1 (2009bk) that airborne resuspe 
tephra depOSits at the RMEllocation is included in the DOE TSPA. as a local-scale eolian 
redistribution process. In SNL Section 5.2.2 (2007av), the applicant also accounted tor potential 
local-scale eolian transport of contamination in channel sediments onto interchannel diVide 
surfaces by increasing the range for the channel fraction of land area in the Fortymile Wash 
alluvial fan. As described in SNL Section 5.2.2 (2007av). direct tephra-fall deposition and fluvial 
processes dominate radionuclide concentrations in the soil and air at the RMEllocation. DOE 
considered the long-range eolian transport of freshly deposited tephra south to the RMEt 
location from the Fortymile Wash catchment basin to be negligible on the baSIS of the 
applicant's characterIZation of the prevailing direction for strong southerly winds, as identified in 
SNL Appendix D (2007ab) and Pelletier and Cook (2005aa). The applicant also conSidered 
relevant wind data in CRWMS M&O Site 9 (1997aa) and determined that southerly wmds 
exhibited higher wind speeds compared to northeasterly winds, described in DOE Enclosure 12, 
Section 1.2 (2009bk) Because higher speeds for south-lo-north winds would tend to drive the 

15-20 



net transport of contaminated tephra toward the north and away from the RMEllocation. as 
DOE Enclosure 12, Section 1.2 (2009bk) identified. the applicant concluded that eolian transport 
of radionuclides deposited in the Fortymite Wash catchment basin to the RMEI would be 
negligible. as stated in SNL Section 5.2.2 (2007av). and not modeling thes~ eolian effects would 
tend to overestimate tephra and waste concentration at the RMEllocation. L:.1(b..:)~(S,=) =====~ 

(b)(S) .~ 

L _____ _ 
Ell !vial transoM of sediment and teohra in£.Qr1vmile Wash is modeled as bedload transport 

l(b)(SJ .... 

i (b )(S) IU-:-s-:-ln-g-g-r-:ai-n--s-:-;z-e-d;""a-:-ta-:f;-ro-m-. -a-na-:I-og-vo-:lca-n-"-Ic-e-ru-p-ctl~o-n-s-c, tCC-h-e-a-pp~lc-a-nt,.--J 
expects a range of tephra partide sizes with an approximate median value of 0.01-1.0 mm 
[O.0OO4-<J.04 inJ. as identified in SNL Section 5.23 (2007av). With diameters between 0.002-
0.05 mm [0.00008-0.002 in]. as described in BSC Section 6.5.32 (2006ah). silt-sized particles 
represent a small portion of this range. The applicant considered that silt-sized material could 
be transported past the RMEllocation in the suspended load (rather than in the bedload) and 
concluded that not modeling ~~pdfldlQ.a(:UrJrMlllilOQjrtctfl.nQ..~~1!!Q~~~~~~~~~_ 
. i n 5.2.3 2007av (b)(5) 

(b)(5) 

(b)(5) To enhance confidence in its 
system description and model integration. the app lcant a cntlcal reviews performed on an 
earlier version of the technical basis document and included the review and resolution of 
comments in Sf'lL AppendixC::. Section 7.3.2 (2007av...,)..I.' (_b_)(5_l ___________ _ 
l(b)(5)m 

Data Sufficiency and Data Uncertainty 

The NRC staff reviewed the data sufficiency and propagation of uncertainty the applicant 
oresented for the FAR model parameters of critical slope. scour depth, and drainage denSity. 
~~) . _. 
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Critical Slope 

The applicant collected field data from several analog volcanic sites near Flagstaff, Arizona 
(i.e, Rattlesnake Crater, Cochrane Hill, Moon Crater, and Cinder Cone), to determine the 
critical slope parameter range and represent the steepest slope for stable tephra deposits on hill 
slopes, as outlined in SNL Section 6.5.2 (2007av). The applicant assessed the measurement 
scale of the field observations for critical slope and representativeness of the 30 by 30-m [97 by 
97 -ft}-grid cell size for the digital elevation map of the F ortymile Wash drainage system. Slopes 
were measured at a scale of tens of meters [tens to hundreds of feet] in the field. and DOE 
concluded that the slgce angles IiIre representative of hill SIODeS in III II: I:nClosore 
Section 1.1 (2009bk}j(bl(5)m __ -

(b)(5) 
(b )(5) OE clarified that the representation of topography in the FAR model does not smooth 
s eeper Slopes and assessed the appropriateness of field data from anaiQg volcanic sites to 
estimate fluvial erosion of te hra osits in the Yucca Mountain req""i""o~nlLl.:{b:.L)(>..:.5.L) ______ -', 
(b)(5) 

$@urDepth 

SNL Section 6.5.6 (2007av) described the site-specific field data DOE used to establish the 
parameter distribution for scour depth: the depth to which water flow will erode (pick up) and 
move sediment in a stream channel, Parameter values for scour depth were inferred from scour 
chains, which the U.S. Geological Survey (USGS) installed at the Narrows section of Fortymile 
Wash and was subsequently buried about 10 years later by flood sediment in 1995, as shown in 
SNL Table 6 5.6-1 (2007av). In DOE Enclosure 10, Section 1 (2009bk). the applicant explained 
that another station does not ",-present tributary conditions of tbf:l--'u...,....e""r--'d"""'I"""'''''''''''''''''tlLl.. ___ -, 

(b)(5) 

average measured value from the scour chain data. 
;~~~~~~~~~o~w~e~f~bo~u~n~d~(S~N~L~,=20=0~7=avl.~l[~b)~(5~) ________________ ~ 

The applicant based its determination of the parameter range for scour depth on site-specific 
field measurements at Fortymile Wash for current conditions without a surplus of tephra. The 
applicant assessed the potential effect of fresh tephra in Fortymile Wash on scour depth in 
channels and conduded that scour depth would not be affected by the proportion of tephra in 
channel sediments. According to DOE Enclosure 10, Section 1 (2009bk), the expected grain 
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sizes of tephra are similar to the observed grain sizes for channel bed material; therefore, 
different hydraulic conditions were not expected for a fluvial deposit mixing sediment and 
~jn SNL Section 5.2,3 (2007av) and Pelletier et ai, . 236 2008aa)!':'(b!"!)~(5")----, 
l'b)(5) -

The NRC staff reviewed the applicant's scaling approach outlined in SNL Section 633. Step 3 
(2007av) for computing scour depth at different locations in the Fortymile Wash drainage basin. 
DOE sampled values for the maximum scour depth within the drainage system and computed 
scour depth at other locations in SNL Equation 6.3-14 (2oo7av), SNL Figure 63 3-6 (2oo7av) 
illustrated the variability of scour depth within the dralOage basin. !(bi(S) ~ 

(b)(S) ..... . 

Drainage Density 

[(bi(5j' 
~ [ThedralOage density is the ratio of 

the total length of streams to the area of the dr~lInag~ (length per unit area), DOE 
estimated drainage density from simulations of 34 channel heads on the eastern slope of Yucca 
Mountain. In SNL Equation 6.3-7 and p, 6-16 (2oo7av), the applicant used the reCIprocal of the 
drainage density as a stream power threshold for determining active channels within the 
Fortymile Wash catchment basin; in SNL Section 6.56 and Figure 6.5.6-3 (2oo7av), the 
apphcant compared modeled channel head locations to actuallocations.!D.d selected the 

. ensijbat yielded the smallest average distance difference ... c:.;i(b..:.,)(:.;,.5:.,.J __ ... .::.::.::=====: 
(b}(S)-
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Model Uncertainty 

The NRC staff reviewed the DOE consideration of a .mauve models in Pelletier et a!. 
and SNl Sections 6.2.2 6.3.3 and 7.2.4 v b 5 

(b)(5) ~ 

n osure . e Ion . e applicant considered the claSSIC dilution-mixing model as 
appropriate only for tributary systems but not well suited for Fortymile Wash. because it is a 
tributary-distrlbutary drainage system. The applicant also Identified other shortcomings with 
classic dilution-mixing models, such as their inability to model the vertical distribution of 
contamination and dilution of contaminated with uncontaminated sediments. Because the 
applicant considered scour-dilution mixing as the predominant mode of dilution, it concluded In 

DOE Enclosure 7, Section 1.1 (2009bk) that the scour-dilution-mixing model more accurately 
represented the processes at FortymHe Wash and in DOE Enclosure 7. Secbon 12 (2009bk 
that dilution-mixin models were not directly applicable.,(!l)(5)m __ .~ 

(b)(5) ..... . 

Model Support 

The NRC staff evaluated the applicant's model support for the FAR model. The applicant 
supported its model results with (I) independent techOical reViews, as outlined in SNl 
Appendix C (2007av). and (il) a peer-reviewed journal article (Pelletier, et a!.. 2008aa) that 
Included a site-specific com arison for fluvial redistri ution and dilution of teohra.J.LfroUlm.l.Lllth.n:e'--_---, 
Lathro Wells volcano. (b)(5) 

I (b)(S) 
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Evaluation Findings for the Tephra Redistribution 
(b)(5) 

2.2.1.3.13.3.1.3 Downward Migration of Radionuclides in Soil 

The NRC staff conducted a risk-informed review of the model of downward migration of 
radionuclides in soil, concentrating on those aspects important to the volcanic ash exposure 
scenano in the DOE performance assessment, as given next. 

Important Aspects of Downward Migration of Radionuclides in Soil 

In the DOE TSPA, both long- and short-term inhalation significantly contribute to the total dose 
for the volcamc ash exposure scenario for 100,000 years. Because the short-term inhalation 
contribution is dominated by a much faster rate of reduction In airborne mass loading, the 
vertical migration of radionuchdes has greater potential influence on long-term Inhalation dose. 
As previously discussed, contributions to total dose from the inhalation of particulates diminish 
after 100,000 years. 

The DOE results indicated that processes contained in thiS abstracted model for the volcanic 
ash exposure scenario result in a small reduction in radionuclide concentrations over time. The 
NRC staff obtained quantitative insights by investigating intermediate output files from the DOE 
TSPA. For unplowed soil, the reduction of radionuclide concentration due to vertical migration 
out of the resuspendable layer is gradual and slows With increasing time following initial 
depositiOn. On average, the radionuclide concentration in the resuspend able layer required 
approximately 20, 150,700, and 4,000 years to decrease by a factor of 2,4.8, and 16, 
respectively, from its initial value in the DOE TSPA. For plowed SOil, radionuclides are uniformly 
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mixed within the tillage depth, and the time-dependent reduction in radionuclide concentration 
due to vertical migration is small (reduction by a factor of about 2 in 10,000 years). For fluvial 
channels, radionucHdes are assumed to be wall mixed within the fluvial sediment deposit, and 
the time-dependent reduction in concentration due to vertical migration of radionuclides out of 
either the resuspendable layer or tillage depth is minimal (leading to a reduction of less than a 
factor of 2 in 10.000 years). Sensitivity analyses the applicant performed indicated that 
radionuchde concentration is most sensitive to the diffusivity rate in soil on interchannel divides, 
followed by a lesser sensitivity to the diffusivity rate in fluvial channels. There was a negligible 
sensitivity to different values of permeable depth on the interchannel divides, as described in 
SNL Section 6.6 (2oo7av) 

SummarY of DOE LIcense ARRlication on Downward Migration of Radlonuclldes in SOil 

Modeling of radionuclide concentration migration into soil for the volcanic ash exposure scenario 
was described in SAR Sections 2.3.10, Biosphere Transport and Exposure. and 2.3.11, Igneous 
Activity. In SAR Tables 2.310-1 and 23.11-1, DOE identified the FEPs included In the TSPA. 

Calculation of radio nuclide concentrations with soil depth at the RMEI location IS one of the 
main elements of the DOE FAR model for tephra redistribution. The applicant developed this 
part of the FAR model specifically for the Fortymile Wash alluvial fan, consisting of active 
channels and interchannel divide surfaces. The exposure of the RMEI to radionuclides in soil 
was modeled for two layers. (i) a thin upper surface layer from which particles can be 
suspended into the atmosphere by disturbances and (ii) a thicker. lower surface layer that may 
undergo mixing by agricultural practices such as tillage (SAR Section 23.102.6) 

The FAR model includes the downward migration of radionuclides into soil for the volcanic ash 
exposure scenario. Incorporated into the DOE TSPA as a dynamically linked library, the FAR 
model is connected to the surface SOil submodel of the DOE biosphere model, Environmental 
Radiation Model for Yucca Mountain Nevada (ERMYN), which calculates biosphere dose 
conversion factors for the volcanic ash exposure scenario on the basis of unit concentrations of 
radionuclides in volcanic ash deposited on the ground. The surface soil submodel is included in 
the biosphere analysis of all exposure pathways for the volcanic ash exposure scenario (refer to 
SAR Figures 2.3.10-8 and 2.3.10-10), Biosphere dose conversion factors are combined with 
time-dependent radionuclide concentrations in soil from the FAR model to estimate annual 
doses for the volcanic ash exposure scenano. 

The applicant modeled time-dependent vertical migration of radionuclides in soil within the FAR 
tephra redistribution model as a diffusive process in one dimension. Values for radionuclide 
diffusivity and permeable depth differed between those areas on interchannel diVides and those 
in fluvial channels. Field data on Cs-137 concentration profiles from the upper Fortymile Wash 
alluvial fan were used to determine radionuclide diffusivities and the associated uncertainties. 

Permeable depths in soils were determined from field measurements in pits dug on interchannel 
divides of the Fortymile Wash alluvial fan and from USGS data on scour depth in fluvial 
channels. Although advection is not explicitly modeled, the applicant identified that diffusivity 
data accounted for all transport mechanisms, including advection and bioturbation. The 
applicant does not include effects of future climate change on the modeled processes and 
parameters in the tephra redistribution model. because DOE concluded that processes 
associated with future climate change would only decrease radionuclide concentrations in soils 
(SAR Section 2.3.114.4.3). In the FAR model. radionuclides are restricted from migrating into a 
deeper horizon by use of a reduced permeability. The reduced permeability was assumed to be 
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caused by a greater carbonate or clay content than the minor content in surface and near­
surface soils. The applicant's approach limited possible reduction of radionuchde 
concentrations in the surface layer due to vertical migration over tong time periods 

For the volcanic ash exposure scenario, the surface soil submodel calculates radionuclide 
mass concentrations in the tilled surface soil layer and in the thin resuspendable layer for 
noncultivated soil. In the DOE TSPA. radionuclide concentrations in the resuspend able layer 
and tilled soil are applied to different environmental exposure pathways. Weighting factors for 
land usage (e.g., fractions of land that are tilled and not tilled) are not included in the dose 
calculations. Igneous eruption dose calculations include weighting factors for the fraction of 
land area apportioned into active fluvial channels and interchannel divides. Volcanic material 
(basaltic tephra) is assumed to be mixed uniformly in tilled surface SOil. Concentrations of 
radionuclides in tilled surface soil are factored into the pathway analysis for ingestion of 
contaminated crops and animal products. Inhalation and external exposure pathway 
calculations are dependent on radionuclide concentrations In the resuspendable layer. 
Because erosion and other surficial processes are accounted for in the tephra redistribution 
model. DOE's surface soil submodel does not include these processes for the volcanic ash 
exposure scenario. 

Staffs Evaluation of Downward Radionuclide Migration in Soil 

The staff reviewed SAR Sections 2.3.10 and 2.3.11 on the volcanic eruption modehng case, 
additional information provided in response to the staffs RAls (DOE, 2009bk), and the 
supporting DOE information on tephra redistribution presented in SNL (2007av). 

Model Integration 

Model abstractions ~mprise FEPs that have been screened in from the scenario analysis the 
applicant conducted~b)(5) 

(b)(5) ~-... --.. '-----------~~-----------~ 

(b)(5) I DOE did not exclude 
anYFEPsassOdated with thiS abstracted model.fha staffs rev\ewoTfhe abstracted model for 
downward migration in soil evaluates the applicant's Implementation ofthe included FEPs: 
(i) FEP 12.04.07.0C. (ii) FEP 2.3.02.01.0A, (iii) FEP 2.3.02.02.0A, and (iv) FEP 2.3 02.030A 

basis for this abstracted model w~described in SNL (2007all); 
modeling assumptions were described in SNL Section 5(2007av).(b)(5) ~ 

(b)(5) 

The NRC staff evaluated critical modeling assumptions for this abstracted model. The applicant 
assumed that all radionuclides migrate into the soil at the same rate, because in temperate 
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climates, weathermg of radionuclides from the sOli surfaces into deaDer soil lavers is mainlY a 
phySical, rather than a chemical, process.l(b)(5) 

(6)(5) 

(b)(5) 

Data Sufficiency 

The NRC staff evaluated data sufficiency in the DOE abstracted model for the downward 
migration of radionuclJdes m SOIL This abstracted model consists of parameters for permeable 
depth in fluvial channels and on mterchannel divides, soil dlffusivity of radionuclides in channels 
and on interchannel diVides, and land fraction of the Fortymile Wash alluvial fan attributed to 
channels. Parameter values for permeable depth in channels were inferred from USGS data on 
scour depth in channels and the previously mentioned site-specific field data from soil pits. as 
described in SNL Section 6.5.5.2 (2007av). Diffusivrty rates for radlonuclide migration in soils 
on interchannel divides and in Huvial channels were determined from site-speCific field data of 
CS-137 profiles. These profiles resulted from contaminated fallout deposited approximately 
50 years eanier from atmospheric nuclear weapons testing. The applicant performed soil­
geomorphic mapping of the Fortymile Wash alluvial fan to determine the fraction of the fan area 
that has been subjected to Huvial erosion and deposition withm the past 10,000 years, as 
identified in SNL Appendix A (2007av). Diffusivity rates for fluvial channels were determined 
from measurements from surfaces the appJicant charactenzed as active channels. Measured 
data from older terraces were used to calculate the dlffusivity rate for interchannel divides On 
the basis of these two field data sets, the appli.cant specified separate diffusivity pa.r.am. stars for 

I Sf surfaces of th i . ltounaer surfaces jnJiu'ltal channels 1lQl{l."'b~5 l'-----__ --', 
(b)(5) 

Data Uncertainty 

In the DOE abstracted model for the vertical migration of radionuclides in soil, parameter 
distributions are applied to account for data uncertaint (b)(5) 
(b)(5) 

'--------_ ... __ ...... 
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i(b)(S) IA permeable depth in fluvial channels of 200 cm [79 in] was derived from field 
measurements and is used as a constant value, as outlined in SNl Section 7.1.3 and 
Table 4.14 (2007av). The applicant supported this constan value with an argument that the 
permeable depth in fluvial channels could be much deep_e_LJ,;,(b .... )"",(5,,=) ============, 

(b)(5) 
! 

Model Uncertaint't 

The NRC staff evaluated model uncertainty for the downward migration of radionuclides in soil 
following an eruption. For conditions after a potential future volcanic eruption that intersects the 
repository and entrains waste, radionuclides on the ground surface would originate as 
radionuclide contamination in basaltic tephra deposits, as discussed previously. The applicant 
used Site-speCific data from the depOSition and migration of fine radionuclide particulates into 
current surface soils of the Fortymile Wash aI/UVial fan, which are not rich 10 basaltic material, to 
support its model for the downward migration of radionuclides following deposition In the 
volcanic ash exposure scenario (SAR Section 2.3.11.42.3; SNl, 2007av). The applicant 
provided a technical basis for neglecting the effects of fresh basaltiC tephra on radionuclide 
diffusion in soil. The technical basis for radionuclide migration was provided in two parts one 
for channel sediments and the other for soils on interChannel divides. For channel sediments, 
the applicant used field observations at Lathrop Wells, described in SNL Section 7.3.1.1 
(2007av), to show that basaltic and non basaltic sediments in the drainages exhibited similar 
grain sizes and transport rates. The applicant also found basaltic and nonbasaltic sediments to 
be well mixed. The applicant reported a significant amount of dilution of fresh basaltic tephra 
with nonbasaltic sediments during fluvial transport in the Fortymile Wash drainage basin, In 
particular, tephra concentrations in channel sediments were less than 20 percent at the RMEI 
location in the DOE TSPA. For these reasons, the applicant concluded that determining 
separate diffusion rates of radionuclides in basaltic tephra was not necessary for estimating the 
downward migration of radionuclldes In mixed channel sediments. 

l(b)(5) on 
interchannel divides, the applicant concluded in DOE Enclosure 3 (200 k) that differences In 

diffusivity for a basaltic tephra deposit on ambient soils would be negligible because tephra 
thicknesses at the RMEI location would be thin {less than 0.33 em [0.85 in] for about 90 percent 
of TSPA simulations with a primary tephra-fall deposit near the RMEllocationl aod arain-size 
ranoes for tephra and ambient soils on Interchannel diVides are similar.!(b )(S) i'(5' 

. __ ... _ .. _ ... L--. __ ---' 
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Model Support 

The NRC staff evaluated model support for the downward migration of radionuclides in SOli. 

DOE used a one-dimensional diffusion model for the downward migration of r9Qjpnuclides in soil 
with measurements of Cs-137 radioactiyity profiles in soils at Fortymlle Wash.i(b)(5 .. ) j ' 

(b)(5) 

Evaluation Findings of Downward Radionuclide Migration in Sot! 

Summary Evaluation Findings on Volcanic Ash Exposure Scenario 

(b)(5) 



2.2.1.3.13.3.2 Assessment and Review of Groundwater Exposure Scenanos 

For the groundwater exposure scenario, the surface soil submodel addresses the vertical 
movement of radionuclides In the soil that follows from irrigation with contaminated groundwater 
(SAR Figure 2.3.10-1) and calculates a time-dependent profile of radio nuclide concentration in 
the contaminated soil horizon at the RMEllocation. Radionucllde contamination in groundwater 
can result from waste package failure due to corrosion, mechanical disruption, or potential 
disruption by Intruding magma. Radionuclide contamination in groundwater serves as input to 
the surface soil submodel. SER Section 2.21.3.12 documents the staff's review of the DOE 
approach to estimating radionuclide contamination in groundwater. This section addresses the 
vertical movement of radionuclides in the soil from contaminated groundwater irrigation together 
with background precipitation. As described next, the applicant's results indicated the influence 
of the surface soil submodel on the DOE calculated repository performance 

The NRC staff conducted a risk-informed review of DOE's surface soil submodel using YMRP 
Section 22,1.3.13. The staff reviewed the important aspects of the groundwater exposure 
scenario in the DOE performance assessment. 

Important Aspects of the DOE Surface Soil Submodel 

The staff reviewed the SAR and assessed the extent to which the DOE surface soil sub model 
influences the DOE calculation of repository performance The surface soil submodel is used to 
estimate radionuclide doses for the groundwater exposure scenarios, Including the seismic 
ground motion and igneous intrusion scenarios. SAR Figure 24-18(a and b) showed that the 
seismic ground motion and Igneous intrusion scenarios dominate the estimated total mean 
annual dose for 10.000 and 1 million years after repository closure. Total doses from the 
groundwater exposure scenarios are controlled by multiple radionuclides and dose pathways 
Because the surface soil submodel is a component of the DOE biosphere model ERMYN (SAR 
Figure 2.3.10-9: 8SC, 2006ah; SNL, 2007ac), its importance within the DOE TSPA depends on 
specific exposure pathways and radionuclides 
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L~ __ 
Summary of DOE License Application on Surface Soil Submode! 

The surface soit submodel is one component of the DOE biosphere model, which is descnbed in 
SAR Section 2.3.10, Biosphere Transport and Exposure. In SAR Table 2.3.1Q..1. DOE identified 
the FEPs included in the TPSA. 

