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1. INTRODUCTION
1.1 OVERVIEW

This report provides risk information to support risk-informed, performance-based prioritization
of performance assessment models to address model validation and U.S. Nuclear Regulatory
Commission (NRC) key technical issue (KTI) agreements. More generally, this information will
help in the development of the postclosure safety case for a license application. *"Although the
safety case will address the full suite of site and engineered barrier system characteristics that
were considered in-the Yucca Mountain site-suitability evaluation (DOE 2002), it will place
highest priority-on those that are important to meeting the postclosure performance objectives
required for .a license application and to the assessment of expected risk-within the context of
those performance objectives. e

The risk-informed, performance-based approach has not been comprehenswely utlllZCd in
previous U.S. Department of Energy (DOE) considerations. - Consequently, the considerations
for validation of performance assessment models and for addressing the KTI agreements have
not yet included a comprehensive risk-informed, performance-based evaluation. The principal
limitation in this regard has been the need for adequate development:of the .performance’
assessment model components. However, these model components have now reached a
sufficient level of maturity to support major decisions, including the site suitability decision.

Accordingly, these model components are now believed to be sufﬁcxently mature to support such
a risk-informed, performance-based approach. :

The mformatlon provxded here is of two types. First, the report summarizes the general
understandmg of waste isolation that has emerged from the total system performance assessment
(TSPA) analyses conducted to support the site su1tab111ty evaluation (DOE 2002). This summary
identifies the fundamental characteristics of the repository system that would contribute to-
meeting the regulatory postclosure performance objectives. Second, TSPA sensitivity studies are
used to confirm the general understanding of the waste isolation characteristics of the system and
to provide quantitative estimates of the relative importance of these characteristics in meeting
those objectives. These studies provide a risk-informed,-performance-based perspective on the
level of model validation needed for the TSPA model components and on the KTI agreements
associated with the technical basis for these model components g :

1. 2 BASIS FOR THE EVALUATION

.....

1mportance of these components to expected risk, “as expressed in terms of the postc]osure
performance ‘measures of 10 CFR Part 63. "In particular, the focus is on the performance
measures associated with the individual protection and groundwater protectlon performance
objectives in 10 CFR 63.113(b) and (c). The measures associated with these performance
objectives are (1) annual dose from all radionuclides to the reasonably maximally exposed
individual in the first 10,000 years after permanent closure (10 CFR 63.113(b)) and (2) levels of
radioactivity of groundwater in the accessible environment in the first 10,000 years (10 CFR
63.113(c)).
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For this evaluation, the measure of expected risk associated with these performance measures is
the consequence (e.g., annual dose) multiplied by the probability of that consequence. This
approach is consistent with the definition of performance assessment in 10 CFR 63.2.

As an example of the appoach, expected risk expressed in terms of the mean annual dose is
estimated from the probability-weighted average of the distribution of projected annual doses. A
distribution of projected annual doses arises in part because of uncertainty in the TSPA model
components. The mean annual dose is estimated by including the full range of possibilities for
these components, weighting them by their probability of occurrence and summing over those
possibilities. A distribution of projected annual doses also arises becduse of the possibility of
disruptive events. Probabilistic methods are used to simulate possible futures that include both
the high-probability expected conditions and the low-probability disruptive events, each
weighted by their probability of occurrence. For the first performance measure, each possible
future behavior of the repository system is represented by a curve describing the annual dose to
the reasonably maximally exposed individual as a function of time. The mean annual dose curve
is estimated by calculating each of these annual-dose-versus-time curves, weighting them by
their probability of occurrence, and summing the results.

This evaluation does not consider other measures of risk. For example, the analyses could have
considered the mean-annual dose of a particular scenario conditioned upon the occurrence of that
scenario (e.g., annual dose absent any consideration of probability weighting), or they could have
considered the most likely consequence (e.g., the peak of the probability distribution for
estimated mean annual dose rather than the expected value). However, neither of these
approaches provides a means for assessing the role of TSPA model components in meeting the
requirements for individual and groundwater protection that have been established by the NRC.
As such, they would not provide a means to assess the potential significance of the various TSPA
model components. Therefore, it is the probability-weighted estimate of the performance
measures that is the focus of this evaluation.

The estimates for the' performance measures provided in this report do not provide all of the
information needed for decisions regarding the degree of model validation nor the information
needed to address KTI agreements. The focus of these decisions is whether the case presented
by the DOE is adequate to provide reasonable expectation that public health and safety would be
protected and whether the technical basis for that case is adequate. This standard of reasonable
expectation that public health and safety would be protected involves additional considerations,
including the roles of the natural barriers and engineered barrier system in enhancing resiliency
of the system. Such additional considerations would be taken into account in decisions regarding
the technical basis for the performance assessments. Accordingly, the information provided in
this report does not determine these decisions. The information provided here only serves to
inform those decisions.
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2. WASTE ISOLATION CHARACTERISTICS OF A YUCCA MOUNTAIN'
REPOSITORY SYSTEM

The ab111ty of a reposnory system at Yucca Mountam to meet _the postclosure performance
objectives of 10 CFR Part 63.113 depends on its waste isolation characteristics, i.e., the ability of
the .natural and engineered barriers of the system to limit migration of radionuclides to the
accessible environment and to members of the public. Analyses leading up to the Yucca
Mountain site recommendation and the ‘TSPA analyses conducted specifically for-the ssite
recommendation (CRWMS M&O 2000a, DOE 2002) have resulted in a coherent and consistent
picture of the waste isolation capabilities of a repository system at the Yucca Mountain site.
This section summarizes that picture, both in terms of physical arguments and the results of the
TSPA -analyses. -The consistency between the physical arguments and TSPA quantitative
estimates provides- confidence in the relative . maturity of the TSPA- model and ‘the
appropriateness of studies using the TSPA model to inform the prioritization of model validation *
and NRC KTI resoluuon > . - '

21 CHARACTERISTICS AFFECTING INDIVIDUAL PROTECTION )

The . postclosure , performance objective .for, individual protection is  that . migration , of
radionuclides to the location of a reasonably maximally exposed individual be sufficiently
1nh1b1ted that radiological exposures.would not exceed the requirements specified.in 10 CFR
63. 113(b) These requlrements include a limit to the annual dose-of .15 mrem.. The -waste -
isolation requirements in this case therefore focus on the ability of a Yucca Mountain repository
system to inhibit migration of the radionuclides such that the mean:annual dose-in the, first
10, 000 years is less than 15 mrem.

Most of the radlonuclldes that would be emplaced in the reposuory are relatlvely 1mmob11e in

geologic systems. Tables 6-25, 6-26, and 6-27 of the total system performance .assessment-site
recommendation (TSPA-SR) model report (CRWMS M&O 2000b, pp. 228 to 230) mdlcate that -
the total inventory of radionuclides emplaced in the repository would be on the order 10'° curies. |
Strontxum—90 and cesium-137-would compose more than 90 percent of that total and neptumum-

237, "am_enc'lum-24l and .plutonium isotopes would-, dominate the :remainder. .These

radionuclides are relat;yely immobile and only a small ,fractlon of the total inventory Nvould be .
able to migrate to the location of the reasonably maximally exposed .individual in 10,000 years..
The radionuclide inventory would also contain a small fraction (less than 0.01 percent of the total..
1nventory at emplacement) that might migrate more readlly

¥ S

After 10 OOO years, the strontxum—90 ces1um 137 and amer1c1um—241 would have decayed
plutomum—240 and‘neptunlum-237 ,would cpmppse more than 99. 98 percent of the total-curie
inventory at 10,000 years, and the more mobile radionuclides would compose less than 0.02
percent of the total inventory at that time. The issue for individual protection then is how the
natural and engineered barriers would limit migration of these various radionuclides to provide
reasonable expectation the individual protection limit would be met.

The natural barriers at Yucca Mountain would limit migration in two ways. First, these barriers
include the overlying rock of Yucca Mountain that would limit the amount of water that might
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contact the waste deep underground and mobilize radionuclides. Second, the unsaturated rock
below the repository and the saturated rocks below the water table inhibit the movement of the
radionuclides that might be mobilized. As a result, only a small fraction of the total radionuclide
inventory could migrate to the location of the reasonably maximally exposed individual.
Analyses show that the natural barriers alone are sufficient to reduce the potential release of
radionuclides by more than 6 orders of magnitude (CRWMS M&O 2000c, Section 3.1.1 p. 3-3).

The engineered barriers also limit migration of the radionuclides. If the waste packages remain
intact for 10,000 years, no radionuclides would be exposed to’water that might seep into the
emplacement drifts or be able to escape from the repository. The individual protection limit
would therefore be met categorically. Some fraction of the waste packages could fail early
(e.g., due to fabrication defects). However, in this case the drip shields over those waste
packages would serveito divert seepage away from the waste. Under expected conditions,
therefore, the system of multiple natural and engineered barriers would limit exposure of the
waste to water and migration of radionuclides away from the repository. Depending upon the
effectiveness of these barriers, the repository system of barriers would provide reasonable
expectation that a reasonably maximally exposed individual would be protected.

The individual protection performance objective, however, applies to potential disruptive events
as well as expected conditions. ' In particular, the considerations must take into account the
potential for igneous activity at the Yucca Mountain site; although such activity is improbable, it
is not precluded by current information.! Therefore, the considerations of the ability of a
repository system at Yucca Mountain to protect individuals must take into account the waste
isolation characteristics in the event of such igneous activity.

Two types of pathways have been considered for igneous activity (DOE 2002, Section 3.1.2.4, p.

3-20). In the first, igneous activity occurs with low probability and' magma intrudes into the

emplacement drifts and disrupts the engineered barriers. In this case the waste isolation
capabilities of these éngineered barriers are diminished or eliminated altogether. In this igneous
activity groundwater release scenario, the waste isolation characteristics of the natural barriers
must be sufficient that the expected risk to the reasonably maximally exposed individual meets
the performance objective. The second pathway is by way of eruptive release. In this case, the
event occurs, again with low’ probability, and a fraction of the waste is erupted to the surface.
The waste isolation characteristics of the repository system must be sufficient to limit the
expected risk such that the individual protection limit can be met even for this event.

The particular waste isolation characteristics of the repository system differ in each scenario.
The particular characteristics that apply to the nominal scenario (i.e., the scenario in which
igneous activity does not occur), the igneous activity groundwater release scenario, and the
igneous activity eruptive release scenario are delineated in the following sections.

1

' The requirements of 10 CFR Part 63.113 also address the potential for inadvertent human intrusion. However, a
scenario for such an event is not explicitly included here because it is unlikely that a driller would be able to drill
through the waste package in the first 10,000 years and not be aware of the waste package. Nevertheless, the effect
of inadvertent human intrusion on the conclusions of this evaluation is considered in Section 3.5.
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2.1.1 Nominal Scenario

Under expected -conditions; degradation of the waste packages would be very slow because of
the corrosion-resistant material that would be used for the waste package outer barrier. General
understanding -of -the corrosion resistance of the waste package materials,* supported -by
measurements, indicates that the waste package would last much longer than 10,000 years under -
the ‘full range of conditions expected deep below the surface at:the-Yucca Mountain site
(BSC 2001a, Section 7.4.1, p. 7-72). Waste packages could fail earlier than expected due to -
fabrication defects. - The rate of degradation of the waste package and the potential fabrication -
defects are expected to be important factors in the estimate of mean annual dose.

The drip shield over the waste package is also a factor in this estimate. The drip shield prevents
seepage from contacting the waste even if the waste.packages -are breached.. Consequently, )
advective release of radionuclides due to the ‘seepage is limited while the drip shield remains
intact. However, the drip shield does not prevent diffusive release of radionuclides from waste
packages that may be breached. Diffusion of radionuclides’from the breachéd waste packages,
through the drift invert below the waste package, and into the rock is expected to contribute only
a small 4mount to the mean annual dose. Therefore; the drip shield plays a role in meeting the
individual protection requirements in the event waste packages fail before 10,000 years.

Radionuclide release from breached waste packages is limited by the rate at which the water
contacting the waste can dissolve the waste form. In addition, the release is affected by the
factors that determine the concentrations of radionuclides dissolvéd in the water ‘or that are
associated with colloids in the water. These factors combine to limit the amount of radionuclides
that could migrate to the accessible environment to a small fraction of the potential inventory.
The migration of this small fraction is affected by the characteristics of the natural barriers that
retard the migration and disperse concentrations. Fmally, the effect of fhese concentrations on an
individual in the accessible environment is deterrmned from the blosphere dose conversmn
factors.

The factors that affect the estimate of mean annual dose for the nominal scenario are therefore
expected to include some or all of the following:

‘

" e ,The number br waste packages breached p‘efore' 10,000 years
e The degree to which these waste packages iar‘c‘br'e,ag:hed

'

1

§ H

e Performance of the- dr1p shield in hmmng ‘advective release of radronuchdes from
breached waste packages ‘

. .
. N
L 3 B i ¥

P tor * V F L T b,

e Waste form dissolution

e Dissolved 'rad_ionuclide concehtrations 'a’frd colloidiassociatEd radionuclide concentrations,

. - . 3 N .
! H ~ ra . e LT

o Retardatlon and dlsperswn in the natural barrlers ’ c

RS . RPN

. Blosphere dose conversion factors assocrated wrth groundwater release.

h
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2.1.2 Igneous Activity Groundwater Release Scenario

Normal.degradation of the engineered barriers is accounted for in the nominal scenario. In the
igneous activity groundwater release scenario, waste packages and drip shields are disrupted by
intruding magma, exposing the waste to groundwater percolating down through the rock.
Radionuclide release from the solid waste form is limited by the rate at which the water
contacting the waste can dissolve the waste form. Again, the release cannot result in
concentrations exceeding those defined by the controls on solubility of dissolved radionuclides
and on colloid-associated concentrations. As in the case of the nominal scenario, the
characteristics of the natural barriers that affect migration of the radionuclides also come into

play.

The factors that affect the estimate of mean annual dose for the igneous activity groundwater
release scenario are therefore expected to include some or all of the following:

o The probability of igneous intrusion into the emplacement drifts
¢ The number of waste packages and drip shields breached as a result of the intrusion

e The degree to which these waste packages are breached and permit release of
radionuclides

e Waste form dissolution

e Dissolved radionuclide concentrations and colloid-associated radionuclide concentrations
e Retardation and dispersion in the natural barriers
e Biosphere dose conversion factors associated with groundwater release.

2.1.3 Igneous Activity Eruptive Release Scenario

The estimate of the mean annual dose for the igneous activity eruptive release scenario depends
upon the amount of waste that is erupted with the tephra into the atmosphere, atmospheric
transport of this material downwind (including its dispersion during transport) the deposition of
contaminated tephra, and uptake by humans of radionuclides in the deposited tephra. The
magnitude of the mean annual dose is proportional to the number of waste packages intercepted
by the erupting magma. Because the performance measure is expected risk, the estimate of mean
annual dose is also proportional to the probability of the event. Finally, the estimate is
proportional to the biosphere dose conversion factors that are used to translate the concentrations
of radionuclides in the deposited tephra into mean annual dose.

The processes that transport the radionuclides from the point of the eruption to the point of
deposition also affect the estimate of mean annual dose. These include the wind speed and
direction. They also include the magnitude of the eruption (as manifested in the volume of
erupted material) and the size and density of the erupted particles. While these factors do play a
role, their effect is expected to be less important than the amount of waste exposed by the
eruption, the probability of this exposure, and the biosphere dose conversion factors.
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2.2 CHARACTERISTICS AFFECTING GROUNDWATER PROTECTION

Waste isolation also includes inhibiting the migration of radionuclides to the accessible
environment such that groundwater concentrations would not exceed the requirements of 10 CFR
63.113(c). The considerations in this regard are limited to likely features, events, and processes;
e.g., they do not take into account unlikely igneous activity.

The Yucca Mountain site suitability evaluation considered the potential groundwater
concentrations of radionuclides that might be released from the repository. These estimates
indicate that concentrations of radium-226 and radium-228 that might be released from the
repository would be orders of magnitude below the natural levels of these radionuclides, which
are, in turn, well below the regulatory limit (BSC 2001b, Figure 4.1-16, pp. 4F-22 to 23). The
estimate of gross alpha activity from released radionuclides is also orders of magnitude below
natural levels of these radionuclides, which are also well below the regulatory limit (BSC 2001b,
Figure 4.1-17, pp. 4F-24 to 25). The calculated dose from beta- and gamma-emitting
radionuclides is orders of magnitude below the regulatory limit that applies in this case. The
factors affecting these estimates are the same as those affecting the estimate of mean annual dose
for the nominal scenario (see Section 2.1.1).
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‘3. SENSITIVITY STUDIES

The Ob_]eCthC of the studies presented in this sectron is to provide a quantitative evaluation of the
roles of the various components of the TSPA model in the assessment of waste isolation that
would be provided by a repository system at Yucca Mountain: Sensitivity studies conducted for
the site recommendation (CRWMS M&O 2000a and BSC 2001b) can be used to support such an -
evaluation. - Those analyses were conducted using the TSPA-SR model (CRWMS M&O 2000b).
However, the TSPA model has evolved somewhat since those -sensitivity analyses were
conducted. Changes include adoption of the definition of the boundary of the accessible
environment and the concept of a reasonably maximally exposed individual to be consistent with
the definitions of 10 CFR Part 63 and the addition of early waste package failures in the nominal -
scenario. : Because these changes could modify the role of partlcular components under some
circumstances, additional sensitivity studies are reported here in order to provrde an adequate
base of information for evaluating these roles o

The specific role of TSPA model components is explored through studies of effects on the
estimate of mean -annual dose in the first 10,000 years after permanent-closure: Although the
postclosure performance objectives address groundwater concentrations as well as annual dose, -
the information in Section 2.2 indicates that both quantities are measures of groundwater release
of radionuclides from the repository and, as such, reflect the same general sensitivity to the roles
of the various TSPA model components:in 11m1t1ng this release for the groundwater release
scenarlos ‘

£

As indicated in Section 1.2, the estimate of mean annual dose is the measure of expected risk
considered in the regulations. ‘Therefore, the base case for these sensitivity” studies does
represent an estimate of expected risk. However, the:mean annual dose estimates for variations
of the TSPA model components do not represent variations in expected risk because the
probabrhty of the variations is not taken into account. Therefore, although the curves calculated
in.each case are probability-weighted estimates, they do not include the 'full " probability -
considerations. ‘Accordingly, none of them should be used to ‘indicate whether the individual -
protection limit of 10 CFR Part 63-might or’'might not be met under-such variations.- These -
studies are conducted only to provide msrghts 1nto the potentral mgmﬁcance of partlcular TSPA -
model components to expected risk. :

3. 1 TSPA MODEL FOR THE SENSITIVITY STUDIES

The TSPA model used for these sensmvrty studres (referred to as the “base -case” model in this
report) s similar to the revised supplemental model used-for the site suitability evaluation
(Williams 2001). .. All sensitivity studies utilizing the:base-case model are fully probabilistic,
employing a Monte, Carlo sampling approach.-_Results obtained using this base-case model are
shown in Figure 1.. The results in this case are the estimates of mean annual dose for the igneous
activity eruptive release scenario, the igneous activity groundwater release scenario,:and the
nominal scenario. , ‘- .. : co ‘

Components of the TSPA model whose role in these estrmates is studred in: thrs report are
summarized in Table 1 Validation of all of these-components according to the applicable
procedures has not yet been completed. - However, jthese components are considered to be
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sufficiently mature that they can be used in assessing the roles of each of them in quantitative
estimates of postclosure performance. Accordingly, this TSPA model is used in these studies to
support the determination of the level of model validation that is needed.

The base-case TSPA model for these studies differs from the revised supplemental model in only
three ways. These changes have been made to improve calculational efficiency for the large
number of cases evaluated. The first difference is that the number of realizations used in the
Monte Carlo sampling for the igneous activity eruptive release scenario is reduced; that is, the
base-case model for this scenario is the same as the revised supplemental model except that a
smaller number of realizations is calculated. The revised supplemental analyses calculated 5,000
realizations for the igneous activity scenarios while the studies reported in this document
calculate only 300 realizations. Figure 2 compares the results using 5,000 realizations with those
using only 300 realizations. The difference between these two cases is not significant.
Consequently, utilization of only 300 realizations for this scenario appears to be adequate for
assessing the relative role of the TSPA model components in this case.

The second difference between the base-case model for these sensitivity studies and the revised
supplemental model is in the approach to the igneous activity groundwater release scenario. The
approach to specifying the time of occurrence of the igneous intrusion is to sample over the
calculational period (100,000 years). The approach for the revised supplemental analyses is to
sample uniformly over this period. The total number of realizations is therefore divided up
among the time steps, and only about 10 percent of the realizations are associated with the events
occurring in the first 10,000 years. Of these, only the events at the end of the 10,000 years
receive the full benefit of that fraction of realizations, and events occurring earlier benefit from a
proportionally fewer realizations. In order to provide accurate representation of events occurring
in the early period, a large number of realizations is necessary to ensure that the number of
realizations in which the event occurs in the early period is large enough.

One way to deal with this problem is to increase the number of realizations occurring in the early
period without increasing the total number, e.g., by weighting. the sampling toward the early
period. Figure 3 compares the result of the revised supplemental model linear sampling scheme
(circles) with the result of a scheme in which the sampling is logarithmic with time (triangles).
This approach to the sampling increases the estimate of mean annual dose in the early period
because more contributions from the tails of the probability distributions (which could result in
increased release of radionuclides) are captured. These additional contributions increase the
estimate of mean annual dose over that from the linear sampling scheme.

The weighted sampling scheme approach still requires a large number of realizations to ensure a
stable mean in the early period. Another way to deal with this problem is to assume that the
variation in processes affecting release does not depend strongly on the time the event occurs. In
this case, the same release curve can be used to represent system performance whenever the
igneous intrusion event occurs. All realizations are then devoted to this single curve. The effect
is to increase the ability to capture the full range of each probability distribution with a smaller
number of realizations. Figure 3 shows the result of this approach using only 300 realizations
(solid curve). The result is comparable to that for the logarithmic sampling approach. Some
effects are not accurately accounted for in this approach (e.g., glacial maximum climate that
occurs at a fixed absolute time and not simply at some time after the event occurs). However,
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the glacial maximum climate occurs at 39,000 years, so that”the approach appears to be
reasonable for estimating the effects in the first 10,000 years. ,

The third difference between the base-case model for these sensitivity studies and the revised -
supplemental model is in the treatment of early waste package failure due to improper heat
treatment. -Such early failure has very low. probability; consequently, only afraction‘of the
realizations in a TSPA study will contain such a failure. The effect is that out of 300 -
realizations, fewer than:70 will involve any early waste package failure. This number of ..
realizations is not sufficient to provide a reliable estimate of effects that come into play:only
when the early failure occurs. The approach used here is to force early failure of one package in
every realization, increasing the number of realizations for the models and parameters that come
into play when a waste package is breached. This approach results in‘a higher mean annual ‘dose -
associated with these early failures. Figure 4 compares the results from this base-casé model ~
with those from the revised supplementary model. The nominal scenario result for the revised -
supplementary model is a factor of 0.26 smaller than the nominal scenario result for the base- -
case model. This difference is not likely to be significant in assessing the role of various TSPA -
model components in the estimate of mean annual dose.” Consequently, the advantage of
providing a more stable estimate of the mean annual dose without increasing the number of
realizations is considered to outweigh the disadvantage of the overestrmate of the mean armual
dose in the early period. ‘ :

These three changes have been adopted to expedite the sensitivity studies. They are not lrkely to
affect conclusions regarding "the relative 1mportance of the different - model ‘components. -
However, those conclusions can be ‘checked as needed later as ‘the TSPA model is further
developed ‘ i

for 5 -
.

The. results in Frgure 1 .show that the ‘total mean annual dose estimate is’dominated by the -
igneous activity eruptive release scenario results. - Thé peak mean annual dose estimate in-this
case is on the order of 0.1 mrem, more than two orders of magnitude below the individual
protection limit of 15 mrem. The 10,000-year mean annual dose estimate for the i igneous actrvrty
groundwater release scenario is less than 0.01 mrem, more than an’order- of magnitude below the
eruptive release estimate and 'more than’ three- orders of magmtude below the 1nd1v1dual
protection limit. "The 10,000 year mean annual dose estimate for the nominal ‘scenario is on the -
order of 0.0001 mrem or less, more than three orders of magnitude’ below the eruptrve release
estimate and more than five otrders of magmtude below the individual protectron limit.’ Frgure 5
shows the dommant radlonucllde contributors to the mean annual dose estimates for the i igneous
activity eruptrve ‘release scenarro the 1gneous acnvrty groundwater release scenarro and for the

nommal scenano t - : I : ’

- . ; ¢ . -
' . ’ g Yy i ‘ 1

3.2 QUALITY ASSURANCE RS RY

The -activity evaluation conducted to determine the level of quality assurance-required for this-
evaluation concluded that these sensitivity studies'servé only to suppoft management decision-
making and are, theréfore, not required to'be’subject to quality assurance requirements (BSC
2002). However, to ensure complete traceability of the studies, they_were carefully controlled
and documented. Each of the studies was prepared by a qualified originator and documented in’
sufficient detail that it can be verified without recourse to the originator. In addition; each study
s I
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was conducted using a controlled master TSPA model, and changes from the master TSPA
model were implemented in a controlled manner and fully documented.

A qualified checker different from the originator reviewed each study. All studies were checked
for correctness and accuracy and the results of the check were documented. Following this
review, further changes were locked out and the studies were approved and submitted to the
Technical Data Management System. Documentation in this submittal includes the TSPA model
file, the input files for the associated dynamic-link libraries, descriptions of each study, a
checklist documenting the changes from the master TSPA model, and a flow chart showing the
relationship between the sensitivity studies and base cases for those studies.

The sensitivity studies were performed using GoldSim Version 7.17.200 (BSC 2001c). This
numerical code is the same as that used for the revised supplemental analyses for the site
suitability evaluation (Williams 2001), the final environmental impact statement supplemental
analysis (BSC 2001d), and the FYO! Supplemental Science and Performance Analyses (BSC
2001b). The documentation for all of the records, including the detailed description of the model
variations, records of checking, and input and output files are stored in the Technical Data
Management System with the Data Tracking Number MO0205MWDTSP09.002.

3.3 ONE-OFF SENSITIVITY STUDIES

The sensitivity studies discussed in the following sections assess the role of the TSPA model
components in the estimate of 10,000-year mean annual dose.> The general approach considered
in the section is “one-off” TSPA sensitivity studies. That is, studies are conducted in which
parameters of a single TSPA model component are varied over a sufficient range to explore the
role of that component in the estimate of mean annual dose, maintaining the representations of
the other model components as in the base-case model. Table 1 indicates the particular
sensitivity studies that apply to each of TSPA model components.

The importance of a particular. TSPA model component to expected risk is assessed in terms of
the potential for that component to affect the mean annual dose curve. As discussed in the
introduction to Section 3, the change to the mean annual dose estimate resulting from a change in
the TSPA model component does not necessarily correspond to a change in expected risk
because the probability of the change has not been taken into account. Nevertheless, if the
change in the mean annual dose estimate is insignificant, then it can be concluded that the effect
of the TSPA model component being studied on expected risk is also insignificant. If the change
in the mean annual dose estimate is significant, it is not necessarily true that the effect of the
TSPA model component is significant. For this reason, if the change in the mean annual dose
estimate is significant, the role of the TSPA model component being studied is described in this
report as “‘potentially significant.”

For the purpose of these studies, the potential significance of a TSPA model component is
assessed in terms of whether changes in the component result in a change in the estimate of mean
annual dose in the first 10,000 years comparable to the regulatory standard of 15 mrem. In the

2 The focus of the analyses is the 10,000-year performance objectives of 10 CFR 63.113; however, results are shown

for 100,000 years to provide insights into trends that are initiated in the first 10,000 years but are not fully
manifested until after this period.
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absence of synergistic effects, a change in the-estimate in a oné-off study of less than'l mrem
would be considered to be insignificant in comparison with this limit. In those cases where a
change in one TSPA model component could combine with changes in other components not
evaluated in a given one-off study, a change in the estimate of less than 0.1 mrem is considered
to be insignificant. - Explicit consideration of combined effects of changes in several'‘components
at once is provided in Section 3.4. ’

3.3.1 Climate and Net Infiltration Sensitivity Study

The first study examines the role of the climate and net infiltration 'component of the TSPA

model. The TSPA model includes this'component to help determine the amount of water that

could contact waste, ‘mobilize radionuclides, and carry those rad1onuc11des away from the -
repository to the water table. : : it "
Figure 6 examines the sensitivity of the estimate of mean annual dose to the climate and net

infiltration model component. This figure compares the results of the base-case model with a

model that is unrealistic but which provides extreme values to allow exploration of the role of the

model. The extreme model provides an unsaturated zone flow field that'is consistent with an

infiltration flux of the same order of magnitude -as the precipitation flux. Precipitation onto

Yucca Mountain "averages about 190 mm/year under current ‘conditions and‘is expected to

average more than 300 mm/year over the next 10,000 years (BSC 2001a, Table 3.3:1-1, p. 3T-1).

The corresponding percolation flux in the base-case infiltration- model averages about

4.6 mm/year under present day conditions and about 12 mm/year over the next 10,000 years

(BSC 2001a, Table 3.3.2-1, p. 3T-5). The extreme model assumes a flow field associated with -
the highest infiltration rate for the glacial maximum climate. The infiltration flux'in this case
averages ‘about 150 mm/year (BSC 2001a, Table 3.3.2-3, p. 3T-7), approximately an order of °
magnitude greater than the infiltration flux for ‘the ‘base-case model and of' the same order of
magnitude as’ the present day precipitation on Yucca Mountain. This" extreme "infiltration is
considered to ensure that the role of the 1nﬁ1trat10n model is adequately evaluated 3

The results for the nominal scenario in Figure 6 show little change to the estimate of mean
annual dose. The drip shields remain intact for more than 60,000 years; therefore, the increase in-
infiltration does not translate into an increase in the amount of water contacting waste in the first
10,000 years:” The effect of increased infiltration!in this case is increased wetting of the drift
invert and associated changes to its transport properties and in the flow below the repository that
can’ transport radionuclides to the water table.” . The results for 'igneous activity groundwater
release scenario show somewhat greater. increase because drip shields are disrupted, permitting
advective flow.to contact the waste. The estimate of mean annual dose'is dominated by the
solubility-limited plutonium -239 and plutonium-240 (see Figure 5b) so that this increase does
result in an increase in the mean annual dose estimate. However, even in thls case the increase is
less than 0. Ol mrem and is not considered to be sxgmﬁcant o o

P - - ~ i

— =

? Infiltration models intermediate between the base-case model'and the extreme ‘model considered here are expected
to provide results between those shown here. That is, the increased flux ‘of the analysis conducted here is so high
that it addresses considerations of flow focusing or episodicity effects on the flow system. The effect on seepage of
intermediate values for these factors is considered in Section 3.3.2.
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These results indicate that the details of the climate and net infiltration models do not play a
significant role in the estimate of mean annual dose. This result is consistent with the results
using the TSPA-SR model. Analyses of the nominal scenario using the TSPA-SR model also
show no significant impact of magnitude of the net infiltration or the details of the unsaturated
zone flow field on the estimate of mean annual dose (CRWMS M&O 2000a, Section 5.2.1.1, P.
5-9; BSC 2001b Section 3.2.1, p. 3-3).

3.3.2 Seepage Sensitivity Study

The seepage component of the TSPA model represents the flow of water into the emplacement
drift that is a primary determinant of the moisture conditions within the emplacement drift. The
seepage flux determines the advective flow contacting the drip shield and the flow through
breaches in the drip shield in the TSPA model. This model component is therefore a factor in
determining the amount of water contacting the waste packages, the amount of water entering
breached waste packages, and the moisture conditions in the drift invert.

Seepage is not the only source of water affecting these elements. The moisture in the drift invert
is evaluated in thermal-hydrologic (TH) analyses that take into account temperature and moisture
content of the air, as well as the seepage. In addition, the TSPA model assumes a volume of
water present within the waste package even when no seepage occurs to account for equilibrium
between the moisture in the rock, in the air, and in the waste. These factors affect the sensitivity
of the estimate of mean annual dose to the TSPA model component for seepage.

Figure 7 compares the base-case results with the results for different seepage models. In the
base-case model, the seepage associated with a specified percolation flux varies over a range
appropriate to that flux. In addition, the base-case model accounts for focusing of the flow due
to heterogeneity in the rock and episodicity in the flow system. The first alternative model uses
the 95" percentile of the base-case seepage distribution for the calculated percolation flux, the
95™ percentile of the base-case flow-focusing factor, and the 95™ percentile of the base-case
episodicity factor. The comparison between the base-case model and this alternative model are
shown (only for the igneous activity groundwater release scenario) in Figure 7. The results do
not show a significant difference between these models. As in the case of the study of the effects
of increased infiltration, the changes for the nominal scenario are negligible because the drip
shield diverts water away from the waste and the only effect of the seepage is to change the
moisture conditions in the drift invert. The changes are somewhat larger for the igneous activity
groundwater release scenario because drip shields and waste packages are breached and the
waste is directly exposed to the water. The increase in seepage results in an increase in the
release of the solubility-limited radionuclides. However, even in this case, the increase is not
significant.

One possibility for the small impact of the change in the model is that the variation considered is
not sufficient to explore the full range of possibilities. There could be intermediate values for
flow focusing or episodicity that could result in larger effects. This possibility is addressed by
considering a more extreme case. The base-case model provides zero seepage over
approximately half the waste packages and an average seepage flux that is less than 0.1 m*/year
over the other waste packages (BSC 200la, Table 4.3.1-1, p. 4T-1). The extreme model
considers the effect of seepage of 1 m3/year over the location of every waste package. Thus, the
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| extreme model provides more than a factor of 10 increase in the flux, effectively focusing flux
onto every waste package; this model is therefore considered to be-adequate to assess'the role of
the seepage component of the TSPA model.
The results for the nomlnal scenario show no srgmﬁcant d1fference in the first 10,000 years .
(while the drip shields remain intact). Potential effects in the event there were no drip shields
can be inferred by examining the radionuclides that dominate this'release. -Figure 5 shows that
the radionuclides that dominate the nominal scenario releases are soluble radionuclides such as
carbon-14 and technetium-99 whose release is controlled by the waste form dissolution rate.
Increased seepage would therefore not affect:the release of these radionuclides significantly. As
a result, it can be concluded that, even in the event the drip shields were not included in the
engineered barrier system, an .increase in seepage would not .significantly change’ the mean
annual dose estimate for the nominal scenario. . - . "

Y '

The results for the 1gneous actrvrty groundwater .release scenario are somewhat drfferent from
those for the nominal scenario because the release in this case is dommated by- the
solubrhty-hmrted radionuclides, plutonium- -239 ,and -plutonium-240. The results in this :case
show an increase of approxrmately a factor of 10 between the two curves, reflecting the i increase -
in mass release of the plutonium isotopes associated with the increase in the amount of flow
contacting the waste. However, even with this increase, the estimate of mean annual dose does
not exceed 0.1 mrem. ;

These results 1ndrcate that the details of the seepage model do not play a srgmﬁcant role in the
estimate of mean annual dose. This result is consrstent with the results using the TSPA-SR .
model. Analyses of the nominal scenario using the TSPA-SR model also show, no srgmﬁcant )
1mpact of the seepage on the estimate of mean annual dose over the range mvestlgated (CRWMS;
M&O 2000a, Section 5.2.1.2, p. 5-10; Section 5. 3.1.2, p. 5-34; BSC 2001b, Section 3.2.2, p. 3-
D,

3.3.3 In-Drift Environments Sensitivity Studies

The in-drift temperature, moisture, and water chemlstry components “of the TSPA model
specrﬁcally refer to the envrronments wrthm the drift” 1nvert In' the general sense, the 1n-dr1ft
environments also include those condrtrons ‘that affect the dnp shreld “and the waste, package
However these factors are addressed in “the dnp shreld and waste package degradatron
components of the TSPA model. B

The effects of moisture conditions in the drift invert are not explicitly evaluated here. These ..
effects are con31dered 1nd1rectly in Sectrons 3.3 2 and 3 3.9. The sens1trv1ty studies._ dlscussed 1n
those sectrons suggest’ there is not a strong dependence on the amount of water present in the
emplacement drifts either for the nominal scenario in Wthh the drip shre]d remarns 1ntact for
10,000 years or for the igneous act1v1ty groundwater release scenarro m which drip shlelds are
breached The effects of moisture, as mamfested in the relative humrdlty have been exphcrtly
consrdered in the Supplemental Sc1ence and Performance Analysrs (SSPA) analysrs (BSC 2001b
Section 4.1, p. 4-1ff)." The results do 'not show a srgnlficant effect on the waste package
degradation in the first 10,000 years. The SSPA analyses explrcltly considered the 1mportance of
the relative humidity threshold for general corrosion and found that, although there is an effect
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on the starting times for general corrosion, there is no significant effect on the failure of waste
packages in the first 10,000 years for the cases evaluated. ‘

Likewise, the effects of in-drift temperature are not explicitly evaluated here. The role of
temperature has been considered in-the SSPA (BSC 2001b, Section 4.1, p. 4-1ff) in which the

higher temperature operating mode and lower temperature operating mode were compared. This -

SSPA comparison actually addresses a broader -range of effects than temperature in the
emplacement drifts because: the effects of temperature are explicitly manifested in a number of
the TSPA model components. .. They are directly accounted for in the TH effects in the
unsaturated zone flow, the seepage, and the in-drift moisture model components. They are
indirectly represented in'terms of thermal-mechanical and thermal-hydrologic-chemical effects
on near-field rock properties. They are also taken into account in temperature dependence of
processes within the waste package. The SSPA comparison of the two different thermal
operating modes showed very little impact of the temperature over the range spanned by these

two operating modes. Calculated near-field temperatires differed by as much as 60°C and yet '

the differences between the estrmates of mean annual dose for the nominal scenario in the ﬁrst
10,000 years were” less”than '0.0004 ‘mrem and the effect on total mean annual dose was
negligible (BSC 2001b, Figure 4.1-1, p. 4F-1).

These results strongly suggest that the in-drift thermal effects’ accounted for in the base-case
TSPA model components do not signiﬁcantly affect the estimate of mean annual dose in the first
10,000 years. Part of this conclusion is due to the fact that most of the model components
affected by temperature'do notplay a strong role in the estrmate of mean annual dose. For
example, Sections 3.3.1" and 3.3.2 show that details of the flow and seepage have little effect on
the estimate of mean annual dose.”’ Accordmgly, thermal changes to those components would

also be unhkely to affect ‘this estlmate ‘significantly. Any temperature dependencies in those

base-case model components that ‘are important to postclosure performance are such that changes
in drift wall temperatures from 130° to 70°C or changes in peak waste package temperatures
from 160° to 80°C do not have a significant effect.