The surface soil submodel calculates the radionuclide concentrations in both cultivated field and 
garden surface soils following radionuclide release in the groundwater pathway The output 
from the surface soil submodel serves as input for various biosphere submodels (animal, 
ingestion, external, plant, and air). The outputs of the biosphere model are biosphere dose 
conversion factors, which are factors that provide the dose per Unit concentration in a medium 
such as water, for groundwater exposure (SAR Figure 2.3.1Q..9). Biosphere dose conversion 
factors are combined with the time-dependent radionuclide concentrations in groundwater from 
the saturated zone transport models to' ca Iculate annual dose to the RMEI from groundwater 
exposure (SAR Figure 2.3.10-9). The applicant's calculation used the groundwater exposure 
and volcanic ash exposure doses to demonstrate compliance with the individual protection 
standards at 10 CFR 63.311 and 10 CFR 63.321 (SAR Section 2.310.1). Results from the 
surface soil model are used to determine potential doses from inhalation of suspended soil 
particles, consumption of radionuclide-containing crops, soil ingestion by humans and 
animals, exposure to radioactive gases from the surface soil, and external exposure to 
radionuclide-containlng soils. SER Section 2.2.1.3.14 addresses the NRC staffs 
evaluation of biosphere dose conversion factors and biosphere submodels other than the 
surface soil submodeL 

In the surface soil submodel. radionuclides are considered to be added to the soil from irrigation 
using contaminated groundwater. They may decrease through the mechanisms of radioacbve 
decay, leaching into deeper zones, erosion of soil particles, and gaseous release to the 
atmosphere (i.e., radon and carbon dioxide). Two soil layers are considered a thin upper 
surface layer from which particles can be suspended into the atmosphere by disturbances and 
a thicker lower surface layer that may undergo mixing by agricultural practices such as tilling 
the land. 

Staff's Evaluation of Surface Soil Submodel 

The staff reviewed SAR Sections 2.3.10 on the surface soil submodel and the supporting DOE 
information on the surface soil submodel presented in SNL (2007ac) and BSC (2006ah). 

Model Integration 

Model abstractions com rise FEPs that have been screened in from the scenariO anal sis the 
applicant conducted (1:»(5) 

(b)(S) DOE screened out the l(b)(S)] 
transport of radionuclides past these soil ayers to greater ept s in its analysis of FEPs ~ 
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l(b)(5) 

The staffs review oftha downward migration mOdeling In 5011 evaluates the apPlicant's ........ 
implementation of the included FEPs: (i) FEP 2.3.02.010A, (it) FEP 2.3.02020A, and 
(iii) FEP 2.3.02.03.0A. 

DOE considered two soil layers in the surface 5011 submodel: (0 a thin surface layer that IS 

susceptible to particles being suspended in the atmosphere from disturbances such as 
agricultural activities and wind and (ii) a lower, thicker layer that is approximately the thickness 
of the plow or till zone. Radionuclide concentrations for primary radionuclides and two long­
lived decay products are calculated for varying climate conditions. Radionuclide concentrations 
are assumed to be umform in the thin resuspendable layer and uniform in the thicker surface 
layer, jf tilling is practiced. 

The NRC staff evaluated the modeling assumptions and integration for the surface soil 
submodel. Radionuclides in the surface soil submodel originate from contaminated groundwater 
used for irrigation. The applicant used a unit concentration for each radionuclide of 1 Bq/m3 in 
the irrigation water to determine normalized biosphere dose conversion factors. TSPA 
computes the radionucllde doses by multiplying these normalized factors by the radionuclide 
concentrations in the groundwater. To not underestimate the potential dose to the RMEI at 
earlier times, DOE determined radionuclide concentrations in soil by assuming irrigation With 
contaminated well water for periods up to 1,000 years before estimating the potential dose to 
the RMEI This assumption allowed the radionuclide concentration absorbed on soils to build 
up toward equilibrium conditions before estimating the potential dose to the RMEL Once 
equilibrium conditions are oQtained, longer irrigation period!) would not affect radionuclide 
concentrations in soill{5F5f 

[(b)(5) .... .. 

The mathematical model DOE used, outlined in SNL Equation 6.4.1-1, p, 6-73 (2007ac), to 
represent addition and removal of radionuclides in the surface soil is a differential equation that 
considers the dominant governing processes. The differential equation relates the rate of 
radionuclide accumulation to the difference between the rate of radionuclide addition and the 
rate of radionuclide loss in a volume of soiU(b)(5) 

l(b)(5) Inherent in the equation is mass balance that accounts for the difference between 
radionucii e addition and removal per unit time. The different, I equation accounts for chan es 
in..stQraae or radiQnuclide concentratior] in the soil's surface~ . .!.:(b::L)(~51-) __________ _ 

(b )(5) 
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(Le., having half-lives shorter than 180 d~y~) are assumed to be in eqy!librium with the Ion -
rv . fa . (b)(5) 

(b)(5) 

Data Sufficiency and Data Uncertainty 

The NRC staff evaluated data sufficiency and uncertainty for the Irrigation rate source term. 
The irrigation rates were determined separately for field and garden crops Irrigation rates 
directly affect radionuclide concentrations in the soil, because more radtonucllde mass is added 
to the soil when the irrigation rate is higher. An average irrigation rate was calculated from 
irrigation rates from several crops on the basis of current practices at Amargosa Valley, Nevada. 
Vegetables and fruit were assumed to be grown in gardens, whereas grains and forage were 
assumed to be grown in fields. An average Irrigation rate was used due to crop rotation in fields 
and gardens in Amargosa Valley. DOE accounted for crop ovarwatarin to prevent the buildu 
of soluble salts In the roo"t.i::.:n~z~o,,"ne""'CJ..>.::b-"-=-5,--__________________ --\ r --
The NRC staff evaluated data sufficiency and uncertainty for surface soil submodel parameters 
DOE developed parameters for the surface soil submodel from surveys of land use in Amargosa 
Valley (e.g., type of crops grown, crop rotation, and crop acreage). The applicant applied 
documented physical and chemical~operties (e.g., soil properties. radionuclide 
,propertieslcharacterjstics).~ 
(b)(5) 
l(b)(5) jDocumented phYSical and Chemical parameters were obtamed from 

measurements and analyses by independent groups, such e U.S. De artment of 
Agriculture's soil SUIYet and established literature sources 
{b )(5) 

The applicant used 
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Model Uncertainty and Model Support 

The NRC staff evaluated the model support and applicant's treatment of model uncertainty for 
the surface soil submodeL In SNL Section 6.3.3 (2007ac), DOE concluded that there are no 
alternative conceptual models for the biosphere el(alua .... ti""'0'-'n,'J.:(..;b):.;,;(5~)============l 

l{b)(5) m 

!(b)(5) The appl1cant compared ERMYN with two ot er esla IS m e s 
that assess r lonu I e concentrations in soil, GENII (Napier, et a!., 2006aa) and BIOMASS 
ERB2A (International Atomic Energy Agency, 2oo3aa), to evaluate the technique used to solve 
the mathematical model. The mathematical development all these models used, including the 
surface soil submodel used in ERMYN, is similar after the terms are combined or redefined, as 
identified in SNL Section 7.3.1,' (2007ac). The applicant explained differences in the models 
and concluded thClt the ~lfulations w~re equiv!ilentJ'ffiRS[ ..... ~ 

i(b)(5) .... .......! 
, ! 

Evaluation Findings for Groundwater Exposure Scenario 
(b)(5) 
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(b)(5) 

2.2.1.3.13.4 Evaluation Findings 

The NRC staff reviewed the applicant's SAR and other Information submitted in support of the 
license application and finds that, with respect to the requirements of 10 CFR 63.114 for 

nSlderation of the alf n . . . . b 5 
(b)(5) 
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CHAPTER 16 

2.2.1.3.14 Biosphere Characteristics 

2.2.1.3.14.1 Introduction 

This chapter evaluates the U.S. Department of Energy's (DOE) postclosure performance 
assessment model used to calculate biosphere transport and the annual dose to the 
reasonably maximally exposed individual (RMEI). The sources of radionuclides used in the 
applicant's biosphere model calculations are calculated by other models in its performance 
assessment analysis, Those models calculate repository releases from postciosure 
engineered-barrier-system failures and then model the transport of the released radionuclides 
from the repOSitory location to the biosphere, Results from these other transport models provide 
the sources of radionuciides from two primary biosphere media: groundwater and SOIl 
contaminated with tephra deposits. In the model. tephra (hereafter, volcanic ash) is depOSited 
on the ground from postulated volcanic events, The applicant's biosphere model then 
calCUlates the subsequent transport of these 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. 

10 CFR 63.2 defines the reference biosphere as "the description of the environment inhabited 
by the [RMEIJ." The RMEI is defined by regulation (10 CFR 63.312). It is a hypothetical adult 
who (I) lives in the accessible environment above the highest concentration of radionuclides in 
the plume of contamination; (ii) has a dIet and living style representative of current Amargosa 
Valley, Nevada., residents; (iii) uses well water with average concentrations of radionuclides 
based on an annual water demand of 3,000 acre-feet [3.7" 109 LJ: (iv) dnnks 2 L [0 528 gall of 
water per day from groundwater extracted from wells drilled at the location specified in (I) of thiS 
paragraph; and (v) IS an adult with metabolic and physiological conSlderations consistent with 
present knowledge of adults. 

DOE estimated the dose to the RMEI on the basis of the concentrations of radionuclides in 
groundwater and in contaminated ash. These concentrations were calculated by DOE's 
model abstractions for saturated zone transport [Safety Analysis Report (SAR) ReVision 1 
Section 2.3.9], extrusive (volcanic eruption) atmospheric dispersal (SAR Section 2.3.114.5.2), 
and volcanic ash redistribution (SAR Section 2.3,114.53). These model abstractions, which 
provide inputs for the biosphere calculations within the Total System Performance Assessment 
(TSPA) model. are reViewed in Safety Evaluation Report (SER) Sections 2.2.1.3,9 and 
2.2.1.3,13, respectively. This chapter of the SER focuses on the U. S. Nuclear Regulatory 
Commission (NRC) staff's (staff) review of the performance assessment calculations of 
biosphere transport and dose to the RMEI described in SAR Section 2.3.10, The slaffs 
evaluation of biosphere modeling of radlonuclide concentrations in soil can be found in 
SER Section 2.2.1.3 13 

In SAR Seetlon 2,310. DOE analyzed the characteristics of the Yucca Mountain region and 
Amargosa Valley, Nevada, for its biosphere transport and RMEI dose calculations The 
applicant identified featUres, events, and processes (FEPs) and developed biosphere 
conceptual and mathematical models for use in its TSPA computer model. The applicant 
deSCribed environmental conditions. resident lifestyle. exposure media, environmental transport 
pathways. and human exposure pathways it used for evaluating the impacts of repOSitory 
performance on dose to the RMEI 
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Exposure pathways in the DOE 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 (SAR Section 2.3.10.1). 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. Inhalation pathways include breathing resuspended soil, aerosols 
from evaporative coolers, and radon gas and its decay products 

DOE's approach to biosphere modeling was twofold. The applicant used a standalone 
computer code entitled Environmental Radiation Model for Yucca Mountain Nevada (ERMYN) 
to calculate biosphere dose conversion factors, which were used as inputs in DOE's TSPA 
code. The TSPA multiplied the appropriate biosphere dose conversion factor by either a soil 
concentration or a water concentration to obtain the dose to the RMEI for each exposure 
scenario (i.e., volcanic ash, groundwater). The substance of DOE's biosphere modeling 
approach is contained primarily in the ERMYN code. 

This chapter evaluates the technical bases for the applicant'S conceptual and mathemaUcal 
biosphere models, input parameter selections, parameter uncertainty propagation, model 
support, and model implementation and integration within the applicant's performance 
assessment evaluation. These evaluations are organized by subsecttons that address specific 
components of the applicant's biosphere model (or model development process), including 
system description and model integration, biosphere transport pathways, human exposure, 
dOSimetry, and integrated biosphere modeling results. The staffs review evaluates both the 
biosphere modeling in the ERMYN code and how the applicant used the ERMYN output (the 
biosphere dose conversion factors) to calculate RMEI dose in the TSPA model. 

2.2.1.3.14.2 Regulatory Requirements 

Model abstractions used in the applicant's postclosure performance assessment must meet the 
regulatory requirements given in 10 CFR 63.114 (Requirements for Performance Assessment) 
and 63.342 (Limits on Performance Assessment), to support the predictions of compliance for 
63.113 (Performance Objectives for the GeologiC Repository after Permanent Closure) 
SpecifiC compliance with 63.113 is reviewed in SER Section 2,2.1.4.1. 

The requirements for performance assessment in 10 CFR 63.114, subject to the constraints for 
this model abstraction given 10 CFR 63102(0), 63.305, and 63.312, require the applicant to 

• Include appropriate data related to the geology, hydrology. and geochemistry of the 
surface and subsurface from the site and the region surrounding Yucca Mountain 

• Account for uncertainty and variability in the parameter values used to model 
biosphere characteristics 

• Consider alternative conceptual models for biosphere characteristics 

• Provide technical bases for the indusion of features, events, and processes affecting 
biosphere characteristics, induding effects of degradation, deterioration, or alteration 
processes of engineered barriers that would adversely affect performance of the natural 
barriers, consistent with the limits on performance assessment in 10 CFR 63342 
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• Provide technical basis for the models of biosphere characteristics that In turn provide 
input or otherwise affect other models and abstractions 

10 CFR 63, 114(a) considers performance assessment for the Initial 10,000 years following 
permanent closure. 10 CFR 63.114(b) and 63.342 consider the performance assessment 
methods for the time from 10,000 years through the period of geologic stability, defined in 
10 CFR 63.302 as 1 million years following disposal. These sections require that through the 
period of geologic stability, with specific limitations, the applicant 

• Use performance assessment methods consistent with the performance assessment 
methods used to demonstrate compliance for the initial 10,000 years following 
permanent closure 

• Include in the performance assessment those FEPs used In the performance 
assessment for the initial 10,000 year period 

The apphcant's model abstraction for biosphere characteristics IS subject to the specific 
constraints given in 

• 10 CFR 63,102(0), specifying the implementation of total effective dose equivalent 
(TEDE) 

• 10 CFR 63.305, specifying the required characteristics of the reference biosphere 

• 10 CFR 63.311{b), requiring inclusion of all potential pathways of radionuclide transport 
and exposure 

• 10 CFR 63.312, specifying the reqUired characteristics of the reasonably maXimally 
exposed individual 

NRC staff review of the license application follows the gUidance laid out in the Yucca Mountain 
Review Plan, NUREG-1804, Section 2.2.13.14, Biosphere Characteristics (NRC, 2003aa), as 
supplemented by additional guidance for the period beyond 10,000 years after permanent 
closure (NRC, 2oo9ab). The acceptance criteria in the Yucca Mountain Review Plan generically 
follow 10 CFR 63, 114(a), FollOWing the guidance, the NRC staff review of the applicant's 
abstraction of biosphere characteristics considered five criteria 

• System description and model integration are adequate. 
• Data are sufficient for model justification. 
• Data uncertainty is characterized and propagated through the abstraction. 
• Model uncertainty is characterized and propagated through the abstraction 
• Model abstractIOn output is supported by objective compansons 

Because 10 CFR Part 63 specifies the use of a risk"informed approach for the review of a 
license application, the guidance provided by the YMRP, as supplemented by NRC (2009ab), is 
followed to the extent reasonable for aspects of biosphere characteristics important to repository 
performance, given the specific constraints in the regulation. Whereas NRC staff considered all 
five criteria in their review of information provided by DOE, only aspects that substantively affect 
results of the performance assessment, as judged by NRC staff. are discussed in this chapter. 
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NRC staffs judgment is based both on risk infonnabon provided by DOE, and staffs knowledge, 
experience, and independent analyses 

2.2.1.3.14.3 Technical Review 

The staffs technical review of DOE's biosphere characteristics model abstraction evaluated 
both the biosphere model and the model development process. The review focused on 
five topics: (i) system description and model integration, (ii) biosphere transport pathways. 
(iii) human exposure, (iv) dosimetry, and (v) the integrated biosphere modeling results. These 
reviews are documented in subsections of thIS SER chapter. The system description and model 
integration review evaluated the applicant's overall conceptualization of the biosphere including 
FEPs that were selected and included in the applicant's biosphere conceptual models. 

The staffs detailed review focused on the most risk-significant parts of the applicant's biosphere 
model. Risk inSights that apply to both the applicant's TSPA results and to the applicant's 
detailed abstraction modeling of the biosphere (Le .. using the ERMYN code to generate the 
biosphere dose conversion factors) Informed the staffs revIew These risk inSights focused the 
staffs detailed revIew on those aspects of the applicant's biosphere modeling that contributed 
most to the calculated RMEI dose results in the TSPA, 

The staff analyzed the risk-significance aspects of the TSPA biosphere model abstractIon 
In the PmJ:;Qde by evaluating the applicant's s811sitivily anlllysis results using the TSPA 
code. (b)(5) 

(b)(5) ... '--'-'-------------------------~ 

Table 16-1. Exposum Pathways and Radlonuclldes Found To Be the Most Risk 
tho DOE Performance Assessment for the 

(b)(5) 
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(b)(5) 

(b)(5) 

(b)(5) 

Table 16·2. Exposure Pathways and Radionuclides Found To Be 
the Most Risk Significant In the DOE Performance Assessment for 

the 1-Million-Year Simulation Period 
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2.2.1.3.14.3.1 System Description and Model Integration 

In SAR Section 2,3,10.2 and in supporting references, the applicant described the biosphere 
characteristics of the Yucca Mountain region; of Amargosa Valley, Nevada, that impact Its 
residents; of included FEPs; and of the biosphere conceptual models in the ERMYN code that 
were used to calculate biosphere dose conversion factors. This section documents the staff's 
review of these applicant's descriptions, As discussed next, this review evaluated whether the 
applicant's induded FEPs and conceptual models satisfy applicable regulatory requirements 
found at 10 CFR 63. 114(a)(5); 10 CFR 63.305(a); 10 CFR 63,305(b); 10 CFR 63.311(b): 
10 CFR 63,312(a), (b), (d), and (e); and 10 CFR 63,305(c) and (d) An additional part of the 
staff's review evaluated integration (Le" couplings, consistency, and assumptions) of the TSPA 
biosphere model abstraction with other TSPA model abstractions, 

Features, Events, and Processes 

The applicant described the Yucca Mountain region characteristics in SAR Section 2,3,10.2,1, 
This information addressed topics including climate, topography and soils, native flora 
and fauna (Le" plants and animals), local communities, infrastructure (Including water source). 
and agricultural conditions, Information on the characteristics of Amargosa Valley, Nevada. 
residents (summarized in SAR Section 2,3,10.2 2) originated predominantly from local and 
national surveys, The SAR addressed topics such as diet and lifestyle factors, including 
the use of evaporative coolers, gardening, employment, commuting, housing, and metabolic 
considerations, The applicant documented the screening approach for the FEPs in SAR 
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Section 2.2.1.2 and listed all the FEPs that were evaluated for the TSPA model in SAR 
Table 2.2-1. FEPs that were included in the biosphere model were tabulated in SAR 
Table 2.3.10-1 and are reviewed in this SER section. The staff's review of excluded FEPs is 
documented in SER Section 2.2.1.2.1.3.2. 

The staffs review evaluated the technical bases the applicant used to support its disposition 
of included FEPs in the performance assessment with respect to the following: (i) the 
applicant provided satisfactory technical bases for including biosphere FEPs in compliance 
with 10 CFR 63.114(a)(5): (ii) the included FEPs were consistent with present knowledge of the 
conditions in the region surrounding the Yucca Mountain site and in compliance with 
10 CFR 63.305(a): and (iii) the applicant included all biosphere-related FEPs that could 
significantly change the magnitude or timing of the radiological exposures to the RMEI In its 
performance assessment in compliance with 10 CFR 63114(a)(5) 

The staff evaluated the applicant's technical bases for included FEPs and reViewed the 
applicant's descriptions of how each included biosphere FEP was incorporated into the 
performance assessment calculation. In this review, the staff verified that the FEPs which could 
significantly contribute to the RMEI dose were included in the performance assessment 
calculation and that information sup' rttn the FEPs ...... l:l~!:lased on resent knowled e of the 
Yucca Mountain fe ion conditions. (b)(5) 

(b)(5) 

Conceptual Models 

In SAR Section 2.110.2.3, the applicant considered included FEPs and NRC regulatory 
requirements for the reference biosphere model and dose calculation of the RMEI in identifying 
applicaDle exposure pathways and developing exposure scenarios for modeling dose to the 
RMEI. An exposure samano, in general, describes a set of facts, assumptions. and inferences 
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about how exposure occurs. In the applicant's Yucca Mountain biosphere model, an exposure 
scenario is a conceptual model that describes the biosphere characteristics which lead to 
the RMEl's exposure to radionuciides that enter the biosphere from different transport 
routes (i.e., groundwater or volcanic ash). DOE's conceptual representations of the exposure 
pathways for groundwater and volcanic ash exposure scenarios were provided in SAR 
Figures 2.3.1Q.6 and 2.3. 1 Q..8. DOE incorporated these conceptual representations into 
mathematical submodels in the ERMYN code The mathematical submodels in the 
ERMYN code were depicted in SAR Figures 2.3.10-9 and 2.3.10·10 and described in SAR 
Sections 2.3.10.2.5 and 2.3.10.2.6. 

The staff evaluated the applicant's conceptual representations (Le., conceptual models) 
and associated mathematical submodels In the ERMYN code for consistency with the 
applicable NRC regulations for the biosphere model and the performance assessment analysis: 
10 CFR 63.305(b) and (d); 10 CFR 63.311(b); and 10 CFR 63.312(a), (b), (d), and (e). 
The staff reviewed both the applicant's groundwater exposure scenario (the modeling of 
biosphere characteristics that lead to the RMEI exposure to radionuciides from contaminated 
groundwater) and the volcanic ash exposure scenario. These reViews, documented in the 
subsections that follow, evaluated whether DOE's conceptual representations of the biosphere 
model included all potential pathways of radionuciide transport and exposure to comply With 
10 CFR 63.311(b) requirements. These reviews also evaluated whether the applicant has 
complied with requirements for the biosphere and RMEI in 10 CFR 63.305 and 10 CFR 63.312, 
respectively, that apply to the conceptual model level of analysis of the biosphere. 
Compliance with the portions of the biosphere and RMEI requirements that are applicable to 
the input parameters and data level of analysis is discussed in SER Sections 221.3.14.3.2, 
2.2.1.3.14.3.3, and 2.2.1.3.14.3.4. 

Groundwater Exposure ScenflriQ Conceptual Model 

The staff's review of the applicant's conceptual mOdel of the groundwater exposure scenario 
induded biosphere FEPs, their functional relationships, and the resulting exposure pathways 
for modeling biosphere transport and dose to the RMEI. The staff's evaluation of functional 
relationships among FEPs conSidered how the applicant accounted for interactions among 
related FEPs in the biosphere conceptual model so that all potenttal pathways could be 
identified. For example, farming practices, such as soil irrigation, can lead to soil accumulation 
of radionudides, which can contribute to plant uptake of radionuclides from that soil. 