The remammg consideration i is the effect on performance of water chemlstry, 1n particular, the
chemrstry in the drift invert. The ‘main effect of the water chemrstry in this case is on. the

concentratlons of radronuc]rdes in the invert. In particular, the pH and ionic strength of the dnft‘ ‘
invert could affect the solublhty limit of dissolved radionuclides and the colloid- assocrated_

radionuclide concentrations in the drift invert. These two aspects of the in-drift water chemrstry
are evaluated in Figures 8 and 9.

The results in Figure 8 address the sensrtrvrty to pH of the water in the drift invert. The base-
case TSPA model for mvert pH ranges between 4.8 and 7.3 in the first 4,000 years and between,
7 and 8 after 4, 000 years (BSC 2001b, Frgure 4.24-1, p. 4F-38). Frgure 8 shows the estlmate of
the nominal scenario mean annual dose caléulated using fixed pH values of 3,7, and 10, as well
as the base-case result These results do not show a significant effect on the estimate of mean
annual dose over thls range Although the pH affects the concentratron limits for key
radlonuclrdes the change is not sufﬁc1ent to result in a significant change in the mean annual
dose estimate of the range of pH evaluated
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The results in Figure 9 address thé sensitivity of the mean annual dose estimate to ionic strength
in the drift invert. ‘The studies in this case consider ionic strengths well outside the range
considered in the base-case model. In addition to the base-case results, Figure 9 shows the
results for ionic strengths that are a factor of 1.5 greater than the upper bound of the range
considered in the base case and a factor of 1.5 lower than the lower bound of that range. .The
main effect of the ionic strength in‘the TSPA model is on the colloid concentration limits, and
therefore on the concentrations of radionuclides associated with these colloids. However, even
with this increase, the colloid concentrations are insufficient to affect the estimate of mean
annual dose that is dommated by the d1ssolved radionuclide concentrations.

The in- dnft chermstry could also affect radionuclide concentrations md1rectly, by affecting the
1n-package chemlstry The effect of in- package chemlstry is examined d1rectly in Sectlon 3.3.5..

P
13

These results mdlcate that the detarls of the in- dnft chemistry model do not play a srgmﬁcant
role in the estimate of mean annual dose. : This result is consistent ‘with the results .using the -
TSPA-SR model. Analyses of the nominal-scenario using the TSPA-SR model also, show no
significant, impact of the invert.chemistry on the estimate of mean annual dose over the range_
mvestrgated (BSC 2001b, Section 3.2.4.2, p. 3-16). . .

3.34 Engmeered Barrlers Performance Sensrtnvnty Studies

+

The TSPA model components studied here are the models for performance of the dr1p shield and"
the waste package. These components both play a role in determining the exposure of the waste
to water, and the waste package performance model plays a.role in estimating the containment
prov1dcd by the waste package and the release of radlonuclldes from the repository. .

Frgure 10 compares the ‘base case with results of two studles m which the model component for
dnp shield performance is vaned from the base-case representatlon Only the normnal scenario
is considered in'this case because the drip shields are disrupted in the lgneous act1v1ty
groundwater release scenario and degradation processes play no role. The first study is for a
case in which the general corrosion rate of the drip shield mater1al is enhanced by a-factor.of
more than five.* This enhanced rate is outsrde the range of uncertainty represented in the base--,
case model to address aleatonc uncertainty in the corrosion rate due to temperature and water ,
chemistry ; varlatrons as well as epistemic uncertamty in the corrosion rate itself. However even

for this hlgh rate, the results show that none of-the dr1p shxelds are, calculated to fail before -
10, 000 years and the estimate of mean annual dose in the first 10, OOO years is, not affected

'

The second study presented in "Figure 10 consrders a more extreme case m Wthh faxlure of the Q
drip shield is forced to occur before 10, 000 years In thrs case the barrier functlon of the drip ;
shield is completely “neutralized,” i.e., all dnp shlelds are assumed to be completely breached at’
the time of permanent closure. This is an unrealistic todel that is considered in order to provrde

4 The median of the measurements of the drrp shleld general corrosron rate in welght-loss expenments is about 0 025 )
microns/year and the 95 percentlle value is about 0.12 microns/year (CRWMS M&O 20004, ‘Section 6.5.4,’p. 59)."
The measured corrosion rate is corrected for deposmon of silicates during expenment by adding a factor that ranges
between 0 and 0.063 mlcrons/year The approach for this analysis is to utilize the 95" percentile of the uncorrected
measurements and to increase it by 0.17 mlcrons/year to ensure the analysis goes beyond the range of the correction
factor. The effective general corrosion rate is 0.29 mrcrons/year, more than a factor of 10 greater than the medran of
the measured values and more than a factor of 5 greater than the median corrected value.
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additional insight into the drip.shield performance model. The result for this drip shield
neutralization case in Figure 10 shows an increase in the estimated mean annual dose because the
drip shield provides no barrier to water contacting the waste packages. This flow affects the rate
of release of radionuclides from the waste packages that are breached. With the drip shield in
place, no advective flow contacts the waste, and the release of radionuclides from the breached
waste packages in the model is purely diffusive. Without the drip.shield, advective release is
also possible, and it is this addltlonal advective component that results in the increase from the
base-case result. ot

The constituents of this advective component are shown in Figure 11. This figure compares the
contributions of mobile radionuclides (carbon-14 and technetium-99) and less mobile
radlonuchdes (neptunium-237; plutonium-239, and plutonium-240) for the base case and for the
case with the drip shield neutralized. The base case is dominated by diffusive release of the
mobile radionuclides. ' The diffusion coefficient for the less mobile radionuclides is much smaller
than that for the more mobilé radionuclides and results in negligible diffusive release of: these
radionuclides in the first 10,000 years. When the drip shield is neutralized, advective release is’
permitted. The additional advective component for the mobile radionuclides is much larger than

the diffusive component in the first 10,000 years. Likewise, the advective component for the less

mobile radionuclides is not only larger than the diffusive component for those radionuclides, it is
more than a factor of ten greater than the base-case contribution of the mobile radionuclides.
However, the total advective release for the neutralized drip shreld case is less than 0.1 mrem and
is considered to be msrgmficant

The results of the studies’ presented in Figure 10 indicate that the details of the drip- shield
degradation model do not play a significant role in the estimate of mean annual dose. This result
is consistent with the results using the TSPA-SR model. Analyses usmg the TSPA-SR model
also show no sromficant 1mpact of the drip shield degradatlon model on the estimate of mean
annual dose over the range mvestlgated (CRWMS M&O 2000a, Section 5.3.3.1, p. 5- 35)

Figure 12 compares the base case with results of three studies in which the model component for

waste package performance is 'varied from' the base-case representatxon The base-case -

degradatlon rate includes early failure of a small fraction of the wasfe packages due to improper
heat treatment durmg manufacturing and later degradation of the waste packages'due to
corrosmn The base-case degradatlon model includes a probablhty distribution for general
corrosion and a stress corrosion’ crackmg (SCC) model whose parameters are also distributed to
reflect the uncertainty and variability in' the current information: - The results using the base-case
model show two effects. First, they show the release associated with early waste package failure
(modeled as dlSCUSSCd in Sectlon 3. 1. They also show an mcrease in the mean annual dose after
60000 years assoc1ated w1th further degradation of the waste package The three studies in
Figure 12 examine the role of thls degradatlon model.

In the ﬁrst study, the general corrosion rate is changed to a single value that is the 95t percentlle
value of the base-case general corrosion rate probability dlstrrbutlon The base-case medlan
corrosion rate is less than 0.05, microns per year and the 95" percentile general corrosion rate is
0.08 microns per year. The degradation model for this study also includes an extreme model.for
SCC degradation: the residual stresses in the weld region of the outer and middle lids weld

region are both set to their 95" percentile values, and the number of defects in the closure weld is
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set to its 95™ percentile value. * The results using the fixed, enhanced degradation rate are shown
by the circles in Figure 12. This degradation model still results in no failure of waste packages
before 10,000 years beyond the base-case early failures due to improper heat treatment and,
consequently, no change in the estimate of mean annual dose in the first 10,000 years.

In the second study, the general corrosion rate is increased well outside the range supported 5y
the current information. In this case, the general corrosion rate is multiplied by a factor of eight’,
providing rates that are higher than any that have been observed. The effect on the estimate of
mean annual dose is shown by the triangles in Figure 12. In this case, waste package failures due
to corrosion begin before 10,000 years, and the estimate of mean annual dose increases
correspondingly However, even for this extreme degradation model, the estimate of mean
annual dose in the first, 10, 000 years does not exceed 0.0001 mrem and is calculated to exceed
the mdrvrdual protection standard (15 mrem) only after 40, 000 years. : -

The thrrd study 1n Frgure 12 examines the effects of neutrahzmg the waste package entirely. In
this case all waste packages are assumed to.be 100  percent breached at the beginning of the
simulation. As in the case of the drip shield neutralization shown in Figure 10, this approach is
not a realistic case but is conducted to increase insight. The results are shown as the upper curve
(squares) in Figure.12. Figure 13 shows the contributions of the mobile and ‘less mobile
radionuclides for this case The release from the engrneered bamer system in the first 10,000
years is purely diffusive since the drip shields are still intact and prevent advective flow through
the system. The estimated mean annual dose associated with this diffusive release is more than
10 mrem. This change is significant and indicates the potential s1gn1ﬁcance of the waste package
model to expected risk. - S . :

The results in Frgure 12 are consistent wrth the results using the TSPA-SR model Analyses
using the TSPA-SR model suggest that the waste package plays an important role in the estimate
of mean annual dose over the range investigated (CRWMS M&O 2000a, Section 5.2. 3, p. 5- 12
and Section 5.3.3. 2, p. 5-36; and BSC 2001b, Section 3.2.5.1, p. 3-18; Section 3.2.5. 2 -p. 3-19;
Section 3.2.5.3, p. 3-20; and Section 3.2.5. 4, p. 3- 21).

3.3.5 In-Package Environments Sensitivity Studies

In-package envrronments mclude the temperature morsture and water chemrstry wrthm the
waste package to, which the waste form is sub_]ected The ‘effects of moisture conditions in the
waste package are not exp11c1tly evaluated here. In addition to advective flow through breached
waste packages, the base-case rnodel includes an’ in-package volume of water associated with
hygroscoprc effects and wettrng of waste form degradation products by the advectrve ﬂow The

o . R

The base- case general corrosion model is derived from the results of 24-month werght -loss measurements The
mean general corrosnon rate from these measurements is about 0.01 mlcrons/year, and the 95" percenttle value is
about 0. 04 mrcrons/year (CRWMS M&O 2000e, Section 6.91, p. 105). For the waste package degradatron model,
the measured corrosion raté is corrected for deposition 'of silicates duting the expenment by addrng a'factor that
ranges between 0 and 0.06 microns/year. The factor of eight results by considering the - 95™ percentile of the
combination of 6-month and 12-month measurements (0.11 microns/year), the maximum, silicate - deposition
correction of 0.06 microns/year, and the maximum enhancement factors for thermal aging and microbial effects.
The net effect of this approach is a factor of eight multiplier on the, corrected and enhanced corrosion rate of the
base- case model.
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base-case model assumes uniform mixing of mobilized radionuclides in this volume. This

representation is conservative and tends to limit sensitivity to changes in the moisture conditions
in the TSPA model.

Sensitivity to in-package temperature in the TSPA model is explicitly evaluated here. The base-
case model does not account for any temperature difference between the waste form and the
waste package wall. The effect of this approach is evaluated in'Figure'14. This figure compares

the results of a study in which a difference between the waste form temperature and the waste

package wall temperature is- explicitly taken into account.: In this case the waste form
temperature is 60°C greater than the waste package wall temperature at the time of emplacement.
The increment decreases to zero at 100,000 years (the decrease’ results in an increment of 54°C at
10,000 years). Although the c]addmg creep degradation model and’the waste form dissolution
model both depend on temperature, the increment considered here does not result in any
significant change to the estimate of mean annual dose because the change in waste form
degradation associated with this increased temperature is not significant. Section 3.3.6 provides
additional insight into the sensitivity of the estimate of mean annual dose to waste form
degradation.

A second study examines the tole of the in-package chemistry component of the TSPA model.
This component is included in' the TSPA model to ensure that chemical effects on waste form
degradation and radionuclide concentrations are taken into account.

In the first 10,000 years, the base-case pH values for the nominal scenario range between 3.4 and
1.7 in the base-case model (BSC 2001a, Tables 9-3, 9-4, and 9-5, pp. 9T-1 and 9T-2). Figure 15
shows the results for fixed | pH values of 3, 7, and 10, as well as the base-case results. The results
for the nominal scenano are changed very little over this range. Figure 5(c) shows that' the

radionuclides that dominate the estlmate of mean annual dose for the nominal scenario are those ’

whose concentrations are ‘controlléd by the waste form degradation'rate. These small increases

reflect the limited dependence of the waste form degradation rate on the water chemistry in'the -

TSPA model.

The base-case pH values for the igneous activity groundwater release’ scenario have a different
range than those for the nominal scenario because the model assumes that the relevant water
chermstry corresponds to that at the drift wall (drip shields and waste packages are disrupted by
the intruding magma). The base-case pH in this case ranges between 7 and 9 (CRWMS M&O
2000f, Section 3.3.5). The variation’over pH values from 3 to 10 thérefore has a larger effect for
this scenario than for the nominal scenario. The main effect in this case is on the solubility of
plutonium-239 and plutonium-240, the solublhty limited radionuclides that dominate the

estimate of mean annual dose for this scenario. Figure 16 shows the dependence of the.

neptunium and plutonium so]ublhty limits on the pH of the water in the waste package. This
ﬁgure shows that the solublhty can vary by orders of magnitude over this range and this change
produces the change in the estimate of mean annual dose for this scenario. Figure 17 illustrates
the effect of this range in pH by showing the changes in the contributions of neptunium-237 and
plutonium-239 over this range.

Figure 18 shows the role of the ionic strength of the water in the waste package. The main effect
of the jonic strength taken into account in the TSPA model is in defining the colloid
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concentrations and, therefore, the ¢oncentrations of radionuclidés ‘sorbed to these colloids. The
study considers results for ionic strengths that are a factor of 1.5 greater than the upper bound of
the range considered in the base case and a factor of 1.5 lower than the lower bound of that
range. As in'the case of the considerations of in-drift chemistry, the model for ionic strength has
no significant impact on the estimate of mean annual dose. R
Although these results do show changes, the changes are less than 0.1 mrem. These results
therefore indicate that the details of the in-package chemistry model do not play a significant role
in the ‘estimate of mean annual‘dose. This result is consistent with the results using the TSPA-SR
model. Analyses'of the nominal scenario using the TSPA-SR model also show no significant
impact :of the in-package chemistry on the estimate of mean annual dose ‘over the ‘range
investigated (BSC 2001b, Section 3.2.7.1, p. 3-25). ~ : ' -

3.3.6 Waste Form Performance Sensitivity Studies -

The waste form performance component of the TSPA model is used to describe the degradation
of the commercial spent nuclear fuel (CSNF) cladding and dissolution of the waste form matrix.’
Both of these effects are considered here. - ‘ o : o

Figure 19 shows the results of two studies of the role of the CSNF cladding in the estimate of
mean annual dose. .In the first study the parameters of the cladding degradation model are set to =’
their 95" percentile_values to examine the sensitivity.to.this degradation rate. That is, the -
fraction of fuel rods with initially failed cladding is set to its 95™ percentile value; the unzippin%
rate is calculated by setting the fuel alteration rate and theconversion factor to their 95% -
percentile values; and the localized corrosion rate and SCC failures are set to their 95™ percentile

"

values. The resulting calculation shows a very small change to the base-case result. e
The second study is more extreme. In this case, 100 percent of the cladding is assumed to be
initially breached.” The results for this case are also shown in Figure 19. These results show an *
increase in the nominal scenario release of about ‘one order of magnitude due to the ‘increased
exposure of the CSNF waste to water. The resulting change to the estimate of mean annual dose
is less than 0.001-mrem and is therefore not significant. =~ ~ ’ T N N
Theéc_a results indicate that the details of the cladding degradation model do not play ‘a significant -
role in the estimate of mean annual dose. This result is consistent with the results using the
TSPA-SR model.- Analyses-of the.-nominal scenario using the TSPA-SR model also show no
significant impact of the cladding on the:estimate:of mean annual dose over the'range -
investigated (CRWMS M&O 2000a, Section 5.3.4.1, p. 5-38; BSC 2001b, Section 3.2.7.2, p. 3-
26)- : - < - LA E’ - ’ i ’ - - i ~ R “3 N Ai - )
A third study is conducted to evaluate the role of the waste form dissolution rate, apart from the -
role of the cladding: The results of the study of the waste form dissolution rate aré’ shown in
Figure 20. Three types.of waste forms are considered in the TSPA model, namely, DOE spent
nuclear fuel, high-level waste (HLW) glass,”and CSNF..(Since complete degradation of -DOE
spent nuclear fuel occurs in one time-step in the model, no sensitivity study is performed on this
parameter. For HLW, each parameter of the glass degradation rate model is set to its 95" or 5
percentile value to maximize the rate. The dissolution rate of the CSNF is set to its 95™
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percentile value. The results in Figure 20 show only a small effect on the estimate of mean
annual dose for the groundwater release scenarios and no significant impact on the estimate of
total mean annual dose. The dissolution rates of HLW and CSNF are so high in the base case
that increasing them does not have a significant impact on the estimate of mean annual dose.

3.3.7 Dissolved Radionuclide Concentrations Sensitivity Studies

The dissolved radionuclide  concentrations component of. the TSPA model determines the
solubility limits for 'radioni:clideg as a function of temperature and chemistry of the water in the
package and in the drift invert. Because of the dependence of these limits on chemistry, the role
of this component has already been explored to some extent in the studies of the in-drift and
in-package chemistry components (see Sections 3.3.3 and 3.3.5). However, those studies do not

directly examine the role of the solubility limits. This study is therefore conducted to examine
this sensitivity directly. :

Figure 21 shows the results of specifying the solubility limits for protactinium, neptunium,
plutonium, technetium, and thorium at their 95™ percentile values both in the waste package and
in the drift invert. The results indicate little sensitivity to the solubility over the range considered
in the current model. This limited sensitivity is explained in part by the fact that protactinium
and thorium do not contribute significantly, and technetium is so soluble that its release rate is
limited by the waste form dissolution rate. However, even the variation for plutonium and
neptunium considered here does not affect the estimate of mean annual dose significantly.

Studies are conducted to explc;re a wider range of solubility for neptunium and plutonium.

Figure 22 shows the results for a case in which the neptunium solubility is varied from 10° mg/L -

to 107 mg/L, and the plutonium solubility is varied from 10° mg/L to 107 mg/L. These ranges
span the full range of possible solubilities indicated in Figure 16.

The results for the nominal scenario in Figure 22 show little sensitivity to the solubilities of these
two radionuclides. Technetium-99, iodine-129, and carbon-14-in this case determine the mean
annual dose estimate, and the variation of neptunium and plutonium solubilities has little effect.
The results for the igneous activity groundwater release scenario, however, are dominated by
plutonium-239 and plutonium-240. As a result, the variation in the solubility of these isotopes
has a large relative effect on the estimate of mean annual dose for that scenario. The change-is
on the order of 0.1 mrem. A larger change could occur for conditions under which the plutonium
solubility is increased above the range considered here. Accordingly, it is possible that this
factor could be important to the estimate of mean annual dose.