The applicant's groundwater exposure scenario includes an RMEI to an adult who lives in the 
accessible environment above the highest concentration of radionudides in the plume of 
contamination, in compliance with 10 CFR 63.312(a) and (e). The RMEI is assumed to use 
wells to draw groundwater from the lume of contamination and water for domestic and 
a riCUltur§llPLJi"'0"'s""e""s"-'(....:b)..:..(5..:...) _______________________ ---j 

(b)(5) 

The applicant's conceptualization of dose to the RMEI involves three routes of exposure: 
external exposure, inhalation, and ingestion. The inhalation dose portion of the applicant's 
conceptual model includes RMEI inhalation of radionudides in (i) resuspended soil particles, 
(ii) gaseous emissions from the soil and their radioactive decay products, and (iii) aerosols 
generated by evaporative coolers The ingestion dose portion of the applicant's conceptual 
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model includes (I) drinking water: (ii) crops, including leafy vegetables, other vegetables, fruits, 
and grains; (iii) animal products, including meat. poultry, milk, and eggs; (iv) freshwater fish; and 
(v) soil. The meat category is a combination of all edible portions of beef, pork, and wild game 
(SSC,2005ab) 

(b)(5) 

(b)(S) 

(b)(S) 

)iolcanic Ash Exposure Scenario Conceptual Model 

The NRC staff's review of the volcanic ash exposure scenario conceptual model evaluated 
the included biosphere system FEPs, their functional relationships, and the included exposure 

~\"@ys for modeling biosphere trclnspor! and dose to the RMEI.[(b)(5) 
(b)(5) 
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The applicant's conceptualization of inhalation dose in the volcanic ash exposure scenario,~~_ 
includes resuspension of radionuclides in soH particles and release of Rn-222 (radon) gasl(b)(5) 

(b)(5)······· ... . ....... _--

l(b)(5) jfhe appllCant's inclusion of resuspensjon in Its conceptual 
approach also addressed a vanety~of dust-generating activities and RMEI exposure 
environments (SAR Sections 2.3.10.26 and 2.3.10.3.2.2). (b)(5) 

(b)(5) 

app tcan const a groun a er p ways whIch rnd not mClude a SOH component 
(e.g .. evaporative coolers, ingestion of groundwater. and ingestion of fish) did not apply to the 
volcanic ash exposure scenario, based upon the applicant's exclusion of FEP 1204.07.08 for 
ash in groundwater (SNL. 2008ab). The staffs revIeW of the applicant's exclusion of this FEP is 
documented in SER Section 2.2.1.21.3.2. 

(b)(5) 

Integration of Biosphere Model in the TSPA 

The staff reviewed the integration between the biosphere model abstraction and other TSPA 
abstractions for among models th rli imilar Information and 

models (b)(5) 
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The staffs evaluation of direct couplings between the TSPA biosphere abstraction and other 
TSPA model abstractions considered the flow of Informeo" from other abstractions to the 
biosphere abstraction within selected TSPA mode! files. (b)(5) 

(b)(5) 

(b)(5) The applicant's model Ie for the volcanic eruption modeling case passes the ash 
re IS n ution model results (radionuclide and pathway-specific soil concentrations) for 
multiplication by the volcanic ash ex ure scenario radionuclide and athwa -s 'ft 

re dose conversion factors. (b)(5) 

(b)(5) 

(b){5) IThe,J 
apphcant quantitatively evaluated the effects of climate change as follows. The applicant's 
analysis: (i) evaluated biosphere model parameters on the basis of the expected parameters 
Impacted by climate change. (it) derived values for these parameters on the basjs of its analysis 
of potential future climate states, and (m) executed biosphere calculations for three separate 
climate states (present-day interglacial, monsoon. glacial tranSition), The results showed that 
f ture climate evolution in thel:>iQ~here lowers dose to the ~MEI (SAR Section 2.3.1051.1) 

(b)(5) 
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~.~~~~----~--------~~--~--=-----~~~-------------------
2.2.1.3.14.3.2 Assessment of Biosphere Transport Pathways 

A series of integrated submodels in the DOE ERMYN biosphere model calculates radionuclide 
transport through pathways within the biosphere. Five transport submodels (surface soil, 
plant uptake, animal uptake. fish uptake, and air) calculate environmental media concentrations 
used in the ERMYN calculations of biosphere dose conversion factor input parameters for 
the TSPA model. The staffs review of the surface soil submodel is documented in SER 
Section 2.2.1.3.13.3.2. This section documents the staffs review of the applicant's technical 
bases for input parameters. treatment of parameter uncertainty, and. as appropriate, evaluation 
of altemative conceptual models applicable to the biosphere transport submodels in ERMYN. 
The staffs risk-informed review focused on transport submodels and applicable input 
parameters for exposure pathways that contribute most to the TSPA results, as discussed in 
SER Section 2.2.1.3.143. 

These submodels address plant uptake, animal uptake, fish uptake. and air transport. 
Air transport includes localized resuspension of particulates from soil or ash, gan anon of r eva orative coo"" aerosolS, and the .. Iaa .. o"adoo 90s m,m soit 0' osh, (b "51 

~ . ~~. 
applicant further documented that RMEI inhalation of resuspended parttculates was 1ne 
predominant pathway for th.e volcanic ash exp0rttIe scenario biosp~~O~c:<:lI1.v~~ctors 
for Pu-239 and Pu-24() (SAR Table 2.3.10-15). (b)(5). I 

!(b)(5) 

Plant Uptake Submodel 

The applicanfs plant uptake submodel in the ERMYN code (SAR Section 2.3.1031.3) 
calculates plant radionuclide concentrations on the baSIS of direct deposition of irrigation water 
and dust on plant surfaces and root uptake from estimated soil radionuclide concentrations 
computed by the surface soil model (or provided as direct model input for volcanic ash 
biosphere dose conversion factor calculations as discussed in SAR Section 23.10.3.2.1). 
For root uptake processes, soil-lo-plant transfer factors are used as input parameters to 
calculate plant radionuclide concentration from the radionuclide concentration in the soil 
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DOE selected soil-to-plant transfer factors from laboratory and field study results obtained from 
available literature using the methods discussed in BSe (2004ap) 

DOE evaluated soil-to-plant transfer factors from data obtained through a variety of references, 
including original data from literature reviews and biosphere analyses that selected and reported 
values from available sources. For its analysis, the applicant identified five unique crop groups: 
leafy vegetables, other vegetables, fruit, grain, and forage. For each crop group and 
radionuclide. DOE selected soil-to-plant transfer factor values that it considered most 
applicable to the Yucca Mountain biosphere conditions. based upon area soil characteristics 
and crop types (SAR Section 2.3.10.3.1.3). The applicant then calculated geometric means and 
standard deviations from the values selected from each reference. The applicant assumed that 
soll-to-piant transfer factors followed truncated lognormal distributIons with a 99 percent 
confidence interval around the ometric mean of the ~ected point values BSe 2004a 

(b)(5) 

(b)(5) 

(b)(5) jThe 
apphcant averaged applicable POlOt esttmates from a combination of onglnal data'sources and 
other documented analyses; this approach results in selecting geometric mean values that are 
representative of values presented In the SOurce documents. For example, as shown in BSe 
Table 6-2 (2004ap). the applicant evaluated the data for sOil-ta-plant transfer of technetium in 
leafy vegetables. This data included 8 point values ranging from 9.5 to 180. The DOE-derived 

neat norm I i r r:aru:trulLrumLllJ.Q~J..::J:J.11J< tLa.ooom1illJ:G..OJrulruIfAJEL ___ -, 
(b}(5) 
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(b)(5) 

For direct deposition of radionudides on plant surfaces, the plant uptake model in the ERMYN 
code calculates the radionuclide concentrations in crops from leaf uptake and retention of 
intercepted irrigation water and dust (SAR Section 2,3,10,3,1,3), These calculations are based 
on the irrigation deposition rate or dust deposition rate, the fraction of irrigation that originated 
from above-plant spraying, the crop interception fraelion, the translocation factor (fraction of 
deposited radionudides that are absorbed and move to other parts of the plant), the weathering 
half-life (removal rate of contaminants from leaves), the crop growing time, and the crop yield, 
as identified in SAR Section 2,3,10.31,3 and SNL Sections 6,4,3,2 and 64.33 (2007ac), 

(b)(5) --~ 

(b){5) 
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Animal Ugtake Submodel 

SAR Section 2.3.10.3.1.4 described the applicant's ERMYN code animal uptake submodel. 
This submodel calculates radionuclide concentrations in human food products that are derived 
from livestock that ingest contaminated food and water For the purpose of modeling, the 
applicant identified four distinct animal product groups' meat, milk, eggs, and poultry. The 
animal product radionuclide concentrations were calculated on the basIs of estimated animal 
intakes of radionuclides from contaminated feed, water, and soil. as applicable to the 
groundwater or volcanic eruption modeling cases. Animal feed radionuclide concentrations are 
computed by the plant uptake submodel (e.g., the applicant assumes cows eat locally grown 
forage and chickens eat local grain). As discussed In BSe (2004ap), the applicant used animal 
product transfer coefficients as input parameters for the fraction of an animal's daily intake 
of a radionuclide that is transferred to a unit mass or volume of produced food product The 
applicant's animal product transfer coeffiCients were selected USing the same methods 
(BSe, 2004ap) descnbed in the previous subsection for sOII-to-plant transfer factors 

The staff evaluated the sufficiency of the applicant's technical bases and supporting data for the 
selected values and for the animal transfer coefficients used in 

(b)(5) 

(b)(5) 
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l(b)(5) IDOE assumed a truncated 
'----:-Iog-n-orrn--a;-I d7'is---:tr-'i'b-'uti"' o-n-u-s-:-in-g-t~h-e-g-e-o-m-e7"tr-ic-s--cta-n-d"'a-rd"""d-ev~j-at"io-n-co-lmputed from the source data 

and applied a 99 percent confidence interval approach similar to that used for deriving 
parameter distributions for soil-IOoplant transfer factor:s::C'LI(b_)(_5_) ---________ --L 

i(b)(5) 

Fish Uptake Submodel 

The ERMYN code fish uptake submodel (SAR Section 2.3.10.3.1.5) calculates radionuclide 
concentrations in fish raised in local fish farms that are assumed to use contaminated 
groundwater. The Input parameter that most influences the results of this model is the 
bioaccumulation factor. This element-specific factor relates the concentration of radionuclides 
in the edible portion of the fish to the concentration of radionudides in the contaminated water in 
which the fish is submerged. DOE selected bioaccumulation factors on the basis of a review of 
the applicable literature. The applicant's review included fish In all portions of the food chain as 
well as bottom-feeding fish. DOE assumed a lognormal distribution. For the fish farms noted in 
Amargosa Valley during the applicant's consumption survey, the fish were fed commercial feed 
that is not locally derived. Feed that is not locally derived would therefore not be expected to 
become contaminated with radionuclides from a Yucca Mountain release scenario Therefore, 
the applicant applied a bioaccumulation factor (that accounts for fish ingesting contaminated 
food and water) to a Yucca Mountain biosphere calculation. Actual conditions suggest that only 
the water would be contaminated and the analysis will overestimate the fish intake and thereby 
overestimate the radionuclide concentration in fish. The resulting dose to the RMEI from fish 
consumption is therefore expected to be overestimated 

16-16 



The staff evaluated the sufficiency of the applicant's technical bases and supporting data for 
the selected point val~lJrl(::~rtainty ranges for the bioaccumulation factors used in the 
fish uotake submodel (b)(5) 

(b)(5) 

The staffs review of the fish bioaccumulation factors identified an apparent transcription 
error in the DOE report (BSe, 2004ap). The geometric mean of the fish bioaccumulation 
factor for carbon was reported differently in two separate tables that should have contained 
the same values. Specifically, sse Table 6-64 (2004ap), which IS the table that initially 
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derives the value from source data, showed a geometriC mean fish bioaccumulation factor for 
carbon of 1.6 l< 104 Ukg {1.9 l< 103 gaVlb]. BSe Table 6-65 (2004ap) listed a different value of 
4.6 x 103 Ukg [5.5 x 1& galllb] for this same parameter (a factor of 3.5 lower than the original 
value computed in Table 6-64). The applicant used the lower value reported in Table 6-65 in 
the ERMYN calculations, as indicated by SAR Table 2.3.10-10. To evaluate the significance of 
this discrepancy, staff considered whether using the lower value would significantly affect the 
applicant's dose results. This evaluation considered that the applicant's fish consumption dose 
scales linearly with the bioaccumulation factor. The staff also evaluated the TSPA results for 
the 10,OOO-year simulation period in SAR Figure 2.4-20, whIch shows that the carbon dose 
contributes approximately 20 percent of the peak mean total dose. SAR Table 2.310-11 
indicated that the fish pathway contributed 59 percent to the carbon dose 

The ERMYN air submodel (SAR Sections 2.3.10.3.1.2 and 2.3.10.3.2.2) models radionuclide 
concentrations in air from (i) resuspenslon of contaminated soil or ash, (ii) evaporative cooler 
aerosols from the use of contaminated groundwater, and (iii) radon gas emanation from 
contaminated soil or ash Inhalation of resuspended particulates IS the predominant 
exposure pathway for Pu-239, Pu-240, and Pu-242 in the applicant's performance assessment. 
Resuspended particulate exposure is modeled in both the groundwater and volcanic ash 
exposure scenarios. Particulate Inhalation also contributes approximately ~percenl to the 
groundwater dose from Np...237 in the DOE model (SAR Table 23.10·11).(b)(S) 

l(b)(S) .~ ___ .L' ---------, 

An important input parameter in the DOE calculation of air concentration of particulates is the 
mass loading factor {gIm3 [Ib/fil]} based on the DOE biosphere dose conversion factor sensi!ivi 
analysis results documented in SNL, p. 6-150 (2007ac) and SAR Table 2.3.10-17. (b)(S) 

!(b)(5) 

I 
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loading factor computes the concentration of radionudides in air {Bqlm3 ICilm3n from the 
estimated concentratIOn of radlonuclides deposited on the soil surface {Bq/g [Ci/gJ}. 

In SAR Sections 2.3.10.31.2 and 2.3.10.3.2.2 and supporting references, DOE described its 
derivation of separate mass loading factors for each exposure scenario (Ie, Irrigated soil, 
volcanic ash) on the basis of available literature. DOE derived individual mass loading Input 
parameters for RMEI activity level (active and inactive) and environment (outdoor, indoor, or 
away from potentially contaminated areas) in its inhalation exposure model. 

The staff evaluated the adequacy of the applicant's technical bases and supporting data for the 
mass loading input parameters used in biosphere exposure scenarios involving groundwater 
and volcanic ash. The applicant detailed these in BSC (2006ad). 

In reviewing the applicant's technical bases for groundwater exposure scenario mass 
loading input parameter values, the staff evaluated the adequacy of the supporting data the 
applicant used to derive mass loading input arameterllagainst indeoendent NRC estimates 
derived from available technical information. (b)(5) 

(b}(5) 
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For the volcanic ash scenario, the staff recognizes that limited data are apphcable toinass 
loading for a volcanic eruption in the Yucca Mountain region or for analogous conditions 
elsewhere. DOE reviewed literature that included measured dust levels of volcanic ash 
resuspended in air for ambient and surface-disturbing conditions at various sites where 
volcanoes had recently erupted (within 5 years) and also compared the relevance of each 
analog site (including the Soufnere Hills Volcano In Montserrat, British West Indies, and the 
Mt. Spurr Volcano in Alaska) to expected conditions In the Yucca Mountain region. 

The NRC staff's review of the applicant's ~echnical bases for volcanic ash exposure scenario 
mass loading input parameter values evaluated the adequacy of the supporting data.Jbe 

_JlPplicant used and the methodology used to derive mass loading input parameters.·~/,:,:i":)'i;,(5")------; 
(b)(5) . 

(b)(5) 

The staff reviewed the applicant's treatment of uncertainty and variability In mass loading values 
for both exposure scenarios and concludes that the applicant has accounted for uncertainty and 
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variability in parameter values and has provided tt;latechnical bases1!:fo!LfrDal"g[[]~lLrran ranota.eles~aarn:nr!L-, 
probabilitv distributions used in the air submode/ ;{~.1.(§)m 

(b)(5) 

(b)(5) IThe applicant then addressed uncertainty and 
variability in the mass loading parameters [provided in BSC Sections 6.2 and 6.3 (2006ad)) by 
deriving triangular parameter distributions. These distributions were based on its assessment of 
the range of applicable literature values and the central tendencies in the data that support 
selection of a value for the mode of each distribution. The applicant conducted similar 
literature-based evaluation and selection of mass loading ranges and modes to charactenze 
triangular input distributions for each activity environment and for groundwater and ash 
exposure scenarios. The resulting input distributions were proVided in BSe Table 7-1 (2006ad). 

The applicant evaluated personal exposure measurements of total suspended 
partiCIJlates collected during farming activities at 10 farms near Davis and Sacramento, 
California, that supported a range of 0.30 to 7.93 mg/mJ [8.1 )( 10 G to 2.1 )( 10" ozlyd'] 
After evaluating additional data from 7 other studies involving mostly farming activities 
and 22 sets of measurements taken in Amargosa Valley for various types of activities, a rsnRB 
of 1 to 10 mg/m3 [2 7 )( 10-5 to 2.73.6 " 1 tr ozlyd'] {with a mode of 3 mglm3 {8 1 )( 10,5 ozlyd ]} 
was derived for the ERMYN input for the TSPA analyses for mass loading in the active outdoor 
environment for ~roundwater-based biosphere dose calculations. The mode of 3 mg/m3 

[8.1 " 10.5 ozlyd J was the mean of the maximum mass loading values measured for 
22 surface-dlsturblng activities in Amargosa Valley, as identified in BSe Section 6.2.1.3 
(2000ad). 

(b){5) 

As discussed in SAR Section 2.3.10.3.1.2, the air submodel in the ERMYN code also calculates 
indoor air radionuclide concentrations from aerosols released from evaporative coolers. This 
calculation is based on the concentration of radionuclfdes in groundwater, the rste of water 
evaporation from coolers, the indoor air exchange rate, and the fraction of radionuclides in water 
that transfer to air (the water-ta-air transfer fraction) DOE Identified the water-ta-air transfer 

'A mode is a statistic of central tendency for a set of values that represents Ihe value that occurs most frequently in 
that sel 
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. The applicant assumed a uniform concentration ratio Istrlbution om to or 
!SSO v solids and 1 for gases on the basis of a lack of available studies on contaminant 

aerosol!;jrom e"aporative coolers JIii'¥C--" I .... .. . ... ~~-... -~-... --.. 

Airborne concentrations of radon gas released from soils irrigated with contaminated 
water or from contaminated volcanic ash were also calculated in the air submodel (SAR 
Sections 2.3.10.3.1.2 and 2.3.10.3.2.2; SNL, 2007ac; BSe, 2004ap). Both exposure scenarios 
consider indoor and outdoor radon concentrations. In the volcanic ash scenario, the outdoor air 
concentration is also used for the indoor air concentration because the applicant expected the 
outdoor concentration to be higher than the indoor concentration as a result of the small radon 
contribution from ash below the RMEl's house. The applicant's groundwater scenario 
calculates separate radon concentrations for indoor and outdoor environments. The applicant's 
indoor radon concentration calculations evaluated radon released from soil beneath a 
hypothetical house built on land that was previously irrigated by contaminated water. In this 
model, the rate of radon released mto the house is a proportion of the outdoor radon flux that 
accounts for diffusion of radon from underlying soil through the foundation. Indoor radon 
concentrations in the model were calculated based on (i) the radon flux into the house from SOil 
beneath the house and from outdoors, (il) the interior air exchange rate, and (iii) the interior 
volume of the house The intenor air exchange rates account for periods of evaporative cooler 
use and nonuse based on increased ventilation during cooler operation, which decreases radon 
concentration in air. The indoor radon diffUSion methods are consistent WIth those used in the 
RESRAD dose assessment code (Yu, et aI., 2001aa) that the U.S. Environmental Protection 
Agency (EPA) developed. Outdoor radon concentrations are based on factors that relate the 
airborne concentration of Rn-222 to either (I) the Ra-226 concentration in the soil for the 
groundwater scenario or (ii) the Rn-222 flux density for the volcanic ash scenario. 

The staff evaluated the applicant's technical bases and supportmg data for input parameters 
used in the indoor and outdoor radon concentration modeling in the ERMYN code. (1»(5) 

(1»(5 

(b)(5) i DOE chose the concentration fraction of the radon 
flux from soil underneat t e ouse at would diffuse into the house to be uniformly distributed 
from 0.1 to 0.25 on the basis of measurements in homes with concrete foundations (SAR 
Section 2.3,103.12). The home ventilation rates (for evaporative cooler nonuse periods) were 
based on minimum ventilation recommendations for manufactured homes, data from a survey of 
approximately 3,000 U.S. homes. and Information from a trade organization representing home 
ventilation equipment manufacturers (BSe, 2004ap) The home ventilation rates for evaporative 
cooler use were estimated on the basis of cooler flow rates and the average home intenor 
volume. Uncertainty and variability in the ventilation rates were propagated by deriving a 
truncated lognormal distribution on the basis of the survey data (for no cooler use) and a 
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uniform d'stribution for cooler use ventilation rates that spans the estimated ranee (BSC 
(b)(5) ... 

(b)(5) 

~) ~ The radon concentrations are used for calculating 
Dlosphere oose conversion facior mpu aramelers for the TSPA code. 

(b)(5) 

2.2.1.3.14.3.3 Assessment of Human Exposure 

DOE calculated human exposures from estimated concentrations of radionuclides in 
groundwater and soil in three exposure submodels of the ERMYN code (SNL, 2007ac) These 
submodels are the primary exposure pathways addressed in the DOE exposure scenanos and 
include the external exposure submodel, the inhalation exposure submodel, and the Ingestion 
exposure submodel (SAR Sections 2.3.10.3.1.7, 2.3.103 1 8, and 2 3 103 1 9 for the 
groundwater exposure scenario and SAR Sections 2.3.10.3.2.5,23.10,326, and 2.3 10.32.7 
for the volcanic ash exposure scenario). Considenng the biosphere pathways that are the 
primary contributors to dose to the RMEI (SER Tables 2.2.1.3.14-1 and 2,213.14-2), the staff's 
risk-informed review focused on the inhalation and ingestion exposure submodels. These 
exposure submodels compute the RMEI's annual intake of radionuclides (e.g., Bq/yr [CilyrJ) on 
the basis of the environmental media concentrations (e g .. air, water, livestock products, fish) 
calculated by the biosphere environmental transport submodels that are depicted in SAR 
Figures 2310-9 and 2.3.10-10, described in SAR Section 2,3.10.3. and evaluated in SER 
Sections 2.2.1.3.14.3.2 and 2.2.1.3.12.3. The applicant's exposure models also convert the 
calculated RMEI radionuclide intakes to dose. The staffs review of the applicant's conversion 
of intakes into dose is evaluated in SER Section 2.2.1.3,143.4. 

Inhalation EXDOsure Model 

The applicant's ERMYN inhalation exposure submodel calculates RMEI radlonudlde intakes by 
modeling the inhalation of contaminated air. In the model, airborne contaminants indude 
resuspended soil or ash particulates. aerosols from evaporative coolers. or radon gas 
emanating from contaminants in soil or ash. DOE calculations showed that the inhalation 
exposure pathways that are the most risk significant contributors to the applicant's performance 
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assessment results (SER Tables 2.2,1.3.14-1 and 2.2.1.3.14-2) are resuspended particulates 
from soil and aerosols from evaporative coolers. Inhalation of gaseous emisSions of radon from 
contaminants in soil also contributes to DOE's long-term dose calculation results, but that 
contribution is less than the contributions from particulates and aerosols. 