These results indicate that the details of the dissolved radionuclide concentration model for
plutonium could be important to the estimate of mean annual dose under some conditions. This
result is consistent with the results using the TSPA-SR model. Analyses of the nominal scenario
using the TSPA-SR also show moderately important impacts of the plutonium solubility limit on
the estimate of mean ‘annual dose over the range investigated (CRWMS M&O 2000a,
Section 5.2.4.2, p. 5-18; Section 5.3.4.2, p. 5-39; BSC 2001b, Section 3.2.7.3, p- 3-27).
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3.3.8  Colloid-Associated Radionuclide Concentrations Sensitivity Studies

These studies examine the role of the colloid-associated radionuclide concentration component

of the TSPA model. Movement of colloids through the system represents a way in which some -

radionuclides may be transported more rapidly to the accessible environment than as dissolved
species, and this component is included inthe TSPA model to énsure that the contribution of
such radionuclide transport is taken into account. The studies explore the role of this model
component in deﬁnmg the concentrations of the collord assocrated radronuchdes

5

The TSPA model addresses three different types of collords clay and srhca collords occumng
naturally in the groundwater, iron-(hydr)oxide colloids associated with degradation of waste

package materials, and colloids derived from degradation of the HLW' glass waste ‘form. “The

model accounts for attachment of radionuclides onto these colloids by sorption and embedding

of radionuclides in the HLW inventory in thé waste form colloids. The largest contributor to the -

estimate of mean annual dose from these radionuclides is from the plutonium isotopes associated
with the colloids generated during degradation of the HLW -glass. Figure 23 shows the effect of *

artificially increasing the concentratron of waste form colloids by a factor of 100 (thus, the mass _

of plutomum increases- ‘even though the concentratlon of plutomum on the colloids does not °

change). ''This increasé could affect the concentrations of radionuclides’ that could sorb to 'the "

waste form colloids; however, the results in Frgure 23-show a neghgrble effect on the estimate of
mean annual dose for the nominal ‘scenario. ~The change is" also neglrgrble for the 1gneous

activity groundwater release scenario in’ the first'~10,000 years. - There’ is change "after”

10,000 years ‘associated with a change in the water chemistry model at 10, OOO years in the base-
case 1n package chemlstry model. Even in thrs case, however the estrmated mean annual dose
only reaches about 0.2 mrem at about 17, OOO years ' ' ,

’ ‘. ' - - -

Figure 24 shows the result of increasing the concentrations of plutonium and americium modeled

bt

as irreversibly sorbed to the waste form collords In this study these concentrations are set to

values that are a’ factor of 1.5 times the maxrmum ‘value possrble in the- base-case model -In
addition, the colloids are assumed to be stable;'i.€., the effects of ionic strength and pH on’colloid '
stabrhty are 1gnored The effect of these changes is to increase the concentration of plutomum

and americiurn above any value calculated in the base -case model The resultrng change 1n the ‘

estrmate 'of mean annual dose is not srgmﬁcant CooE

- Lt ¢ N .-
N A s Lt Vis ot A ahl s i

Finally, Figure 25 shows the sensitivity to a different part of the colloid concentration model.

The base-case model assumes limits to the concentration of:colloids that are affected by pH and
ionic strength of the water. These limits are based on observations, e.g.; the increasé in colloid
instability with increasing ionic strength. The results in these figures show the sensitivity of the
results to these limits._In this case, the concentrations of the colloids are artlﬁcrally increased to
values that are a'factor of - 100 greater than the upper limit of 'the base-case model. In addition, -

the concentratrons of plutomum and amerrcrum on these colloids are also mcreased by a factor of -
100.” The result is more than a 10,000-fold increase in the collord associated corcentrations of
these radionuclides in the water. The estimate for the igneous: actrvrty groundwater scenario in
Figure 25 is changed substantially. The change in the concentrations is so large that it’ swamps
the effects of the chemistry that caused the peak between 10,000 years and 17,000 years in the
igneous activity groundwater release scenario in Figure 23. Even so, the net effect is an increase
in the mean annual dose ‘estimate that is'less than 0.1 mrem. Thrs 1ncrease is due entirely to the
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increase in colloid-associated plutonium-239 and plutonium-240 release. The range considered
here is so large that it is unlikely that conditions could arise that lead to even larger effects.

Accordingly, this model is not cons1dered to play a significant role in the estimate of mean
annual dose.

The results of this section indicate that the details of the model for colloid-associated
concentrations do not play a signiﬁcant role in the estimate of mean annual dose. This result is
consistent with the results using the TSPA-SR model. Analyses of the nominal scenario using
the TSPA-SR also show no significant impact of the colloid concentrations on the estimate of
mean annual dose over the range investigated (BSC 2001b, Section 3.2.7.4, p. 3-20).

st

This study only considers the sensitivity to colloid-associated radionuclide concentrations. The
sensitivity to transport characteristics of colloid-associated radionuclides is examined in the
study of the natural barriers radionuclide transport model in Section 3.3.10.

3.3.9 Engineered Barriers Radionuclide Transport Sensitivity Studies

These studies evaluate the role of the component for radlonuchde transport through the
engineered barrier system, in the TSPA model. The current TSPA model considers both
advective and diffusive transport of radionuclides out of the waste package, through the drift
invert, and to the unsaturated zone rock. Advective transport only occurs when the drip shield is
breached and permits water to ﬂow onto and into the waste package Diffusive transport occurs
whenever the waste package is breached both before and after the drip shield is breached. The
comparison in Figure, 10 between the results for the case where the drip shield remams 1ntact
(only diffusive release occurs) and the results for the case where the drip shield is neutralized
(advective release also occurs) suggests the advective component is much more important than
the diffusive component after the drip shields are breached.

Figure 26 examines the sensitivity of system performance to the parameters of the model for
advective transport through the engmeered barriers. The base-case model uses a range of
sorption coefﬁcxents for transport out of the waste package and in the drift invert. The result of
using the 5% percentile from this range is compared with the base -case result in this figure.® The
effect of sorption is to delay the migration of the radxonuchdes that sorb onto the drift invert
material. The result of using the smaller sorption coefficient is to reduce travel time and
dispersion of the radionuclide concentrations during migration.. The effect of this change is very
small in Figure 26. Consequently, details of the model affecting retardation of radionuclide
transport out of the waste package and through the drift invert are not significant to the estimate
of mean annual dose.

Figure 27 shows the sensrtrvrty of the mean annual dose estimate to the diffusivity of the dnft
invert. In this case the diffusivity is set to the largest value consrdered in the TSPA-SR analyses
1.e., the exponent of the saturation dependence is set to the 95™ percentrle of the distribution that
has been measured for tuff gravel. The sensitivity of the estimate of mean annual dose is very
weak for this range of values.

Sorptron (e.g., onto waste package internals and corrosion products) that could reduce aqueous concentrations of
radionuclides within, the waste package is not taken into account in the base-case model for these analyses. Its
potential role in the TSPA model is evaluated in the SSPA analyses (BSC 2001b, Figure 3.2.8-2, p. 3F-39).
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These results indicate that the foregoing details of the invert diffusion model do not play a
srgmﬁcant role in the estimate of mean annual dose. " This result is consistent with the results
using the TSPA-SR’ model. Analyses of the nominal scenario show that, over‘the range of
dxffuswlty in the TSPA-SR model, the results prov1de no significant impact of the diffusivity on
the estimate of mean annual dose over the range mvestrgated (CRWMS M&O 2000a,
SectlonS 2.5.1, p. 5-19; Section 5.3.5, p. 5-40) Lo

The fact that the details of the advective and drffuswe components of the transport model are not
important to the estimate of mean annual dose implies that the model for determining the ratio of
these two components is also not important with respect to transport in the engineered barrier
system However, this ratio could be important to transport in the unsaturated zone. In the base-
cas¢ model, the slow diffusive release from the engmeered barrier system is transferred into the
matrix of the near-field rock while the advective releaseis transferred into the near-field rock
fracture system. ‘This ratio could theréfore play a role if the transport characteristics of the rock
matrix and fracture system of the unsaturated zone are very dlfferent The effect’ of thls ratio in
this regard is considered in the néxt section. -

o0 ,-

3.3.10 Natural Barriers Radionuclide Transport Sensitivity Studies

These -studies examine the role of components for transport-of radionuclides through the
unsaturated zone and saturated zone after release from breached waste packages. These
components ‘are examinéd together because the unsaturated zone and saturated zone barriers are
complementary. "That is, understanding of the role of each of these barriers in’'the TSPA model
requires understanding of the role of the other." Consequently, these two barriers are consrdered
together. ' ‘ .

Up to 26 different radionuclides are considered in the TSPA (CRWMS M&O 2000g, Table 9).
Screening arguments -indicate ‘that -other radionuclides would not-provide a significant
contribution ‘to annual ' dose ‘or 'groundwater concentrations. However, while the -model
components for radionuclide transport in the engineered barrier system and in the saturated zone
include all of -these radionuclides, the model component for radionuclide -transport ‘in the
unsaturated zone does not explicitly take:into.account two of them, strontium-90 and ‘cesium-
137. Computational demands imposed by other model components limit’the "number -of -
radionuclides that can be considered in this component. Because the half-lives of these two
radionuclides are relauvely short (on the order of 30 years) they are likely to decay away before
they reach'the water table and are therefore unlrkely to contribute sngmﬁcantly to mean annual
dose. Consequently, the computational constramts are'met by omitting strontium-90 and cesium-
137 in'favor of longer-lived radionuclides. “The effect of this" step is shown in Frgure 28. In this
study, two radionuclides w1th negllgrble effect on estrmated mean annual dose in the base-case’
estimates are replaced by strontlum 90 and cesium-137. The résulting estimate of mean annual
dose differs somewhat from the base case when the failure associatéd with’ lmproper heat‘
treatment is begmnmg “In the very early‘périod only a few of the 300 realizations include a
waste package failure and the number is too small for a stable mean. Consequently, the results
differ somewhat in this:early period. After about 3,000 years, stabxhty of the mean sets in
because all 300 realizations mclude a waste package fallure A : '
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The combined role of the unsaturated zone and saturated zone barriers is evaluated in Figures 29
and 30. In Figure 29, the combined effect of the nominal and igneous activity groundwater
release is shown for a case in which both of these barriers are “neutralized.” That is, the release
from the engineered barrier system is dlschargcd directly into the water usage volume at the
accessible environment, and the unsaturated zone and saturated zone each provide no barrier to
radionuclide transport. As in the case of the neutralization analyses for the engineered barriers
(see Section 3.3.4), these neutralizations do not represent realizable situations but are evaluated
only to provide insights into the roles of the barriers.’

Comparison with the base-case results for the combined groundwater release scenarios shows a
large difference from the neutralization results, indicating that these barriers do affect the
estimate of mean annual dose for the groundwater release scenarios. Neutralizing these barriers
results in an increase that exceeds 0.1 mrem. Figure 30 shows the radionuclides that lead to this
increase are strontium-90 and cesium-137. The results in Flgure 30 also indicate that the
unsaturated zone and saturated zone transport barriers eliminate any significant release from
strontium-90, cesium-137, and americium-241. These barriers provide sufficient delay that these
radionuclides decay away entirely in the base-case model.

In addition, these barriers also affect the release of other radionuclides. However, the effect is
less dramatic than for the radionuclides whose contribution is eliminated altogether by the delay
in the barriers. The natural barriers do, however, reduce the estimate of the peak mean annual
dose associated with these other radionuclides by about a factor of 10 to 100. This change does
not result in a mean annual dose for these other radionuclides exceeding 0.1 mrem. Accordingly,
the modes for transport of these other radionuclides, including the component for transport of
dissolved radionuclides and the model for transport of colloidally associated radionuclides do not
play a significant role in the estimate of mean annual dose.

The individual roles of the unsaturated zone and saturated zone transport barriers are examined
in Figures 31 through 34. Figures 31 and 32 show the estimate of mean annual dose when the
saturated zone is included but the unsaturated zone remains neutralized. The studies in this case
are conducted by discharging the release from the engineered barrier system directly to the water
table (no barrier effect from the unsaturated zone) and modeling the saturated zone as in the base
case. Strontium-90 and cesium-137 are included in the study.

Figure 31 compares the results of this study with the case in which both barriers are neutralized
and Figure 32 shows the effect on selected radionuclides. The results show that the volcanic
rock below the water table and the valley-fill alluvium provide sufficient retardation and
dlspersxon to reduce the.mean annual dose for all radionuclides. These effects attenuate the
release associated with the short-lived radionuclides because the probability distribution for
transport of these radionuclides in the saturated zone has only a small probability of rapid travel
through this barrier. The largest part of this distribution has travel times of thousands of years
and, for that fraction of travel times, there is no contribution from the short-lived radionuclides.

7 In particular, the neutralization analyses do not indicate radionuclide or groundwater travel time through the
natural barriers. Assessment of these quantities must take into account realistic representation of the characteristics
of these barriers. Analyses for such conditions show a mean groundwater travel time exceeding 10,000 years and

less than one chance in 100 probability of groundwater travel time less than 1,000 years (BSC 2001e, Figure 11, p.
46).
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The net effect on the mean annual dose is a decrease from the case in which only the saturated
zone barrier is neutralized. ‘ : C ‘. >

o

Fiéures 33 and 34 show the analogous results for the unsaturated zone barrier. In this case, the
study is conducted by using the base-case model for.the unsaturated zone and discharging the |
calcu]ated release from the unsaturated zone d1rect1y into the water usage volume at the .-
accessible environment (no barrier, effect from the saturated zone) Figure 33 shows a large .
decrease from the case in which both of these barriers are neutralized. In the model for the
unsaturated zone barrier, diffusive release from the-engineered barrier system is transferred -
directly into.the rock matrix of the unsaturated zone directly. below the emplacement drifts.
Transport in the rock matrix is very slow, largely because of its low permeability and resulting
slow movement of water that carries the radionuclides. 'Advective release from the engineered
barrier, system is' discharged into the fractures of-the rock below the emplacement :drift. .
Transport of radionuclides in the fractures is affected by matrix diffusion and, for radionuclides .-
attached to colloids, filtration of colloids. These effects result in the decrease of the mean annual .
dose estimate :shown in Figure 33. The details of these models, including the' model for .
transferring diffusive and advective radionuclide flux from the engineered barrier system into the
rock matrix, are considered to be potentially srgmﬁcant in that the change in the mean annual
dose assocrated with them exceeds 0.1 mrem.

Fxgure 34fshows the contributions from the mdlvrdual radronuchdes for thlS study.r The
unsaturated zone - transport barrier attenuates the - estimate -of mean -annual. dose ‘ for. all
radionuclides. - In, particular, there is no contribution from the short-lived, radionuclides.
Apparently the probability distribution for the travel time of these radionuclides through the
unsaturated zone has such a small contribution from short travel times that the Monte Carlo
sampling (300 realizations) is unable to capture any such effects.. Whatever the ‘effects might be :
if more realizations were included, the combined effect of these two barriers would result in such ™
a small probability of short travel timesthat it is extremely .unlikely'that" the short-llved >
radionuclides would travel through both of them before they decay IR I

[ .-
' Y

The SIlelCS in this study have examined the combmed roles of ﬂow and radionuclide transport
on the estimate of mean annual dose. Figures 35 and 36 show the effect when only the flow is -
taken into account: that 1s the effect of the sorption, ‘matnx diffusion, and colloid filtration in
these barriers is removed.® The flow systems in the unsaturated and saturated zones are the same
as in the base-case model. The results in this case are somewhat lower than those for the case
where the unsaturated zone ‘and saturated zone are neutralized entirely; however, the difference is
small. Figure 36 shows that the release from strontium-90 and cesium-137 is reduced somewhat, -
indicating some delay due to the groundwater travel time. -However, in general the effect of the

flow systems alone does not appear to play a major role in determmmg the estrmate of -mean
annual dose. ’ . R A

This study suggests that the most important effect of the natural barriers is due to retardation
relative to the groundwater flow. This, retardation: arises :from ‘several .éffects and - affects’

8 Because the sorption coefficients and ‘colloid filtration are set to zero, there is no difference between the transport
of colloid-associated species and dissolved species so that the partitioning between the concentrations in each case is
not important. - The lack of sensitivity of the results to the transport parameters leads to the conclusion that the
partitioning coefficient is also not important.
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different radionuclides in:different ways. The radionuclide inventory includes a small number of
radionuclides that are highly soluble and that do not sorb onto the rock as readily as the majority
of radionuclides in the inventory. These radionuclides include carbon-14, technetium-99, and
iodine-129. These radionuclides are modeled entirely as dissolved species with very small or no
retardation factor due to sorption. At the same time, retardation of their migration in the
fractures due to matrix diffusion processes is taken into account. These processes do play a role
in affecting the migration of these radionuclides, as shown in Figure 36.

Another category of radionuclides is the set that sorbs readily onto minerals of the rock. This
category includes neptunium-237 and the plutonium isotopes, and the model takes into account
the effect of sorption on migration of these radionuclides as dissolved species. The model also
accounts for sorption’ of these radionuclides onto colloids in the water. These colloids are
retarded somewhat relative to the groundwater due to filtration processes, but the retardation in
this case is much less than that associated with sorption of the radionuclides onto the immobile
rock. At the same time, the model takes into account matrix diffusion of these radionuclides that
affects migration of both dissolved species and the radionuclides attached to colloids that desorb
into the water.

The final category of radionuclides addressed in the TSPA transport model is the set of
radionuclides that are integrally bound to the colloids generated by degradation of the waste
form. These are modeled as “irreversibly sorbed” to the colloids. Matrix diffusion and sorption
of colloids onto the minerals of the rock are not included in either the unsaturated zone or
saturated zone transport model. Retardation of these radionuclides due to filtration' of the
colloids during their migration is taken into account.

The net effect of these models is to reduce the mean annual dose of most radionuclides in the
first 10,000 years by approximately a factor of 10 to 100. Given the peak mean annual dose
estimate for the groundwater scenarios of less than 0.01 mrem, this factor is not considered to be
a major contributor to the estimate. The effect on strontium-90, cesium-137, and americium-241
is more important however. In this case, the effect of the retardation is to reduce the mean
annual dose from a peak value of more than 0.1 mrem to a level below 0.1 mrem. The
retardation is sufficient to eliminate the potential hazard from these radionuclides. The fact that
these radionuclides dominate the inventory of the emplaced waste glves special importance to
this role of the natural barriers.

The results of these studies are consistent with the results using the TSPA-SR model. Analyses
of the nominal scenario using the. TSPA-SR show a small effect on the mean annual dose
estimate for carbon-14, . technetium-99, iodine-129, neptunium-237, plutonium-239, and:
plutonium-240, as well as other radionuclides (CRWMS M&O-2000a, Section 5.2.6, p. 5-19;
Section 5.2.7, p. 5-20; Section 5.3.6, p. 5-41; and BSC 2001b, Section 3.2.9.2, p. 3-31; Section
3.2 10 p. 3-32).

3.3. 11 Igneous Activity Probablllty Sensitivity Study
This study evaluates the role of the probability for igneous activity in the TSPA model. The

estimate of expected risk includes this probability as a weighting factor on the estimate' of
consequences of the event. The arguments in Section 2 suggest that this component could play
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an important role in the estimate of mean annual dose. Analysis for the site suitability evaluation
shows that the mean annual dose for the igneous activity scenarios estimated in that model is
very nearly. proportional to the ‘mean probability. of the event-(CRWMS M&O 2000a,
Section 5.5.2.9.1,p. 5-22)." In order to see the effect for the TSPA model used in this study, this
study focuses on the igneous activity eruptrve release scenano that domrnates ‘the estrmate of
total mean annual dose. . - R AR
Froure 37 compares the base-case result (mean annual probabrhty of 1 Se-8 in the primary area
of the repository) with the result using the 95 percentile value (annual probability of 4.8e-8):
The resulting mean annual dose scales by a number that is very close to the ratio of these two
values, confirming the result in the site suitability evaluation that the estimate of mean annual
dose is essentially proportional to the mean probability in the TSPA model. It is unlikely that the
probability of igneous activity would be determined to be so large as to result‘in a mean annual
dose estimate comparable to the 15 mrem standard.: However, in view of the fact that the
probability could be larger-and-that other effects affecting the igneous actr\’nty eruptive release
mean annual dose could also contribute, this TSPA'model component s consrdered to play a’
potentrally significant role in the estimate of expected risk. - ,

The results of this study are consistent with the results using the TSPA-SR model. Analyses of
the igneous activity scenarios using‘the TSPA-SR show a potentially signiﬁcant effect of the
probability of the .event on the estimate of mean annual dose (CRWMS M&O 2000a,
Sectron5291p522) : Lot L

PO

3. 3 12 Damage to Engmeered Barriers by Igneous Actrvrty Sensrtrvrty Study -

R

This study assesses the role in the TSPA .model of the components descrrbmg damage to the
engrneered barriers as a result of igneous activity. These components address the effects of .
igneous intrusion of magma into the repository and volcanic eruptron through the reposrtory

The study addresses the component descnbmg damage to waste packages drrp shrelds and,
CSNF cladding during igneous 1ntrusron into the reposrtory "The TSPA model 1dent1ﬁes tWO .
zones where waste packages and dnp shields are damaged during such an event. Zone 1 defines

the region in which all of the waste package and drip shields are sufficiently damaged that they

offer no protectron for the waste, and the CSNF cladding is breached -in the-modeling of this

event The extent of Zone 1 is determmed in the model by - samplrng from a probability"
distribution. Zone 1 contams an average of about 300 waste packages (and drip shields and

cladding associated with those waste packages) in the base-case model. The TSPA model also

assumes that some of the waste packages outside Zone 1 arealso damaged and-defines a Zone 2 .
in which all of the drip shields and cladding are failed, but the waste packages are only partially

damaged (endcaps are farled) Zone 2 contains an average of about 2 100 waste packages in the

base-case model.: B e ‘ -

Frgure 38 shows the results for the i 1gneous activity groundwater release scenario in the base-case

model. -This ﬁgure shows the mean annual dose and the expected contribution to this estimate -
from the Zone 1 and Zone 2 releases in this base-case model. “These results show that that the

Zone -1 releases dominate the -estimate of ‘mean annual dose in the base-case model:: The-
sensitivity study is therefore extended only to the Zone 1 waste packages. Figure 38 shows the
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results for a case in which the-number of Zone 1 waste packages is set to the 95" percentile
value, more than 900. As can be seen in the comparison of this result with the base-case result,
the estimate of mean annual dose is essentially proportional to the mean number of waste
package and drip shield combinations disrupted in the event. A much larger number of waste
packages and drip shields disrupted could therefore result in a much higher estimate of mean
annual dose than the base-case estimate. This possibility considered together with the fact that
the mean annual dose estimate is also proportional to the mean probability of occurrence of
igneous activity leads to the conclusion that this factor is considered to play a potentially
significant role in the estimate of expected risk.

The model for the disruption to the engineered barriers by the intrusion is therefore considered to
be important to the estimate of mean annual dose. This conclusion also extends to the Zone 2
waste packages. In the base-case model, the damage to the Zone 2 packages is assumed to be
failure of the endcaps. However, the damage could be more extensive, e.g., waste package
degradation rates could be changed due to changes in the environments in the drifts and waste
packages could fail much earlier in Zone 2 than in the nominal scenario. Accordingly, the
conclusion about the importance of the damage to the engineered barriers applies to both Zone 1
and Zone 2 waste packages.

This study also considers the role in the TSPA model of the damage caused during an igneous
eruption. The TSPA model assumes that all of the waste in waste packages intersected by an
eruptive vent is erupted to the surface. The model determines the number of these waste
packages from the number of vents intersecting emplacement drifts and the number of waste
packages in a given drift that are intercepted by the vent. The number of waste packages so
intercepted in the base-case averages about 11. The analyses for the site suitability evaluation
considered the impact of setting the number of waste packages intercepted to the 95" percentile
(19) and the 5% percentile (7) values (BSC 2001a, Section 14.3.3.7, p- 14-24). These results

show a corresponding variation in the estimate of mean annual dose that scales according to the

mean number of packages intercepted. The estimate of mean annual dose for the eruptive release
scenario therefore appears to be sensitive to the amount of waste erupted, as indicated in this
model by the number of waste packages intersected by an eruptive vent.

These results are consistent with the results using the TSPA-SR model. Analyses of the igneous
activity scenarios using the TSPA-SR show a direct dependence of the estimate of mean annual
dose on the amount of waste erupted as indicated by the number of waste packages intersected
(CRWMS M&O 2000a, Section 5.2.9.6, p. 5-24; Section 5.2.9.7, p. 5-24).

3.3.13 Atmospheric Transport of Erupted Radionuclides Sensitivity Studies

These studies evaluate the role of various factors in the model for transport of radionuclides in
the atmosphere following an eruption through the repository. The first study considers the
volume of tephra in the eruption into which the radionuclides are dispersed. A larger volume
may result in greater dilution of the radionuclide concentrations. A larger volume may also be
correlated with a greater height of eruption and therefore the potential for transport of tephra to
greater distances. The previous study (see Section 3.3.12) examined the sensitivity to the mass
of radionuclides erupted. This study examines only the sensitivity to the volume of erupted
tephra without a correlated increase in the amount of waste erupted.
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In -the base -case model the volume of erupted tephra is sampled from a distribution between
0.002 km?® and 0.44 km® with a mean erupted volume of 0.08 km®. Figure 39 compares the base-
case mean annual dose wrth that calculated with the value of the eruptive volume set to the 95™
percentile value, 0.34 km®. While this range does not go outside that of the base-case
distribution, it is apparent that these results indicate that the erupted volume -considered in ‘the
TSPA model does not play a strong role in determmmg the estimate of mean annual dose. -
These results are consrstent W1th the results using the TSPA SR model ' Analyses of the igneous
activity eruptive release scenario using the TSPA-SR also do not show a significant effect of the
eruptive volume on the estimate of mean annual dose (CRWMS M&O 2000a, Section 5.2.9.6,
p. 5- 24 Sectlon 5.2 9 5  P. 5-24).

a1 . ' ‘e .
The second study examines the size of particles in the plume of erupted tephra.” -This factor
affects -the dispersion-of -the plume ‘as the partrcles are transported ‘downwind. Figure 40
evaluates- the sensitivity*'of: the “estimate ‘of mean” annual dose for this- scenario to ‘the’
representatron of particle size.” This figure compares the result of the base-case distribution for
the size of the particles with two extreme cases for the mean and standard deviation of the
partrcle size probability distribution. In one case, the mean ‘and standard dev1atron are each set to
their 95 percentile values and, in the other, they are each set to thelr 5t percentrle values. The ‘
results show no significant impact on' the estimate of mean annual dose." Accordmgly, the
partrcular partlcle size chosen does not play an 1mp0rtant role in determrmng the estlmate of 7
mean annual dose ‘
The third study examines the role of the treatment of the wind speed and drrectron in the TSPA
model. These factors determine the atmospheric dispersion of the radionuclide-bearing tephra
plume and the resulting distribution of tephra deposited in Amargosa Valley. The available data_
for wind speed and direction near the ‘Yucca Mountain site are winds measured over a period of
7 years'from altitudes between 1,500 m "and 5, OOO m. This study’ consrders the wmd speed and
the wmd d1rect10n separately ‘ { )

H T E 4

The base -case model utilizes a distribution for wind speed developed from the avallable data that
has 5%, 50%, and 95" percentiles of about '270, 1,000, and 2,200 cm/sec, respectively
(BSC 2001a, Table 14.3.3. 5-1, p. 14T-4). The mean of the distribution is about 1,100 cm/sec.
Figute 41 compares the’ ‘base-case mean annual dosé estimated for the full range ‘of this’
distribution with the results fixing the wind speed at 2,200 c/sec.. These Tesults suggest a’
nearly linear relation between the mean annual dose anid the mean wind speed. Thus, the mean
annual dose estimate depends not so much on the distribution of wind speed (e.g. - with altitude)
but on the average wind speed. This fact, 'in combination with other considérations (e.g.,
probability of igneous activity) leads to the conclusion that the representatron of w1nd speed
could play an 1mportant role in the estrmate of mean annual dose o "

Although the avarlable data do show w1nd directions over the full 360 degrees, the base-case
model assumes a consefvative representatron in which the*wind is only to-the south. Figure 42
compares the hase case results with those in whrch the full dlStI‘lbllthIl of wind drrec'trons _15

G = -

? Particle size is also a consideration in the estimate of the BDCFs in the blosphere model However, the BDCFs are
held fixed in this analysrs so that the evaluation here is only of the’ role of the pamcle size'in the atmosphenc
transport. - , . g Lo
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utilized. This comparison shows a reduction in the mean annual dose estimate of about a factor
of 20. This large effect suogests that this factor could be potentially important to the estimate of
mean annual dose.

These results are consistent with the results using the TSPA-SR model. Analyses of the igneous
activity eruptive release scenario using the TSPA-SR show an effect of the wind speed and
direction modeled on the estimate of mean annual dose comparable to that shown here (CRWMS
M&O 2000a, Section 5.2.9.2, p. 5-22; Section 5.2.9.3, p. 5-23).

3.3.14 Biosphere Characteristics Sensitivity Studies

These studies examine the importance of the biosphere component of the TSPA model. This
component is manifested in the TSPA model in terms of biosphere dose conversion factors
(BDCFs) that are used to translate radionuclide concentrations in groundwater and soil into
annual dose. In addition, processes that affect these BDCFs, including transport processes in the
biosphere, are addressed in these studies.

Figure 43 shows the sensitivity of the estimate of mean annual dose considering only the range

of uncertainty in the BDCFs. The base-case result is compared with studies in which the .

probability distributions for all factors in the biosphere model are set to their 95 percentile
values. The figure also shows the result when all these factors are set to their 5% percentlle
values. The estimate of mean annual dose for the igneous activity eruptive release scenario is
proportional to the mean BDCFs for this scenario and shows a large change because the range of
these mean values is very wide. The BDCFs in this case are considered to play a potentially
significant role in the estimate of expected risk.

The change in the estimate of mean annual dose for the groundwater scenarios shows a much

smaller effect because the range of uncertainty in the associated BDCFs is small. The results are-

proportional to the mean value of these BDCFs, as in the eruptive release case; however, it is
-unlikely that the models would change sufficiently to result in a mean annual dose exceeding
0.1 mrem for these scenarios. Accordingly, the BDCFs for the groundwater scenarios are not
considered to play a significant role in the estimate of mean annual dose.

The results in Figure 43 are consistent with the results using the TSPA-SR model. Analyses
using the TSPA-SR show results similar to those shown for this base-case model. They show,

first, that the mean annual dose estimate is proportional to the BDCFs and, second, that over the.

range of uncertainty accounted for in the model, the variation in the estimate of mean annual
dose is small (CRWMS M&O 2000a, Section 5.2.8.1, p. 5-20).

A particular factor taken into account in estimating the BDCFs for the igneous activity eruptive
release scenario is the thickness of the layer of deposited tephra from the eruption through the
repository. The thickness of contaminated tephra can potentially affect the BDCF used to
estimate annual dose from the concentrations of radionuclides in the entire soil layer.

The importance of the tephra deposit thickness to the estimate of mean annual dose for this
scenario is shown in Figure 44. This figure compares the result for the base-case model with
studies for two different tephra deposit thicknesses. BDCFs for different soil thicknesses are not
taken into account in the base-case model; however they were considered in the SSPA
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evaluations (BSC 2001a, Section 13.4.3.2, p. 1361). Accordingly, the sensitivity studies utilize
the SSPA BDCFs to evaluate the role of the soil thickness. These studies consider thicknesses of
15 cm and 1 cm, respectlvely The difference between these two cases amounts to a factor of _
less than 15 because 'soil removal effects reduce the overall effect of the orrgmal soil thickness.
Asa result the drfference in the estimate of mean annual dose is on the order of a factor of three

- > e *

The results in Flgure 44 suggest that the decrease in the thickness with time due to soil erosion
may not play an important role in the estimate. This role is explicitly evaluated in Figure 45.
This figure shows the sensitivity of the estimate of mean annual dose to the soil removal rate.
The base-case model considers a range ‘of soil* removal rates, and the base-case result is
compared with the results using the 95h (0.079 cm/year) and 5‘h (0.061 cm/year) percentile |
values of the base-case _range. The small vanatlon reﬂects in part, the narrow range of the i
uncertalnty band for the removal rate ,
Although sorl removal addresses some-aspects of soil redistribution, it does’ not address all of -
them. For example; accumulation of radionuclides due to ‘aeolian or fluvial transport of eroded
tephra-is not accounted for in the base-case TSPA model.- As a result, an exphcrt study of this
effect-has not-yet been conducted. The possible magnitudé of the effect is- suggested in ‘the
comparison” between the iresults for full 360-degree distribution of the ‘wind ‘in- atmosphenc
transport with those for an assumed south-only wind drrectron shown in Figure 42. In this case ‘
the treatment amounted to a factor of 20.' It is unhkely that soil redistribution would result in as”
large a factor. ‘Nevertheless, until explicit analyses show otherwise, soil redlstnbutlon should be
consrdered to have the potentral to affect mean annual dose to some degree

B e
o B ’ R PR -

3. 3 15 Radlonucllde Inventory Sensntlvrty Study : : SR ‘

e L sl

This study examines the role of the representation ‘of radionuclide inventories in the TSPA
model. The base-case model considers up'to 26 radionuclides.'®: Other possible radionuclides
are excluded on the basis of half-life or elemental solublhty and sorptlon charactenstrcs

- ' . b

R -

Figure 5(a) shows the radronuchdes that dommate the estlmate of mean annual dose for eruptlve?
release scenario. - The radionuclides that- dominate -this "estimate- includé -americium-241,
plutonium-238, plutonium-239, and plutonium-240. - The mean annual dose estimate for each of
these radionuclides is directly proportional to its inventory. The mventones for other
‘radionuclides are not likely to play a significant role in the estimate. o ' i

Figure 5 also shows the radionuclides that.dominate the estimate of mean annual -dose for the
groundwater releaseiscenarios. These radionuclides’ include relatively soluble radionuclides,
carbon-14 and technetium-99, and less soluble radionuclides, neptunium-237-and the plutonium
isotopes. , The estimate-of :mean ‘annual dose for the ‘soluble radionuclides depends directly on
their inventories. The estimate for the less soluble radioriuclides is controlled by the1r solubility

PR VN

I - P . -

10 Although 26 radlonuchdes are mcluded in the models for the engmeered barner system and for the saturated zone
radionuclide transport model, ‘only 24 “are’included m the base-case ' model for unsaturated zone radionuclide
transport because of calculational limitations. That is, two short-lived radionuclides are eliminated on the grounds
that their travel time would result in negligible release. These short-lived radionuclides are taken into account in the

analyses of radionuclide transport in the unsaturated zone (see Section 3.3.10).
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limit rather than their inventories. Inventories of the other 21 radionuclides included in the
studies are not likely to play a significant role in the estimate.

These studies have not considered any of the radionuclides that have been screened from the .

TSPA model considerations. For example, cesium-135 and tin-136 have not been included in the
studies on the basis of general screening considerations. Although these radionuclides are
unlikely to contribute to annual dose, no additional insight can be provided into their role in the
estimate of mean annual dose because they have not been explicitly included in these studies.

3.4 COMBINED EFFECTS SENSITIVITY STUDY

Combinations of effects from different TSPA model components are included in the Monte
Carlo sampling of the one-off sensitivity studies in Section 3.3. That is, the sampling is over the
ranges of parameters of the model components. For example, combinations of extreme
parameters for all model components are taken into account (weighted by their probability of
occurrence) in the base-case estimates. Likewise, each of the one-off sensitivity studies is
probabilistic. That is, although the parameters for the model component of interest are fixed at
specified values, the parameters for the other model components are sampled over their entire
ranges. Accordingly, combinations of extreme parameters are taken into account to a degree in
the one-off studies. What these studies do not capture, however, is the importance of
simultaneous challenges to the probability models for the various processes. That is, the
sensitivity studies test the probability model for one component while maintaining the
probability models for the other as in the base-case TSPA study. The sensitivity studies do not
therefore test whether two model components shown to play a minor role in an individual sense,

even in an extreme or unrealistic representation, might play a more important role when their
combined effects are considered.

Accordingly, this section reports the results of a study that explicitly considers combined effects
of large changes to the probability. models for several TSPA model components for the nominal
and igneous activity groundwater release scenarios. The significance of the effects is assessed in
terms of changes in the estimate of mean annual dose in comparison with the individual
protection limit of 15 mrem. In this case, a change of 1 mrem or more in the estimate of
10,000-year mean annual dose indicates a potentially significant effect.

The following changes are implemented:

¢ Climate, net infiltration, and unsaturated zone flow—These components are changed
to the representation described in Section 3.3.1. In this case the flow field associated
with a mean infiltration rate of about 12 mm/year is changed to a flow field associated
with a mean net infiltration rate of about 150 mm/year. Accordingly, the percolation flux
is changed from the base-case flux to the much higher percolation flux associated with
the changed flow field.

¢ Seepage into emplacement drifts—This component is changed so that the flux over

each waste package location is increased by a factor of 10 over the value estimated in the
base-case model. That is, whereas the base-case model has an average seepage flux of
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about 0.1 m3/year over each waste package in areas where .seepage occurs, the seepage .
. model is changed to reflect an average flux of about.1 m /year in these areas.
.o In}vdr:ift chemistry—This cornponent is changed to lower the p_H of the water in the drift
invert to,4 for 100,000 years.  This contrasts with.the base-case model that ranges
-between about 5 and 7 in the first 10,000 years and between 7 and 8 thereafter.

i ir

@ Waste package and drip shreld degradatlon—The general corrosion rates for the waste .
package and dr1p shield are the extreme rates considered in Section 3.3.4. That is, the
drip shield general corrosion rate used in this study is a fixed value that is a factor of five
greater than the median.rate of the base-case model,:and -the waste package general :
corrosion rate computed in the base-case model is- multrphed by a factor of eight. The
chermstry change does not move the degradation model into a regime where localized
corrosion would be initiated; however, the extreme corrosion rates imposed here result in

much earlier failure of waste packages and dnp shields than in the base-case model

~? H s 4 -
1y \

°: In-package chemlstry——Thrs component is changed to 1ower the pH of the water in the :
waste package to 4 for 100,000 years. Again, this value is outs1de the range considered
in the base—case model. .