The applicant's exposure calculations for these th ~¥.. ~hlilli!!I!QD.J!xru~!!:!LQ!il!lW!i'llU!J.YQj~_--, 
exposure time and breathing rate inIP-=ut""pc.;a=r.::.:am::.c.::.e.c.:.te:.;.r",(_b~)(~5)==============={ 

(b)(5) 

.1 

1 

------------------~-.--~-----~-~----------~ 
DOE's exposure time Input parameters In the ERMYN inhalation exposure submodel apportion 
the amount of time the RMEI spends In various environments where exposure could occur into 
three categories: outdoor, Indoor, and away from areas potentially contaminated by Yucca 
Mountain activities, The DOE inhalation exposure submodel also apportions the amount of time 
spent conducting surface-disturbing activities, which DOE identified as active, to account for 
increased exposure to radionuclides resuspended from the ground surface by the activity. The 
applicant identified the amount of time that the RMEI was not conducting surface-disturbing 
activities as inactive. The applicant grouped the Amargosa Valley population into four 
population categories: nonworkers, commuters, local outdoor workers, and local indoor 
workers, The applicant apportioned time spent into five activity-envlronment categories 
(by combining the three environment categories with the two activity-level categories): active 
outdoors, inactive outdoors, active indoors, inactive indoors (sleep), and away from areas 
potentially contaminated by Yucca Mountain activities Exposure times were derived from 
census information on age distribution; employment: commuting characteristics of Amargosa 
Valley, Nevada, residents; and national survey data on activity times (BSC, 2005ab). 

The staff evaluated the applicant's technical bases and supporting data for the exposure times 
that were used to derive actlvity-environment categones (SSC, 2005ab). The applicant 
provided a derivation of exposure times on the basis of data from surveys of the Amargosa 
Valley and national populations. Year 2000 census data from the Amargosa Valley census 
county division (Bureau of the Census, 2002aa) prOVided the population distribution by age, 
work status and hours worked, commute time, and industry of employment. DOE also used 
detailed national survey data on activity time budgets from Klapeis, at al. (1996aa) and EPA 
(1997aa) to assign the fraction of time spent inside a residence; outdoors; in a vehicle; and at 
stores, restaurants, and other indoor locations. 

(b)(5) 

](b)(5). ,The applicant's data synthesis approach used percentages oftlme spent conau 109 
activities at various locations by age group with Amargosa Valley population information to 
generate percentages applicable to the Amargosa Valley population. DOE then used additional 
national survey results (EPA, 1997aa) on time spent outdoors to derive active and inactive 
outdoor exposure times and apportioned the resulting times spent at various locations to derive 
its exposure time input parameter values. The applicant's estimates for the fraction of outdoor 
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activity that includes surface-disturbing activities (20 percent of public outdoor time and 
50 percent of construction wor~utdQor time} were based on EPA slll1l&L.data~ ____ ~: 

1(~iF~matiQn on 10caLoractices l(b)\5) I 
1(b)(5) JOE lognormal distributions of exposure time estimates to 
propagate vanatlon 10 ERMYN e were based on the standard errors provided with the 
survey data and the application of standard lognormal distribution statistical methods. For some 
parameters. the applicant intentionally assigned standard errors that were larger than those 
associated with the national survey data to account for uncertainties in applying national data to 
local conditions. These uncertainties result from potential differences in local human activity 
practices compa to national atterns and the effect of differences insl,lrve sam Ie siz 
standard errors. (b )(5) 

(b)(5) 

The applicant derived breathing rates for each population group and for each level of activity 
within the four potentially contaminated exposure environments (active outdoors, inactive 
outdoors, active indoors, and inactive indoors). DOE combined breathing rate Information for 
adults by gender and level of physical activity from International Commission on Radiological 
Protection (1994aa) with census demographic information for Amargosa Valley to derive 
population gender-weighted breathing rates. DOE then used information from International 
Commission on Radiological Protection (1994aa) on the fraction of daily time devoted to 
different levels of activity to derive breathing rates for each exposure environment category 
In this manner, the exposure environment categories applied to all population groups 
considered in the model and were derived, in part, on the basis of surveys of Amargosa Valley, 
Nevada, residents. 

The staff evaluated the applicant's technical bases and supporting data for the breathing rates 
detailed in SSC (2005ab). The gender-welghted breathlOg rate values DOE calculated from 
International Commission on Radiological Protection breathing rates and census data for 
Amargosa Valley were 0.39,0.47,1.38, and 2.86 m3/hr [0.51. 061 1.81 and 3.7.<..::4'-"-'dLi3'-'-!hr'-'--_---, 
for sl sittin, Ii ht exercise and hee exercise res clive I (b)(""5)'--_______ ~._J 

:(b)(5) 

The NRC staff also reviewed DOE's methods for deriving the final sel of breathln"",Q-Lrat ....... es",--",foLL( ___ , 

each of the four exposure environments. (b)(5) 
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The applicant used these breathing 
'---ra-:te-s-j=-n-;E::-;R::-;M:;;Y;--;';-;N:-ca-:-lcu-:-la"7.tj-o-ns-as-:-jn-;d::-;vc-jd";-u-a'i fi·lx-ed---;-Ci-np-u~t-p-a-ra.-Jmeters for each exposure 

environment, and the model propagates breathing rate input parameter u in or variabili 
d~Ucl!lJjifereru;;esJJ'[l1IkID' ill'iiJe'irubv using different exposure environments"-(_b)_(5_J _____ -,I 

(b)(5) 

Ingestion Exposure Model 

The applicant's ingestion exposure submodel in ERMYN calculates RMEI radionuclide intakes 
by modeling RMEI consumption of contaminated water, crops. animal products (milk, meat, 
poultry, eggs, fish), and soil, Ingestion pathways have a more pronounced effect on the 
applicant's performance assessment results during the 10,OOQ·year compliance period than on 
the results for the 1-million-year period because of the radionuclides that dominate the dose 
calculations, Exposure pathways that contribute most to the applicant's performance 
assessment results (SER Section 2,2.1.3,14,3) include drinking water, fish consumption, and 
animal product consumption (milk, meat, eggs), The exposure calculations for these ingestion 
exposure pathways involve consumption rate input parameters for modeled food products the 
RMEI consumes (i,e" water, fish, and animal food products including milk, meat, and eggs), 

DOE derived food consumption rates used in the ERMYN Ingestion exposure submodel from a 
DOE-sponsored survey of Amargosa Valley residents (DOE, 1997ab). The exception is DOE's 
modeling of drinking water consumption, which the applicant stated was based on the 
requirements in 10 CFR 63312(d). The Amargosa Valley survey measured how often 
residents consumed various locally produced food products. The calculated arithmetiC 
mean [the method specified in 10 CFR 63.312(b)] annual consumption rates for various 
food types and corresponding standard deviations were then used as input parameters for 
sampling parameter values in ERMYN assuming a lognormal distribution, as detailed in 
SSC Section 6.42, Table 6-21 (2005ab) 

The staff evaluated the adequacy of the applicant's technical bases and supporting data for the 
food and water consumption rates as detailed in BSC (2005ab). The requirements of 
10 CFR 6 12(b) direct DOE to use.Jlli>iections based upon surveys of Amargosa Valley 
~nts, {b)(5)-------·--· 

1(b}(5} II 
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l(b)(5) 

(b)(5) 

(b){5) 

2.2.1.3.14.3.4 Assessment of DOSimetry 

The DOE biosphere model uses dose coefficients from the Federal Guidance Report 13 
(EPA, 1999aa), which uses tissue-weighting factors recommended in International Commission 
on Radiological Protection, Publication 60 (19918a) to calculate effective dose from both 
internal and external radiation sources, In its TSPA modeling, DOE Identified 28 primary 
radionuclides that were the primary contributors to dose to the RMEI using a radionucHde 
screening analysis (SNl, 2007ac; SAR Section 2,3.7,4,1,2), DOE then converted radio nuclide 
intake or external exposure to dose using the dose coefficients for the 28 primary radionucHdes, 
DOE used dose coefficients for external exposure that are defined as the effective dose rate per 
unit radionuclide concentration in the soil DOE also used dose coefficients for inhalation and 
ingestion as the committed effective dose per unit radionuclide mtake by inhalabon or Ingestion, 

DOE chose dose coefficients for Intake of radio nuclides used in the biosphere model for 
adults and a TEDE commitment period of 50 years, The biokinebc and dosimetric models 
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used to develop these dose coefficients are based on a hypothetical average adult person 
with the anatomical and physiological characteristics the International Commission on 
Radiological Protection (1975aa) defined with further modifications as described in Federal 
Guidance Report 13 (EPA, 1999aa), DOE used breathing rates in its biosphere model that are 
based on the more recent biometric results for adutls from the respiratory tract model the 
International Commission on Radiological Protection (1994aa) developed, as discussed in SER 
Section 2.2,1,~"-,, 1=4'-'",3 .... ,3"-.. l-"1(b::£)("'-5)'--__________________ ~ 

(b)(5) 

DOE calculated the TEDE to the RMEI as the sum of the effective dose equivalent from external 
inhaled or 
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2.2.1.3.14.3.5 Assessment of Integrated Biosphere Modeling Results 

DOE biosphere modeling results were provided in SAR Section 2.3.10 and analyzed in greater 
detail in the Biosphere Model Report (SNL. 2007ac) The exposure pathways found to be the 
most risk significant in the DOE performance assessment varied depending on the particular 
radionuclide. The radio nuclides and pathways that were most risk significant in the DOE TSPA 
calculations are summarized in SER Table 2.2.1.3.14-1 for the 10,OOO-year simulation period 
and SER Table 2.2.1.3.14-2 for the 1-million-year simulation period. 

To validate the integrated biosphere model, DOE compared the calculation results for each 
environmental transport and exposure submodel of the ERMYN code with comparable 
calculation results from five other biosphere transport and exposure process-level models 
(SAR Section 2.3.10.6). DOE concluded that the results of the process-level calculations 
used in those other models were the same, or similar, to the results obtained using the 
biosphere model (SNL, 2007ac). To verify implementation, DOE compared the results of the 
biosphere model for representative radionuclides (Pu-239, Ra-226, Th-232, and C-14) with the 
results of spreadsheet calculations-on the basis of equations used' the bios here 
mathematical model- b 5 

(b)(5) 

(b)(5) 

(b)(5) 

2.2.1.3.14.4 Evaluation Findings 
(b)(5) 

16-29 



16-30 



(b)(5) 
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CHAPTER 17 

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

2.2.1.4.1.1 Introduction 

By letter dated June 3,2008, as supplemented on February 19, 2009, the U.S. Department of 
Energy (DOE) provided in its license application [Safety AnalYSis Report (SAR) Section 2.4.2 
(DOE, 2oo8ab)) its basis for demonstrating compliance with the individual protection standards 
for the initial 10,000 years after closure and the period after 10,000 years up to 1 million years. 

DOE has conducted an analysis, through its Total System Performance Assessment (TSPA) 
computer model, that evaluates the behavior of the high-level waste repository in terms of an 
annual dose due to potential releases 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. ThIS chapter of the Safety Evaluation Report (SER) provides 
the U.S. Nuclear Regulatory Commission (NRC) staffs review of the pertormance assessment 
used to demonstrate compliance with the individual protection standards. In particular the NRC 
staff's review evaluates whether (i) the performance assessment includes the appropnate 
scenario classes [a set or combination of features, events, and processes (FEPs) that the 
performance assessment uses to represent a class or type of scenario such seismic activity), 
(ii) the representation of the scenano classes within the performance assessment is credible 
(e,g., the performance assessment results are consistent with the models, parameters, and 
assumptions that make up the pertormance assessment), and (iii) the annual dose the 
performance assessment estimates is less than the dose limits set by the regulations for the 
reasonably maximally exposed individual (RMEI). 

2.2.1.4.1.2 Regulatory Requirements 

10 CFR 63.311 requires that the average annual dose must be no greater than 0.15 mSv/yr 
[15 mrem/yr] during the initial 10,000 years after closure of the repository and no greater than 
1.0 mSv/yr [100 mremfyr] after 10,000 years up to 1 million years. The regulations specify that 
a performance assessment must be used to demonstrate compliance with the individual 
protection dose limit and set forth reqUIrements for the pertormance assessment According to 
10 CFR 63.2, performance assessment is defined as an analysis that 

(1) Identifies the FEPs (except human intrusion), and sequences of events and processes 
(except human intrUSion) that might affect the Yucca Mountain disposal system and their 
probabilities of occurring dunng 10,000 years after disposal 

(2) Examines the effects of those FEPs and sequences of events and processes upon the 
performance of the Yucca Mountain disposal system 

(3) Estimates the dose incurred by the RMEI, induding the aSSOCiated uncertainties, as a 
result of releases caused by all significant FEPs, and sequences of events and 
processes, weighted by their probability of occurrence 
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The requirements for developing performance assessment analyses (e.g., consideration of 
FEPs included in the performance assessment, determmation of event probabilities, 
consideration of uncertainties) are relevant to previous SER chapters (Sections 2.2.1.2 and 
2.2.1.3). These previous chapters evaluate DOE's development of the performance 
assessment. The requirements also specify how the performance assessment is used to 
estimate the annual dose to the RMEI. In general, DOE is required to use the performance 
assessment to 

• Estimate the annual dose as a result of releases caused by all significant FEPs weighted 
by their probability of occurrence (10 CFR 63.2 and 63302) 

• Demonstrate that the arithmetic mean (I.e, average) of the annual dose over the initial 
10,000 years is no greater than 0.15 mSv [15 mrem] per 10 CFR 63.303 and 
63311(a)(1) 

• Demonstrate that the arithmetic mean (ie, average) of the annual dose after 
10,000 years up to 1million years is no greater than 10 mSv [100 mrem] per 
10 CFR 63.303 and 63.311(a){2) 

Consistent with the review guidance identified in the Yucca Mountain Review Plan (YMRP) 
(NRC, 2003aa), the NRC staff assessed whether the average annual dose 

Reflects the scenario classes included in the performance assessment 
Provides a credible representation of repository behavior 
Is below the dose limits and is computationally stable 

2.2.1.4.1.3 Technical Review 

2.2.1.4.1.3.1 Introduction 

The regulations require DOE to use a performance assessment to demonstrate compliance with 
the dose limits for individual protection. DOE's performance assessment is implemented 
through its TSPA code. The TSPA code is used to represent the range of behavior of a Yucca 
Mountain repoSitory. accounting for uncertainty in the FEPs that could affect the repository 
evolution over the compliance period, DOE developed its analysis of repository performance 
using distinct groupings of FEPs-referred to as "scenario' or "event" classes. In very general 
terms, there are two broad categories of scenario classes: nominal and disruptive. The 
nominal scenario class comprises those FEPs that are present under 'normal" conditions 
(e.g., infiltration of water, corrosion of the waste package, release of radionuclides, transport of 
radionuclides in groundwater), The disruptive scenario class Includes additional FEPs that 
account for the effects of specific events (i.e., seismic events, volcanic activity, fault movement) 
that disrupt or alter the repository performance differently from what the nominal scenario class 
portrays, In DOE's TSPA the nominal scenario class is conSidered part of the seismic ground 
motion modeling case so that the combined effects of waste package corroSion, which degrades 
the mechanical strength of the waste package, and mechanical damage of the waste package 
due to seismic ground motion are appropriately considered in the post· 1 O,OOO-year period (SAR 
p. 2.4-36). (Note: for the initial 1 0,000 years the nominal scenario class does not result in any 
dose, as detailed in SAR p 2.4·62 and Figure 2.4-22a) A key aspect of the disruptive scenario 
classes is the consideration of the probability or likelihood that the disruptive event will occur. 
By regulation, the annual dose is weighted by the probability of its occurrence. 



The NRC staff reviewed SAR Sections 2.4.1 and 2.4.2, Total System Performance 
Assessment-License Application (TSPA-LA) Analysis Model Report, and the TSPA model 
files including intermediate results provided as part of the license application. Additionally, 
the NRC staffs review in this chapter incorporates and integrates the NRC staffs reviews 
on multiple barriers, scenarios, event probabilities, and model abstraction (SER 
Sections 2.2.1.1-2,2.1.3.14). 

The NRC staffs review entails 

• Determining that the probabilities and consequences of each of the scenario classes are 
appropriately included in the average annual dose (SER Section 2.2.1.4.1.3.2) 

• Determining that the results of the performance assessment provide a credible 
representation of repository performance [e.g., the intermediate results, such as waste 
package failure, and release rates from the engineered barrier system (EBS), 
unsaturated, and saturated zones, are consistent with the model abstractions and the 
average annual dose; confirmatory calculations are consistent with the performance 
assessment results] (SER Section 2.2.1.4.1.33) 

• Determining that the average annual dose meets the regulatory limits and is statistically 
stable [e.g., increasing the number of simulations (statistical sample size) performed with 
DOE's TSPA is not expected to significantly change the average annual dose] (SER 
Section 221.4.1.3.4) 

2.2.1.4.1,3.2 Probabilities and Consequences of Scenario Classes 

2.2.1.4.1.3.2.1 Summary of DOE Approach 

DOE has identified three scenario classes (sometimes referred as event classes) that are 
included in its TSPA to demonstrate compliance with the individual protection standard: (i) early 
failures, (ii) seismic events, and (iii) igneous events. DOE has used two modeling cases within 
each scenario class to represent speCific aspects of the scenano. The early failure scenario 
class is composed of an early waste package failure modeling case and an early drip shield 
failure modeling case. The seismic scenario class is composed of a seismic ground motion 
modeling case and a seismiC fault displacement modeling case. The igneous scenario class is 
composed of an igneous intrusion modeling case and a volcanic eruption modeling case. 

DOE's average annual dose curve for individual protection (SAR Figure 2 4-18) is determined 
by summing the effects of at! the scenario classes (I.e., early failure, seismic, and igneous). The 
annual doses attributed to each of the scenano classes are a direct result of the FEPs used to 
represent the scenario class and its probability of occurrence. 

FEPs included in the scenario classes are reviewed in the NRC staffs model abstraction review 
(SER Sections 2.2.1.3.1-2.21.3.1 The NRC staff has also reviewed and evaluated the 

the assessment SER 
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Scenario Class Probabilities 

The DOE's TSPA assessment incorporates the folloWing three scenario classes: (i) the igneous 
activity scenario class, which has a very low annual probability [on the order of a 1 in 100 million 
chance of occurring per year, as outlined In CRWMS M&O (1996aa)]; (iI) the seismic scenario 
class, which typically results in numerous events occurring over 1 million years (according to 
SAR Section 2.4.2.1,6, p, 2.4-50, seismic events are expected to occur frequently; however, it is 
important to evaluate the timing and magnitude of seismic events); and (iii) the early failure 
scenario class, for which there is a low probability of occurrence for an individual waste package 

Section 2.4,2.1,6, p, 2,4-49). These three scenario classes (;'Ire not inde ndent SER 
(b)(5) 

Igneous Scenario Class 

Probability 

The igneous scenario class is composed of an igneous intrusion modeling case and a volcanic 
eruption modeling case. The probability for the igneous intrusion modeling case is described in 
the DOE model as a Poisson process, and intrusive events are distnbuted in time with a mean 
recurrence frequency of 1.7 )< 10 B per year, with a 5th and 9Stn percentile uncertainty spanning 
nearly two orders of magnitude, 7.4 )( 10 10 to 5.5 )( 10 8 per year DOE describes the 
probability of the volcanic eruption modeling case as a subset of the probability used for the 
Igneous intrusion modeling case by using a conditional probability that an igneous intrusive 
event will also have an eruptive component that ejects waste into the atmosphere The 
conditional probability is composed of (i) a conditional probability of 0.28 that an igneous 
intrusive event could have an eruptive component and (ii) a conditional probability of 0.2968 that 
the eruptive component of an Igneous intrUSive event could intersect the waste packages. The 
combination of these two probabilities results in a net conditional probability of 0.083 that an 
igneous intrusive event would also manifest a volcanic eruption that mtersects waste packages 
in the repository footprint. Thus, the mean recurrence frequency for the volcanic eruption 
modeling case is 1,4)( 10 Q per year based on the mean recurrence frequency provided 
previously for the igneous intrusion modeling case (Ie., 1.7" 10 8 per year) 

Igneous Event Contribution to Average Annual Dose Curve 

DOE evaluated the igneous intrusion modeling case and the volcanic eruption modeling case 
separately assuming the entire intact or degraded repository inventory is available for release 
for each modeling case. Ad rease in the ~epository inventory due to the qccurrence of other 

, - b 5 

The average annual dose from the Igneous scenario class is the sum of the contributions 
from the igneous intrusion modeling case and the volcanic eruption modeltng case. The 
average annual dose from the igneous intrusion modeling case is more than 99 percent of the 
average annual dose from the igneous scenario class (intrUSion plus volcanic eruption) (SAR 
Figure 2A-18). 
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The igneous intrusion modeling case is the second largest contributor to the overall average 
annual dose (Le., summation of average annual dose from all scenario classes) in the 
10,0(){)..year period and the largest contributor to the overall average annual dose after 
10,000 years (SAR Figure 2.4-18). In the 10,000-year period, Tc-99, Pu-239, Pu-240, and 1-129 
radioactive elements or radionuclides are the domInant contributors to the average annual dose 
After 10,000 years, the dominant radionuclide contributors to the average annual dose are 
Pu-239, Pu-242, Np-237, and Ra-226 (SAR Figure 2 4-30). 

Early failure Scenario Class 

Probability 

The early failure scenario class includes two modeling cases: early drip shield failure and early 
waste package failure. Early failure of either the drip shield or waste package is associated with 
undetected defects accounting for manufacturing processes such as improper heat treatment, 
base metal selection flaws, improper weld filler matenal, and emplacement errors. DOE 
assumed that a/l of the waste packages under early failed drip shields would also be considered 
failed if contacted by seepage water, as described in SNL Section 6.4.1. p. 6.4-4 (2008ag). The 
probability of having a large number of drip shields and waste packages fail early due to 
undetected defects is very small. On average, the number of waste packages affected by early 
failure of drip shields and waste packages is less than 0.02 percent of the total number of waste 
packages (SAR Section 2.4.2.172. p. 2.4-52). 

Early Failure Contribution to Average Annual Dose Curve 

The early failure scenario class contnbutes on the order of 1 percent or less to the overall 
average annual dose curve (SAR Figure 2.4-18) In particular, the average annual dose for the 
early drip shield failure modeling case, which includes contributions from waste packages under 
drip conditions and unprotected by the drip shields against contact with seepage water. is below 
1 " 10 5 mSv [0.001 mrem1 for a/l times. The average annual dose for the early waste package 
failure modeling case is generally 10 times or more greater than the average annual dose for 
the early drip shield failure modeling case but still on the order of 100 times less than the overall 
average annual dose curve (SAR Figure 2.4-18). 