.. CSNF claddmg performance—All claddmg is assumed to “be breached -at the time of
- emplacement., . ; . T Lo
.. Dlssolved radlonuchde concentration hmlts—The T SPA. model for these limits
. computes a value .based on the -water chemlstry These limits are ;therefore changed
because of the changes to the m-package and in-drift chemistry assumed for this study. -
In addition to this change, the concentration limits are further increased by a factor of 10.

The result for plutonium, for example, is a net increase of several orders of magmtude

" N . !;.: 4 e e,:" f o ‘ r - - f ,o‘
KE Collord associated radlonucllde concentratlons—The change in- thls case is the same
as that considered in Section 3.3.8. :That -is, the concentration of colloid-associated -
plutonium and americium-is increased.to a value that is a -factor of 1.5 -above -the

maximum allowed in the base-case model.

(- - Z‘s - - - I -7, a7 A R
e x,‘.".” RN - S S S a 5

<. Unsaturated zone radlonuchde transport—The change in thls case is to force all of the

... radionuclides discharged from the engineered system into fractures. . That s, diffusive

© - rrelease, rather than migrating directly into .the rock jmatrix; goes into the fractures along .
- wrththe advective release. KRR PN S LI g e e el

at ey . i ey Yer o,

The results of these changes are shown in Flgure 46 These changes result in a mean annual
dose, conditioned on those changes, that is nearly two orders of magnrtude above the estimate of
mean .annual dose:from the base-case ‘model in the first 10,000 years_and a much larger factor
after 10,000 years. ;The explanation for these changes can be seen in part in Figure 47 where the
contributions of the individual radionuclides can be seen. .The effect on individual radionuclides
can be evaluated by comparing these results to the results for the correspondmg scenarios .in
Figure 5. -.. ) TR SRS RSN ‘
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The largest contributors to the igneous activity groundwater release are plutonium-239 and
plutonium-240. The mean annual dose has increased in this scenario primarily as a result of
three changes. First, the water chemistry is more acidic than in the base case. Figure 16 shows
that this change substantially increases the solubility of this radionuclide. In addition, the study
enhances this solubility by an additional factor, resulting in a concentration of this radionuclide
much higher than in the base case. Finally, the amount of seepage contacting the waste is much
higher than in the base case. Accordingly, if all three of these effects were to occur, the mean
annual dose could approach 1 mrem, more than a factor of 10 below the individual protection
standard.

The results for the nominal scenario also show these effects: the mean annual dose associated
with the solubility-limited radionuclides (e.g., plutonium-239, plutonium-240, and neptunium-
237) are increased due to the increase in their solubilities and, after the drip shields have failed,
the increased seepage rate.

Figure 46 shows effects of other changes. The dominant contributors in the first few thousand
years are the mobile radionuclides (e.g., carbon-14 and technetium-99). The neutralization of the
cladding increases the mean annual dose in this case by about a factor of 10. The other change
affecting these radionuclides in this period is the change to the unsaturated zone radionuclide
transport model. In this case, all of the release is discharged into the fractures. Since the drip
shields are still intact and diverting water away from the waste, the release from the breached
waste packages is only diffusive. In the base-case model, this release goes into the rock matrix
below the drifts and moves very slowly down to the water table. In this model, all of the release
goes’into the fractures where the radionuclides move more rapidly to the water table. The net
effect of these two changes (cladding model and unsaturated zone transport model) is to enhance
the mean annual dose by about 0.01 mrem.

The study for the nominal scenario shows the effect of the enhanced failure rate for the waste
package and drip shield assumed in the study. The waste packages begin to fail before 10,000
years in this case and the'mean annual dose for all radionuclides begins to increase accordingly.
The drip shields fail before 30,000 years in this study and permit an increased amount of water to
contact the waste, enhancing the release of the solubility-limited radionuclides.

This combined effects study leads to two observations. First, if all of the models were changed
in the way described, the mean annual dose estimate would'increase by less than 1 mrem in the
first 10,000 years. That'is, if the water chemistry were to be different, the solubility model were
to be changed, the seepage rate were to be increased, the transport model were to be modified,
and the cladding, waste package, and drip shield were all to degrade in this extreme fashion, the
resulting mean annual dose estimate would still be more than an order of magnitude below the
individual protection limit (15 mrem).

The second observation is that the changes seen in the combined effects study are not
significantly different from the changes observed in the one-off studies. That is, the estimates of
mean' annual dose.for-the igneous activity groundwater release scenario and for the nominal
scenario before the waste packages and drip shields begin to degrade are proportional to the
product of the associated solubility limits and seepage rates. After the waste packages begin to
degrade, the nominal scenario mean annual dose estimate increases in proportion to the number
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of waste packages that have breached. After the .drip shields have breached, the nominal
scenario increases by precisely the contribution from advective release from the waste packages.
These observations are the same as those seen in the one-off sensitivity studies. Nonlinear
synergistic effects are not observed, and the roles ‘of the various model components observed in
this combined effects study are the same as those indicated in the one-off studies. Accordingly,
the conclusions regarding the relative priorities of these model components are not different from
those inferred from the one-off'studies. More importantly, nonlinear effects appear to be minor;
consequently, this combined effects study suggests that the TSPA model can be explained and
understood more easily than if such effects were to be important.

3.5 PRIORITIZATION OF TSPA MODEL COMPONENTS

The sensmvuy studles in Section 3. 3 examine the role of mdmdual TSPA model components to
the estimate of mean annual dose. These studies provide insights into the particular roles of
these components in the estimate of mean annual dose. As such, the results of-these studies can
be used to inform the prioritization of these components with respect to their 1mportance in
showing whether the postclosure performance objectives would be met. - T

The results of these sensitivity studies are compared with the results of sensitivity studies
conducted using the TSPA-SR model. In virtually all cases, the conclusions regarding the role of
the respective TSPA model components are the same. This fact suggests that the conclusions are
relatively robust and indicative of the conclusions that would be drawn ‘even if the TSPA model
used for the license application were to be somewhat different from either the base-case model
used in these studies or the TSPA-SR model. S

Table 2 summarizes the resu]ts of the -sensitivity analyses.  This.table shows the relative
importance of the TSPA model components to the estimate of mean annual dose for the igneous
activity .eruptive release scenario.- The peak mean annual dose for .this scenario is about

0.1 mrem. TSPA model components . potentlally 51gn1ﬁcant to this estimate include the
following: '

i
i

e The probability of igneous eruption in the reposnory

. The amount of waste erupted e )

- The BDCFs associated with this scenario..
The analyses in:Section 3.3.13 note:that mean wind speed and direction also play some role,
potentially affecting the estimate of mean’ annual  dose by’a factor.of 2 t010." Likewise, the
discussion in Section 3.3.14 indicates that aeolian or fluvial ‘soil redistribution following the
event could result in a similar increase. ‘Although these effects are not significant in themselves
(i.e., do not result-in a mean annual dose exceeding the individual protection limit of 15 mrem),
they could be important in combination. Consequently, these effects are identified as potentially
significant to expected risk.: Other factors included in the TSPA model, those ‘accounted for in
the model for transport of radionuclides to Amargosa Valley and soil thickness and removal after

deposition of the tephra do not play an 1mportant role in the estlmate (see Sectlons 3.3.13 and
3 3 14) o taerr - ’ ' .
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Table 2 indicates the relative importance of the TSPA model components in determining the
estimate of mean annual dose for the igneous activity groundwater release scenario. Many of
these components play a minor or insignificant role. The peak mean annual dose for this
scenario is more than three orders of magnitude below the individual protection limit of 15 mrem
and even the most important of these model components only play a potentially important role in
combination with each other. The sensitivity studies indicate that each of the following model
components, in combination with other components, may be potentially important to the estimate
of mean annual dose for this scenario:

Probability of intrusion of magma into the repository scenario (Section 3.3.11)

Damage to the engineered barriers from this intrusion for the igneous activity
groundwater release scenario (Section 3.3.12)

Dissolved plutonium-239 and plutonium-240 concentrations (Section 3.3.7)

Transport of strontium-90 and cesium-137 through the unsaturated zone and saturated
zone (Section 3.3.10)

BDCEFs for the groundwater release scenarios (Section 3.3.14).

Other components, included in' the TSPA model to ensure its consistency with basic physical
principles, do not play a significant role in the estimate of mean annual dose for this scenario.
These factors include

Climate and net infiltration—This factor is represented in the TSPA model in order to
define the boundary condition for flow in the unsaturated zone. This flow is taken into
account in determining the seepage into the emplacement drifts and transport of
radionuclides released from breached waste packages from the engineered barriers to the
water table. The sensitivity study in Section 3.3.1 indicates that the details of this
component are not important to the estimate of mean annual dose.

Seepage into emplacement drifts—The sensitivity study in Section 3.3.2 indicates that
the details of the seepage model play a small role in the estimate of mean annual dose.

In-drift temperature, moisture, and water chemistry—Section 3.3.3 discusses the role
of these factors in the estimate of mean annual dose. That discussion indicates that their
effects on the drift invert have a negligible effect on the estimate of mean annual dose.
The effects of temperature, moisture, and chemistry on waste package and drip shield
degradation are not evaluated here because these effects are not explicitly taken into
account in the TSPA model. The uncertainty ranges of the waste package and drift shield
degradation models implicitly address these effects, and studies in Section 3.3.4 address
these ranges. Studies for degradation rates that are beyond the current ranges of
uncertainty do not result in significant effects on the mean annual dose estimates. These
results suggest that the effects of temperature, moisture, and water chemistry on the drip
shields or waste packages may not be significant. However, ongoing work on localized
corrosion and temperature dependence of the waste package general corrosion rate could
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-result in an explicit dependence on the in-drift environments that is.important. However,
these environments do not have a significant effect on meeting the .-postclosure
performance objectives in the base-case model used in these studles

o '

In-package temperature, monsture, and water chemlstry——These factors are dlscussed

_.in-.Section 3.3.5. _-Their most important ,effect -is on the dissolved radionuclide

‘- concentration limits, which are identified as important to the estimate ‘of mean annual

- +dose. “However, over the .wide range of chemical conditions evaluated in Section 3.3.5,
-, the effect on.mean annual dose is small. Considering the conditions investigated, it is

-unlikely _that - additional “information would result in - conditions outsxde thxs range;
therefore, this conclusion is likely to be maintained.

Waste form degradation (including cladding degradation)—The sensitivity studies in
Section 3.3.6 show only -minor_dependence -of the estimate of mean annual dose on
".cladding performance. In part, this result is due to the fact that nearly 40 percent of the
waste packages contain waste that is not clad (e.g., HLW) and details of the cladding
performance model have no impact on the release of this fraction of the waste. In

. addition, the role of the cladding is to limit exposure of the surface of the CSNF matrix to

water, in breached waste packages; however, - this limitation only plays a minor role in
affectmg radionuclides such as neptunium-237 and the plutonium isotopes whose release
is solubility limited rather than waste form limited. The studies also show no significant

*dependence on the waste form drssoluuon rate because this rate is so high in the base- -
. case model: '+ . " . .

W f

Tt - : . D S -

~Dissolved radionuclide eoncentrations'of radionuclides other. than plutonium-239 :

and plutonium-240—Studies in - Section 3.3.7 -indicate -that -the concentrations_of
radionuclides other than plutonium-239 and plutomm -240 play only a minor estimate of
mean annual dose. Radionuclides whose release rate is not controlled by their solubility,
but by the waste form degradation rate, do not result in an estimate of mean annual dose -

that is significant in the sensitivity studies. Likewise, of the radionuclides whose release -

rate is limited by their solubility, only the solubility limit of plutonium has a moderately

important effect on this estimate.

sy

~
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' Colloid-associated radionuclide concentrations—Studies in-Section 3.3.8 indicate that”

these concentrations contribute little ‘to the 'estimate” of ‘mean annual dose. The

" -concentrations of 'radionuclides bound to - waste: form colloids  (“irreversibly-sorbed” :
- colloidal radionuclides) are very small and’large increases in the concentrations do not:

shoW a significant impact. - Radionuclides:that ‘sorb to colloids are strongly retarded in-,

" their migration due to sdrptionldesorption processes during migration and due to matrix -
~ diffusion. Consequently, variation of the concentrations of these radlonuchdes also has-

I neghglble effect on ‘the estlmate of mean annual dose. - * e b

T
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Engmeered barrler xsystem radlonucllde transport—Sensmvrty studles in Secuon
-3.3.9 show'negligible impact of the advective-and diffusive transport characteristics of
* the drift invert. In part, this is due to the particular values for the invert diffusivity in the
base-case TSPA model. If a lower diffusivity could be defended, the drift invert might be
shown to be a more important barrier, particularly in the event the drip shield over a
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breached waste package remains intact and prevents flow and advective transport of the
radionuclides.

e Unsaturated zone flow and saturated zone flow—These factors are represented by
components of the TSPA model in order to describe the flow of water though the system.
The flow in the unsaturated zone determines the seepage into the emplacement drifts and
transport of radionuclides released from breached waste packages from the engineered
barriers to the water table. ' The flow in the saturated zone below the water table
determines the transport of radionuclides from the repository location to the accessible
environment in Amargosa Valley. Sensitivity studies in Section 3.3.10 indicate that the
details of these components are not important to the estimate of mean annual dose.

e Transport of radionuclides other than- strontium-90 and cesium-137 in the
unsaturated zone and the saturated zone—Studies in Section 3.3.10 show only a minor
effect of unsaturated zone and saturated zone flow on the estimate of mean annual dose.
The effect of transport characteristics (e.g., sorption, matrix diffusion) on relatively
long-lived radionuclides, such as technetium-99, neptunium-237, plutonium-239, and
plutonium-240, results in a factor of 10 reduction in the estimate of mean annual dose,
and this is not considered to play a major role in determining whether the postclosure
performance objectives would be met.

Table 2 indicates the relative importance of the TSPA model components to the estimate of mean
annual dose for the nominal scenario. The peak of this estimate in this case is less than
0.0001 mrem and more than five orders of magnitude below the individual protection limit of
15 mrem. The study presented in Section 3.3.4 indicates that waste package degradation could
significantly affect this estimate; consequently, this model component is indicated in Table 2 to
be potentially significant to expected risk.

The studies in Section 3.3 indicate that no reasonable changes in any of the other model
components, individually or in:combination, would lead to a mean annual dose estimate
exceeding 1 mrem. Therefore, none of them is regarded as significant to this estimate.

The insights summarized here are based on the results of the TSPA model used to represent the
base case for these studies.. In particular, they are based in part on results in which waste
packages and drip shields remain substantially intact under expected conditions for more than
10,000 years. Additional work is needed to consider more aggressive environments than those in
the base-case model. In this case, the degradation model may be changed to include an increased
probability of failure of the waste packages before 10,000 years due to temperature-dependence
of the corrosion rate or localized corrosion. Because the studies also consider the igneous
activity groundwater release scenario in which a substantial number of waste packages and drip
shields are disrupted before 10,000 years, such a change in the degradation model would
generally not be expected to affect the conclusions regarding the roles of the various TSPA
model components in the estimate of postclosure performance. A difference in these conclusions
could be the role of the in-drift temperature, moisture, and water chemistry on the waste package
and drip shield. If the waste package and drip shield degradation models are changed, the
importance of these environments may need to be revisited.
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The analyses in Section 3.3 do not address inadvertent human intrusion. In particular, they do
not include explicit evaluation of the role of various TSPA model components in evaluating
mean annual dose in the event exploratory drilling results in penetration of a waste package and
subsequent release of radionuclides down the borehole to the water table. Analyses for this
scenario were conducted for the site suitability evaluation (CRWMS M&O 2000a, Section 4.4).
These analyses result in an estimated mean annual dose that is less than 0.01 mrem (CRWMS
M&O 2000a, Figure 4.4-11, p. F4-47). Therefore, the factors that determine this result do not
play a significant role in the estimate of mean annual dose. Consequently, the conclusions
regarding the relative priority of the TSPA model components would most likely not be different
if the scenario for inadvertent human intrusion had been explicitly considered in Section 3.3.

An additional consideration that could affect these conclusions is seismic activity. The DOE is
currently re-evaluating the potential effect of a disruptive event in which seismic activity
damages the waste packages and drip shields due to rockfall and vibratory ground motion. The
considerations so far do not yet preclude combinations of event probability and degree of
damage to the engineered barriers resulting in releases comparable to those from the igneous
activity groundwater release scenario. Accordingly, future considerations may need to take into
account groundwater release of radionuclides in a seismic activity scenario.

It is not likely that the addition of a seismic activity groundwater release scenario would affect
the understanding of the roles of the various model components. TSPA model components are
likely to play much the same role for a seismic activity groundwater release scenario as for the
igneous activity groundwater release scenario. ‘The most important additional considerations
would be the probability of this particular scenario and the associated degree of damage to the
engineered barriers. The role of these factors for this scenario is expected to be similar to the
analogous factors for the igneous activity groundwater release scenario. If this scenario is
determined to be an important contributor to mean annual dose, studies can be conducted to
confirm this view.

Two additional points should be noted. First, the results of the sensitivity studies conducted with
the base-case model considered in this report are consistent with the qualitative discussion of the
waste isolation characteristics of a Yucca Mountain repository in Section 2.1. Furthermore, the
results are consistent with those obtained in sensitivity studies conducted with the TSPA-SR
model. These separate considerations are not independent of one another; nevertheless, they
suggest an increasing convergence in the understanding of the roles of the various components of
the TSPA model. While it is possible there could still be some refining of that understanding, for
the most part it is likely that the basic considerations and priorities will be preserved in the
future.
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, .4. RISK INSIGHTS FOR MODEL VALIDATION
AL . . .o -
AP-SHIL.10Q, Models, requires that TSPA model components be validated for their intended
purpose and-stated limitations,-and to the level of confidence required by the .component’s .
relative rmportance to the potential performance of the repository system''. The intended
purpose of each model component and level of confidence required for it-depends upon the.
licensing strategy to address the individual and groundwater protection requlrements of 10 CFR
63.113. .The sensitivity studies in Section 3 can be used to inform the licensing-strategy -

regardmg these considerations.
¢

This section summarizes the relative importance of these model components to, potential
repository system performance indicated by the sensitivity studies reported in Section 3. This
information provides the risk insights to inform the choices regarding the focus of the validation
activities and level of validation needed for those TSPA model components. Table 3 provides a
correlation between the TSPA model components and the areas of model validation discussed in-
the followmg sections. . S -

For the purposes of the dlscussron in this sectlon the level of valrdatron needed for a partlcular
model is interpreted in terms of one of three categories:, : - -

"ﬁ-‘ Level I—The lowest level of validation. Thrs level includes dlscussron of the actrvrtres
conducted during . development of the model-to provide confidence in it ‘and vérification )
that a reasonable scientific or engineering approach was taken in that development

o Level II—The next level of validation. This level includes the efforts for Level I and, in
addition, efforts to show that the model is conservative or that model predlctrons are
p ,corroborated by. data or observatrons not used in the development of the model: :
o Level II—The hlghest level of- valrdatron "This level mcludes the efforts for Level I and
_ corroboration of model predictions by data or observanons not used in the development
\ofthernodel . T S e e .
For the’ purpose of mdrcatmg the appropnate level of model valldatron a model whose variation
could lead to a potennally srgmﬁcant effect on expected risk (e.g.,a change in the estrmate of
mean annual dose greater than 1 mrem) should receive Level III model validation. Models
whose variation could lead to moderate effect on this estimate (e. g., a change less than 1 mrem
but greater than 0.1 mrem) should receive Level II model vahdatron Level I valrdatlon is
sufficient for all other models. SRR -

4.1 CLIMATEAND NET INFILTRATION . N T T

The clrmate and net mﬁltranon component deﬁnes the representatron of the water percolatmg
into the mountaln in the TSPA model. This component plays arole in determmmg the amount of ,
water that mrght contact waste,-mobilize radronuclldes and carry those radronuchdes away from
the repository to the water table The TSPA sensrtrvrty studtes however show only a limited

!! The term “potential performance” used here is the terminology used in AP-SIL10Q, Models, in the procedure
related to model validation. It is synonymous with “waste isolation” as discussed in Section 2.
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sensitivity to the amount of water contacting the waste or the flow carrying radionuclides. In
particular, the studies discussed in Section 3.3.1 do not show a strong sensitivity of the estimate
of mean annual dose to this model component. Therefore, although the TSPA model requires
that net infiltration be identified to define the unsaturated zone flow system, the details of the
models for climate and net infiltration do not significantly affect the estimated performance of
the repository system. Accordingly, the intended purpose of these models is to provide
consistency with basic physical principles, such as conservation of mass. Validation efforts
should therefore focus on-this consistency. Considering the low level of importance of the model
to the estimate of mean annual dose, Level I validation is appropriate.