Seismic Scenario Class 

Probability 

The seismic scenario class is composed of a seismic ground motion modeling case and a 
seismic fault displacement modeling case. The DOE model describes seismrcground mob on 
events as a Poisson process. with events distributed in time with a maximum mean recurrence 
frequency of 4.287 x 104 per year {corresponding to the frequency of events with a peak ground 
velocity exceeding 0.219 mls [0.72 ft/sJ (SAR Section 2.42.1.6, p. 2.4·50)} This is the 
maximum recurrence frequency of seismic ground motion events that could result in repository 
damage. Given a recurrence frequency of 4.287 " 10 4 per year, it is expected that seismic 
ground motion events of that magnitude could occur, on average. every 2,200 years. Thus, 
because it is expected that multiple seismic events will occur during the compliance penod. 
DOE considered cumulative effects of seismic ground motion from multiple events 

The DOE model describes seismic fault displacement events as a Poisson process with events 
distributed In time, with a maximum mean recurrence frequency of 2" 10 7 per year. Because 
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multiple seismic fault displacement events that could affect the repository are expected to be 
sufficiently rare and therefore inconsequential to repository performance, DOE evaluated only 
the effects of Single seismic fault displacements, 

In both modeling cases for the seismic scenario class, the consequence of events that have a 
recurrence frequency between the maximum mean recurrence frequencl (i.e" those which 
could cause repOSitory damage) down to the compliance limit of 1 ~ 10 per year are 
evaluated, The magnitude of an individual seismic event is determined through the use of a 
probabilistic seismic hazard analysis (PSHA) curve The PSHA was developed primarily through 
the use of an expert elicitation process and is documented in CRWMS M&O (1998aa) (see also 
SER Sections 2,2,1,2,2,3,2 and 2,2,1.3,2 for further details on the NRC staffs evaluation). 

Seismic Event Contribution to Average Annual Dose Curve 

The average annual dose from the seismic scenario class is the sum of the contributions from 
the two seismic modeling cases: (i) the seismic ground motion modeling case, which addresses 
the potential for seismic events to damage waste packages and drip shields due to vibratory 
ground motion and (ii) the seismic fault displacement modeling case, which addresses the 
effects of fault displacement on waste packages and drip shields, 

Nominal corrosion processes have the potential to alter the engineered barners' susceptibility to 
damage during seismic ground motion events as the corrosion processes gradually weaken the 
mechanical strength of the waste package, Therefore, the seismic ground motion modeling 
case also includes both waste package degradation from the nominal processes (e.g" general 
corrosion) and seismic ground motion, 

The average annual dose from the seismiC ground motion modeling case is at least 10 times 
larger than the average annual dose from the seismiC fault displacement modeling case over 
the entire 1~miflion-year compliance period (see SAR Figure 2 4-18) Although the average 
annual dose curve from the seismic ground motion modeling case also tncludes the effects from 
the nominal scenario class, the nominal scenario class contributes no more than 50 percent to 
the seismic ground motion modeling case average annual dose curve (compare SAR 
Figures 2,4-18 and 2.4-22), 

The seismic ground motion modeling case is second only to the Igneous IntrUSion modeling 
case in overall significance to the overall average annual dose curve. The seismiC ground 
motion modeling case is the largest contributor to the overall average annual dose curve for the 
period after 1,500 years through 20,000 years The overall average annual dose curve in either 
the initial 10,000 years or after 10,000 years is dominated by contnbutions from the seismic 
ground motion modeling case and the igneous intrusion modeling case 

2.2.1.4.1.3.2.2 NRC Staff Evaluation 
(b){5) 
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2.2.1.4.1.3.3 Credible Representation of Repository Performance 

DOE has used two modeling cases for each of the three scenario classes [for igneous (intrusive 
and eruption), for seismic (ground motion and fault displacement). and for early failure (drip 
shield and waste package)] to estimate overall performance of the Yucca Mountain repository 
(see Table 17~1). Only one modeling case (volcanic eruptive) releases radionuclides directly to 
the atmosphere via volcanic ash. The other five modeling cases (seismiC ground motion, 
seismic fault displacement, igneous intrusion, early waste package failure, and early drip shield 
failure) release radionuclides through groundwater movement. The NRC staff reviewed the 
TSPA documentation in SAR Volume 2 and in the TSPA GoldSim computer model and 
associated computer files (including intermediate results saved in the GoldSim output files) 
The NRC staffs review of the TSPA analyses considered how the collection of FEPs that are 
Included in the TSPA represents a credible characterization of the repository, The NRC staffs 
review approach entails a quantitative evaluation of the attributes of DOE's TSPA calculation 
that most significantly impact estimating the annual dose to the reasonably maximally 
exposed individual. Identification of the important attributes for performance are based on 
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Table ff~:C-Scenario Classes and Modeling Cases 
Included In the DOE's TSPA 

Scenario Class Modeling Case .. ___ lransport Pathway· 
Early failure • Drip shield Groundwater 

Waste package Groundwater 
Seismic Ground motion Groundwater 

Fault displacement Groundwater 
Igneous Intrusive Groundwater 

Eruption Atmospheric (volcanic ash) 
'Transport pathway Indicates the primary pathway for radionuclides to be transported away from the reposrtory 
to the comPliance location specified in 10 CFR 63.312 

the NRC staffs review of the capabilities of the barriers important to waste isolation (SER 
Section 2.2.1.1) and the model abstractions in the TSPA (SER Sections 2.2.1 3.1-2.2.1.314), 
and the NRC staffs independent analysis with its performance assessment model, as 
outlined in Center for Nuclear Waste Regulatory Analyses (CNWRA and NRC, 2008aa) and 
NRC Appendix D (2005aa). 

2.2.1.4.1.3.3.1 

2.2.1.4.1.3.3.1.1 

DOE's TSPA Calculation Related to Groundwater Releases 

Summary of DOE Approach 

The modeling cases associated with groundwater releases are descnbed by tracking the water 
through the system. For example, water could infiltrate the top of the mountain and move 
downward to the repository; after waste packages are breached and radionuclide releases 
occur, water could transport radionudides through the unsaturated zone then through the 
saturated zone to the location of the RMEL In general, the description of the groundwater 
releases is based on the following repository performance characteristics 

• Seepage of water entering the dnfts (tunnels containing the waste packages) 
• Damage to engineered barriers (drip shield and waste package) 
• Seepage of water into the waste packages 
• Release of radionuclides from the waste package 
• Transport of radionucHdes in the unsaturated zone 
• Transport of radionuclides in the saturated zone 
• Annual dose to the RMEI 

The volcaniC eruption modeling case evaluates the release of radionuclides via volcanic ash 
deposited on the ground. The volcanic eruption modeling case is evaluated separately (see 
'Description and Understanding of TSPA Calculation Related to Releases from a Volcanic 
Eruption Event' later in this chapter) from the modeling cases that inVOlve radionuclide release 
through the groundwater pathway. 

2~2, 1.4.1.3.3, 1.1.1 Seepage of Water Into Drifts 

The flux of water reaching the drifts (Le., drift seepage) is originally derived from rainfall over the 
mountain. Two important metrics for performance for the upper natural barrier are seepage flux 
{the amount of liquid water entering repository drifts} and seepage fraction (number of waste 
package locations with dnpping water). The latter is the traction of the repository area where 
seepage occurs {the seeping environment}: the remainder of the area would not receive 



seepage. Seepage. or dripping water, has the potential to fall onto drip shields and later 
contact waste packages after dnp shields degrade sufficIently to allow water to pass through the 
drip shield. 

Precipitation to Deep Percolation 

DOE divided the first 10,000 years into three periods: present day (0-000 years), 
monsoonal (600-2,000 years), and glacial transition (2,000-10,000 years) climates (SAR 
Tables 2.3-1-2.3-4; DOE, 2008ab) The glacial transition climate spans 80 percent of the first 
10,000 years and has the most Significant impact on the performance of the repository over this 
initial period. For the glacial period, the applicant calculated an average precipitation of 
296.7 mm/yr [11.7 in/yr] in the repository footprint, as described in DOE Enclosure 5, Table 1 
(2010ai). Processes including runoff of water from hillsides, evaporation, and lateral diversion 
of water caused by the Paintbrush Tuff nonwelded rock layer alter the amount of rainfall that 
eventually ends up as deep percolation (the amount of water reaching the repoSitory level) 
DOE estimated an average deep percolation of 21.74 mm/yr [0.86 in/yrJ at the repOSitory 
horizon, as detailed in DOE Enclosure 5, Table 1 (2010ai) at the repOSitory footprint for the 
Initial 10,000 years Thus, approximately 7 percent of the rainfall ends up as deep percolation 
at the repOSitory footprint. (SER Sections 2.2.1.3.5 and 2.2.1.3.6 provide further details on 
climate and infiltration.) 

For the post-10,000-year period, DOE used the 10 CFR Part 63 time-independent flux for deep 
percolation, representing average climate conditions over the long term. The final regulation 
[10 CFR 63.342(c)(2)] specifies a range of 10 to 100 mmlyr [3.9 to 39 inlyrJ using a lognormal 
distribution {with an arithmetic mean of 41 mmlyr [1.6 in/yr] and a standard deviation of 
33 mm/yr [1.3 in/yrJ}. In the license application, DOE used a log-uniform distribution with an 
arithmetic mean of 32 mm/yr [1.3 in/yrJ and a range between 13 and 64 mm/yr [0.51 and 
2.5 in/yr] (SAR Section 2.3.2.3.5.1), as specified in the draft regulation (70 FR 53319). The final 
regulation specifies a 16 percent higher average deep percolation. USing this higher deep 
percolation for a bounding calculation, the applicant estimated a corresponding increase In the 
1.million-year RMEI average annual dose from 2.00 mremlyr to 2.32 mrem/yr [0.02 mSv/yr to 
0.023 mSv/yrJ, which remains below the regulatory limit of 100 mrem/yr [1 mSv/yrJ, as detailed 
in DOE EnClosure 1 (2009cb). 

Deep Percolation to Seepage 

The TSPA includes a number of factors such as focusing or diverging of flow at the repository 
footprint, vapor barrier surrounding a drift when the drift temperature is above the boiling pOint of 
water, different waste package types, capillary diversion, drift degradation (prevalent in the 
seismic cases) in estimating seepage fraction, and drift seepage. Seepage is set to zero jf the 
drift wall temperature exceeds 100 ·C [212 OF] (SAR Section 2.3.3.4.1.1). The period of time 
when drift wall temperatures exceed 100 ·C [212 6FJ is generally limited to the first 2,000 years, 
as the heat generated by radionuclide decay decreases. 

(b)(5) 
(b)(5) I The uncertainties of the 
~e~ff:::-ect-:-'-:-s -o:::-n ~th::-::e-;l:::-on:::-g::-:e::-:v~ity::-:o::-;f'-;tLhe~dr::"'jp:-s::-1h""ie-r:Td -=-a=-n cr-=C:-=-=-="""a=g-=-e--a=re"";evaillated in SER Sections 

2.2.1.3.1 and 2.2.13.2 

Over the repository footprint, seepage flux is approximately 10 percent of the deep percolation 
for intact drifts and can increase up to 49 percent for degraded drifts as the applicant predicted 

17-9 



through the seismic ground motion modeling case, outlined in DOE Enclosure 5 (2010ai). For 
the igneous intrusive scenario, all of the percolating flux enters the drift at all locations. as 
described in DOE Enclosure 10 (2009ct), Table 17-2 provides the DOE values for the seepage 
fraction and the average seepage rate over the repository footprint (i,e" averaged over both 
seeping and nonseeping enVironments), As the seepage rate increases, the number of 
locations where dripping occurs (seepage fraction) also increases, 

2,2,14.1,3,3.1,1,2 Damage to Engineered Barriers (Dnp Shield and Waste Package) 

The dnp shield and the waste package are two important components of the engineered barrier 
system (SER Sections 2,2,1,3 1 and 2.21,3.2 evaluate behavior of the drip shield and waste 
package), The dnp shield degrades gradually over time (from general corrosion) or at speCific 
times from large seismic events or igneous events, From the distributions considered in the 
TSPA to represent corrosion rates of Titanium Grade 7, time to failure by general corrosion of 
the drip shield was computed to range from 260,QOO to 340,000 years (SAR Figures 2,1-8 and 
2.4-24), Seismic ground motion can coUapse the drip shield by mechanical failure due to static 
and dynamic loads caused by rockfall and ground motion, As illustrated in SAR Figure 2,1-11, 
drip shield collapse due to seismic ground motion occurs primarity between 25,000 and 350,000 
years with the vast majority of the failures occurring between 200,000 and 300,000 years (see 
SAR Figure 24.24), Drip shields are assumed to fail whenever an Intrusive igneous event 
occurs, when a fault displacement event breaches the waste package, or when significant 
general corrosion occurs, Once the drip shield is failed, seepage water that enters the drifts can 
contact the surface of the waste package, 

The damage mechanisms leading to waste package failure are 'crack" and 'patch' (holes) 
failure, Within the DOE's TSPA, crack and patch failures of the waste package are treated 
separately because of differences in how water may enter a breached waste package. DOE 
assumed that seepage water cannot freely flow through cracks on the waste package because 
of the small size of the cracks. Because of processes such as general corrOSion, or ruptures 
and punctures of the waste package, patch failures represent significantly larger openings and 
seepage water is assumed to enter the waste package through these holes or openings. The 
waste packages with large or patch openings could allow release of radionuclides carried by 
flowing water (i.e, advective release), while those with crack openings could only allow release 
by diffuSion. 

The five modeling cases associated with groundwater releases have very distinct characteristics 
for the timing and extent of waste package failure. Assumed to occur at the time of closure, the 
early failure scenario class consists of two modeling cases. drip shield early failure and waste 
package earty failure, The early failure scenario has, in probabilistic terms, on average, fewer 
than one waste package and one drip shield failing (see SER Section 2.2.1.3.1.3.2.4 for early 
waste package failure and SER Section 2.2.1,3.1.3.1 2 for drip shield failure). The igneous 
intrusion modeling 

Table 17-2. DOE's Mean Values for the See a'eRate IntoDiifiS·­
;",;;;",~r--.... :.,----..., 

17-10 



case assumes all waste packages fail at the time of the event and lead to release to the water 
pathway (see SER Section 2.2.1.3.10 for further detalls). The seismic scenario class consists of 
a ground motion modeling case, where the waste packages are damaged by seismic ground 
motion, and a fault displacement modeling case, where displacement along a fault may damage 
the waste packages that lie along the fault. The seismic fault displacement modeling case has, 
on average, tens of waste packages failing (see SER Section 2.21.3.2 for further details). The 
seismic ground motion modeling case contains a range of waste package failures-typically 
initial damage is primarily due to cracks in the waste package from ground motion, and, later in 
time (e.g., after 100,000 years), general corrosion, ruptures and punctures, and further cracking 
damages the waste packages. 

Table 17-3 provides the percentage of waste package failures accounted for in the seismic 
ground motion modeling case for selected times (i.e, 10,000; 100,000; 400,000; and 
800,000 years) to provide some perspective on the time-dependent nature of waste package 
failure. In the first 10,000 years, a small fraction of waste packages fails in the seismic ground 
motion modeling case due to rare but potentially damaging earthquakes. The majority of the 
failed waste packages are Codisposal packages (CDSP). These packages are not equivalent to 
the more robustly designed transportation, aging, and disposal canisters that contain the 
commercial spent nuclear fuel (CSNF) waste packages. Most of the initial damage is attributed 
to cracks that are small enough to prevent seepage water from entering the waste package. At 
approximately 100,000 years, the mean fraction of failed CDSP packages due to cracks is 
40 percent and the mean fraction of failed CSNF packages is below 1 percent At 1 million 
years, approximately 50 percent of the CSNF and CDSP waste packages fail due to cracks. 
Some of these cracks are from seismically induced stress corrosion cracks on the waste 
package surface. Others are due to stress corrosion cracks in the closure welds-consldered a 
general corrosion process. Waste packages start to fail by general corrosion patches at around 
500,000 years, and approximately 1 ° percent of the waste packages have at least one failed 
patch due to general corrosion by 1 million years, as described in DOE Enclosure 1, Response 
Number 1, Figures 9 and 10 (2009bj). Waste package failure due to ruptures and punctures is 
limited: approximately 1 percent of the packages failed after 700,000 years and on the order of 

Table 17-3. Percentage of CSNF* and CDSPt Waste Package$ Breached for the 
Seismic Ground Motion Modeling Case in DOE's TSPA:; 

10,000 100,000 

I 
400,000 

i 
800,000 

~rocess Years Years Years Years 
Stress corrosion cracks Little to no CSNi= 0.0003% CSNF 8% 

-
CSNF 40% 

! in closure welds failures CDSP 0.0003% CDSP8% CDSP40% 
i 
I Stress corrosion ~ackS I CSNF 0.01% CSNFO.4% CSNF10% CSNF 10% 

CDSP 1% CDSP30% CDSP40% CDSP40% 
little to no 

-
CSNFO% CSNF 0.3% CSNF1% Ruptures and • 

punctures (patches) I failures CDSP 0.02% CDSPO.4% CDSP 1% 
General corrosion little to no Little to no CSNF 0.004% CSNF4% 
(~tchesl failures failures I CDSP 0.1% CDSP 7% 
"Repository contains 8,213 commercial spent nUClear fuel (CSNF) waste packages. 
tRepository contains 3.416 codisposal (CDSP) waste packages. 
;Values were approximated from DOE figures 1-14 [DOE. 2009. ·Yucca MoumaHl-Re!lj)onse to Request for 
Additionallntormallon Regarding License Application (Safety Analysis Report Section 2.4.4) Safety Evaluation 
Report Vol 3, Chapters 221.4 1. 2.2.1.4.2. and 2.2.1,43. Set I" Let1er (July 29) J.R Williams to J.H. Sulima 
(NRC). Ml092110472. Washington, DC DOE, Office ofTechnical Managementl 
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2-3 percent after 1 million years, as shown in DOE Enclosure 1, Response Number 1, 
Figures 13 and 14 (2009bj) 

The majority of the waste package failures are associated with the seismic ground motion 
modeling case, which includes the nominal processes such as general corrosion, and the 
igneous intrusion modeling case. In DOE's TSPA model, the seismic ground motion and 
igneous intrusion modeling cases contribute most to the overall average annual dose curve and 

~nerally more than a factor of 10 greater than the other modelil1,,,-,,,,,-ses~'-'-"'DLl'-""--'-=t:...U.u......., 
,(b)(5) 

2.2,14.1,3.3,1.1.3 Seepage of Water into Waste Packages 

In TPSA model, two conditions are required for seepage water to enter a waste package: 
(i) drip Shield failure must occur to allow water to contact the waste package outer barner and 
(ii) the waste package outer barrier must be breached by patches (it is assumed that seepage or 
dnpping water cannot flow into waste package cracks due to the small opening of cracks; 
therefore, seepage water enters the waste package only through patch failures). When these 
required conditions are met, water flow through the waste package is modeled as quasI-steady 
state, where water flux into the waste package is equal to water flux out. 

The waste package surface is divided into a large number of patches with each patdh having 
distinct properties that can affect the corrosion rate of the patch The extent of waste package 
degradation (i.e" number of patdh failures on the waste package) determines the quantity of 
water entering the waste package. The waste package outer barrier is considered unable to 
divert water when a mean value of approximately 62 patches fail (62 patches comprises 
approximately 4 percent of the total surface area of the waste padkage), at which point 
water flow through the waste package equals the Incoming seepage rate. When fewer than 
62 patches fail, water flux through the waste package is linearly related to the number of 
patches that fail. Generally, a single patdh failure allows 1162 of the seepage flux to pass 
through the waste package. Because of uncertainty incorporated into the submodel, this value 
can range from 0 to 2.4 times the 1162 value 

The waste package patdh failures in the seismic ground motion modeling case are limited (see 
Table 17-3). Approximately 1 percent of the waste package surface area is breached by 
general corrosion after 1 million years, as descnbed In DOE Enclosure 1, Response Number 1, 
Figures 11 and 12 (2009bj). Patch fallure by ruptures and punctures compromises 
approximately 0.2 percent of the waste package surface by 1 million years. as outlined In DOE 
Enclosure 1, Response Number 1, Figures 15 and 16 (200gb]). TtlUs, the compromised area 
remains limited for the 1-million-year period after patch failure occurs due to general corrosion, 
ruptures, or punctures. Additionally, the number of waste package patch failures is limited over 
the 1-million-year time period 10 percent of waste package failures are from general corrosion 
and approximately 3 percent of waste package failures from ruptures and punctures. These 
failures occur primar;,ly at long times [e.g, after 400,000 years, as shown in DOE Enclosure 1, 
Response Number 1, Figures 9, 10, 13, and 14 (2009bj)J. 

For the igneous intrusion modeling case, the drip shield and waste package are assumed to be 
ineffective barriers against seepage in the TSPA model (I.e., no credit to decrease seepage is 
given to the drip shield or waste package after the time at which the event occurs) Thus, all 
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drip shields and waste packages are assumed failed and the entire surface area of the waste 
package is assumed failed. 

2.2.1.4.1.3.3.1.1.4 Release of Radionuchdes From the Waste Package 

Waste form degradation and subsequent radionucllde release cannot occur prior to waste 
package breach and/or failure. Assuming waste package failure, radlonudide release may be 
advective if seepage water enters the waste package; otherwise, the release will be a 
diffusive release 

Because seepage water does not flow through crack failures, the radionuclide release from 
cracks in the waste package is controlled by radionuclide diffusion in an assumed continuum of 
aqueous pathways through the cracks. DOE described patch failure as a more extensive 
damage mechanism of the waste package surface from general corrosion, or waste package 
ruptures and punctures driven by seismic events and mechanical interactions with drip shields 
or other waste packages. Radionuclide release through damaged patches is assumed to be 
diffusive if seepage does not contact the waste package, which could occur in the DOE model if 
the drip shield is not breached, or if the waste package is under nondrip conditions. If, on the 
other hand, the waste package is under drip conditions, the drip shield is tailed, the waste 
package is breached by patches (by corrosion or processes dnven by seismic events), and 
radionuclides are released trom the waste package by flowing water (Le., advective release) 
and diffusion. Advective release is effective also in the igneous intrusion case, in which all 
waste packages fail completely and seepage is assumed to contact all waste packages. 

In general. diffusive and advective release of radlonuciides from a waste package will be 
affected by the size of the openings, degradation rate of the waste, solubility limits, sorption onto 
corrosion products, and the presence of colloids, The Significance of these features and 
processes can vary for specific radionuclides, as descnbed next. 

Size of the Openings 

The overall surface area of the crack and patch openings directly affects radlonuclide diffusion 
out of the waste package (more surface area results in more release). Additionally, the overall 
surface area of the patch openings can affect the amount of water entering the waste package 
and thus the amount of dissolved radionuclides released from the waste package in the 
advective or flowing water. (Note: once an average of 4 percent of the waste package surface 
is failed. due to patches, DOE assumes that the waste packages to no longer divert drift 
seepage water.) 

Degradation Rate of Waste 

Radionuclides cannot leave the waste package faster than the waste degrades. Generally, the 
degradation rates used in TSPA for CSNF result in somewhat short times (e.g .. hundreds to 
thousands of years) for the waste form to Significantly degrade, as outlined In DOE Enclosure 5. 
Table 1.1-1 (2009an): therefore, the degradation rate only affects those radlonuclides that are 
not limited by other release constraints inside the waste package (e.g., Tc-99 and 1-129 are not 
solubility limited and are not sorbed or attached onto corrosion products). For CDSP waste 
packages glass waste form can degrade much slower than CSNF (e.g .. , thousands to millions of 
years for the glass waste form to Significantly degrade versus hundreds to thousands of years 
for CSNF); however, the defense spent nuclear fuel waste form is assumed to Instantly 
degrade, as described in DOE Enclosure 5, p. 6 (2009an). 
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Solubility limit 

Some radionuclides have a solubility limit-a function of the properties of the radionuclide and 
the water chemistry inside the waste package-that controls the amount that can be dissolved 
in water. Radionuclides such as plutonium (e.g., Pu-242) and neptunium (e g., Np-237) have 
the potential for low release rates due to solubility limits (see SER Section 2.2.1.3.4 ) 

Corrosion Products 

The TSPA includes a process by which certain radionuclides attach onto corrosion products 
within the waste package. and thus release from the waste package is delayed. This is 
especially effective for a radionuclide such as Np-237 that is somewhat soluble and attaches 
onto corrosion products, as described in DOE Enclosure 5, p. 22 (2009an). 

Colloids can facilitate release of radionuclides out of the waste package; radionuclides sorbed 
or attached onto irreversible colloids are not affected by solubility limits and stationary 
corrosion products. Colloids can also sequester radlonuclldes by becoming unstable (see SER 
Section 2.2.1.3.4) DOE stated that the contribution to annual dose from irreversible colloids is 
small [Le., contribution from irreversible colloids never exceeds 30 percent, as shown in DOE 
Enclosure 5, pp 24-25 (2009an)]. The contribution to annual dose from a radionuclide such as 
Pu-242 will be mamly from aqueous releases, which are composed of both dissolved 
radio nuclides and reversible colloids (e.g., SAR p 24-93 and SAR Figure 2.4-73) 

Release rates of radionuclides from an individual waste package are dependent on the type of 
radionuclide. High mobility clharacterizes the soluble, nonsorbing radlonuclides (e.g., Tc-99, 
1-129, CI-36, 8e-79), which may result in nearly complete release of the inventory of the 
high-mobility radionuclides from the EBS over the 1-million-year compliance period (SAR 
Figure 2.1-24). Much lower mobility characterizes the relatively insoluble, sorbing nuclides 
(e.g., Np-237, Pu-242). For the concentration-limited radionuclldes (e.g., Pu-242 and Np-237), 
DOE explained that releases will be significantly lower than the release rates for soluble 
radionuclides (e.g., Tc-99) and Will increase as water flow into the waste packages increases. 
For example. as corrosion patclh area increases in size over time, more water may enter the 
waste package (SAR p. 2.4-63). At the end of the 1-million-year compliance period, 
approximately 0.1 percent of the Np-237 inventory has been released from the EBS with the 
majority of the release occurring over the later portion of the compliance period (SAR 
Figure 2.1-25) 

2.2.1.4.13.3.1.1.5 Transport of Radionucltdes in the Unsaturated and Saturated Zones 

Transport of radionuclides through the unsaturated zone IS affected by the following processes: 
(I) relatively fast fracture flow versus slow flow in the porous rock matrix, (il) radionuclldes that 
sorb onto mineral surfaces, and (iii) colloid-facilitated transport of radio nuclides. 

Transport of radionuclides can depend Significantly on whether water flow occurs principally in 
fractures or in porous media. Flow in fractures is conceptualized as being relatively fast 
because the effective porosity is relatively small [average estimated value of 0.001 (SAR 
Table 2.3.9-4)J Conversely, flow in porous media IS conceptualized as relatively slow 
because the effective flow porosity is relatively high [average estimated value of 0.18 (SAR 
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Table 2.3.9-4)J, Additionally, given the limited surface area for fracture surfaces as compared to 
rock pores, radionudides can be significantly delayed by sorption to mineral surfaces. 

Colloids are tiny partides that remain suspended in water and are thus able to move with the 
water and facilitate the transport of certain radionuclides. Transport times of strongly sorbing 
radionuclides, such as plutonium and americium, can decrease (e,g., increase transport 
velocity) by permanently attaching onto colloids, This colloid attachment can also occur 
reversibly when radionudides temporarily attach to or detach from colloids as they move 
through the system. Generally, most of the release of Pu-242 from the unsaturated and 
saturated zone is via dissolved plutonium and plutonium reversibly associated with colloids 
{referred to as "aqueous· release in SAR Figure 2.4-108, Limited release of Pu-242 is 
associated with irreversible colloids, whereby Pu-242 permanently attaches onto the colloid, 

Transport of Radionuclides in the Unsaturates! lone 

Transport of radlonuclides in the unsaturated zone depends to some extent on the location from 
which they are released, In the northern area of the repository, water is expected to move 
principally within fractures, Average travel times for nonsorbing solutes from the repository to 
the saturated zone from the northern area of the repository a re on the order of 5 to 100 years for 
an infiltration rate of 12 mm/yr [047 in/yr] (SAR Figure 2.3.8-36). Conversely, in the southern 
repository area, the Calico Hills nonwelded tuff unit has higher matrix permeability that can 
accommodate flow almost entirely within the rock matrix (porous flow). Average travel times 
from the southern repository area to the saturated zone are on the order of 500 to 5.000 years 
for an average infiltration rate of 12 mm/yr [0.47 inlyrl (SAR Figure 2 3.8-36) 

For sorbing radionuclides, travel times depend on the radionuclide-specific sorption coefficient 
More strongly sorbing aqueous species, such as Pu-242, have transport times on the order of 
hundreds of years in the northern area and several hundred thousand years in the southern 
area. Radionudide species with half-lives that are short relative to their unsaturated zone 
transport times can be significantly or completely decayed before reaching the water table 
(e.g., CS-137, Sr-90, Ra-226, Th·229, Th-230, Th-232, Pu-238, Am-241, Am-243) 

Table 17-4 shows how the combined processes affect flow of different radionuclides through the 
unsaturated zone by providing representative transport times for nonsorbing Tc-99 , moderately 
sorbing Np-237, strongly sorbing Pu-242, and Pu-242 attached to colloids. 

Table 17-4. Radlonuclide Transport Times In the Unsaturated Zone for the Northem--
an dS th R I A. F DOES kth he s ou em eJOS tory reas rom rea rougl urve 

Transport Time· for 
Release In Northern 

Repository Area 
Tc-99 ... 10 years 
Np-23-7 --'~--

i 
10 years 

Pu-242 30 :tears 
Pu-242 irreversible colloids 

Transport 
Release in 

Time" for 
Southern 

__ .... __ ReJ?gsito ~-,-re.;;.ca,----_ 
1,000 

__ . ____ 10,000 
~ars __ ,._ 

~:;..:rs::"""' __ -j 

j'~Clr~ __ . . >1 million 
I ears 

Wiln POtrl! 
100 years ___ ., .. 1,000 Y 

"Transportlimes reflee! approximate arrival for 50 percent of peak concentration for a model case 
releases at representative locations in northern and southern model areas. representative paramet er values, and 

for Np,237. 
as for 

Glacial TranSitIOn 10'" percentile infiltration map See SAR Figures 2.3.8-43 for Tc-99. 2.3.8-44(b) 
2,38-47(a) for Pu-242. and 2,3 6-48 lor Pu·242 irrev&rslble collOids for complete breaKthrough curv 
all radionuClides ____ ~.'"·'"."~_M --'. 
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Transport of Radionuclides in the Saturated Zone 

Radionuclides released from a Yucca Mountain repository would eventually enter the saturated 
zone within the fractured volcanic tuffs of the Crater Flat group Transport away from the 
repository area would occur through permeable flowing fracture networks in the volcanic aquifer 
system for more than 10 km [6.2 mil and transition to a valley fill alluvial flow system for the last 
few kilometers before reaching the regulatory compliance boundary approximately 18 km 
[11.2 mil from the southern boundary of the repository footpnnt The exact location of the 
volcanic rock-alluvium contact is uncertain and is treated stochastically in the saturated zone 
transport abstraction model using an alluvium uncertainty zone. The fracture flow path for the 
volcanic tuff is conceptualized as being relatively fast because the effective porosity is 
relatively small [average estimated value of 0.001 (SAR Table 23.9-4)J. Flow in the alluvial 
portion of the flow system is conceptualized as relatively slow because the effective flow 
porosity is relatively high [average estimated value of 018 (SAR Table 2.3.9-4)]. Overall, the 
transport time for nonsorbing radionuclides ranges from about 10 years to several thousand 
years (SAR p. 2.3.9-9). Sorbing radionuclides can be significantly delayed by sorption to 
alluvium mineral grains in which case transport times for strongly sorbing radionudides 
generally exceed 10,000 years (SAR p. 2.3.9-9). Table 17-5 provides transport times for select 
radionuclides representing a range of sorption behavior 

2.2.1.4.1.3.3.1.1.6 Annual Dose to the RMEI 

Following postclosure EBS release and groundwater radionuclide transport, the DOE TSPA 
model executes the biosphere model abstraction to calculate biosphere radionuclide transport 
and the annual dose to the RMEL The exposure scenarios implemented in the DOE TSPA 
model (Le" groundwater, volcamc ash) calculate annual dose to an individual adult member of a 
hypothetical farming community located 18 km [11.2 mil south of the potential repository along 
the path of groundwater flow. Exposure pathways in the DOE 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 radlonuclides 
deposited to soil from irrigation (SAR Section 2,3.10.1) 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. Inhalation pathways include breathing 
resuspended soil, aerosols from evaporative coolers. and radon gas and its decay products 

I 

Table 17-5. Summary of DOe Simulated Trans-port Times in the 
Saturated Zone Under Glacial-Transition Climate State" 

Range of Median 

I 
Median 

Transport Times Time A 
Species (years) Reali 

I C-14, To-99, 1-129 {agueous. nonsorbing) __ ,J9!().ff. 19O i 

Transport 
mongAIl 
zations 
23-6"'-
mmlo~n---1 "-->~f Reversible colloids americium, thorium LQOO to :.> 1 milHon, 

.~" .. "" 
Reversible colloids ~Iutonium 3,000 to >1 million I 9 
Neptunium 100 t6'455,300 I 3, 

100 to 501,900 4, 

5.000 

Irreversible colloids plutonium, ameriCl~m 
'SNL 2008. 'Saturated Zone Flow and Transport Model AbslractlOl1" Rev 03 ADD 02. Table' 6,1 

700 
500 
61al 

MDL-NBS-HS-oOOO2! Las V!:jlas, Nevada: Sandia NationallabSri'lt(1)'_,. _____ .. __ . 
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(SAR Section 2.3.10.1). The NRC staffs review of the applicant's biosphere model abstraction 
is documented in SER Section 2.2.1.3.14. 

DOE biosphere model results are quantified by the Biosphere Dose Conversion Factors 
(BDCFs). A BDCF is the calculated annual dose to the RMEt from all potential exposure 
pathways as a result of a unit concentration of a radionuclide in groundwater or surface soil 
mixed with volcanic ash (SAR Section 2.3.10.1). Mean groundwater exposure scenario BDCFs 
and primary exposure pathways (from SAR Tables 2.3.10-11 and 2.3.10-12) for radionuclides 
that are important contributors to DOE's TSPA annual dose results (SAR Figure 2.4-26 a and b) 
are provided in Table 17-6. (Note: the volcanic ash exposure scenario for the igneous eruptive 
modeling case is discussed in the next section) 

The average annual doses are largest for the seismic ground motion and igneous intrusive 
modeling cases (generally a factor of 10 or more larger than the other modeling cases; see SAR 
Figure 2.4 .. 18). Tc .. gg (a nonsorbing radionuclide) is the largest contributor to the average 
annual dose in the initial 10,000 years Tc-99 accounts for apprmcimately 0.001 mSv/yr 
[0.1 mrem/yrj of the peak of the overall average annual dose of approximately 0.003 mSv/yr 
[0.3 mremJyr] (SAR Figure 2.4-20a). After 10,000 years and up to 1 million years, the peak of 
the overall average annual dose occurs at 1 million years, with Pu-242 and Np-237 being the 
largest contributors to the peak of the overall average annual dose. Pu-242 and Np-237 
account for approximately 0.01 mSvlyr [1.0 mremlyr] of the peak of the overall average annual 
dose of approximately 0.02 mSv/yr [2.0 mrem/yr] (SAR Figure 2.4 .. 20b). 

2.2.1.4.1.3.3.1.2 NRC Staff Evaluation 

The NRC staff conducted confirmatory calculations to assist its review of DOE's TSPA. The 
confinnatory calculations provide both a quantitative understanding of the attributes of the 
performance assessment and an understanding of whether there is a general consistency 
between submodels of the perfonnance assessment and the overall results, Including 
uncertainty (e.g., whether the timing and extent of breaching of the waste package are 
consistent with the timing and magnitude of the average annual dose). The confirmatory 
calculations were performed for selected time periods (Le., 10,000; 100,000; 400,000, and 
800,000 years) to provide some perspective on the tlme-dependent nature of waste package 
failure, associated radioactive decay and release of specific radionuclides. 

I Table 17-6. DOE Groundwater BOCFs· 

I 
I Mean BOeF I 

Svfyr per Bq/m J 

Radlonuclide [mremlyr per pCilL] Primary Pathways 

I Tc-99 1.1)( 10'· 42% drinkrng water 

1 
1 

[4.1 )( 10 3] 37% animal product 

I 
17% crOll 

Np-237 2.7)( 10 I I 56% inhalation 
i [1.0] ! 29% drinking water 

-.--------.-----."-.,,~-.,, ~. 

I Pu-242 9.1 )( 10 7 75% inhalation ""'''1 

[3.4J 19% drinking water 
i 
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(b)(5) 

Amount of Water Eoterjnq Faned Waste Packages 
(b){5) 
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Rel§ase of RadjQnuclides From Waste Packa!m§ 
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(b)(S) 

~ ... =. ==============:==::::::::::::;;:=::::::::=========== .. -=-= .. = ........ =~ 
Table 17·lt NRC Staff's Confirmatory Calculation Results for the 

Average Release Rates for Tc-99 (Seismic Ground Motion Modeling Case) 
for CSNP and CDSP Waste Pa 

(b)(5) 
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!(b)(5) 

Transport of Radionuclides through the Unsaturated and Saturated Zones 

(b)(5) 

17·21 



Table 17-9. NRC Staff'$ Confirmatory Calculation Result:s for the l 
Average Release Rates for Np-237 and Pu-242 in the Seismic Ground Motion 

r;;-;-~-,-_____ .::Mc:..::od=ftnng Case for CSNF" and CDSPt Waste Packages . 
(b)(5) 
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(b)(5) 

Table 17-10. NRCStiiffs-Confinnatofy CalcUfation-ResuTiS~fOr~the-~"~""­
Average Release Rates for Tc-99 in the Igneous Intrusive Modeling Case for 

CSNF* and CDSpt Waste Packages 

Table 17-11. NRC Staff's Confinnatory Calculation Results for the 
Average Release Rates for Np-237 and Pu-242 In the Igneou8 Intrusive 

Ground Motion Case for CSNF* and C OS Waste Packa es 
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(b)(5) 

Table 17·12. NRC Staff's Confinnatory Calculation Values for the Effectiveness 
(Expressed as a Percentage Reduction In Release) of the Unsaturated and Saturated 

Zones for Reducin Release Rates for S effic Radionuclides· 
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(b)(5) 

Table 1M3. NRC Staffs Confirmatory Calculation Results for the 
Average Dose Estimates for Tc-99 for the Seismic Ground Motfon Modeling 

Case and Igneous Intrusive Modeling Case 
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(b)(5) ... 

Table 17-14. NRC Staffs Confinnatory Calculation Results for the Annual Dose 
for Np-237 for the Seism Ie Ground Motion Modeling Case and 

I neous Intrusive Modelln Case 
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(b){5) 

Table 17·15. NRC Staffs Confirmatory Calculation Results for the Annual Dose 
for Pu·242 for the Seismic Ground Motion Modeling Case and Igneous 

Intrusive Modeling Case 

17-27 



(b)(5) 

2.2.1.4.1.3.3.2 

22.1.4.1.3.32.1 

Description and Understanding of TSPA Calculation for the Volcanic 
Eruption Modeling Case 

Summary of DOE Approach 

An eruptive volcanic event at the repository involves the intersection of ascending magma and a 
drift and eruption at the surface (see SER Section 2.2.1.3 10) Radioactive material entrained in 
tephra can be transported downwind and deposited on the ground surface where potential 
exposures can occur from (i) inhalation of radtonuclides due to high level waste entrained in ash 
particles, which are suspended in the air, includIng the breathing of radon gas and its daughter 
products from high level waste entrained in the ash deposited on the ground surface and (II) 
ingestion of radionuclides from locally produced crops and animal products that are assumed to 
be contaminated from direct (e.g., crops grown in SOil containing contaminated tephra) and 
indirect (e.g., animals raised on feed that has been grown in soil containing contaminated 
tephra) contact with contaminated tephra. Estimating the consequences of such an event is 
dependent on the concentration of radionuclides in tephra and the amount of ash persisting at 
the RMEllocation (from both the direct deposition of tephra during the event and redistribution 
of tephra after the event due to water and wind action over time). 

On average, the volcanic eruption modeling case impacts four (a range of one to seven) waste 
packages and entrains all of the waste into magma Of this magma and waste, 30 percent is 
considered to fonm tephra; thus 30 percent of the waste In the waste packages hit by the event 
is, on average, contained in the tephra (range of 10 to 50 percent). Once radioactIVely 
contaminated volcanic tephra is present at the RMEllocation, estimates of potential exposures 
can be made for three specific pathways (external exposure, ingestion; and inhalation, which 
include radon exposure). The volcanic eruption modeling case average annual dose is at least 
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100,000 times less than the regulatory dose limit for both the initiaI10,000-year period and after 
10,000 years (SAR Figure 2.4-18). 

During the initial 10,000 years, the annual dose is dominated by PU-239, Pu-240, and Am-241 
(SAR Figure 2.4-32). For these three radionuc/ides, the inhalation exposure accounts for more 
than 98 percent of the average annual dose for the volcanic eruption modeling case, as shown 
in SAR Table 2.3.10-15. At very early times (Le., the initial 500 years), there is some 
contribution from Sr-90 and Cs-137 (primarily from external exposure). At very long times 
(Le., after 100,000 years), the annual dose is dominated by Ra-226 (SAR Figure 2.4-32). These 
results are partially due to the half-lives for these radionuclides. Sr-90 and Cs-137 have 
half-lives less than 100 years, and Am-241 has a half-life of 432 years; thus the hazard is 
somewhat short lived. The longer term hazard is with Pu-239 (half-life of 24.000 years), Pu-240 
(half-life of 24,000 years), and Ra-226, which is a daughter product in the long-lived U-234 
chain (the half-life of U-234 is 240,000 years, whereas the half-life of Ra-226 IS 1.600 years). 

17-29 



~ ..... . 
(b)(5) 

Table 17·16. NRC Staffs Confirmatory Calculation Results for Pu·239 and Am-241 
Annual Doses for the Volcanic Eru lion Modelin Case Inhalation Pathway) 
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Table 17·17. NRC Staffs Confirmatory Calculation of Sr·90 and Cs·137 Annual Doses 
for the Volcanic Eru lion Modeling Case (External Pathway) 

(b)(5) 

2.2.1.4.1.3.4 

221.4.1.3.4.1 

Average Annual Dose Limits Are Met and Statistically Stable 

Summary of DOE Approach 

Stability of Average Annual Dose Estimates 

DOE addressed the question of the stability in SAR Section 2.4.2.2.2. The term stability refers 
to the numerical reproducibility of statistics (e.g., average annual dose) or their level of 
convergence as a function of model features such as size of the statistical sample and 
numerical approximations. Variation in the TSPA results is a function of a particular 
combination of uncertain and variable parameters (DOE described its treatment of eplstemlc 
and aleatory uncertainty In SAR Section 2.4.2.1.1). DOE identified aleatory parameters as 
those parameters with uncertainty irreducible by additional expenments or site characterization 
Examples of aleatory parameters are the time of seismic and Igneous events, the extent of 
waste package damage during a seismic or faulting event, the location of the compromised 
waste package in the repository, and the type of waste package (e.g., CSNF or CDSP waste 
packages) compromised after a disruptive ellent The stability of the average annual dose will. 
in part, be a function of the size of the discrete sample of aleatory parameter values. DOE 
analyzed the effect of the size of these discrete samples by increasing the number of aleatory 
realizations from 30 to 90, considering more waste package damage fractions for the seismiC 
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Table 17-18. NRC Staff's Confinnatory Calculation of Ra-226 Annual Dose for the­
Volcanic Eruption Modeling Case (External Pathway) 

and faulting modeling case, and accounting for more event times (e g" doubling the number of 
event times for the seismic ground motion modeling case, increasing the number of event times 
from 10 to 50 for the igneous intrusion modeling case) and determined that these types of 
changes would have a minor effect on the magnitude of the overall average annual dose cUNeo 
DOE compared annual dose CUNes for a set of five realizations for all modeling cases in SAR 
Figures 2.4-55 to 61 and concluded, in qualitative terms, that the annual dose CUNe for the 
analyzed realizations was stable with respect to aleatory uncertainty 

DOE also examined the stability of the average annual dose CUNe to the Ireatment of the 
epistemic uncertainty, The epistemic parameters are generally those parameters that describe 
the repository components and behavior under nominal conditions (e.g., variability In hydraulic 
conductivity of a particular rock unit; variability in material properties over the surface of the 
waste package), DOE used a statistical sample size of 300 realizations for each modeling 
case in the SAR To examine the stability of the annual dose CUNS with respect to the 
treatment of the epistemic uncertainty, DOE estimated dose statistics (mean, median, 5th and 
95'h percentiles) for the nominal modeling case considering 1,000 realizations and compared 
those statistics to corresponding 300-realization statistics (SAR Figure 2.4-38). DOE concluded 
the 300-realization and 1,OOO-reahzation annual dose statistics (mean, median, 0.05 and 
0,95 percentiles) were comparable (SAR Figure 2-4-38) 
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I Table 17-19. DOE Volcanic Eruption Modeling Case Short-Term 
and long-Term Inhalation BOCFs* 

I BDCF 
Sv/yr per Bq/kgt 

Radionuclide [mrem/yr per pCilg1 Primary Pathways 
Pu-239 4.0 x 10 ( 98% of Pu-239 eruptive dose ts 

(15) 
i short term~ inhalation: 

39% short term 
6.1 x 10 1 60% long term 

[2.3J 
long term 

Am-241 3.2)( 10 94% of Am-241 eruptive dose is 
[1.2) 

short term. inhalation: 
37% short term 

5.0)( 10 1 157% long term 
[1.8) 

long term 
'Biosphere dose conversion factors 
tSources: SAR Table 2.3.10·14 and SNL, 2007, 'Biosphere Model Report: MDL-MGR-MD-OOOO01, Rev 02. 
Tables 6.12·2 and e 12·3, Las Vegas. Nevada: Sandia National Laboratones. 

, Hhe short·term inhalation exposure IS aoplicable only for the inlhal year of the eruption. 

Table 17-20. DOE Volcanic Eruption Modeling Case comtiiOiid~···1 
I ti R d E t I BDCF * __ I ngas on, a on, xema s .--

BDCF 

Radionuclide 
Sv/yr per Bq/m2t 

[mrem/yr per pCllm2] Primary Pathways 
Sr-90 1.8)(10" 79% external exposure 

~)(1061 
Cs-137 7.2 )( 10 9 99% external exposure 

[2.7)( 10 51 
Ra-226 3.3)( 10 • 65% eXternal'exposure 

[12)(10 4
] 33% radon decay products 

'Biosphere dose conv(;fSion factors 
tSources SAR Table 2.3.10-14 and SNL 2007, 'Biosphere Modal Report: MDL-MGR-MD-OOOOO1. Rev. 02, 
Table S. 12-4. Las V~as, Nevada: Sandia Natu:mal Laboratories, , 

For all of the modeling cases, DOE considered three replicates with 300 realizations and 
compared statistics (mean, median, 0.05 and 0,95 percentiles) among the replicates (SAR 
Figures 2,4-37 to 2.4-52), Each replicate sample had the same number of realizations; 
however. the combination of sampled parameter values was different for each replicate, DOE 
qualitatively concluded that the statistics were Similar for the three replicates. Also, DOE 
estimated 95 percent confidence bounds for the average annual dose using information from 
the replicates and a t-distribution with 2 degrees of freedom, as described in SNL Section J4, 1 0 
(2oo8ag), In all model cases, the 095 percentile in the average annual dose was relatively 
close (e.g" largest difference of 0.01 mSv/yr [1 mrem/yrJ between the three replicates and 
generally much less for the vast majority ofthe 1-million-year penod. as shown in SNL 
Figure J5-5(a) (2008ag)} to the overall average annual dose, DOE concluded the overall 
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average annual dose, computed using 300 realizations, to be statistically stable, as described in 
SAR Section 2.4.2.2.2 and SNL Section 7.3.2 (2oo8ag). 