4.2 UNSATURATED ZONE FLOW

This component describes the representation of flow in the unsaturated zone above and below the

repository in the TSPA model. It defines the percolation flux at the repository horizon. This
component also encompasses any effects of heat on the unsaturated zone flow accounted for in
the model. As indicated in Section 4.1, the TSPA sensitivity studies do not show a strong
sensitivity of the estimate of mean annual dose to any of these factors. Accordingly, the details
of the associated models, including the effects of heat, do not significantly affect the estimated
performance of the repository. The intended purpose of these models is therefore to provide
consistency with basic physical principles, including conservation of mass and energy.
Accordingly, validation efforts should focus on this consistency. Considering the low level of
importance of the model to the estimate of mean annual dose, Level I model validation is
appropriate.

4.3 SEEPAGE INTO EMPLACEMENT DRIFTS

This component provides the representation of water movement into the emplacement drifts from
the host rock in the TSPA model. As indicated in Section 3.3.2, the TSPA sensitivity studies
conducted here do not show a significant sensitivity of the estimate of mean annual dose in the
first 10,000 years on the amount of seepage. Accordingly, the details of the seepage model,
including the effects of heat and drift degradation, are not important to potential performance of
the repository system. The purpose of the TSPA model component for seepage is therefore to
ensure appropriate representation of basic physical principles such as conservation of mass and
energy. Validation efforts should therefore focus on this representation. Considering the low
level of importance of the model to the estimate of mean annual dose, Level I model valldatlon is
appropriate.

4.4 IN-DRIFT MOISTURE AND CHEMISTRY

This component provides the representation of the moisture and water chemistry conditions in
the drift invert in the TSPA model. These conditions determine the radionuclide transport
properties of the invert in this model. The discussion in Section 3.3.3 indicates that the estimate
of mean annual dose in the first 10,000 years is not sensitive to these conditions. That is,
although they are represented in the TSPA model, the details of the models used to represent
them are not important to potential performance. The intended purpose of these models is
therefore to provide consistency with basic physical principles such as conservation of mass and
energy. Validation efforts should therefore focus on this consistency. Considering the low level
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of importance of the model to the estimate of mean ‘annual ‘dose, Level - validation is
appropnate

Techmcally speakmg, thls component should provxde the descrlptlon of the moisture and
chemical conditions on the waste package and drip shield. However, these conditions are
implicitly taken into account in terms of the uncertainties in the waste package and drip“shield’
degradation rates in the current model. These degradation rates are important to the estimate of
mean annual dose. - Accordingly, the validation efforts should focus on confirming that the
ranges accounted for in the degradation models adequately :represent the conditions expected
over the next 10,000 years. Considering the wrde margm provided i n the current degradauon
models, Level II validation is appropriate.

- ,“6

4.5 WASTE PACKAGE AND DRIP SHIELD DEGRADATION

“y 3

The models in IhlS area 1nclude corrosion of the waste package and drlp shreld Thrs area also
includes early failure of.these barriers, e.g., early failure of the waste package due to improper
heat treatment. The TSPA sensitivity studies in Section 3.3.4 show that the performance of the

waste package plays a potentially important role in the estimate of mean annual dose in ‘the first
10,000 years. * In particular, this estimate is ‘strongly affected 1f there is a 51gn1ﬁcant probabrllty:

of waste package breachmg before 10,000 years.

e
2

The base-case model does not show significant breachmg of waste packages before 10, 000 years,
either as a result of normal degradation or as a result of early failures associated ‘with improper

heat treatment. -'Accordingly, validation of the current model should show that, considering the
technical bases for ‘the parameter values and ranges, ‘probability distributions used in the

process-level models, and TSPA abstractions implementing these process-level models, there is
reasonable confidence in that model." For example, the current degradation model results in less
than 1 percent of the waste packages failing before 10,000 years. These results reflect the
following features evidenced in the current model: '

o The fraction’of waste packages expected to fa11 early due to 1mproper heat treatment or:

- other fabrlcatron defects

- . ; . . s . . T oL : S

.o The general corrosion rateSIof the waste package ‘outer barrier ‘material, mcludmgi

i enhancements of the general corrosion rate by mxcroblal effects and agmg

e -Factors affectmg SCC degradatlon (stress thresholds for crack growth number’ and
-character of defects in the weld reglon etc) o e

-

~ [

- Lo xt‘ R 1 LT . i

LI Locahzed corrosion (crev1ce corrosion or prttmg) of the waste package outer bamer

i

i z i' 2 B

Valldatlon efforts should therefore focus on these features Con51der1ng the 1mportance of the
degradation models to the estimate of mean annual dose Level III validation is appropriate for
the waste package degradatlon modeI‘ Level 1 vahdatlon is appropriate for the drip.shield
degradauon model. Validation of the :moisture and- chemlcal conditions that could affect these
degradation rates is discussed in Section 4.4. e :
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4.6 RADIONUCLIDE RELEASE RATES AND CONCENTRATIONS

The components in this category define the rate of release of radionuclides from the engineered
barrier system. These TSPA model components include the following:

¢ Radionuclide inventory in each waste package

e Temperature and water in the waste package and chemistry of that water (and the.
evolution of those factors with time)

* Degradation of the waste form, including breaching of CSNF cladding and dissolution of
the waste form matrix

¢ Concentrations of dissolved radionuclides and colloid-associated radionuclides
» Radionuclide transport from the waste package and through the drift invert.

The TSPA sensitivity studies in Sections 3.3.5 through 3.3.9 indicate that the estimate of mean
annual dose in the first 10,000 years has only a minor dependence on in-package temperature,
moisture, or chemistry, CSNF cladding degradation, waste form dissolution, colloid-associated
radionuclide concentrations, or transport characteristics of the drift invert in the current TSPA
model. That is, although the TSPA model requires that model components for these quantities
be specified, the details of these components are not important.to the quantitative estimate of
postclosure system performance.:. The intended purpose of these components is therefore to
provide consistency with basic physical principles such as conservation of mass and energy.
Accordingly, an appropriate level of confidence can be achieved by demonstrating that these
models each conform to generally accepted physical principles. Considering the low level of
importance of these components to the estimate of mean annual dose, Level 1 validation is
appropriate.

The mean annual dose estimate is directly proportional to the inventories of the radionuclides
that dominate that estimate. The estimate for the igneous activity eruptive release scenario is less
than 0.1 mrem and the radionuclides that dominate that estimate include americium-241,

plutonium-238, plutonium-239, and plutonium-240. Validation of the inventories of these four
radionuclides should consider their range of uncertainty and variability. Considering the level of
mean annual dose associated with these radionuclides in this scenario, Level II validation of their
inventories is appropriate. The estimate of the 10,000-year mean annual dose for the
groundwater release scenarios is less than 0.01 mrem. In addition to plutonium-239 and
plutonium-240, this estimate is dominated by carbon-14, technetium-99, iodine-129, and
neptunium-237. The total contribution of these radionuclides comes to less than 0.001- mrem.

Therefore, an adequate level of confidence in the inventories of these radionuclides would be
obtained if the range of uncertainty and variability in their values were evaluated. Considering
the mean annual dose associated with the groundwater release scenarios, a low level of
validation is needed for these radionuclide inventories. Finally, the screening of radionuclides
from the TSPA studies should be validated. Validation activities in this case should consider the

range of characteristics (half-life, solubility, and retardation characteristics) of these
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radionuclides. Considering the low level of importance of these radionuclides, Level I validation
of their inventories is approprrate oL I

. -

3 r_‘ 4 '

Sensrtlvrty studres show some dependence of the estrmate of mean annual dose and groundwater .
concentratlons on the solubility limit,of plutonium. The current model considers a very wide
range for. thls solubrhty, but an expected -value . that is less -than 10 mg/L under expected
condmons The estimate of mean annual dose for the groundwater release scenarios is less than
0.01 mrem. An adequate degree of conﬁdence in ‘the plutonium solub111ty would be obtained if .
the range of uncertainties in the models and the abstractions implementing them were evaluated.
Considering the level of importance of the plutonium solubility limit to the estimate of mean
annual dose, Level II valtdatlon is needed. Level I val1dat1on is approprlate for the solubrhty of
other elements. - .. .. - ‘ R oot L
[ . - ., I - l‘;”:_‘t - . - - «

The ratio of diffusive and advective transport through the drift invert plays a role in determining -
the transport of radionuclides in the unsaturated zone. Diffusive release from the drift invert is :
transferred to the rock matrix and advective release is transferred into the fracture system of the "
host rock. Validation of this ratio should consider the assumptions and parameter ranges taken
into account in determining its value. In view of the low importance of the transport
characteristics of -the drift invert_and the role of transport in the unsaturated zone, Level T .
valrdatron is approprlate in this case. " Ceooun NI

4.7 UNSATURATED ZONE RADIONUCLIDE TRANSPORT

ThlS component prowdes the representat1on of the pathways for transport of radronuchdes in the
unsaturated zone and the radionuclide transport charactenstlcs along those pathways in the TSPA
model. It descnbes the drift-scale and mountain-scale processes. that-disperse, and delay
rmgratlon of radlonuchdes from the engineered barrier system to the water tab]e T
The TSPA sensmvrty studles in Sectlon 3.3. 10 show a moderately 1mportant effect of the
unsaturated zone radionuclide transport barrier on the estimate of mean annual dose for the’
groundwater release scenarios. The most important role of this:barrier.is the:delay to the :.
transport of radionuclides of relatively short half-life but high potentxal dose including
strontium-90 and cesium-137. The current model results in travel time through the unsaturated !
zone of. several -thousand years,. enough time .to, reduce the mean;.annual: dose for these -
radionuclides to negligible levels Therefore, validation efforts should consider the uncertainties .
in the representation of transport characteristics in the transport model as they affect the travel
time estimate for these two radionuclides. . Considering the level-of 1mportance of the model to -
the estimate of mean annual dose, ‘Level 1I validation is appropriate. - c ps sk -

H N 3 "<r«.;,r"— -
.! ' v(ur [STPA LN N )

The mode] vahdatron efforts should con51der the dlfferent scales to whxch the model is apphed
That is, an approprrate degree of conﬁdence in the model would be obtamed if. the uncertalnt1es
at the mountain scale and at the drift scale were each exphcrtly evaluated. ' Of particular
importance in this regard is the validation of the drift-scale model.: This model assumes that”
advective release from the engineered barrier .system enters only the host rock fracture system
while diffusive release enters -only the matrix. The validation efforts should include -a-focus
providing confidence in this representation. . = . . - e ’
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Transport characteristics of other, more-mobile radionuclides such as carbon-14, technetium-99,
and iodine-129 play no significant role in the estimate of mean annual dose. TSPA sensitivity
studies show that, in addition, the estimate of mean annual dose is not sensitive to the specific
transport characteristics of radionuclides, such as neptunium-237 ‘and the plutonium isotopes.
Accordingly, an appropriate level of confidence would be obtained for the models of transport of
these radionuclides by showingithey are consistent with measured values of the transport
characteristics, such as sorption and matrix diffusion. Considering the low level of importance
of the model to the estimate of mean annual dose, Level I validation is appropriate.

4.8 SATURATED ZONE FLOW AND RADIONUCLIDE TRANSPORT

This component provides the TSPA representation of the flow of water below the water table
that could transport radionuclides from the repository location to the accessible environment in
Amargosa Valley. The saturated zone model therefore describes the pathways for transport of
the radionuclides in the volcanic aquifers and the valley fill alluvium and the fluxes of water
along these pathways.' The model also describes the transport characteristics of the radionuclides
as they move in these pathways.

The TSPA sensitivity studies in Section 3.3.10 show a moderately important effect of the
combined unsaturated zone and saturated zone radionuclide transport barriers on the estimate of
mean annual dose for the groundwater release scenarios. The most important role of these
barriers is the delay to the transport of radionuclides of relatively short half-life but high
potential dose, including strontium-90 and cesium-137. The current model results in travel time
through the volcanic aquifers and the valley-fill alluvium of thousands of years, enough time to
reduce the mean annual dose for these radionuclides to negligible levels. Therefore, validation
efforts should consider the uncertainties in the representation of transport characteristics in the
transport model as they affect the travel time estimate for these two radionuclides. Considering
the level of importance of the model to the estimate of mean annual dose, Level II validation is
appropriate.

4.9 PROBABILITY OF IGNEOUS ACTIVITY

The probability of igneous activity is represented in the TSPA model in terms of two factors:
(1) igneous activity eruptive release probability (probability of igneous eruption through the
repository and (2) igneous activity groundwater release probability (probability of igneous
intrusion into emplacement drifts). The igneous activity eruptive release scenario dominates the
estimates of mean annual dose in the base-case TSPA model. The peak mean annual dose is
estimated to be on the order of 0.1 mrem, and this estimate is proportional to the mean
probability of the eruption of the current model. Validation of this quantity should therefore
consider the parameter values and ranges as they affect this probability estimate. Considering
the potential importance of this estimate to mean annual dose, Level III validation is appropriate.

The estimate of mean annual dose for the igneous activity groundwater release scenario is less
than 0.01 mrem in the first 10,000 years and this estimate is proportional to the mean event
probability of the current model. While Level II validation is appropriate for this probability, the
validation activities for the probability of igneous intrusion would be related to those for igneous
eruption.
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4.10 DAMAGE TO ENGINEERED BARRIERS BY IGNEOUS ACTIVITY

The TSPA model mcludes components to take mto account (1) damage to waste packages, drip
shields, and cladding as a result of i igneous intrusion and (2) damage to waste packages, drip
shields, and claddmg as a result of i igneous eruption, The eruptive release scenario dominates the
mean annual dose estimate in the current model The - peak value of this estlmate is on the order
of 0.1 mrem, and this value is proportional to the mean amount of radlonuclldes erupted In the
TSPA model this quantity is determined from the mean number of waste packages intersected by
conduits during the event. Adequate confidence in this number would therefore be obtained by |
considering -parameters, assumed ranges, and bounding assumptions in the context of this
quantity. - Considering the importance of the mean number of waste packages disrupted to the
estimate of mean annual dose, Level 1II validation is appropriate. .

The estimate of mean annual dose for the igneous activity groundwatef release scenario is less
than 0.01 mrem in the first 10,000 years, and this estimate is proportional to the mean number of
waste packages and drip shields disrupted by magma intruding into the emplacement drifts,
i.e., those in Zone 1. The TSPA model also considers damage to waste packages outside Zone 1,
but the limited extent of this damage in the model (on the order of 10 cm? breach area) leads to
an insignificant contribution to the mean annual dose. Therefore, validation efforts focus on the
estimate of the number of waste packages in Zone 1 and the degree of damage to waste packages
in Zone 2. Considering the level of importance of these factors to the estimate of mean annual
dose, Level II validation is appropriate.

4.11 ATMOSPHERIC TRANSPORT OF ERUPTED RADIONUCLIDES

The TSPA model includes a component to represent transport of radionuclides in the atmosphere
following eruption from the repository. This component is determined by factors including the
volume of erupted material, the particle size of the radionuclide-bearing tephra, the wind speed
and direction, and the deposition of tephra in Amargosa Valley. The TSPA sensitivity studies in
Sections 3.3.13 indicate that, of these factors, the only ones that bear significantly on the
estimate of mean annual dose are the mean wind speed and direction. Accordingly, adequate
confidence in this TSPA model area would be obtained by considering the uncertainties and
assumptions in the representation of these factors. Considering the effect of these factors on the
estimate of mean annual dose, Level II validation is appropriate.

4.12 BIOSPHERE CHARACTERISTICS

This component provides the representation of processes leading to uptake of radionuclides by
individuals and the effects of that uptake in the TSPA model. The outputs of this model are
groundwater release and eruptive release BDCFs that translate radionuclide concentrations in
groundwater, air, and soil into annual dose. The mean annual dose is therefore directly
proportional to these BDCFs.

The submodels associated with the igneous activity eruptive release scenario have a stronger
influence on the estimate of total mean annual dose than those associated with the groundwater
release scenarios. The mean annual dose for this scenario is currently estimated to be less than
0.1 mrem, and the contribution of the biosphere submodels to uncertainty in this estimate is less
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than a factor of two. The soil, air, and inhalation submodels dominate the BDCFs for the
eruptive release scenario. The validation activities should therefore focus on considerations of
the conceptual models, process-level models, and abstractions for the TSPA model as they apply
to these submodels. In addition, the validation activities should consider the representation of
soil thickness, removal, and aeolian and fluvial redistribution. Considering the importance of the
biosphere models and the models for the soil thickness, removal, and redistribution to mean
annual dose, Level III validation is appropriate.

The mean annual dose for the groundwater release scenarios is currently estimated to be less than
0.01 mrem in the first 10,000 years. The contribution of the biosphere submodels for this
scenario to uncertainty in this estimate is less than a factor of two. The soil submodel, the plant
submodel, and the ingestion submodel dominate the estimate of the BDCF for these scenarios.
Level I validation is appropriate for these submodels.
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+ .+, . - 5. RISKINSIGHTS FOR KTI AGREEMENTS

The NRC has 1dent1ﬁed KTIs assocrated wrth the process models that underhe the TSPA model
The NRC and the DOE agreed upon the information that would be needed to address these KTIs.
The NRC determined that these agreements provide a basis for concluding that development of
an-acceptable -license application is achievable. The sensitivity studies presented in Section 3 -
provide additional information that was not available at the time ‘those 'KTIs agreements were
made. These studies provide insights into the relative importance to the DOE safety case of the
information that would be obtained in meeting the original agreements. Section 5.1 summarizes
the relative importance of the various KTI agreements in the context of the conclusions regarding
the prioritization of TSPA model components in Section 3. Section 5.2 provides specific
examples of the way thrs mformatron may be used to address the KTI agreements

,,,,,, 1

5.1 PRIORITIZATION OF TSPA MODEL AREAS AND COMPONENTS RELATED
TO KTI AGREEMENTS - . -

The mformatron in: Sectron 3 applies to TSPA model areas and model components Many of the
KTI agreements can be correlated directly with one or more of these model areas. Table 4 shows :
this correlation. The following sections discuss the sensitivity studres reported in Sectron 3in
the context of the assocxated KTI agreements in Table 4. o '

[

v H

5.1.1 :AUnsaturated Zone Flow and Seepage . ) ) - SCRRE

This TSPA model area includes the effects of climate, net infiltration, unsaturated zone flow, -
seepage, and mechanical effects on unsaturated zone flow and seepage. Table 4 indicates
relevant KTI agreements in these areas..-These areas all pertain to the water that enters the?.
emplacement drifts and that could mobilize waste in breached waste packages and the flow that
could transport radxonuc]rdes to the water table.- '
- e el - - R

The TSPA sensmvrty studles in Sections 3. 3 1 and 3 3. 2 show little sensmvrty to the amount of
water seeping into the drifts and the effects that determine this seepage.- In particular,'the studies
in Section 3.3.1 do not show a strong sensitivity of the estimate.of mean annual dose to this
model component. They,show only limited sensitivity of:the estimate of mean ‘annual dose"
associated with the, groundwater. release- pathways and:negligible . sensitivity of the total mean -
annual dose estimate. - Accordingly, the information that would be provided-'in satrsfymg the KTI -
agreements indicated for these areas in Table 4 would play little role in determining whether the
individual and groundwater protectlon performance objectrves would be met.

e H
5 1. 2 In-Drlft Morsture and Chemrstry Sy e

- . ' .
‘ ol B AT AN 2

No sensmvrty studies are shown in Sectron 3 3 that dlrectly evaluate the 1mportance of the
amount or chemistry of the -water' contacting -the -drip shields ,or ‘waste packages.  However,:
discussions in Section 3.3.3 indicate that other-information. supports_the-conclusion that these-
factors do not play a significant role in deterrmnmg the estimate of mean annual dose T
S DA - R .