DOE updated its model from TSPA Model v5.000 to v5.005, with most validation and model 
stability analyses performed with TSPA Model v5.000, but the annual doses reported in the 
SAR are based on TSPA Model v5.005 (SAR p. 2.4-76 to 78). DOE compared the effect 
of the change from version v5.000 to v5.oo5 and documented those analyses in SNL 
Figures 7.3.1-17[a) to 7.3. 3-13[a) (2oo8ag). Although the stability analyses were not 
repeated, the comparisons indicate a similar numerical behavior of versions v5.000 to v5.005, 
and thus the applicant stated that the same conclusions, with regard to stability, apply to version 
v5.oo5. DOE computed a range for the overall average annual dose using bootstrap analyses, 
compared the results of these analyses in SAR Figures 2.4-53 and 54, and concluded that 
300 epistemic realizations were sufficient to estimate the average annual dose and that the 
results of TSPA Model v5005 are statistically stable (SAR Section 2.4.2222, p. 2.4-82). 

Comparison with Annual Dose Standard 

DOE presented the overall average annual dose curve over the entire compliance period 
in SAR Figure 2.4-10. The peak of the overall average annual dose curve is approximately 
0.003 mSv/yr [0.3 mrem/yr) over the 10,OOO-year time period {dose limit of 015 mSv/yr 
[15 mrem/yr) for this period} and is approximately 0.02 mSv/yr [2 mrem/yrj over the 
1-million-year period {dose limit of 1.0 mSv/yr [100 mrem/yr) for this period} 

2.2 1 4 1 34.2 NRC Staff Evaluation 
(b)(5) 
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2.2.1.4.2.1 

CHAPTER 18 

2.2.1.4.2 Demonstration of Compliance With the Human 
Intrusion Standard 

Introduction 

This section of the Safety Evaluation Report (SER) provides the U.S. Nuclear Regulatory 
Commission (NRC) staff review of the calculation used to demonstrate compliance with the 
human intrusion standard, described in the following subsection on regulatory requirements 
The geologic record provides a basis for evaluating the likelihoOd of geologic processes and 
events, but there is no similar record of extended duration that can be used to constrain either 
the probability that human intrusion could occur or the characteristics of such intrusion, 
Regulations specify that the potential effects of human intrusion on waste isolation must be 
considered when evaluating repository performance, The results of this evaluation are used to 
demonstrate that the repository can adequately perform if its barriers are breached by a 
human intrusion. 

2.2.1.4.2.2 Regulatory Requirements 

To evaluate human Intrusion, dose limIt requirements 110 CFR 63.321 (b)], requirements speCIfic 
to the human intrUSion scenario [10 CFR 63,321(a) and 63.322], and requirements for 
conducting the performance assessment [10 CFR 63, 113(d), 63.114,63,303, and 63,342) must 
be followed. Accordingly, the US, Department of Energy (DOE or the applicant) must evaluate 
when a human intrusion might occur and the consequences of the human intrusion, fol/owing 
regulatory requirements, In particular, the individual protection standard for human intrUSion 
requires the applicant to 

• Determine the earliest time after disposal that the waste package would degrade 
sufficiently that a human intrusion could occur without the drillers recognizing 
it [10 CFR 63,321(a)] 

• Assume for the human intrusion scenario that (i) there is a single human intrusion as a 
result of exploratory drilling for groundwater, (ii) the intruders drill a borehole directly 
through a degraded waste package into the uppermost aquifer underlying the Yucca 
Mountain repository, (iii) the drillers use the common techniques and practices that are 
currently employed in exploratory drilling for groundwater in the region surrounding 
Yucca Mountain, (IV) careful sealing of the borehole does not occur-lnstead', natural 
degradation processes gradually modify the borehole, (v) no parbculate waste material 
falls into the borehole; (vi) the exposure scenario includes only those radlonuclides 
transported to the saturated zone by water (e.g., water enters the waste package, 
releases radionuclides, and transports radionuclides by way of the borehole to the 
saturated zone), and (vii) no releases are included which are caused by unlikely natural 
processes [10 CFR 63,322] 

• Demonstrate that there is a reasonable expectation that the reasonably maximally 
exposed individual (RMEI) receives, as a result of the human intrusion, no more than 
the following annual dose 015 m [15 mremj for 10,000 years following disposal 
and 1.0 mSv [100 mremj after 10,000 years but within the period of geologic 
stability [10 CFR 63.321 (b)] 
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As discussed in the Yucca Mountain Review Plan (YMRP) Section 2.21.2.2.2 (NRC, 2003aa), 
the NRC staff's review focused on the technical bases supporting the applicant's determinations 
of timing of the event, the representation of the human intrusion, and the peak of the average 
dose curve. 

In addition, the staff has reviewed the applicant's description of the human intrusion event as 
part of its review of events that were included in the performance assessment found in SER 
Section 2.2.1.2.2.3.I(b)(5) 

2,2.1.4.2.3 Technical Review 

The regulations require DOE to use a performance assessment to demonstrate compliance With 
the dose limits for human intrusion; however, the valuation for human intrusion is subject to 
specific requirements regarding the determination of the timing of the human intrusion and 
assumptions with respect to the nature and extent of the IntrUSion scenario. Accordingly, the 
performance assessment for the human intrusion scenario is somewhat different than the 
performance assessment used to demonstrate compliance with IndiVidual protection. The two 
performance assessments are expected to differ because the performance assessment used to 
evaluate the human intrusion scenario inCludes disruption of the repository due to a postulated 
human intrusion as prescribed at 10 CFR 63.322. However, those portions of the performance 
assessment not affected by the regulatory specifications for the human intrusion scenario would 
be expected to be the same as the performance assessment used for demonstrating 
compliance with the individual protection (e.g., transport of radionuclides in the saturated 
alluvium, characteristics of the biosphere are not affected by the postulated human intrusion 
event). YMRP Acceptance Criterion 2, p. 2.2-138, includes, as part of the staff review, a 
determination that the total system performance assessment for human intrusion is identical to 
the total system performance assessment for individual protection, except that it assumes the 
occurrence of the postulated human intrusion scenario prescribed by regulation. As a result, the 
NRC staffs review of the applicant's performance assessment for the human Intrusion scenario 
will evaluate (i) whether or not the performance assessment used for the human intrusion 
scenario is the same as the performance assessment used for individual protection (i.e., except 
for the required representation of the human intrusion scenario. there are no differences 
between the performance assessment used for demonstrating compliance with the individual 
protection dose limits and the performance assessment used for demonstrating compliance with 
the human intrusion dose limits that would result in a significant under-estimation of the peak 
dose for the human intrusion scenario) and (ii) whether or not those portions of the performance 
assessment for the human intrusion scenario are adequately represented in the performance 
assessment consistent with the specifications at 10 CFR 63.322. Those portions of the total 
system performance assessment for human intrusion that are identical to the total system 
performance assessment for individual protection (e.g .. biosphere) are evaluated as part of the 
review of the total system performance assessment for individual protection (SER 
Section 2.2.1.4.1) and are not duplicated in this section 

The NRC staffs evaluation involves reviewing DOE's Safety Analysis Report (SAR). 
Total System Performance Assessment (TSPA) Analysis Model Report, and the TSPA 
model files including Intermediate results prOVided as part of the license application. 
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The staffs review entails determining that 

• DOE's selection of the earliest time for the human intrusion to occur is adequately 
supported (SER Section 2.2.1.4.2.3.1) 

• The performance assessment for the human intrusion scenario provides a credible 
representation of the human intrusion scenario (SER Section 221 4.2.3.2) 

• Dose limits are met and statistically stable [e.g., increasing the number of simulations 
(statistical sample size) performed with DOE's TSPA model IS not expected to 
significantly change the calculated average dose] (SER Section 2.2.1.42.33) 

2.2.1.4.2.3,1 Timing of Human Intrusion Event 

Description of DOE Approach 

The regulations at 10 CFR 63.321(a) specify that DOE must determine the earliest time at 
which a driller would penetrate a waste package without recognition (e.g., that a metal object 
had been contacted rather than rock), which is referred to as the human intrusion event In SAR 
Section 24.3.2 the applicant identified general corrosion as the process that. given sufficient 
time, could cause significant degradation of the drip shield and waste package such that drilling 
performance would most likely not be affected by the presence of the drip shield and waste 
package. The applicant concluded that there is only a 0.0001 percent chance that the drip 
shield will fail by corrosion before approximately 230,000 years under nominal conditions. 
The applicant also concluded that the waste package has only a 5 percent chance of failure 
(Le" significant degradation or thinning of the walls of the waste package) from general 
corrosion prior to 600,000 years. On the basis of these results, the applicant selected 
200,000 years as the earliest time the waste package would degrade sufficiently that a human 
intrusion could occur without the drillers recognizjng it. The applicant considered this a 
conservative approach because the waste package is estimated to have experienced limited 
degradation due to corrosion (i.e., waste package to be substantial!y intact) by that time. 

The applicant also evaluated other events that might affect the timing of the human intrUSion 
event. As speCified in 10 CFR 63.322(g), the applicant need not consider unlikely natural 
processes and events (Le., those events with less than 1 chance in 100,000 per year of 
occurring) in the evaluation of human intrusion The applicant evaluated the likelihoods of early 
undetected defects, igneous events, and seismic events For early undetected defects and 
igneous disruptive events, the applicant determined that the likelihood was less than the limit for 
likely events. For seismic events, the applicant determined that damage to either the drip shield 
or waste package that might compromise the structural integrity of drip shield or waste package 
(e.g" rupture or framework buckling of the drip shield. punctures and ruptures of the waste 
package) is also less than the limit for likely events (SAR Section 2.4.3.2.2. p. 2.4-303 and 304). 
For seismic damage that is considered likely to occur [i.e., stress corrosion crackIng (SCC) of 
the drip shield or waste package], the applicant asserted such damage would not be sufficient to 
prevent the driller from recognizing It (SAR Section 2.4.3.2.2, p. 2.4-303 and 304) In summary. 
the applicant concluded that events such as early failures and Igneous and seismic events are 
unlikely or would not cause enough damage to the dnp shield and waste package to prevent the 
driller from recognizing the damage 
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2.2.1.4.2.3.2 Representation of Intrusion Event 

Description of DOE Approach 

The applicant developed a separate performance assessment to evaluate the consequences of 
a postulated human intrusion event assumed to occur 200,000 years after permanent closure. 
The key elements of the postulated human intrusion event are the effects of the borehole on 
seepage into the waste package, release of radionuclides from the waste package, and 
transport of radionuclides through the unsaturated zone to the saturated 20ne. 

The performance assessment for individual protection is used for the human intrusion analysis, 
including the identical sampling approach for treating uncertainty (Le., Latin hypercube 
sampling). The applicant modified its performance assessment for individual protection to 
represent human intrusion in a manner consistent with the regulatory reqUIrements for the 
human intrusion scenario in 10 CFR 63322 Specifically, the performance assessment for 
human intrusion 

• Does not include unlikely events (e.g., igneous activity or faulting) 

• Assumes that damage to a single waste package occurs at 200,000 years and is the 
result of drill bit penetration with a cross-sectional area of 0.0324 mZ [0.349 Ifl] assumes 
a 20.3 em [8-in1 diameter borehole] 
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• Assumes that seepage water enters the waste package through the borehole 

• Assumes the borehole is degraded and filled with rock debris 

• Assumes that releases from the waste package are passed into a fracture pathway that 
is assumed to exist in the borehole all the way to the saturated zone (SAR p. 2.4-296) 

• Assumes radionuclides move with the flOWing water down the borehole fracture to the 
saturated zone and are slowed only due to matrix diffusion of dissolved radio nuclides 
from the fracture into the rock matriX 

• Considers only radionuclides transported by water from the waste package to the 
saturated zone by way of the borehole in the exposure scenario 

The quantity of water that enters the waste package and matrix diffusion in the borehole are key 
aspects of the representation of the human intrusion event that affect the estimated doses 
(e.g .. infiltration was identified as an important parameter affecting the expected dose in 
SAR Figure 2.4-173). The quantity of water .that enters the waste package through the 
borehole affects the release of radionuclides that are solubility limited (e.g, the release of 
solubility-limited radionuclides such as Np-237 will commonly be proportional to the amount of 
water leaving the waste package). The applicant described how the amount of water that enters 
the waste package through the borehole is limited to the seepage entering the borehole (deep 
percolation is assumed to pass directly into the borehole opening). Other processes (eg, drift 
seepage water splashing on the waste package surface and entering the waste package 
through the hole created by the borehole) were evaluated and determined to not significantly 
add to the quantity of water entering the borehole. as described In DOE Enclosure 4. 
Section 1.1 (2oo9bj). The applicant also described the basis for the process of matrix diffusion 
in the borehole. which can potentially delay both sorbing and nonsorbing radionuclide transport 
by providing a means for radionuclides to move from the relatively fast-flowing water In the 
borehole fracture into the slower moving water in the porous matrix of the rubble in the 
borehole. Although water in the borehole is estimated to take approximately 3 years to move 
through the unsaturated zone to the saturated zone, nonsorbing (1-129) and sorbing (Np-237) 
radionuclides are estimated to be delayed approximately 1,250 and 64,000 years, respectively, 
as outlined in DOE Enclosure 5, p 8 (2oo9bj). The applicant described in DOE p. 2 (2009cp) 
that this effect is due to the large effective surface area for commUnication between the fracture 
and the matrix in the degraded borehole and along the borehole. 

DOE also evaluated the potential effect on repository performance jf the borehole penetrated a 
perched water zone below the repOSitory. If radionuclides were present in a perched water 
zone, the borehole penetration of a perched water zone could potentially affect the transport of 
radionuchdes from within the perched zone to the saturated zone. The applicant described that 
the effect of the borehole would be limited because (i) perched water zones below the repository 
are isolated and have limited volume. as described In DOE Enclosure 6, p. 2 (2009bJ): (il) the 
significance of an equivalent 20,3-cm [8-inJ-diameter borehole to capture and divert any lateral 
flow associated with the perched water is expected to be small because the area assOCiated 
with fractures in the rock is more ten-thousand times greater than the area assOCiated With the 
borehole. as identified in DOE Enclosure 6, p. 5 (2009bj): and (iii) the performance assessment 
already includes fast transport times in fault lones, which would not be significantly Influenced 
by another fast pathway-namely, the borehole-as outlined in DOE Enclosure 6, p 6 (2009bj), 
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NRC Staff Evaluation 

The NRC staff has evaluated the applicant's technical basis SUPPO~lt~ Se2<1rCl~ ___ ---, 
oerfonnance assessment for the Dostulated human intrusion event (b)(5) 

l(b)(5) 

(b)(5) 
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2.2.1.4.2.3.3 Annual Dose to RMEI 

Description of DOE's Approach 

DOE presented the dose curve for the human intrusion scenario in SAR Figure 2.4-11. The 
peak of the mean dose curve is approximately 0.0001 mSv/yr [0.01 mrem/yr] shortly after the 
time of the intrusion (I.e., 200,000 years). DOE's estimated dose is on the order of 10,000 times 
less than the dose limit of 1 mSv/yr [100 mremlyr] for the period after 10,000 years. 

The applicant performed tests to determine the computational stability of the average 
dose curve used to demonstrate compliance with the dose limit for human intrusion (SAR 
Section 2.43.3.3) The tests (i) computed three replicates to allow for different combinations of 
sampled values over their parameter ranges (SAR Figure 2.4-160); (Ii) Increased the number of 
aleatory samples from 30 to 90 (SAR Figure 2.4-161 J, and (iii) refined the timestep scheme, as 
shown in SNL Figures 7.33-10[a] and 7.3.3-11[a) (2008ag). The applicant conduded that 
expected doses were relatively unaffected (i.e., stable) by changes in values of sampled 
parameters. sample size, and timestepping. 

NRC Staffs Evaluation 
(b)(5) 
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2.2.1.4.2.4 Evaluation Findings 
(b)(5) 
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CHAPTER 19 

2.2.1.4.3 Demonstration of Compliance With Separate Groundwater 
Protection Standards 

2.2.1.4.3.1 Introduction 

This section of the Safety Evaluation Report (SER) provides the U,S, Nuclear Regulatory 
Commission (NRC) staffs review of the calculation used to demonstrate compliance with the 
separate standards for protection of groundwater-an important source of dnnking water, The 
NRC's regulations provide separate standards to protect the groundwater resources in the 
vicinity of Yucca Mountain and specify the approach to be taken to estimate the concentration of 
radionuclides In groundwater. Although this approach (10 CFR 63,331) is similar to that used in 
estimating dose to the reasonably maximally exposed individual {RMEI} for comparison with the 
individual protection standard (10 CFR 63,311-63312), the standards are decidedly different 
The groundwater protection standards provide for different limits depending on the radionucljde 
and the associated radiation 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 from radionuclides released from the repository and the natural 
background level of radiation presently in the groundwater must be less than 15 pCill (this 
group explicitly excludes radon and uranium); (ii) radio nuclides that are characterized as beta­
and photon-emitting radionuclides (e,g" 1-129, Tc-99) are grouped together, and the combined 
concentration from radionuclides released from the repository cannot result in a dose exceeding 
0.04 mSv [4 mremJ per year to the whole body or any organ, on the basis of drinking 2 l [0,53 
gall of water per day at the combined concentration; and (iii) the combined concentration of Ra-
226 and Ra-228 released from the repository and the natural background levels of Ra-226 and 
Ra-228 in the groundwater cannot exceed a concentration of 5 pC ill. The performance 
assessment used for individual protection also estimates a dose on the basis of drinking 2 l 
[0.53 galJ of water per day, Therefore, there are a number of similarities in the performance 
assessment used for demonstrating compliance with the individual protection standard and 
the performance assessment used to demonstrate protection with separate groundwater 
protection standards. 

2.2.1.4.3.2 Regulatory Requirements 

10 CFR 63.331 provides separate groundwater protection standards for the inttlal 10,000 years 
after closure of the repository. The regulations also specify constraints for the performance 
assessment used to demonstrate compliance with the groundwater protection standards and 
the determination of the "representative volume" of groundwater [I.e., the volume of water in 
which the U.S. Department of Energy (DOE) must project the concentration of radionuclides 
released from the Yucca Mountain disposal system]. The requirements are summarized next 

Perfonnance Assessment for Groundwater Protection 

• The performance assessment must be conducted in accordance with the general 
requirements for the performance assessment covenng the Initial 10,000 years speCIfied 
at 10 CFR 63. 114(a) and the limits specified at 10 CFR 63. 342{a). 
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• The performance assessment shall exclude unlikely features, events, and processes 
(FEPs) that are estimated to have less than 1 chance in 100,000 per year of occurring 
[10 CFR 63.342(b)], 

• The performance assessment shall exclude the consideration of human intrusion 
(Le,. representing undisturbed performance as specified at 10 CFR 63.331). 

• The performance assessment's results must be weighted by their probability of 
occurrence (as specified at 10 CFR 632). 

Representative Volume 

• The representative volume is the volume of groundwater that would be withdrawn 
annually from an aquifer containing less than 10.000 mg of total dissolved solids per liter 
of water [10 CFR 63.332(a)). 

• DOE must determine the concentration of radionuclides that will be released from the 
Yucca Mountain repository that will be in the representative volume of groundwater for 
comparison with standards [10 CFR 63332(a)). 

• DOE must determine the position and dimensions of the representative volume using 
average hydrologic characteristics, which must include the highest concentration level in 
the plume of contamination in the accesSible environment (10 CFR 63,332(a)(1 and 2)). 

• The representative volume contains 3,000 acre-fl of water (10 CFR 63.332(a)(3)J. 

Separate Standards for Groundwater Protection (10 CFR 63.331, Table 1) 

• The combined concentration of Ra-226 and Ra-228 from repository releases cannot 
exceed 5 pC ilL (including natural background radiation presently In groundwater at 
Yucca Mountain). 

• For gross alpha activity (including Ra-226 but excluding radon and uranium). the 
combined concentration from repository releases must be less than 15 pCi/L (including 
natural background radiation presently in groundwater at Yucca Mountam) (Np-237 is 
an example of an alpha-emitting radionuclide ) 

• The combll1ed concentration of beta- and photon-erniWng radionuclides from repository 
releases cannot exceed 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 from the representative volume) 
(Tc-99 and 1-129 are examples of beta- and photon-emitting radionuclides.) 

• DOE must determine background concentrations of specific radionuclides in 
groundwater as identified previously for Ra-226, Ra-228. and gross alpha activity. 

The performance assessment for compliance with the individual protection standard is the same 
performance assessment used to evaluate compliance with the groundwater protection 
standards (ie .• except for differences due to the regulatory requirement that unlikely events are 
not to be mcluded in the performance assessment used for groundwater protection, there are no 
differences between the performance assessment used for demonstrating compliance with the 
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individual protection dose limits and the performance assessment used for demonstrating 
compliance with the groundwater protection limits that would result in a significant under­
estimation of the concentration of radio nuclides in groundwater). As a result, the NRC staffs 
review of the applicant's groundwater protection analysis focused on DOE's determination of the 
representative volume and compliance with the separate limits specified for groundwater 
protection. The performance assessment for individual protection is reviewed in SER 
Section 2.2.1.4.1. 

Consistent with the Yucca Mountain Review Plan (YMRP) (NRC, 2003aa), the staff 
implemented the following guidance 

• Determine that DOE includes the highest concentration level in the plume of 
contamination in the accessible environment in the representative volume 

• Determine that DOE estimates the dimensions of the representative volume uSing one of 
the methods defined at 10 CFR 63.332, and explains any underlying assumptions for 
using the selected method 

• Determine that the average concentrations In the representative volume do not exceed 
the separate limits 

Because DOE assumed that all radlonuclides which reach the compliance location in a given 
year are included in the annual water demand of 3,000 acre-feet, YMRP Section 2.2.14.3.1 
states that the NRC staff may conduct a simplified review. 

2.2.1.4.3.3 Technical Review 

The NRC staffs review of DOE's demonstration of compliance with the separate standards for 
groundwater protection focused on those portions of the analYSIS that are distinct to the 
groundwater protection analysis. Specifically, the NRC staffs review focused on DOE's 
approach for including the highest concentration level of the plume In the representative volume, 
the dimensions of the representative volume, and comparison of the performance assessment 
results with the separate standards for groundwater protection. 