Effects of 1n-dr1ft chemlstry on waste package and drrp shield degradatron are 1nvest1gated
indirectly in terms of the range of uncertainty (that arises in part from variations in the chemistry
of water contacting these elements) in these degradation rates. These studies show no impact on
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performance in the first 10,000 years. Effects of chemistry of water in the drift invert are
evaluated directly in Section 3.3.3 and are shown to have no significant impact on the estimate of
mean annual dose.

These considerations suggest that the mean annual dose estimates for 10,000 years are not
sensitive to these factors. Accordingly, information that would be acquired in meeting the KTI
agreements indicated in Table 4 are not likely to play a significant role in assessing the ability to
meet the individual and groundwater protection requirements.

5.1.3 Waste Package and Drip Shield Degradation

The roles of waste package and drip shield degradation are investigated in the sensitivity studies
in Section 3.3.4. These studies indicate that the degradation rate of the waste package is
important to meeting the individual and groundwater protection’ requirements as they pertain to
demonstrating that significant degradation of the waste package occurs before 10,000 years.
Accordingly, information that would be obtained in satisfying the KTI agreements indicated in
Table 4 associated with the waste package degradation rate is expected to be relevant to showing
that the individual and groundwater protection requirements are met.

The studies of the drip shield performance model indicate that the degradation rate of the drip
shield is not important to meeting the individual and groundwater protection requirements.
Consequently, information that would be obtained in satisfying the KTI agreements that relates
solely to the drip shield degradation is not expected to be important to showing that these
requirements are met.

5.1.4 Mechanical Disruption of Engineered Barriers

This area includes the effects of rockfall and ground motion on the drip shields, waste packages,
and CSNF cladding. None of the sensitivity studies discussed in Section 3.3 specifically address
these effects. However, they are addressed indirectly in the sensitivity studies in Sections 3.3.4
(drip shield performance and waste package performance) and 3.3.6 (CSNF cladding
performance). As discussed in Section 3.5, drip shield performance is not important to meeting
the individual protection requirement. Consequently, the information that would be obtained
from those agreements that relate solely to the effects of rockfall or ground motion on the drip
shield is not expected to be important to showing that this requirement is met.

Section 3.5, however, does discuss the fact that waste package performance is important to
meeting the individual and groundwater protection requirements. Accordingly, the agreements
in Table 4 that focus on the range of rockfall and seismic activity that should be considered in
evaluating waste package performance are considered important to the postclosure safety case.

Studies presented in Section 3.3.6 examine the sensitivity of the estimate of mean annual dose to
CSNF cladding performance and show this performance does not play a significant role in this
regard. Accordingly, the information that would be provided in satisfying the KTI agreements,
indicated in Table 4 to be associated with cladding performance, is not expected to be important
to demonstrating that the individual and groundwater protection requirements would be met.
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515" Quantlty and Chemlstry of Water Contacting Waste Forms

2% ' . P N B » . P ! N
This area addresses in-package temperature, morsture and chemrstry The discussion in Sectlon
3.3.5 indicates that none of these factors is potentially important to the estimate of mean arinual .
dose. Therefore, none of the information to be obtained in meeting those KTI agreements
indicated in Table 4 associated with these factors is important to showing that the individual and ..
groundwater protectlon requrrements would be met.

i y L T T 4o
k9 ’

5.1.6 - Radlonucllde Release Rates and Concentratlons T . v

N -t . ;

This area addresses waste form degradatron (mcludmg CSNF degradatlon) dissolved and
colloid-associated radionuclide concentrations, and transport of radionuclides through ‘the
engineered barrier system to the host rock. The sensitivity studies in Sections 3.3.6 through 3.3.9
indicate :that ‘only one of these factors, dissolved radionuclide ‘concentrations, .is.potentially
important to the'estimate of mean annual dose. In particular, only the information to be obtained -
in meeting those ‘KTI agreements indicated in Table ‘4 associated with solubility limits of .
neptunium and plutonium is important to showing that the individual and groundwater protectlon -
requirements would be met. =

5.1.7 Unsaturated Zone Radlonuclrde Transport ' Tt ST L

» - - r,‘ *v* N 1 vy "e .
ThlS area mcludes all of the factors affectmg transport of radionuclides from the emplacement
drifts to the water table below the repository.- It includes drift-scale effects that. describe the
movement,of diffusive and advective releases -from the engineered barrier system into the host -
rock and the mountain-scale transport of radionuclides down through the unsaturated .zone.

Table 4 1nd1cates KTI agreements relevant to this area.

-~ - ¢ Sty 31

The TSPA sensmvuy studres in Sectton :3.3. 10 show lrttle sensrtlvrty to the transport
characteristics of most radionuclides that mrght be released to-the unsaturated zone. - They do
show, however, some sensitivity to the travel time of strontium, cesium, and americium through
the unsaturated zone. None of the agreements pertain to, the transport properties of these
radionuclides. Accordingly, the information that would be provided in satisfying the KTI
agreements that are given in Table 4 is expected to play no significant rolein asseéssing whether ™
the 1nd1v1dua1 and groundwater protectlon requlrements would be met

N - ~ e
. o re w oy
N P PO o7

S. 1 8 Saturated Zone Flow and Radlonucllde Transport R

Thrs area mcludes the flow system below the water table and the radronuchde transport pathways
in that system from the repository to the accessible environment in Amargosa Valley, in
particular, the pathways in the .volcanic aquifers and the valley-fill-alluvium. This area also
includes all the factors that affect transport of radlonuchdes in those pathways Table 4 mdrcates

KTIagreementsrelevanttothlsareaff B ..; AR S RS L P

The TSPA sensmvrty studres in- Sectlon 33, 10 show lrttle sensmvrty to the characterization of
flow or radionuclide pathways in the saturated zone. They also show no significant sensitivity to -
transport characteristics of most of the radionuclides that would be released from the unsaturated
zone to the water table. The studies show a limited sensitivity to the travel time of strontium,

cesium, and americium through the volcanic rocks; however, none of the agreements pertain to
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the transport properties of these radionuclides. Accordingly, the information that would be
provided in satisfying the KTI agreements that are given in Table 4 is expected to play no
significant role in assessing whether the individual and groundwater protection requirements
would be met.

5.1.9 Disruption of Engineered Barriers by Igneous Activity

This area includes the probability of igneous activity that could disrupt the repository. In
particular, it includes the probability of igneous intrusion into the repository and the probability
of eruption through the repository. It also includes the degree of damage to the waste packages,
drip shields, and cladding in these cases. Table 4 indicates the single KTI agreement associated
with this area.

The TSPA studies discussed in Section 3.3.11 indicate that this probability, particularly the
probability for eruptive release. of radionuclides, is important to the estimate of mean’ annual
dose. Accordingly, the information needed to support the DOE estimate of this probability is
expected to be important to the license application safety case regarding the individual protection
requirements.

The TSPA studies discussed in Section 3.3.12 indicate that the disruption associated with
igneous eruption through the repository is important to the estimate of mean annual dose.
Accordingly, the information that would be obtained regarding the number of waste packages
that would be disrupted as a result of igneous eruption and the amount of waste that would be
erupted is expected to be important to the license application safety case regarding the individual
protection requirements.

Information regarding the disruption of engineered barriers as a result of intrusion into the
repository is less important to the safety case. The mean annual dose for this case is estimated to
be less than 0.01 mrem based on disruption of an average of 300 waste packages. On this basis,
disruption of all waste packages would result in a mean annual dose that is less than 1 mrem,
more than an order of magnitude below the individual protection limit.

5.1.10 Atmospheric Transport of Erupted Radionuclides

This area includes those factors that affect the transport of radionuclides following volcanic
eruption through the repository. These factors include the volume of erupted material, the
characterization of this material (e.g., particle size) and the wind speed and direction. Table 4
indicates the KTI agreements associated with these factors.

The TSPA studies discussed in- Section 3.3.13 indicate that the only factors associated with
atmospheric transport of the radionuclides moderately important to the estimate of mean annual
dose are the wind speed and direction. None of the remaining.agreements are related to these
factors. Therefore, for this model area none of the remaining agreements would result in
information that is important to showing the individual and groundwater protection requirements
would be met.
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S.A. 11 Brosphere Characterlstlcs

ThlS area mcludes the model for the BDCFs for the eruptlve release and groundwater release
scenarios and the submodels for calculating these BDCFs.- The discussion in Section 3.3.14
indicates that the estimate of mean annual dose is directly proportional to the BDCFs of the
radionuclides that dominate this estimate. They are therefore important to showing the
individual and groundwater protection requirements would be met. Accordingly, the information °
that would be developed in meeting the agreements indicated in Table 4 associated with this area
is expected to be important to the postclosure safety case. Some of this information will be more
important than other information.- In particular; the information associated ‘with the soil, air, and "
inhalation submodels is expected to be most important because these submodels dominate the -
estimate “of thé 'BDCFs for the eruptive release scenario. At a somewhat lower level -of
importance are .the ‘plant submodel and the ingestion submodel ' that; along with™ the soil
submodel, dominate the estimate of the BDCFs 'for 'the groundwater release scenanos Other
submodels play a mrnor role in these estimates. - ‘

5.1.12 Postclosure Crltlcahty

&

The sensmvrty studres discussed in Sectron 3 3 do not address the potennal for postclosure
criticality. The focus of work in this aréa is to show that postclosure criticality is not a‘credible
possibility. The agreements in Table 4 associated with development of this probability screening "
argument " are : therefore expected’ to be “important to the DOE postclosure safety case.
Information developed in meeting those agreements associated with evaluating consequences of
postclosure criticality is currently expected to be unimportant to showing that the individual and
groundwater protectron requrrements would be - met. I the studles -show "that postclosure
cntrcahty cannot be screened out, consequences of such a cntlcahty would need to be evaluated

1 1

S. 2 EXAMPLE KTI AGREEMENTS - s - : e

Table 5 lists five of the KTI agreements These are consxdered in thrs sectlon as examples of the :
approach to addressing the KTI.agreements. These pertain to three TSPA model areas: (1) drip
shield SCC degradation, (2) climate and net infiltration, and (3) unsaturated zone flow. Each of
these areas ‘is-addressed separately.’ These are considered here to show how the information
developed in Section 3 can be used to address these agreements and to help in resolutron of .
spec1ﬁcKTIs - . . e Lo Ll .

5. 2 1 TSPAI 3 03—Drlp Shleld Stress Corrosron Crackmg R o .:

Total System Performance Assessment and Integratron (TSPAI) agreement 3.03 relates to the
technical basis for crack arrest and pluggmg of .crack openings (including the impact of oxrde'
wedging and stress redistribution) in assessing thé ‘effects of SCC degradation of the drip shield
and waste pacl(age on repository performance.. The underlying issue is the representation of\the

crack in estimating flow of water through a crack and transport of radionuclides in this flow.

The waste package and drip shield degradatlon component of the TSPA: model estlmates the
degree of ‘breaching of ‘the drip shields over time. This information is used to estlmate the
fraction of seepage incident on the drip shield that is transmitted through to the waste package*
and the nature of radionuclide transport out of the waste package.. In the August 2001 TSPAI
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Technical Exchange (Comell 2001), the NRC indicated that the DOE needs to provide the
technical basis for the tight crack geometries that prevent advective transport through cracks in
the drip shield. The DOE acknowledged that the screening arguments regarding these crack
openings could be strengthened. Table 5 gives the agreement between the NRC and the DOE
made at that time.

The sensitivity studies discussed in Section 3.3.4 provide additional insight regarding the
importance of the representation of drip shield crack geometries in determining whether the
individual and groundwater protection performance objectives would be met. In particular, the
studies discussed in Section 3.3.4 show that, if the drip shield is assumed to be completely
breached (i.e., completely open with respect to transmission of water) at the time of
emplacement, the associated increase in mean annual dose is small. Thus, it can be concluded
that the particular representation of cracks in the drip shield has little effect on overall repository
performance. The information regarding crack growth and plugging of cracks in the drip shield
that would be developed in accordance with agreement TSPAI 3.03 is therefore not important to
showing that the individual and groundwater protection requirements would be met.

5.2.2 TSPAI 3.19, USFIC 3.01, and USFIC 3.02—Climate and Net Infiltration

TSPAI agreement 3.19 and Unsaturated and Saturated Flow under Isothermal Conditions
(USFIC) agreements 3.01 and 3.02 relate to the technical basis for the TSPA models for climate
and net infiltration. The concern is that the net infiltration model could underestimate infiltration
flux.

In the August 16-17, 2000, USFIC Technical Exchange (Reamer and Williams 2000a) and the
October 31-November 2, 2000, USFIC Technical Exchange (Reamer and Williams 2000b), the
NRC questioned the representativeness of the upper bounds of the infiltration model for the
future climate states, e.g., glacial transition climates. The NRC concern was that the DOE
models would underestimate infiltration and, therefore, underestimate mean annual dose. The
DOE agreed that the technical basis for the climate and net infiltration model could be
strengthened. Agreements between the NRC and the DOE in this regard are provided in Table 5.

The study in Section 3.3.1 provides additional information bearing on the NRC concern. This
study examines the sensitivity of the estimate of mean annual dose to the model for net
infiltration. As indicated in Section 3.3.1, precipitation at Yucca Mountain currently averages
about 190 mm/year, and the model results in a mean infiltration flux of about 4.6 mm/year
corresponding to these conditions. Extrapolation of the model to account for potential increases
in precipitation results in a mean infiltration flux of about 12 mm/year over this period. The
sensitivity analysis considers an infiltration flux that averages about 150 mm/year, nearly equal
to the present-day precipitation. This range is sufficient to evaluate the role of the infiltration
model in evaluating repository performance.'> The analyses show an increase in the mean
annual dose that is less than 0.001 mrem for the nominal scenario, in which waste packages and

"2 The analysis explores the difference between the base-case model and the extreme infiltration model. The issue of
potentxally important effects for models intermediate to these two cases is discussed in Section 3.3.1 and 3.3.2. The
concern in this case is that flow focusmg or CplSOdlClly effects might result in locally high fluxes that could result in
increased releases. However, the analyses in Sections 3.3.1 and 3.3.2 consider a sufficiently high range of
infiltration and seepage that such effects would be accounted for.
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drip shields divert water. The results also show an increase in the mean annual dose that is less
than -0.01 mrem for the 1gneous activity groundwater ‘release -scenario in which these water-
diversion barriers’ are- disrupted. "~ The change in each case is’ :considered to be insignificant. -
Consequently, the information that would be provided in satisfying the agreements associated -
with the infiltration model (TSPAI 3.19, USFIC 3.01, and USFIC 3.02) is not expected to play
an 1mportant role in showmg whether the 1nd1v1dual ‘and groundwater protectron requrrements ]
would be met. = - - S

ol . \

The sensmvrty study in Séction 3.4 ‘considers the effect- of - varratron in the mﬁltranon in
combination with other models, including the models for seepage, in-drift and 'in-package ~
chemrstry, dissolved and colloid-associated radionuclide concentrations, waste package and drip-
shield degradation, and unsaturated zone radionuclide transport:--This study shows effects that *
are larger than those shown in Section 3.3.1. Nevertheless, the resulting change in the estimate
of mean annual dose is still well below the individual protection -limit. - Further, when the
probability of this combination of changes is taken into account to provide a risk-informed
context, the overall effect is not important. Accordingly, the information that would be
developed in meeting these particular agreements is not important to showing that the individual
and groundwater protection requirements would be met.

5.2.3 TSPAI 3.22—Unsaturated Zone Flow

TSPAI agreement 3.22 relates to the assumption that an unsaturated zone flow model calibrated
to present-day conditions can be used to forecast the flow for future climate states. In the August
2001 TSPAI Technical Exchange (Reamer and Gil 2001), the NRC questioned the
representativeness of the evapotranspiration model in predicting conditions during future
climates and the appropriateness of using a hydrologic property set from a calibrated model on
current climate conditions to forecast flow for future climate conditions. The DOE agreed that
additional information would strengthen the basis for the extrapolation of the unsaturated zone
flow model to future conditions. The resulting agreement between the DOE and the NRC on this
matter is provided in Table 5. ’

The sensitivity study in Section 3.3.1, and that is summarized in Section 5.2.2, provides
additional insight into this issue. This study considers the effect of using a much different flow
field than the base-case model. The flow field in this case is one associated with the glacial
maximum climate and results in much greater percolation flux than for the current or glacial
transition climate. The impact on the estimate of mean annual dose is not significant. This result
suggests that the issue of extrapolation of the current unsaturated zone flow model to future
climate conditions is not important to the determination of whether the individual and
groundwater protection performance objectives would be met and that the information that
would be provided in meeting TSPAI 3.22 would not be important.

The results of one of the studies discussed in Section 3.3.10 provide more explicit evidence in
this regard. Figure 35 compares the results using the TSPA model with the results for a model in
which the effects of the unsaturated zone radionuclide transport barrier (and the saturated zone
radionuclide transport barrier) are neglected. This scenario assumes that the radionuclides
released from the engineered barrier system are discharged directly to the wells in the accessible
environment. The results in Figure 35 show an increase in the estimate of mean annual dose;
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however, the change is more than two orders of magnitude below the individual protection limit.

Based on these results, the effects of both the unsaturated zone and saturated zone flow barriers, -

as they affect radionuclide transport, are not significant and therefore do not play a significant
role in the postclosure performance.

More to the point of this particular KTI agreement, Figure 35 also shows the effect in which the
unsaturated zone flow is included in the analysis, but additional aspects of the system affecting
radionuclide transport (e.g., sorption, colloid filtration, matrix diffusion) are ignored. The results
show very little difference between the results with the unsaturated zone and saturated zone
radionuclide transport barriers fully neutralized and the results where the flow is included. The
obvious conclusion is that the representation of the unsaturated zone flow system has a negligible
effect in determining the transport of radionuclides. Accordingly, the information that would be
provided in accordance with agreement TSPAI 3.22 is of little importance in determining
whether the individual and groundwater protection performance objectives would be met.
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