2,2.1.4.3.3.1 Representative Volume Location 

DOE used the same performance assessment model for evaluating groundwater protection as it 
used for evaluating compliance for the individual protection standards in the sense that the 
model abstractions for flow paths in the saturated zone and radionuclide transport in the 
saturated zone are the same. However, DOE has excluded the conSideration of unlikely FEPs 
from the performance assessment used for groundwater protection (i.e., igneous activity and 
low probability seismic events are excluded). The location of the representative volume of 
groundwater was consistent with the approach used for the determining the pathway for 
radionuclide transport to the location of the RMEI, which is approximately 18 km [11 mil south of 
the repository, as Identified in the Safety Analysis Report (SAR) Volume 2, p. 2.1-1 (DOE, 
2008ab). Additionally, DOE used the same approach for determining the concentration of 
radionuclides in groundwater for demonstrating compliance with both the groundwater 
protection and individual protection standards [Le., the annual average radionuclide 
concentration, due to releases from the repository, was determined by assuming that all 
radionuclides that reach the compliance location in a given year are included in 3,000 acre-ft, 
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which IS the annual water demand for individual protection and the representative volume for 
groundwater (SAR Section 2.4.4)], 

Staff Evaluation 
(b)(5) 

2.2.1.4.3.3.2 Representative Volume Dimensions 

DOE used the models and assumptions used to estimate flow and transport paths in the 
saturated zone for determining compliance with the individual protection standards for 
estimating the dimensions of the representative volume, DOE estimated, using the slice of the 
plume method, that dimensions of a width of 3,000 m [9,842 ftl, a depth of 200 m [656 ttl and a 
length of 30 m [98 ttl in the direction of groundwater flow would indude all the simulated flow 
paths of radionuclides crossing the compliance location into the accessible environment (SAR 
Volume 2, p. 2.4-337). DOE estimated these dimensions using average properties for 
hydrologic parameters such as groundwater flow rate and alluvium flow porosity (SAR 
Volume 2, p 24-337). DOE calculated the representative volume with these dimensions 
yielded a volume of approximately 3,000 acre-ft. 

DOE also presented a more detailed depiction of the cross section of the plume at the 
compliance location to further support the dimensions of the representative volume. The more 
detailed analysis was based on numerous particle tracks, provided in DOE Enclosure 7, 
Figure 1 (2009bj), representing potential release points for repository releases to the saturated 
zone using the saturated zone site-scale flow model. Although the cross section of the plume, 
based on the particle traces, is not a rectangular shape, DOE estimated that a rectangular 
shape of approximately 3,300 m [10,827 ttl in width (horizontally) by 220 m [722 ttl in depth 
(vertically) would enclose the horizontal and vertical extent of the plume cross section {an area 
of 726,000 m2 [7.8 million !'fl}. DOE estimated that approximately 40 percent of this rectangular 
shape did not contain any significant portion of the plume: thus DOE estimated a cross-sectional 
area of 435,000 m2 (4.7 million !'fl given the irregularities of the shape produced by the particle 
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traces depicted in DOE Enclosure 7, Figure 1 (2009bj) DOE's simple rectangular 
approximation {i,e" 3,000 by 200 m [9,B42 by 656 ftl} results in a cross-sectional area of 
600,000 m2 (6.4 million !'fl, which provides a value between the two values calculated from the 
particle tracks {one a rectangular shape of 726,000 m2 [7.B million If] and the other an irregular 
shape of 435,000 ITt [4.7 million If}}. The third dimension of the representative volume was 
selected to obtain the volume of 3,000 acre-ft, as specified at 10 CFR 63. 332(a)(3) DOE 
calculated the third dimension, or the length parallel to the flow direction (i.e., perpendicular to 
the cross section), to be approximately 34.4 m [113 ftJ on the basis of the cross-sectional area 
of 600,000 m2 [6.4 million ft2] and an average effective porosity of 0.1 B, as identified in DOE 
Enclosure 7, p. 4 (2009bj). 

DOE used water quality data from the AllUVial Testing Complex (SAR Volume 2, p. 2.4-334) to 
determine that there were fewer than 500 mg/L of total dissolved solids in the aquifer at the 
compliance location. According to 10 CFR 63.332(a), the separate groundwater protection 
requirements only apply to aquifers containing less than 10,000 mglL of total dissolved SOlids. 

Staff Evaluation 

The dimensions of the representative volume are required to include the highest concentration 
level in the plume of contamination [10 CFR 63.332(a)(1}]. DOE determined (i) the dimensions 
of the representative volume using the slice of the plume approach and (ii these dimensions 
are sufficient to capture all the releases into the accessible environment.'-\. .. : .. -'-~ __ ..... ____ ! 
I(b)(s)mm _m 

I 
(b)(S) 
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(b )(S) 

2.2.1.4.3.3.3 Average Concentrations 

DOE determined the average concentration of radio nuclides, due to repository releases, by 
assuming the annual releases of radionuclides were allmc!uded In the representative volume of 
3,000 acre-ft and determined the dose to the whole body and individual organs for the beta- and 
photon-emitting radionuclides on the basis of drinking 2 L [0.53 gal} per day of water at the 
concentration level estimated for the representative volume (SAR Section 2.4.4.1 1.4). DOE 
also estimated the natural background level of radioactivity presently in the groundwater at 
Yucca Mountain for Ra-226, Ra-228, and the alpha~emitting radionuclides, excluding radon and 
uranium (SAR Section 2.4.4.1.13) 

DOE estimated the combined concentrations for Ra-226 and Ra-228, due to releases from the 
repository and the natural background radiation presently in the groundwater at Yucca 
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(b)(5) 

Mountain, was 0.5 pCilL with the largest contribution coming from natural background radlalion 
(i.e .. the largest annual release of Ra-226 and Ra-228 Into the representative volume from the 
repository was estimated to be almost 1 million times less than the natural background level). 

DOE estimated the concentration for the gross alpha activity, due to releases from the 
repository and the natural background radiation presently in the groundwater at Yucca Mountain 
(excluding radon and uranium), was 0.5 pC ilL with the largest contribution coming from natural 
background radiation (i.e., the largest annual release of the relevant alpha-emitting 
radionudides into the representative volume from the repository was estimated to be more than 
1.000 times less than the natural background levels). 

DOE estimated the dose from beta- and photon-emitting radionuclides, due to releases from the 
repository, to be 0.6 IJSvlyr [0.06 mrem/yrj for the whole body and the largest dose to any organ 
to be 2.61JSv/yr (0.26 mremlyr] (e.g., dose to the thyroid from 1-129) as result of drinking 2 L 
[0.53 gal] of water per day assumed to be at a concentration level of radionuclides in the 
representative volume. (Natural background radiation is not considered for beta- and photon­
emitting radionuclides in the separate groundwater protection standards; see 10 CFR 63.331, 
Table 1.) 

Staff Evaluation 

1S-.7 



(b)(5) 

2.2.1.4.3.4 Evaluation Findings 
(b)(5) -------------------------------, 

2.2.1.4.3.5 References 

DOE. 2009bj. 'Yucca Mountain-Response to Request for Additional Information Regarding 
License Application (Safety Analysis Report Section 2.4.4) Safety Evaluation Report VoL 3, 
Chapters 2.2.14.1,2214.2, and 2.2.14.3, Set 1" Letter (July 29) JR Williams to J.H. Sulima 
(NRC). Enclosures (8). Las Vegas, Nevada: DOE, Office of Civilian Radioactive Waste 
Management 

DOE. 2008ab. DOEJRW-0573, 'Safety Analysis Report Yucca Mountain Repository License 
Application" Rev. 00. Las Vegas, Nevada: DOE, Office of Civilian Radioactive Waste 
Management. 

NRC. 2003aa NUREG-1804, 'Yucca Mountain Review Plan-Final Report" Rev. 2. 
Washington, DC: NRC. 
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CHAPTER 20 

2.5.4 Expert Elicitation 

2.5.4.1 Introduction 

This chapter of the Safety Evaluation Report (SER) evaluates the information provided in the 
U.S. Department of Energy (DOE) License Application for uses of expert elicitation in its license 
application. The applicant's uses are described in Safety Analysis Report (SAR) Section 5.4 
(DOE,2009av). 

Expert elicitation is a formal, structured, and well-documented process for obtaining the 
judgments of multiple experts. The U.S, Nuciear Regulatory Commission (NRC) routinely 
accepts, for review, expert judgments applicants use to evaluate and interpret the factual bases 
of license applications. Throughout the period of prelicensing interactions between NRC and 
DOE, NRC staff has acknowledged that 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 license 
application, DOE 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. tn this context, the NRC staff has reviewed DOE's use of expert 
elicitation regarding the proposed geologic repository at Yucca Mountain. 

In supporting its license application for the proposed repository, DOE presented the results of 
three expert elicitations in the areas of seismic hazard (SAR Section 2.2.2.1), igneous 
activity (SAR Sections 1.1.6.2, 2.2.2.2, and 2.3.11), and saturated zone flow and transport 
(SAR Section 2,3.9.2). SAR Section 5.4 summarized DOE's bases for its assertion that these 
elicitations were conducted in a manner that is generally consistent with NRC guidance In 
conducting its review of DOE's use of expert eJjcitation, NRC staff sought to verify that DOE 
followed the process suggested in NUREG-1S63 (NRC, 1996aa), or some other equivalent 
stepwise process, such as that outlined In NUREG/CR-{)372 (NRC, 1997aa), 

2.5.4.2 Regulatory Requirements 

10 CFR Section 63.21(c)(19) specifies thatthe SAR must include an explanation of how expert 
elicitation was used In 1996, the NRC staff published gUidance for the use of expert elicitatton 
in licensing in NUREG-1563 (NRC. 1996aa). NUREG-1563 provided general gUidelines for 
deciding whether a formal expert elicitation would be useful, and suggested a nine-step 
procedure that could serve as one acceptable process to conduct an elicitation. The guidance 
explicitly states that the suggested procedure was not prOVided with the intent that it be rigidly 
applied. Rather, the guidance in NUREG-1563, p. 22 (NRC, 1996aa). provides that the 
suggested procedure· ... should be viewed as a general framework for a formal eliCitation that 
would be acceptable to the NRC staff." 

Subsequent to the release of NUREG-1 563, NRC staff published NUREG/CR-6372 
(NRC, 1997aa). This document, referred to informally as the Senior SeismiC Hazard AnalYSIS 
Committee (SSHAC) report. or the SSHAC guidelines, provided a process for obtaining, 
communicating, and quantifying the uncertainties associated with elicitation seismic experts in 
the course of conductlOg Probabilistic Seismic Hazard Assessments (PSHAs) for commercial 
nuclear power plants and other critical facilities. The stepwise process for eliciting experts 
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described in the SSHAC guidelines for the most formal (Level 4) analysis and that 
recommended in NUREG-1563 are very similar. While presented in a slightly different order 
and structure (in seven steps as opposed to nine, respectively), the two documents recommend 
essentially the same approach for formally eliciting and documenting expert opinion For 
example, the important content identified in NUREG-1563 as Step 4, 'Assembly and 
Dissemination of Basic Information;" Step 6, "Elicitation of Judgments;" and Step 7, 
"Post-EliCitation Feedback" is not treated as discrete steps in the SSHAC guidelines. Instead, 
the SSHAC guidelines encompass the substance of all three In a slOg Ie Step 5, referred to as 
"Group Interaction and Individual Elicitation" 

NRC staffs assessment of DOE's fulfillment of 10 CFR 63.21(c)(19) was guided by the 
Yucca Mountain Review Plan (YMRP) Section 2.5.4 (NRC, 2oo3aa). YMRP Section 2.5.4 
identifies two acceptance criteria: that DOE use NU REG-1563 or equivalent procedures, and 
that any updated elicitations follow appropriate methods and are adequately documented. 
These are the only two acceptance criteria applicable to NRC staffs review of DOE's use of 
expert elicitation. NRC staff evaluated the techniques DOE used to conduct three expert 
elicitations to verify whether the elicitations either followed procedures suggested by NRC staff 
guidance or used equivalent procedures. DOE updated only one of the three elicitations. NRC 
staff evaluated the methods DOE used to update that elicitation to verify whether it was updated 
appropriately and adequately documented. 

Note that in evaluating SAR Section 5A, the staff recognizes that rigid adherence to the nine­
step procedure outlined in NUREG-1563, or strict compliance With other NRC guidance 
documents, is not a regulatory requirement. As identified explicitly in NUREG-1563. p 9, 
'Methods and solutions differing from those set out. will be acceptable if they prOVide a 
sufficient basis for the findings requiSite to the issuance of a permit or license by 
the Commission.' 

2.5.4.3 Technical Review 

This section briefly summarizes the information provided in SAR Section 54 for each of the 
three expert elicitations the applicant used. The discussion at the end of thiS section provides 
NRC staffs evaluation on the basis of the two acceptance criteria given In the YMRP 

Probabilistic Volcanic Hazard Assessment (PVHAl Expert Elicitation 

SAR Section 2.22.2 described the DOE approach to developing a volcanic hazard assessment 
for Yucca Mountain. This overall approach included an expert eliCitation to develop a PVHA for 
Yucca Mountain. DOE conducted the expert elicitation in 1995 and published the final report in 
1996 (CRWMS M&O, 1996aa). SAR Section 5.4.1 summarized the applicant's bases for how 
its PVHA was conducted in a manner generally consistent with the nine-step procedure 
suggested in NUREG-1563 (NRC, 1996aa). 

For PVHA, the DOE empanelled 10 subject matter experts to assess the relevant technical 
Issues, Including a range of conceptual and probability models, associated uncertainties in 
model parameters, and model sensitivity to these uncertainties. The eliCitation consisted of four 
workshops and two field trips to the Yucca Mountain area. Each panel member made an 
individual assessment or model of the igneous hazard on the basis of his or her interpretations 
of various probabilistic models. A logic tree approach was used to combine alternatives and to 
incorporate uncertainty. Each of the 10 experts' probability estimates was then combined with 
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equal weight to produce a probability distribution of the annual frequency of intersection of a 
basaltic dike within the proposed repository footprint 

PSHA Expert Elicitation 

SAR Section 2.2.2.1 described DOE's overall approach to developing a seismic hazard 
assessment for Yucca Mountain, including fault displacement hazards. This approach included 
an expert elicltation to develop a PSHA for Yucca Mountain (CRWMS M&O, 1998aa; 
SSC,2004bj). DOE conducted its PSHA in the late 1990s using a methodology that DOE 
claims is consistent with a Level 4 expert elicitation as described in NUREG/CR-6372 
(NRC, 1997aa). SAR Section 5.4.2 summarized DOE's bases and concluded that this 
methodology was also generally consistent with the nine-step procedure suggested in 
NUREG-1563 (NRC, 1996aa). 

DOE's PSHA also followed the standard framework for PSHAs in using the recurrence curve 
approach (e.g, Cornell, 1968aa; McGuire, 1976aa). The basic elements of this framework are 
0) identification and spatial distribution of seismic sources; (ii) characterization of each source in 
terms of its activity, recurrence rates for various earthquake magnitudes, and maximum 
magnitude; (iii) description of ground motion attenuation relationships to model the distribution 
of the ground motions expected when a given magnitude earthquake occurs on a particular 
source; and (iv) incorporation of the inputs into a logic tree to integrate the seismic source 
characterization and ground motion attenuation relationships, along with their assoclated 
uncertainties. Each logic tree pathway is intended to represent one expert's weighted 
interpretations of the seismic hazard at the site. The computation of the hazard for all possible 
pathways results in a distribution of hazard curves that DOE considers representative of the 
seismic hazard at a site, including variability and uncertainty 

To accomplish the PSHA, DOE hired two panels of experts, The first expert panel consisted of 
six three-member teams of geologists and geophysicists (seismiC source teams) who developed 
probabilistiC distributions to characterize relevant potential seismIC sources in the Yucca 
Mountain region. These distributions included location and activity rates for fault sources, 
spatial distributions and activity rates for background sources, distributions of moment 
magnitude and maximum magnitude, and site-ta-source distances. The second panel consisted 
of seven seismology experts (ground motion experts) who developed probabilistic point 
estimates of ground motion for a suite of earthquake magnitudes, distances, fault geometries, 
and faulting styles. These pOint estimates, expressed along with estimates of their 
uncertainties, were specific to the regional crustal conditions of the western Basin and Range 
Province The ground motion attenuation point estimates were then fitted to yield the ground 
motion attenuation equations used in the PSHA. 

Inputs from the expert teams were combined into a logic tree and the hazard computed using a 
modified version of the FRISK88 computer code (Risk Engineering, Inc., 1998aa). In the 
integration, DOE gave equal weight to all six source teams and seven ground motion experts. 
The resulting ground motion hazard curves express increasing levels of ground motion as a 
function of the annual probability that the ground motion will be exceeded. These curves 
include estimates of uncertainty. 

The seismic source teams also developed a Probabillstic Fault Displacement Hazard 
Assessment as part of the PSHA. In that aspect of the PSHA elicitation, the experts derived 
probabilistic fault displacement hazard curves for nine demonstration points at or near Yucca 
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Mountain. These demonstration points represent a range of faulting and related fault 
deformation conditions in the subsurface and near the sites of proposed surface facilities. 

NRC staffs technical evaluation of the geological, geophysical, and seismological 
information used to support the expert elicitation are provided In SER Sections 2.2.1.2.2.3 2 
and 2.1.1 1.3.5.2. 

Saturated Zone Flow and Transport Expert Elicitation (8lEE) 

SAR Section 2.39.2.2.6 discussed DOE's use of expert eliCitation to address key issues 
associated with groundwater flow and transport in the saturated zone. SAR Section 5.4.3 
summarized the applicant's bases for asserting that SZEE was conducted in a manner generally 
consistent with the nine-step procedure suggested in NUREG-1563 (NRC, 1900ae). 

In 1997, the applicant carried out an expert elicitation to evaluate saturated zone flow and 
transport at the Yucca Mountain site (CRWMS M&O, 1998ab) The objective of SZEE was to 
quantify uncertainties associated with models and parameters key to modellng flow and 
transport in the saturated zone. A second objective was to reveal needed data collection and 
modeling that could reduce some of the more significant uncertainties. In this way, the expert 
elicitation was used to complement and guide data collection already underway. as well as to 
provide input to iterative performance assessment modeling by DOE. 

Over six months, a panel of five experts in saturated zone hydrology was asked to address 
16 technical issues related to the study of saturated zone groundwater flow and radionuclide 
transport at Yucca Mountain. The applicant implemented many of the panel members' 
recommendations in subsequent site charactenzation activities. In particular, the panel 
recommended a range of values for vertical anIsotropy, dlspersivity, and specific discharge that 
DOE later used, along with other sources of information, to charactenze the uncertainty of flow 
and transport of radionuclides beneath and down gradient of Yucca Mountain. Written 
elicitation summaries, prepared by each expert, were included in an appendix to the final 
elicitalion report (CRWMS M&O, 1998ab). 

NRC staffs technical evaluation of the geological, geophysical, and hydrological information 
used to support the expert elicitation, as well as of that information developed as a result of it, is 
provided in SER Volume 3, Section 2.2.1.3.8. 

Staff Evaluation 

The first acceptance criterion in the YMRP for review of expert elicitation considers the 
nine-step procedure outlined in NUREG-1563 (NRC, 1996aa). Each of these steps will be 
discussed in turn, with specific examples cited from the three elicitations. 

(b)(5) I 

(b)(5) 
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robability estimates for Intrusive and extrusive 
even s were no ca cu a separa e, were initially considered as a single probability by the 
experts. Because separate probability estimates needed to be developed for the DOE Total 
System Performance Assessment, DOE developed extrusive and intrusive probability estimates 
subsequent to the 1996 PVHA without r&-engaging the experts to seek their opinions. 

[lb)(S) 

(b)(5) 

All of the final elicitation reports identified the participating subject matter experts, included 
summaries of their input to the elicitations, and provided rationales for their respective opinions. 
As the applicant stated in SAR Section 54, the experts were not asked directly to disclose 
potential conflicts of intere ert orovided sufficen! his or her 
past and current affiliation (b)(5) 

(b)(S) 

bC"iF'C------------------------, -~~-~-~.~ ... -~ 
(b)(5) The applicant divided the 

HA into two panels of experts, each with its own set of experts. One panel focused on 
description and characterization of seismic sources, while the other panel focused on ground 
motion attenuation and modeling. Within the seismic source panel, the applicant further 
developed three-person elicitation teams, composed of experts with varied expertise in geology, 
seismology, geophysics, and Basin and Range tectonics. Among the key subissues the experts 
identified in the SZEE were the causes and implications of the large hydraulic gradient, spatial 
distribution of flow, and the range of uncertainty in groundwater specific discharge 

(b)(5) Experts received training on the eliCitation process 
urlng erst workshop of eaCh ehc/fa on, as well as during subsequent workshops, including 

presentations on tOPICS such as probability encoding, quantifying uncertainty. and identifying 
sources of bias. 

Most of the workshops were held with suffiCent advanced notice so that members of the public, 
affected parties, and NRC staff could directly observe the discussions among the experts and 
supporting technical teams. Many of the workshops included presentations by subject matter 
experts, both from within the teams or external to the elicitation. At later workshops, the experts 
presented their preliminary interpretations in a discussion format that allowed them to receive 
direct feedback from other experts or expert teams. Each of the elicitation projects included at 
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least one field trip that allowed the experts to directly observe many of the important geologic 
features in the Yucca Mountain region. These field trips included discusSions with subject 
matter experts and generalists on specific field investigations carried out on behalf of the DOE 
in support of the site characterization The applicant provided meeting summaries of all the 
workshops In the elicitation reports. 

Upon completion of the workshops and field trips, facilitation teams, comprising generalists and 
normative experts, conducted comprehensive interviews of the experts to elicit their inputs that 
included discussion of how the information would be represented in the logic tree format used to 
calculate the results. These interviews were conducted expert by expert or, where applicable, 
team by team, and followed up with written documentation of the inputs. 

As documented in the elicitation reports and SAR Section 5.4, the experts were provided with 
both informal and formal feedback at many of the workshops. At least one workshop in each 
elicitation was dedicated to feedback and included initial sensitivity studies provided by the 
facilitation team to quantify the initial expert interpretations and, through sensitivity studies, to 
show which in uts had the reatest 1m act on the overall results. (b)(5) 

(b)(5) .... However, the applicant did 
not require the experts or expert teams to document the rationale or any changes made to their 
assessments after the feedback session. As stated in SAR Section 5.4, the applicant concluded 
that this requirement could anchor the experts to their initial interpretations The applicant 
asserted that the experts would thus be reluctant to revise their Interpretations after receiving 
feedback because doing so would also require them to provide fulllustIfication for the change 
The applicant also stated that its approaCh, in this rEl.9E.l:sL~consistent'vVitil the guidance 
contained in NUREG/CR-6372 (NRC, 1997a8). f(b)(5)mm ~~~~_ 

1

(b)(5} - ---j 

. i 
For all three elicitations, equal weighting was used to aggregate the elicited results. In the case 
of PSHA. results were aggregated giving equal weights to the inputs from the source teams, 
and equal weights to the ground motion models from the indIVidual ground motion experts. In 
the other cases, equal weight was assigned to the results from each expert. The eliCitation 
reports provided summaries of each expert's (or source team's) input, induding sensitivity 
information to demonstrate the impact each expert or each source team's Interpretations had on 
the final result. 

The second acceptance criterion in the YMRP for review of expert elicitation considers 
documentation and methodology used in updates to an elicitation. DOE chose not to update the 
PSHA or the SZEE The applicant did. however, reconvene the PVHA elicitation In 2004 to 
consider new information and to rely on a consistent set of event definitions and extrusive 
scenarios. Members of the NRC staff attended the public PVHA-Update (PVHA-U) workshops 
as observers, DOE published the results from the updated PVHA, or PVHA-U, after it submitted 
the license application (SNL, 2008ah) 
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NRC staffs technical evaluation of the applicant's estimates of Igneous event probability as they 
relate to the PVHA-U is given in SER Volume 3. Section 2.2.122. 
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